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Table 2 Summary of five patients with CAEBV treated with RIC and allogeneic bone marrow transplantation

Pt cBv Regimens of bone marrow transplantation Outcome
Disease EBV- genome Therapy Complete  EBV-
Age onset positive  Clinical (copies/pg  before Conditioning HLA Blood Cell number GVHD Engraft-  chimera specific
{years) (years) cells manifestations DNA) transplant  regimen (RIC) Donor  matched type (cells/kg) prophylaxis  ment (d) (d) CTLs Complications
1 7 CD4+ T  Generalized rash 1.3 x 10°  Modified Flu30 mg/m? x 4  UR Full A-AB 197 x 10°  FK506 12 136 ——t Remission
lymphadenopathy HLH 2004 CY 750 mg/m? x 4 SMTX (65 mo)
8 males liver dysfunction protocol TBI 3Gy x 1 None
aneurysm of
coronary
artery-positive
EBV DNA in
CSF ADEM
2 8 CD4+ T Lymphadenopathy 2.0 x 10° No Flu 30 mg/m? x 4 Sibling  Full A—AB 573 x 10°  CsA 11 75 +t EBV-positive
liver dysfunction CY 820 mg/m? x 4 sMTX donor CD4+ T
positive EBV TBI 3Gy x 1 cells (60 mo)
8 males DNA in CSF Acute GVHD
grade |l (gut)
— steroid
therapy
- improved
3 8 NK Lymphadenopathy 1.6 x 10° No Flu 30 mg/m? x & UR DR 1 A-O 1.16 x 108 FK506 19 168 ot Remission
mosquito allergy CY 60 mg/kg x 2 locus sMTX (65 mo)
21 females liver dysfunction TBI 2Gy x 2 mismatched Acute GVHD
hyper IgE grade | (skin),
thrombocytopenia,
hemolytic anemia
— steroid + y-globulin
— improved
4 13 NK Lymphadenopathy 2.1 x 10°  No Flu 30 mg/m? x & UR Full A-0O 3.67 x 10° FK506 21 129 ——+ Remission (51 mo)
19 males EBV-HLH fiver CY 30 mg/kg x 4 sMTX Acquired pure
dysfunction TBI 2Gy x 2 red cell aplasia
hyper IgE AR — rituximab
— improved
5 6 ¥ T Hydroa 1.2 x 10°  No Flu 30 mg/m2 x5 Sibling  Full AB—AB 3.30 x 10° CsA 14 161 +ot+ Remission
vacciniforme CY 60 mg/kg x 2 sMTX (16 mo)
15 males liver dysfunction TBI 2Gy x 2 Mixed
chimera
- donor
leukocyte
infusion
- improved

Pt, patient; NK, natural killer; CSF, cerebrospinal fluid; ADEM, acute disseminated encephalomyelitis; AR, aortic valve regurgitation; HLH, hemophagocytic lymphohistiocytosis; Flu, fludarabine; CY, cyclophosphamide; TBI, total-
body irradiation; UR, unrelated donor; CsA, cyclosporine A; FK506, tacrolimus; sMTX, short-term methotrexate; CTL, cytotoxic T lymphocyte; GVHD, graft-versus-host disease; mo, months.
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marrow transplantation, types of donors, number of trans-
planted nucleated cells, the day of engraftment and achieve-
ment of complete chimera, EBV-specific = CTLs,
complications, and final outcome are summarized in Table 2.
Patient 1 received a cooling therapy in HLH-2004 protocol
consisted of cyclosporine A, dexamethasone, and etoposide
before HSCT because he had several symptoms of hypercy-
tokinemia. Other four patients received no pretransplant che-
motherapy, because general condition was stable and
pretransplant chemotherapy might increase the risk of infec-
tion and severe adverse effects before BMT. Patient 2 devel-
oped persistent EBV infection in donor T cells as described
below. His EBV load has been remained positive and ranged
from 2 x 10% to 5 x 10° copies/ug DNA. Although he has
sustained low copy number of EBV genome in T cells for
60 months after allogeneic HSCT, he has been doing well
without clinical symptoms. Patient 3 developed gradelgraft-
versus-host disease (GVHD) of the skin, autoimmune throm-
bocytopenia, and hemolytic anemia on day +182 and was
successfully treated with steroid and immunoglobulin ther-
apy. Patient 4 suffered from pure red cell aplasia due to
major blood type incompatibility, which was successfully
treated with rituximab. Patient 5 was in mixed chimera on
day +134 and then achieved complete chimera by one
course of donor leukocyte infusion with 1 x 10"/kg CD3-
positive T cells from the same sibling donor. All five
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patients achieved complete donor chimera on day 75 to 168.
EBYV load rapidly decreased to normal levels, and no severe
RRT was observed following HSCT. All patients are alive
without long-term complications for more than 51 months in
four patients and 16 months in one patient after allogeneic
HSCT.

