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ABSTRACT. The aim of this study was to prospectively investigate
the efficacy and safety of fully matched allogeneic hematopoietic stem
cell transplants in children with severe aplastic anemia in China. A
total of twenty patients with severe aplastic anemia were enrolled in
our study. Thirteen cases underwent transplantation with fully human
leukocyte antigen (HLA)-matched, granulocyte-colony stimulating
factor (G-CSF)-primed bone marrow and peripheral blood stem cells
(PBSCs) from matching sibling donors. One patient received fully HLA-
matched bone marrow from an unrelated donor. Six patients received
fully HLA-matched G-CSF-primed PBSCs from unrelated donors. The
conditioning regimen included fludarabine, cyclophosphamide, and
rabbit anti-thymocyte globulin. Graft-versus-host disease prophylaxis
was conducted with cyclosporin A and short-course methotrexate. The
median follow-up duration was 3.08 years (range, 0.83-8.41years).
The median time of neutrophil recovery (>0.5 x 10°/L) was 14 days
(range, 10-20 days), and the median time of platelet recovery (>20 x
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10°/L) was 19 days (range, 14-31 days). The survival rate at the cutoff
point of follow-up was 95.0% (19/20). Initial engraftment rate was 95%
(19/20). Late graft failure (graft failures occurring 1 year or longer after
transplantation) was observed in one patient. Only one patient developed
Grade | acute graft-versus-host disease. Two cases suffered from Epstein-
Barr virus (EBV)-associated post-transplant lymphoproliferative disorder
and remitted after treatment with rituximab. One patient was diagnosed
with hyperthyroidism 2.5 years after transplantation. Our study indicated
that allogeneic hematopoietic stem cell transplantation is an effective and
safe treatment for children with severe aplastic anemia in China.

Key words: Allogeneic hematopoietic stem cell transplantation;
Pediatric; Acquired aplastic anemia

INTRODUCTION

Severe aplastic anemia (SAA) is a potentially fatal marrow failure syndrome char-
acterized by hypocellular bone marrow and pancytopenia. The incidence rate varies widely,
i.e., from two people per million in Western countries to four to six people per million in Asia
(Young et al., 2006; Young and Kaufman, 2008). SAA risk factors in Asia include the high
prevalence of viral hepatitis, as well as disparities in immunogenetic and unknown environ-
mental factors among different ethnic groups.

Over the last decades, the overall prognosis for children with idiopathic SAA has
improved significantly. The long-term disease-free survival rate is over 90% with human
leukocyte antigen (HLA)-matched sibling donor allogeneic hematopoietic stem cell trans-
plantation (AHSCT) (Samarasinghe et al., 2012). However, only 20-30% of patients have
HLA-matched siblings. Thus, most patients with SAA receive initial treatments by immuno-
suppressive therapy (IST), and 10-35% of patients relapse (Samarasinghe and Webb, 2012).
Given the developments in HLA typing, effective dose-reduced conditioning regimens, and
donor graft engineering, improved outcomes have been reported, even in children who have
received transplants from well-matched unrelated donors (URDs) after failing IST. However,
the outcome of allogeneic stem cell transplantation is hampered by the risk of graft rejection
and graft-versus-host disease (GVHD) (Bacigalupo, 2012).

According to researchers in East Asia, the use of granulocyte-colony stimulating fac-
tor (G-CSF)-primed allogeneic bone marrow cells with G-CSF-mobilized peripheral blood
stem cells (PBSCs) as the combined stem cell source for AHSCT results in rapid and stable
engraftment without increasing the risk of acute and chronic GVHD during SAA treatment
(Sun et al., 2010). In the present study, we report findings on AHSCT cotransplantation for
children with SAA in our hospital.

MATERIAL AND METHODS
Patient and donor selection

From August 1, 2005 to November 30, 2013, 118 patients were diagnosed with aplas-
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tic anemia in our unit. Among them, 98 patients received IST. Twenty patients underwent
allotransplantation with a G-CSF-primed graft from HLA-related donors or URDs. Patients
received immunotherapy or allogeneic stem cell transplantation with the following selection
criteria: the family’s economic status, and whether there was a suitable donor. All patients en-
rolled in this study were diagnosed with SAA according to the Camitta criteria. Bone marrow
biopsy and cytogenic analysis were applied to exclude hypoplastic myelodysplastic syndrome
and Fanconi anemia. This study was conducted in accordance with the Declaration of Helsinki
and with approval from the Ethics Committee of Sun Yat-Sen Memorial Hospital. Written
informed consent was obtained from all participants.