Monoclonal proliferation and activation of CD4+ V3+
T cells in a patient after allogeneic HSCT

In patient 2, steroid therapy was started from day +64 for
14 days because gastrointestinal GVHD symptom deterio-
rated from day +56. His EBV load was 2.0 x 10° copies/ug
DNA before BMT. Although EBV load decreased to
undetectable levels on day +52, regular monitoring of EBV
load revealed up to 1 x 10° copies/ug DNA on day +99.
Southern blot analysis showed monoclonal expansion of
EBV strain. The most possible interpretation was EBV
infection of the donor T cells, because his HLA-matched
sibling donor was serologically positive for EBV and EBV
load was ranged from 20 copies/ug DNA to undetectable
levels. TCR Vf spectrogram in donor T cells showed normal
distribution (data not shown). However, TCR repertoire
analysis showed selective proliferation of CD4+ Vf3+ T
cells in PB from patient 2 after BMT (Fig. 1A). The per-
centage of CD4+ Vf3+ cells was as high as 24% of total

Patient 1
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Figure 1 Monoclonal proliferation and
activation of CD4+ Vf3+ T cells in patient 2
after allogeneic HSCT. (A) Expression profile of
TCR VB subfamilies. The percentages of each
TCR Vg-positive cells in total CD4+ T cells are
shown in graph in healthy control (left) and
patient 2 after transplantation (right). (B} FACS

#ID

TCR repertadre (30}

analysis of HLA-DR and CD45RQO expression in
CD4+ VB3+ T cells.
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Figure 2 CD4+ Vf3+ T cells in patient 2 after allogeneic HSCT selectively harbor EBV genome and are derived from donor T cells. (A) Separation
of CD4+ V3+ T cells from PBMCs by IMag method. (B) EBER-1 in situ hybridization shows that CD4+ VB3+ T cells are selectively EBER-1 posi-
tive. (C) EBV-infected CD4+ V3+ T cells are derived from donor T cell. All fractions in PB on day 574 after transplantation and donor and recipient
cells before transplantation are subjected to microsatellite analysis at three independent markers.
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CD4+ T cells. Such clonal proliferation of CD4+ Vf3+ T
cells was not observed before HSCT. In addition, CD4+
VB3+ T cells exhibited high expression of HLA-DR and
CD45RO, indicating most of the fraction was activated
memory T cells (Fig. 1B).

CD4+ VB3+ T cells selectively harbor EBV genome and
are derived from donor T cells

We next purified fractions of CD4+ V 3+ cells, CD4+ Vf3-
cells, and CD8+ cells from PBMCs by IMag methods
(Fig. 2A). The purity of the separated CD4+ V 3+ cells was
98.8%, as determined by FACS analysis. 47.4% of CD4+
Vp3+ cells were selectively EBER-1 positive determined by
in situ hybridization, which was significantly higher than other
CD4+ Vf33- and CD8+ fractions (Fig. 2B). We next examined
the origin of the EBV-infected T cells. Microsatellite analysis
revealed that EBV-infected CD4+ Vf3+ T cells and all other
fractions were completely derived from donor cells (Fig. 2C).

Discussion

CAEBYV is a chronic but fatal disease if patients are not trea-
ted with appropriate therapies. Recent controversial issues
are when and how allogeneic HSCT should be performed
and how we can reduce regimen-related toxicity (RRT) for
better outcome. We selected RIC as a conditioning regimen
consisted of Flu, CY, and low-dose TBI when the disease
was in stable condition. Engraftment, complete chimera,
rapid eradication of EBV genome, and no severe RRT were
observed in all patients. We selected this regimen because
we had successfully achieved the engraftment of donor stem
cells without severe RRT in patients with primary immun-
odeficiencies (9, 10). We included low-dose TBI in the RIC
regimen to strengthen immunosuppressive effects. It has
been recently reported that RIC regimen resulted in signifi-
cantly better outcome than myeloablative conditioning (8),
consistent with our results that allogeneic HSCT with RIC
was safer and curative treatment for patients with CAEBV.

Although pretransplant EBV loads were high in all patients,
they rapidly reduced to normal levels after RIC and allogeneic
HSCT. We did not treat the patients with pre-HSCT chemo-
therapy except patient 1, because we had no evidence that pre-
HSCT chemotherapy was effective for achieving better out-
come. Prior chemotherapy may decrease the EBV load in a
part of the patients with CAEBV, and increased risk of infec-
tion and severe adverse effects should be considered before
curative treatment of allogeneic BMT. It was also based on
previous report to show that immunological effects of donor
immune cells, rather than cytotoxic effects of chemotherapy,
on EBV-infected cells have substantial roles in eradicating
EBV genome following allogeneic HSCT (15).

We confirmed monoclonal proliferation of CD4+ Vf3+ T
cells in patient 2 after HSCT, and these unique cells were

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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derived from donor T cells. At present, it is difficult to con-
clude whether engrafted donor T cells were newly infected
by EBV in recipient or the donor CD4+ Vf3+ T cells
already infected by EBV before transplantation proliferated
selectively after engraftment. We were unable to compare
genomic sequences of EBV genome between recipient and
donor cells before transplantation due to very low copy
number of EBV genome in donor samples. We speculated
that CD4+ Vf3+ donor T cells expressing HLA-DR and
CD45RO antigens were activated probably due to secondary
activation event and escaped from immune surveillance after
transplantation, which then clonally proliferated in the recipi-
ent. We may explain specific T-cell tropism rather than clas-
sical B-cell tropism in this patient 2 before and after BMT
by similar genetic background of the recipient and his HLA-
matched, EBV-seropositive sibling donor. Similar adult case
of CAEBV was reported by Arai et al., (16) who developed
CAEBV again after allogeneic HSCT from an unrelated
donor. In this report, EBV-infected cells were CD8§-positive
donor T cells and proliferated clonally. The infecting EBV
strain in donor T cells differed from that before HSCT in
the recipient. They suggested that host factors and immune
suppression during the course of HSCT might be responsible
for the development of donor-type CAEBV. In our patient 2,
the donor was HLA-matched sibling donor who had genetic
similarity to the recipient, and the patient received steroid
administration before EBV load was elevated. However, fur-
ther analysis is required to resolve this issue.

In conclusion, we report the safety and effectiveness of
RIC and allogeneic HSCT in five patients with CAEBV in a
single institute. To the best of our knowledge, patient 2 is
the first pediatric patient in the literature that develops per-
sistent EBV infection in donor T cells. Therefore, we have
to consider the possibility of donor-derived EBV-infected
cells as well as the relapse in recipient cells if EBV load
increases after allogeneic HSCT.
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Insulin-like growth factor 1 receptor (IGF-1R) is critical for cancer
cell proliferation; however, recent clinical anti-IGF-1R trials did
not show clear clinical benefit in cancer therapy. We hypothe-
sized that IGF-1R signaling-mediated proliferative response is
heterogeneous in neuroblastoma (NB) cells, and analyzed the cell
growth of 31 NB cell lines cultured in three different media,
including Hybridoma-SFM medium (with insulin) and RPMI1640
with/without 10% FBS. Three growth patterns were found. In
response to IGF and insulin, cell proliferation and Akt phosphory-
lation were upregulated in 13 cell lines, and suppressed by
MK2206 (Akt inhibitor) and picropodophyllin (IGF-1R inhibitor).
Interestingly, 3 of these 13 cell lines showed Akt self-phosphory-
lation and cell proliferation in RPMI1640; their proliferation was
downregulated by anti-IGF-1 or anti-IGF-2 neutralizing antibody,
suggesting the existence of an autocrine loop in the IGF-1R/Akt
pathway. Eighteen NB cell lines did not proliferate in RPMI1640,
even though Akt phosphorylation was upregulated by IGF and
insulin. Based on the heterogeneous response of the IGF-1R/Akt
pathway, the 31 NB cell lines could be classified into group 1
(autocrine IGF-mediated), group 2 (exogenous IGF-mediated) and
group 3 (partially exogenous IGF-mediated) NB cell lines. In addi-
tion, group 3 NB cell lines were different from group 1 and 2, in
terms of serum starvation-induced caspase 3 cleavage and picrop-
odophyllin-induced G2/M arrest. These results indicate that the
response of the IGF-1R/Akt pathway is an important determinant
of the sensitivity to IGF-1R antagonists in NB. To our knowledge,
this is the first report describing heterogeneity in the IGF-1R/Akt-
mediated proliferation of NB cells. (Cancer Sci 2013; 104: 1162-
1171)

N euroblastoma (NB), a malignant tumor that originates
from the sympathetic nervous system, is one of the most
frequent pediatric solid tumors.’"” NB'is characterized by heter-
ogeneous clinical behaviors, tumor invasiveness being different
according to age and anatomic stage at diagnosis. The tumor is
sometimes completely curable and may even regress spontane-
ously, especially in younger children.® Heterogeneity of the
tumors depends on the degree of morphological differentiation
and on histopathology.®

Insulin and insulin-like growth factors (IGF, including IGF-1
and 2) belong to a family of mitogenic growth factors. IGF, insu-
lin, and their receptors are involved in normal growth and differ-
entiation of most tissues. The biological actions of both IGF and
insulin can be mediated by the IGF-1 receptor (IGF-1R), a trans-
membrane heterotetramer, which is involved in mitogenic,
anti-apoptotic and oncogenic transforming responses.*”’ The
functional IGF-1R contains two extracellular o-subunits and
two intracellular [-subunits that form a heterotetrameric
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complex. The structural homology of IGF-1R and insulin
receptor (IR) allows formation of hybrid receptors (hybrid-R
in which an IGF-1R chain is connected to an IR chain.’
Ligand interaction with o-subunits triggers the auto-phosphory-
lation of tyrosine kinase domains within the B-subunit.”~> The
tyrosine kinase domains are coupled to several intracellular
pathways, including the phosghatidylinositol—3—kinase—Akt
(PI3K/Akt)'*'D and the MAPK.'? Dysregulation of the IGF-
IR pathway is involved in promoting oncogenic transforma-
tion, cell proliferation, metastasis, angiogenesis and resistance
in numerous malignant diseases, such as multiple myeloma,(w)
carcinomas‘* and NB.!"> IGF-1R is also known to translocate
to the nucleus to modulate gene expression.!