Low-resolution genotyping was performed on eight patients (Cases 1 to 8) and their
sibling donors; HLA-A, HLA-B, and HLA-DR were fully matched. High-resolution genotyp-
ing was performed on five patients (Cases 9 to 13) and their sibling donors; HLA-A, HLA-B,
HLA-Bw, HLA-DRB1, and HLA-DRw were fully matched. High-resolution genotyping was
also performed on seven patients (Cases 14 to 20) and their URDs; HLA-A, HLA-B, HLA-Bw,
HLA-DRBI, and HLA-DRw were fully matched except for the HLA-DRw antigen of Case 15.
All the seven matched URDs (MUDs) came from the China Marrow Donor Program (CMDP).
No patient or donor was positive for cytomegalovirus (CMV) or hepatitis B virus antigen or an-
tibody. At the time of transplantation, 15 patients had no evidence of acute infection. However,
Case 10 had severe fungal pneumonia, and Case 17 had severe Enterococcus faecalis septicemia
with high fever lasting for more than 1 month. Although the patients were treated with powerful
antibacterial and antifungal agents, the infections were not controlled until engraftment.

Transplantation

Thirteen cases underwent transplantation with fully HLA-matched G-CSF-primed
bone marrow and PBSCs from a matched sibling donor. All thirteen donors were given 5-8
mg-kg!-day!subcutaneous or intravenous G-CSF (Filgrastim® or Lenograstim®) for 5-7 days.
On the fifth day, cytocentrifugation (Baxter CS 3000 Plus, Baxter, Deerfield, IL, USA) was
used to collect PBSCs, and bone marrow was collected from the posterior iliac crest under
local or epidural anesthesia. Red blood cells in the bone marrow were precipitated with hy-
droxyethyl starch for major donor-recipient ABO mismatch cases. One patient received fully
HLA-matched bone marrow from an URD. Six patients received G-CSF-primed PBSCs from
URDs. The cell dose infusion and transplantation data are shown in Table 1.

Conditioning regimen

A combination of fludarabine (FLU), cyclophosphamide (CTX), and rabbit anti-thy-
mocyte globulin (ATG) was administered to 19 cases. One case received total body irradiation
(TBI), as well as FLU and CTX. FLU was administered at a total dose of 125 mg/m? (N = 5) or
150 mg/m?(N = 15) for 20 patients and was administered separately on days 6, 5, and 4 before
transplantation. CTX was administered at a total dose of 120 mg/kg for 9 patients and 200 mg/
kg for 11 patients, and was administered separately on days 3 and 2 before transplantation.
ATG was administered at a total dose of 22.5 mg/kg for 14 patients, 12.5 mg/kg for 4 patients,
and 7.5 mg/kg for 1 patient, and was administered separately on days 3, 2, and 1 before trans-
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plantation. TBI was performed in one session (dose, 3 Gy) for 1 case. The reason for TBI
was that there was no medication towards ATG during the transplantation. The reason for the
different dosages of FLU and ATG was that the children with the lower dosage had received
reinforced therapy 6 months earlier, and the donor and recipient were siblings, or even twins,
so it was expected that the lower dosage would reduce side effects.

GVHD prophylaxis

Cyclosporin A (CSA) and methotrexate were given to all patients for GVHD pro-
phylaxis. CSA was given as a continuous intravenous dose of 3 mg-kg'-day! 1 day before
transplantation until hospital discharge and then orally at 5-8 mg-kg'-day'. The blood concen-
tration of CSA was regularly monitored and maintained at 200-400 pg/L. Methotrexate was
given at 10 mg/m* on days 3, 6, and 11 after transplantation. Surveillance for acute GVHD
consisted of routine blood testing, body temperature monitoring, skin checks, abdominal ex-
amination, and liver function tests. The expected manifestations of GVHD were fever, rash,
liver dysfunction with jaundice, and diarrhea.