The IGF-1R inhibitors, including IGF-1R neutralizing anti-
bodies, IGF-1 mimetics and IGF-1R anti-sense/siRNA, have
been shown to block cancer cell proliferation."” Another
target for treatment is the receptor tyrosine kinase (RTK).22%
The inhibitory effect of picropodophyllin (PPP) appears to be
promising, because it has selectivity for the IGF-1R and, thus,
lacks inhibitory activity on tyrosine phosphorylation of insulin
RTK and other receptors, like fibroblast growth factor receptor,
platelet-derived growth factor receptor and epidermal growth
factor receptor.™ Inhibition of the IGF-1 RTK with PPP is
noncompetitive in relation to ATP, suggesting interference of
the IGF-1R at substrate level.®® It is reported that PPP specifi-
cally blocks phosphorylation of the Tyr1136 residue in the acti-
vation loop of IGF-IR kinase.”® Inhibition of IGF-1R with
PPP has been demonstrated in multiple myeloma,® breast
cancer,(27) melanoma®® and glioblastoma cells.®

Although IGF-1R and the stimulatory ligands (IGF and insu-
lin) are important for cancer proliferation, anti-IGF-1R therapy
has not shown enough clinical benefits in randomized phase III
trials.®® The mediation of IGF-1R signaling in cancer cell is
still unclear.®® We hypothesized that these unfavorable clini-
cal results might be due to heterogeneity of IGF-1R signaling
in cancer cells. The aim of the present study was to clarify the
heterogeneous mediation of IGF-IR signaling in NB cell lines;
for this purpose, we evaluated the cell proliferation patterns of
31 human NB cell lines by using three different media, stimu-
latory ligands and an IGF-1R inhibitor (PPP). The 31 NB cell
lines were classified into three groups based on their differen-
tial response to the stimulatory ligands: group 1 (autocrine
IGF-mediated), group 2 (exogenous IGF-mediated) and group
3 (partially exogenous IGF-mediated) NB cell lines. In addi-
tion, group 3 NB cell lines were different from groups 1 and 2
in terms of serum starvation-induced caspase 3 cleavage and
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Fig. 1. The growth phenotype of the neuroblastoma (NB) cell lines in SFM and RPMI1640 with/without 10% FBS, and the expressions of insu-

lin-like growth factor 1 receptor (IGF-1R) and insulin receptor (IR). (a) Three different growth patterns were shown by SK-N-SH, LAN-1 and NB-69
cell line in SFM and RPMI11640 with/without 10% FBS (b) Expressions of IGF-1R and IR in 31 cell lines. Cell lines were cultured in RPMI11640 with

10% FBS, and lysed according to a previous report.®” Target proteins

were detected by anti-IGF-1R B antibody and anti-IR B antibody, with

B-actin loaded as a control. Densitometric quantitation of IGF-1R B and IR B to B-actin ratio was standardized by the value of the first lane
(SK-N-SH). (c) Bar graph shows densitometric analysis of the IGF-1R B and IR B subunit expression displayed according to the NB cell groups. Data
are expressed as the mean (+SD) of the values showed in Figure 1b. Statistical analysis was performed using a two-sided t-test.

PPP-induced G2/M arrest. These results indicate that NB cell
lines are heterogeneous in their IGF-1R-mediated signaling.
The pattern of IGF-1R/Akt pathway-mediated proliferation is
an important determinant of the response to IGF-1R antagonis-
tic therapy in human NB. These observations suggest that
IGF-1R/Akt pathway inhibitors, such as PPP and MK2206,
may be used in NB clinical therapies.

Materials and Methods

Cell lines and cell culture. The following 31 human NB cell
lines were used and evaluated in this study: SK-N-SH, INDEN,
NB-19; IMR-32, KP-N-SI, LAN-1, SHEP, KP-N-SIFA, SK-N-
DZ, SJ-N-SD, SMS-KCNR, NH-12, SCMC-N2; SMS-KAN,

Qi et al.

TGW, GOTO, OZAWA, KP-N-RT, SMS-KCN, NB-69, NB-1,
SJ-N-KP, KP-N-YN, LAN-2, LAN-5, NB-MASS, SCMC-N4,
SJ-N-JF, SJ-N-KS, KP-N-AY and SUZUKI. All these 31 cell
lines were cultured in RPMI1640 (R8758, Sigma, St. Louis,
MO, USA) medium supplemented with 10% FBS (GIBCO,
Grand Island, NY, USA). The cells were incubated in a humidi-
fied atmosphere at 37°C with 5% CO,. Thirteen of these cell
lines could be cultured in SFM medium (Hybridoma-SFM med-
ium, 12045-84; GIBCO), which contains low protein (20 pg
/mL protein as insulin and transferrin).

Antibodies and reagents. The following antibodies and
reagents were used in the present study: (i) rabbit monoclonal
antibody: anti-Akt (#9272; Cell Signaling, Boston, MA, USA),
anti-phospho-Akt (Serd473) (#4058; Cell Signaling); (ii) rabbit
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Fig. 2. The effect of exogenous stimulatory ligands on growth of neuroblastoma (NB) cell lines. SK-N-SH (group 1), LAN-1 (group 2) and NB-69

(group 3) cell lines were incubated in RPMI1640 with/without stimulatory ligands such as IGF-1, IGF-2 and insulin at the indicated concentra-
tions. Proliferation of cell lines was evaluated as cell numbers at the indicated time points, and it was repeated three times. Data are expressed

as the mean (£SD).

polyclonal antibody: anti-cleaved caspase 3 (Aspl75) (#9661;
Cell Signaling), anti-p44/42 MAPK (Erkl/2) (#9102; Cell
Signaling), anti-IGF-1R B (#3027; Cell Signaling); (iii) mouse
monoclonal antibody: anti-phospho-p44/42 MAPK (Erkl/2)
(Thr202/Tyr204) (#9106; Cell Signaling), anti-cleaved PARP
(Asp214) (#9546; Cell Signaling), anti-IR B (C-4) (sc-373975;
Santa Cruz; Santa Cruz Biotechnology, Santa Cruz, CA,
USA); and (iv) neutralizing antibody: rabbit polyclonal IGF-1
neutralizing antibody (MAB791, R&B, Minneapolis, MN,
USA), mouse monoclonal IGF-2 neutralizing antibody
(MAB292, R&B).

Picropodophyllin (sc-204008) was purchased from Santa
Cruz Biotechnology. MK2206 (Akt inhibitor, A10003) was
purchased from Selleckchem (Houston, TX, USA). UO0126
(MEK inhibitor, 70970-5) was purchased from Cayman Chem-
ical (Ann Arbor, MI, USA).

Cell counting. WST-8 (Cell Counting Kit-8) cell counting
reagent was obtained from Dojindo Molecular Technologies
(Osaka, Japan). Cells (5 x 10%) were seeded in 100 pL med-
ium in 96-well plates and pre-incubated for 6 h before the
addition of stimulatory ligands, inhibitors or neutralizing anti-
bodies. WST-8 (10 pL) was added into each well at a 1:10
ratio in cell culture medium. After 2.5 h incubation in a
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humidified atmosphere at 37°C with 5% CO,, the absorbance
at 450 nm was measured using multi-spectrophotometer (Vien-
to, Dainippon, Japan). The optical density was then used to
extrapolate the cell number from a standard curve. The stan-
dard curves were drawn for each cell line for each type of
medium. The results are expressed as means = SD from three
independent experiments.

Western blotting. Cytoplasmic extracts were obtained as
previously reported.®"’ The proteins (40 pg/lane) were run on
7.5, 10 or 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by semi-dry transfer to PVDF
membrane (Invitrogen, Carlsbad, CA, USA). Transferred
PVDF blots were pretreated with 5% non-fat dry milk in
TBST containing 0.1% Tween-20 and incubated with primary
antibody (1:1000-3000) at 4°C overnight. The membrane was
then washed three times with TBST and incubated with horse-
radish peroxidase-conjugated secondary antibody (1:1000-
3000) for 1 h at room temperature. For phosphorylated target
protein, transferred PVDF blots were pretreated with PVDF
Blocking Reagent (TOYOBO, Osaka, Japan) for 1 h, and incu-
bated with primary and then with secondary antibody (1:3000—
6000), which were diluted with Can Get Signal Immunoreac-
tion Enhancer Solution (TOYOBO) at room temperature for
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Fig. 3. Stimulatory ligands-induced phosphorylation of Akt and cell proliferation in RPMI1640. (a) Phosphorylation of Akt was induced by stim-

ulatory ligands (IGF1, IGF-2, and insulin). The cell lines (SK-N-SH, LAN-1, NB-69) were pre-incubated with/without picropodophyllin (PPP)
(2.5 uM) in RPMI1640 for 12 h, before 1 h stimulation with IGF-1 (5 nM), IGF-2 (5 nM), and insulin (5 nM). Phosphorylation of Akt was tested by
WB, with the ratio of phospho-Akt compared with B-actin, and phospho-ERK. (b) MK2206 suppressed proliferation of neuroblastoma (NB) cell
lines (SK-N-SH, LAN-1 and NB-69) incubated with stimulatory ligands. IGF-1 (5 nM), IGF-2 (5 nM), and insulin (5 nM) were co-incubated with cell
lines with/without MK2206 (2.5 uM). (c) PPP suppressed NB (SK-N-SH and LAN-1) cell proliferation induced by stimulatory ligands. IGF-1 (5 nM),
IGF-2 (5 nM) and insulin (5 nM) were co-incubated with cell lines with/without PPP (2.5 uM). (d) U0126 did not suppress NB cell proliferation
induced by stimulatory ligands. IGF-1 (5 nM), IGF-2 (5 nM) and insulin (5 nM) were co-incubated with cell lines with/without U0126 (2.5 uM).
Proliferation of the cell lines was evaluated as cell numbers at the indicated time points, and it was repeated three times.
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using a two-sided t-test, P < 0.01, significant different.
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Apoptosis of neuroblastoma (NB) cells induced by serum starvation or picropodophyllin (PPP). The indicated cell lines were pre-incu-

bated in RPMI1640 with/without PPP (2.5 uM) for 12 h, before 1 h co-incubation with IGF-1 (5 nM), IGF-2 (5 nM) and insulin (5 nM). Cleavages
of caspase 3 and PARP were analyzed by WB, and the ratio cleaved caspase 3 to B-actin was calculated.