Infection prophylaxis

Conventional anti-virus prophylaxis was performed prior to transplantation, be-
ginning with ganciclovir at 10 mg-kg'-day"! for 7 days. The dosage was changed to 5
mg-kg'-day! for 7 days until the day before transplantation. Patients were also nursed
during this period in laminar airflow rooms and were fed a low-microbial diet. Sulfa-
methoxazole-trimethoprim was administered just before transplantation, and oral itra-
conazole was given as antifungal prophylaxis. Empiric antibiotics were given for bacte-
rial or fungal infection as clinically indicated. Regular CMV-Ag and CMV-PP65 testing,
CMV-DNA as well as Epstein-Barr virus (EBV)-DNA polymerase chain reactions, were
performed after transplantation. The CMV polymerase chain reaction conditions were as
follows: 95°C pre-denaturation for 2 min, 95°C denaturation for 45 s, 57°C annealing for
45 s for 40 cycles, and 37°C for 10 s.

Hemorrhagic cystitis

Hydration therapy at a dosage of 3000-3500 mL-m-day' was initiated 6 h before the
conditioning regimen. A diuretic was administered to achieve 3 mL-kg!-h'! urinary output.
Sodium 2-mercaptoethane sulfonate (200-400 mg-m-session™') and CTX was given intrave-
nously for 24 h prior to initiating the conditioning regimen.

Detection of successful engraftment and clinical follow-up

In patients with donor/recipient sex-mismatched grafts, donor chimerism was eval-
uated based on the results of two-color fluorescent in situ hybridization (FISH) sex chro-
mosome analysis. In patients with sex-matched grafts, engraftment success was examined
through ABO blood group detection before 2009. From 2010, variable number tandem repeat
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polymorphisms were used to monitor donor chimerism for sex-matched grafts.
This study was conducted from August 2005 to November 2013 with a median dura-
tion of follow-up of 3.08 years (range, 0.83-8.41years; Table 1).

RESULTS
Hematopoietic reconstitution, successful engraftment, and GVHD

Successful transplantation was documented in all patients except for Case 4. Re-
peat FISH analysis identified unsuccessful engraftment in Case 4 at the first and third
months after transplantation. However, results of the repeat peripheral blood test were
normal, thus indicating unsuccessful engraftment with the possibility of the simultaneous
recovery of autologous hematopoiesis for the Case 4 patient, who was 3.25 years old at
the time of transplantation and was diagnosed with SAA not more than 2 months prior to
transplantation.

The median time to neutrophil recovery (>0.5 x 10%/L) was 14 days (range, 10-20
days), whereas the mean time to platelet recovery (>20 x 10%/L) was 19 days (range, 14-31
days) (Table 1).

Normal bone marrow morphology was observed 1 month after transplantation in 14
cases. Two months after transplantation, normal bone marrow morphology was found in three
cases. Although the bone marrow examination of Case 2 was normal at the first and second
months after transplantation, erythroid cellularity decreased at the sixth month and hypoplasia
of both erythroid cellularity and granulocyte cellularity was observed at the 17th month. Re-
current SAA was diagnosed, and the child died of respiratory failure.

EBYV and post-transplant lymphoproliferative disorder (PTLD)