1 h. After washing three times again, antibodies bound to pro-
tein blots were detected by using Western Lightening Chemilu-
minescence Reagent Plus (Perkin Elmer Life Science, Boston,
MA, USA), visualized on LAS-3000 mini (FUJIFILM, Tokyo,
Japan). The blots were quantitated and cropped using Multi
Gauge Ver3.0 (FUJIFILM).

Cell cycle analysis. Cell cycle analysis was performed after
treatment with/without PPP for 12 h. Cells (2 x 10%) were
harvested and fixed in 99.5% ethanol over night at —20°C,
followed by incubation with 500 pL propidium iodide Triton
X-100 solution containing RNase A at room temperature for
30 min in darkness, then the DNA content was analyzed
immediately with a FACScan flow cytometer, using ModFitL.T
software (Verity Software House, Topsham, ME, USA).

Statistical analyses. A two-sided paired #-test was used to
determine statistical significance. A P < 0.05 was considered
as statistically significant.

Results

Sensitivity to culture conditions of neuroblastoma cell line
groups. We hypothesized that NB cells are heterogeneous in
their IGF-1R signaling-mediated cell proliferation. To test this
hypothesis, 31 NB cell lines were cultured in three different
media and screened using a cellular proliferation assay. Based
on the response patterns we subdivided the 31 cell lines into
three groups. Group 1, which included SK-N-SH, INDEN and
NB-19, proliferated for more than 3 days in SFM (insulin con-
taining), RPMI1640 (serum starvation medium) and RPMI1640
with 10% FBS (serum containing medium). Group 2 included
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IMR-32, KP-N-SI, LAN-1, SHEP, KP-N-SIFA, SK-N-DZ,
SJ-N-SD, SMS-KCNR, NH-12 and SCMC-N2 cell lines; these
cell lines could proliferate in SFM and RPMI1640 with 10%
FBS but not in RPMI1640. Group 3 could proliferate only in
RPMI1640 with 10% FBS. The growth curves of the three
typical cell lines (SK-N-SH, LAN-1 and NB-69) in three dif-
ferent media are depicted in Figure 1(a). These results show
that the regulation of cell proliferation induced by insulin is
different among NB cell lines. Because the signal transduction
of insulin is similar to IGF, these results indicate that signaling
induced by IGF-1R stimulatory ligands may be different
among NB cell lines.

Expressions of insulin-like growth factor 1 receptor and insulin
receptor. Insulin-like growth factor 1 receptor is the common
receptor of IGF and insulin.” Binding of IGF and insulin to
the a-subunits of IGF-1R induces auto-phosphorylation of tyro-
sine kinase domain in B-subunit and phosphorylation of down-
stream signaling molecules. Expression of IGF-1R [-subunit
and TR B-subunit were confirmed by western blotting using
anti-IGF-1R B antibody and anti-IR B antibody. Both IGF-1R
B-subunit and IR B-subunit were expressed in all 31 NB cell
lines (Fig. 1b). Although the amounts of expressed B-subunits
were not the same among NB cell lines (Fig. 1b), there was
no significant statistical relationship between the receptor 3
subunit and the different groups of NB cell lines (Fig. lc).

Neuroblastoma cell proliferation induced by exogenous insulin-
like growth factor 1 receptor (IGF-1, IGF-2) and insulin. To
confirm that NB cell proliferation is induced by stimulatory
ligands, we evaluated NB cell proliferation in RPMI1640 in the
presence of exogenous IGF (IGF-1, IGF-2) and insulin. These
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Fig. 6. The effect of exogenous IGF and insulin on NB-69 cell line in RPMI1640 with 10% FBS. (a) NB-69 cell line was incubated in RPMI1640
with 10% FBS with/without IGF-1, IGF-2, and insulin at the indicated concentrations. Proliferation of the cells was evaluated as cell numbers at
the indicated time points. The experiment was repeated three times, and statistical analysis was performed using a two-sided t-test, P < 0.01,
significant different. (b) NB-69 cell line subjected to MK2206 (10 uM), U0126 (10 uM) and picropodophyllin (PPP) (2.5 uM) with/without stimula-
tory ligands: IGF-1 (50 nM) and insulin (5 nM) in RPMI11640 with 10% FBS. (c) NB-69 cell line was pre-incubated with/without PPP (2.5 pM) in
RPMI11640 with 10% FBS for 12 h, before 1 h stimulation of IGF-1 (5 nM), IGF-2 (5 nM) and insulin (5 nM). Akt phosphorylation, cleaved caspase

3, and cleaved PARP were evaluated by WB. B-actin was used as a control.