In our study, seven patients received IST with ATG 6-15 months before allotrans-
plantation. By contrast, thirteen patients did not receive IST with ATG (Table 2). Prior to
ATG treatment, the quantitative detection of blood EBV-DNA was conducted in six pa-
tients (Cases 7, 8, 15,16, 18, and 19) before and after transplantation. Four cases (Cases 7,
16, 18, and 19) had significantly high EBV-DNA load pre-transplantation (9.77 x 107, 2.76
x 10%, 5.68 x 10°, and 3.24 x 10°copies/mL) without any clinical symptoms. After trans-
plantation, all six patients exhibited significantly high values of EBV-DNA load (8.73 x
10° to 8.62 x 10® copies/mL). Intravenous immunoglobulin and intravenous ganciclovir
were started. The EBV-DNA copy numbers of four patients decreased gradually and be-
came undetectable at 30, 52, 61, and 55 days post-transplantation. Case 16, who received
ATG 15 months before allotransplantation, showed a continuously elevated EBV load
(peak, 8.62 x 10® copies/mL), and suffered from PTLD at 24 days post-transplantation.
The biopsy of a cervical lymph node revealed effacement of normal lymph node architec-
ture by diffuse atypical/polyclonal middle or large immunoblastic cell hyperplasia. Im-
munophenotyping showed a mixture of T and B cells that expressed intracytoplasmic IgH
clonal rearrangement. /n situ hybridization confirmed positive EBV untranslated RNA
that was consistent with EBV-associated PTLD (EBV-PTLD).
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IST (i.e., CSA) was discontinued immediately, whereas rituximab and intravenous
methylprednisolone were implemented. Rituximab was administered at 375 mg/m? per week for
4 consecutive weeks, and a rapid response was noted. Two days after the first dose of rituximab
was given, the fever of Case 16 decreased gradually and the lymph nodes began to shrink; after
the second week, the lymph nodes were impalpable. The EBV load was also negative after the
last dose of rituximab had been administered. During the treatment course of EBV-PTLD, FISH
analysis showed successful engraftment, and bone marrow and peripheral blood tests both showed
normal results. Up to the cutoff day, 12 months after transplantation, Case 16 remained in remission
from both SAA and EBV-PTLD. The other case (Case 18), who received ATG 9 months before
allo-transplantation, showed a continuously elevated EBV load (peak, 3.2 x 10° copies/mL), and
suffered from post-transplant lymphoproliferative disorder (PTLD) at 42 days post-transplantation.
The biopsy of a cervical lymph node revealed effacement of normal lymph node architecture by
diffuse atypical/polyclonal immunoblastic cell hyperplasia. Immunophenotyping showed B cells.
In situ hybridization confirmed positive Epstein-Barr encoded RNAs] that were consistent with
EBV-associated PTLD (EBV-PTLD). IST (i.e., CSA) was discontinued immediately, whereas
rituximab were implemented. After the second dose of rituximab was given, all the clinical
manifestations disappeared and the EBV load turned to negative. Up to the cutoff day, 1.92 yrs
after transplantation, Case 18 remained in remission from both SAA and EBV-PTLD.

Blood EBV loads were monitored in only nine patients who had not undergone ATG
treatment before transplantation (Table 2). No positive results were found before transplanta-
tion. Only one child (Case 9) had increased EBV-DNA copy number (6.37 x 10° copies/mL)
after transplantation. EBV-DNA copy numbers were normal from 33 days post-transplantation
following therapy with intravenous immunoglobulin and intravenous ganciclovir.

Other transplantation-related complications

Transplantation went smoothly in all patients, i.e., no patient experienced hemorrhag-
ic cystitis or hepatic veno-occlusive disease. Only Case 15 (Table 1), who received PBSCs
from a URD with an HLA-DRw antigen mismatch, developed Grade I acute GVHD on the
skin, but it was easily controlled by prednisone. Two patients (Cases 2 and 3) developed Esch-
erichia coli on the ninth and second days post-transplantation. The patients recovered after
piperacillin was administered. The other patients had low-grade fevers (range, 37.5-38.5°C)
in the interval between transplantation and normal hemogram development. Those patients
recovered after antibiotic and supportive therapies were implemented. Two patients (Cases
10 and 17) had severe and uncontrolled infections before transplantation. The infections were
controlled as soon as the white blood cell count was >1.0 x 10%/L after transplantation.

Follow-up

The cutoff date for follow-up was November 15, 2013. None of the patients exhibited
either acute or chronic GVHD during this time. Among the 20 patients, 19 were alive and 18
were disease-free at the cutoff point. Oral CSA therapy was continued for three patients (Cases
13, 19, and 20) at the end of the follow-up. Continued complete engraftment was documented
in 19 cases at the most recent follow-up except for one child (Case 4). Recurrent aplastic ane-
mia was diagnosed 17 months after transplantation in Case 2, in whom white blood cell, red
blood cell, and platelet counts decreased significantly.
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FISH sex chromosome detection indicated transplant rejection. Bone marrow exami-
nation indicated reduced erythroid cellularity and decreased granulocyte cellularity. Persistent
hyperpyrexia, repeated epistaxis, and multiple subcutaneous abscesses also developed. Me-
ropenem, imipenem, vancomycin, voriconazole, amphotericin B, acyclovir, and supportive
therapy were provided. Case 2 died 28 months after transplantation because of respiratory
failure. Case 4 failed engraftment because of autologous hematopoiesis recovery. CSA was
given continuously. Peripheral blood tests and bone marrow aspiration were conducted for
approximately 6 months with a normal value. However, SAA was recurrent in the case at the
seventh month. The parents of Case 4 refused a second transplantation and ATG treatment.
Consequently, Case 4 was given CSA combined with Chinese medicine (compound Zaofan
pill, because practitioners of Chinese medicine thought that this medicine would warm the
kidneys and strengthen the marrow, supplement Qi and nourish Yin, regenerate the blood
and stop the bleeding, and thereby treat the aplastic anemia). To date, the patient needs a red
blood cell transfusion every 2 months and a platelet transfusion every month. Approximately
2.5 years after transplantation, Case 5 presented nervousness, ocular proptosis, and emacia-
tion. Hyperthyroidism was diagnosed owing to elevated serum FT4 and FT3 levels, as well as
undetectable thyroid-stimulating hormone. Case 5 was treated with thiamazole. The symptom
was controlled rapidly, i.e., FT3, FT4, and thyroid-stimulating hormone became normal after
2 months of treatment. Thiamazole was discontinued after 6 months. To date, the patient has
been in hematologic remission for 5 years and 22 months with normal thyroid function.

DISCUSSION

The supply of marrow from young sibling donors is inadequate for transplantation,
and one of the most important problems facing sibling bone marrow transplantation is the ac-
quisition of sufficient stem cells. Following our previous encouraging report on bone marrow
transplantation combined with PBSC for children with SAA (Chun et al., 2011), we continued
this prospective trial by recruiting more patients and extending the follow-up time. To the
best of our knowledge, this report on hematopoietic stem cell transplantation (HCT) was the
first to use both G-CSF-mobilized PBSCs and bone marrow stem cells for children with SAA
in China. Bone marrow transplantation combined with PBSCs could improve the number of
nucleated cells from PBSCs, thus achieving rapid engraftment without increasing the risk of
GVHD. Other studies have reported that transplantations can achieve successful engraftment
by using dual-source stem cells primed with G-CSF for adults with SAA; only a very few pa-
tients had slight GVHD. In the current study, we expanded the number of subjects from 5 chil-
dren to 13 patients, and the result was encouraging. The initial engraftment rate was 92.31%
(12/13). Late graft failure (graft failures occurring 1 year or longer after transplantation) was
observed in one patient, and only one patient developed Grade I acute GVHD that was limited
to the skin. The presumed mechanism was that the G-CSF-primed mixture of PBSCs and
bone marrow mesenchymal stem cells might not only increase the numbers of stem cells and
mesenchymal stem cells but also change the function of T-cells and other cells, such as natural
killer cells, which contribute to engraftment and cause a relatively low GVHD rate (Weber-
Mzell et al., 2007; Sun et al., 2010; Wang et al., 2012). These studies indicated that the dual
collection of stem cells was a safe and effective way to improve the number of nucleated cells.
The dual collection of stem cells also served an important function in successful engraftment
without severe GVHD for children with SAA. We hypothesized that dual collection could be
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applied to all sibling donors to improve the number of nucleated cells from PBSCs and pro-
mote engraftment without severe GVHD for children with SAA.

The combination of ATG and CTX at a total dose of 200 mg/kg is widely used as the
standard conditioning regimen for SAA (Hutspardol et al., 2013). FLU is an effective im-
munosuppressant and may possibly play a role in reducing both the incidence and severity of
GVHD transplantation therapy (Anderlini et al., 2011; Tolar et al., 2012). The toxicity caused
by CTX remains a significant challenge in treating children with SAA (Buchbinder et al.,
2012). Recent studies indicate that CTX at a dose as low as 100 mg/kg in combination with
FLU can achieve similar overall levels of complications and survival rates with significant
low-incidence regimen-associated toxicities (Kim et al., 2012; Chung et al., 2013; Maury et
al., 2013). The combination of FLU, ATG, and CTX (120 mg/m? for nine patients and 200 mg/
m? for the remaining eleven patients) was used as the conditioning regimen in our study. The
survival rate at the cutoff point was 94.11% with a median follow-up of 2.75 years in patients
receiving HCT from either sibling or non-relative donors. Only one patient developed Grade I
acute GVHD. The initial engraftment rate was 95%, and late graft failure (graft failures occur-
ring one year or longer after transplantation) was identified in one patient without significant
toxicity caused by CTX. Although the sample size was inadequate, our encouraging results
indicated that the low dose of CTX for fully matched (high-resolution) transplantation from a
URD was suitable.