IGF and insulin accelerated cell proliferation in SK-N-SH
(group 1) and LAN-1 (group 2) but not in NB-69 (group 3)
(Fig. 2). These results suggest that IGF and insulin are important
for cell proliferation of groups 1 and 2 NB cell lines, but not for
that of group 3. SK-N-SH (group 1) was able to proliferate in
RPMI 1640 in the absence of exogenous IGF and insulin (Fig. 2).
The other NB cell lines, group 1 (INDEN and NB-19), group 2
(SHEP, SMS-KCNR and KP-N-SI) and group 3 (OZAWA, KP-
N-RT and SMS-KCN), showed the same response patterns of
SK-N-SH (group 1), LAN-1 (group 2) and NB-69 (group 3),
respectively.

Activation of insulin-like growth factor 1 receptor/Akt path-
way induced by exogenous insulin-like growth factor 1 receptor
(IGF-1, IGF-2) and insulin. Exogenous IGF and insulin induced

Qi et al.

Akt phosphorylation in SK-N-SH (group 1), LAN-1 (group 2)
and NB-69 (group 3) cell lines (Fig. 3a). The Akt inhibitor,
MK?2206 (2.5 pM), completely inhibited Akt phosphorylation
and cell proliferation induced by exogenous IGF and insulin in
all 31 NB cell lines (data not shown). MK2206 strongly
impaired the cell proliferation induced by exogenous IGF and
insulin in SK-N-SH and LAN-1 cells (Fig. 3b). Interestingly,
the IGF-1R inhibitor, PPP, inhibited Akt activation in SK-N-
SH (group 1) and LAN-1 (group 2) cell lines, but less in NB-
69 (group 3) (Fig. 3a). PPP suppressed the cell proliferation of
SK-N-SH and LAN-1 (Fig. 3c).

Elevation of ERK phosphorylation was only observed in
SK-N-SH (Fig. 3a). U0126, a MEK inhibitor, effectively sup-
pressed ERK phosphorylation in NB cell lines (data not
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shown). However, U0126 (2.5 pM) did not suppress SK-N-SH
and LAN-1 cell proliferation induced by IGF (IGF-1, IGF-2)
or insulin (Fig. 3d). These results suggest that IGF-1R/Akt
pathway is critical for cell proliferation in group 1 and 2 NB
cell lines. In group 3 NB cell line (NB-69), IGF and insulin
activated IGF-1R/Akt pathway, but did not induce increased
cell proliferation in RPMI1640, suggesting that the activation
of IGF-1R/Akt pathway is insufficient for cell proliferation.
The other NB cell lines, group 1 INDEN and NB-19), group
2 (SHEP, SMS-KCNR, and KP-N-SI) and group 3 (OZAWA,
KP-N-RT, and SMS-KCN), showed the same patterns of
SK-N-SH (group 1), LAN-1 (group 2) and NB-69 (group 3),
respectively.

Autocrine insulin-like growth factors in group 1 neuroblastoma
cell lines. In group 1 NB cell lines (SK-N-SH, INDEN and
NB-19), cell proliferation (Figs 1a,2) and Akt self-phosphory-
lation (Fig. 3a) were observed in RPMI1640 medium without
exogenous IGF or insulin. The Akt self-phosphorylation was
suppressed by PPP (Fig. 3a). This indirect evidence suggests
the presence of an autocrine growth loop. Therefore, group 1
cell lines (SK-N-SH, INDEN and NB-19) were cultured in the
presence of anti-IGF-1 neutralizing antibody and anti-IGF-2
neutralizing antibody. Both anti-IGF-1 and 2 neutralizing anti-
body impaired cell proliferation of group 1 cell lines in
RPMI1640 medium (Fig. 4).

Apoptosis induced by serum starvation and insulin-like growth
factor 1 receptor inhibitor. Insulin-like growth factors regulate
apoptosis®? and cell cycle progression.®® Cleavages of
caspase 3 and PARP were examined in NB cell lines. In group
1 (SK-N-SH), caspase 3 and PARP were not cleaved in
RPMI1640 (Fig. 5). In group 2 (LLAN-1), caspase 3 and PARP
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were cleaved in RPMI1640, and the cleavage of caspase 3 was
suppressed by IGF and insulin (Fig. 5). Interestingly, in group
3 (NB-69), cleavages of caspase 3 and PARP were also
observed in RPMI1640 (Fig. 5). However, they were not sup-
pressed by IGF or insulin (Fig. 5), even though phosphorylated
Akt was upregulated by IGF and insulin (Fig. 3a). In addition,
in these NB cell lines, cleavages of caspase 3 and PARP were
observed after treatment with PPP, regardless of the presence
of exogenous IGF and insulin (Fig. 5).