Discussions should focus on the implications of the fact that seven patients success-
fully underwent matched URD (MUD)-HCT, which was carried out because of the lack of
matched sibling donors (MSD). These cases were successful to their last follow-up visit 3.09
years after transplantation. The key step towards a successful HCT is to obtain hematopoi-
etic stem cells (HSCs) from a matched donor or matched sibling donor. Considering that the
“family planning” policy has been implemented for more than three decades in China, most
families only have one child. Thus, finding an available sibling donor in China is impossible.
MUDs are usually the best choice for an alternative. In our study, the success of five cases
that used HSC from MUDs was significant. Our success in MUD-HCT might be attributed to
the short interval between diagnosis and HCT, as well as to the young age of the recipients.
A multicenter retrospective study from the United Kingdom showed that the 5-year estimated
failure-free survival (FFS) following IST was 13.3% for children with SAA. The 5-year FFS
of children who received a 10-antigen MUD-HCT was 95.01% (Peinemann et al., 2009).
Other researchers have confirmed that transplants from MUDs are equivalent to transplants
from MSDs, particularly in overall survival and FFS (Yagasaki et al., 2010; Samarasinghe et
al., 2012; Chen et al., 2013). Our success may be attributed to the short interval between diag-
nosis and HCT (3, 6, 9, 12,12,15, and 15 months), the young age of the recipients (3, 4, 7.5, 9,
10,10, and 12 years), and effective conditioning regimens, including effective T-cell depletion
by fludarabine and ATG. Therefore, HCT might be considered if a MUD is available for newly
diagnosed children with SAA.

Predictive risk factors for PTLD remain undetermined in allo-HCT. Buyck et al.
(2009) reported that the overall incidence of EBV-PTLD in patients with acquired aplastic
anemia receiving allotransplants was 6.3%, and prior use of ATG strongly influenced the de-
velopment of PTLD; in particular, those receiving multiple prior courses of ATG were at the
highest risk. Presumably the reason is that T-cell dysfunction caused by multiple courses of
ATG might create a unique environment for EBV replication. Such a pattern was also seen in
our study, in which 60% of the patients who had previously received IST with ATG before al-
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lotransplantation had an abnormal EBV load pre-transplantation, compared with no EBV load in
those not exposed to ATG before transplantation; the result was 5/5 vs 1/7 after transplantation.
Two children suffered from EBV-PTLD had exposed to ATG in 15 and 9 months before HSCT.
In our country, rabbit ATG is the only source of ATG. A recent study from the National Institutes
of Health suggests that the use of rabbit ATG is associated with a higher EBV load compared
with equine ATG, and therefore with the increased risk of EBV-PTLD after allo-HCT.

Our study has a number of limitations. The first is the small sample size. Owing to
the encouraging outcomes from the previous study, the number of SAA children in our study
increased nearly 3 times from 6 to 20, but was still comparatively small. The second limita-
tion is grouping. In this study, HSC was obtained from either bone marrow or bone marrow
combined with PBSCs. In subsequent studies, patients should be randomized into two groups.
The third limitation is the relatively short follow-up time after transplantation. Fourth is that
our study is not a random controlled trial. In subsequent studies, an IST group should be set up
as a control to compare the outcomes of HCT and IST. However, our series of studies, includ-
ing the previous study, have provided the first prospective reports on the outcomes of fully
matched AHSCT in children with SAA in China.

Despite the limitations, our study provides valuable information for the treatment of
SAA in children. To improve the outcomes of MUD-HCT, an effective conditioning regimen
and prophylaxis for GVHD must be established. Our future objectives include the expansion
of the donor registry, which is a service that is increasingly being accepted by Chinese people.

In summary, 20 children with SAA who underwent AHSCT with a median follow-up
of 3.08 years achieved a 95% survival rate with FLU-CTX-ATG as the conditioning regimen.
The use of dual-source stem cells in this study contributed to the low GVHD-related incidence
and mortality.
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