Cell proliferation in group 3 neuroblastoma cell lines in the
presence of insulin-like growth factor in RPMI1640 with FBS.
Because group 3 NB cell lines died rapidly in a serum-
deprived environment despite exogenous IGF or insulin
(Figs 1a,2), Akt activation by IGF is insufficient to support
cell proliferation and the proliferative stimulation may be
induced by other growth factors present in FBS. Therefore, the
effects of IGF, insulin, PPP, MK2206 and UQ0126 were evalu-
ated on NB-69 incubated in RPMI1640 with 10% FBS. Cell
proliferation of NB-69 was significantly accelerated by exoge-
nous IGF-1 (50 nM) and insulin (5 nM) after 48 h (Fig. 6a).
The cell proliferation was suppressed by MK2206 (10 pM)
and PPP (2.5 pM), but not by U0126 (10 uM) (Fig. 6b).
Cleavages of caspase 3 and PARP were suppressed in
RPMI1640 with 10% FBS (Fig. 6c), and induced by the addi-
tion of PPP (Fig. 6¢). These data suggest that the proliferation
of group 3 cell lines depends on IGF-1R/Akt and on other
not-yet-identified pathways.

G2/M-phase accumulation induced by insulin-like growth fac-
tor 1 inhibitor (picropodophyllin). We also analyzed cell cycle
phase distribution in NB cells cultured in the presence of PPP,
because PPP induced G2/M arrest and apoptosis by inhibiting
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IGF-1R.?** In our experiment, exposure to 2.5 pM PPP for
12 h increased the G2/M fraction of SK-N-SH and LAN-1 cell
lines, and shifted cell cycle profile from GO-G1 dominant to
G2/M dominant (Fig. 7). However, in the same condition,
NB-69 did not show G2/M arrest, NB-69 only showed an
elevation of G2/M from 27.1 to 37.6%, and the GO/G1 frac-
tion was not affected (Fig. 7).

In a parallel experiment, we also found that, in SK-N-SH
and LAN-1, cyclin B1, a marker protein of G2/M phase of
cell cycle, was upregulated, and when the typical G2/M arrest
occurred, cyclin D1, a marker protein of G0/Gl, synchro-
nously declined. In NB-69 (group 3), accumulation of cyclin
B1 was duplicated by PPP, but cyclin D1 was not affected
(data not shown). This may be explained by the insensitiveness
of group 3 cell lines to PPP-induced G2/M arrest. The other
NB cell lines, group 1 (INDEN and NB-19), group 2 (SHEP,
SMS-KCNR, and KP-N-SI) and group 3 (OZAWA, KP-N-RT,
and SMS-KCN), showed the same patterns of SK-N-SH (group
1), LAN-1 (group 2) and NB-69 (group 3), respectively.

Discussion

In this study, we demonstrated that NB cell lines are heteroge-
neous in terms of their IGF-1R/Akt pathway-mediated cell
proliferation. The cells can be categorized into three different
groups (Fig. 8). Group 1 cell lines (autocrine IGF-mediated
cell lines) produce endogenous IGF; IGF-1R/Akt pathway is
activated by both exogenous and autocrine IGF; these cell
lines can proliferate for more than 3 days in RPMI1640 with
10% FBS, insulin containing SFM and even in RPMI1640.
Group 2 cell lines (exogenous IGF-mediated cell lines) need
the stimulation of exogenous stimulatory ligands, including
IGF and insulin for cell proliferation; these cell lines can
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proliferate in SFM and RPMI1640 with 10% FBS, but not in
RPMI1640. Group 3 cell lines (partially exogenous IGF-medi-
ated cell lines) can proliferate in RPMI1640 with 10% FBS,
and their proliferation is accelerated by IGF and insulin only
in the presence of FBS. These observations suggest that group
3 NB cell proliferation is mediated by both IGF and not-yet-
identified growth factor presence in FBS. To our knowledge,
this is the first study describing heterogeneity in the IGF-1R
/Akt pathway in NB cell lines. Subdivision of NB cell lines by
their heterogeneity will help to further clarify the mechanism
of IGF-1R mediation.

Insulin-like growth factor 1 receptor and insulin induced cell
proliferation through Akt activation; blockage of IGF-1R
suppressed Akt activation only in group 1 and 2 cell lines.
However, the blockage of IGF-1R did not markedly affect Akt
activation in group 3 cell lines cultured in RPMI1640. In con-
trast, the activation of Akt could not suppress serum starva-
tion-induced apoptosis in the partially exogenous IGF-
mediated NB cell lines (group 3). These findings may prompt
reconsuieratlon of cancer therapy targetmg IGF-1R and
IGF.®” The anti-IGF-IR antibodies used in clinical trials,
known as A12,°” h7C10,°9 EM164®7 and CP-751, 871,09
affect IGF-1R/Akt pathway, then cell apoptosis and cell prolif-
eration. However, further in vivo experiments are required to
support these observations.

Picropodophyllin, the IGF-1R inhibitor, was able to effec-
tively inhibit the exogenous IGF-induced Akt phosphorylation
in groups 1 and 2, but not in group 3. PPP blocks phosphory-
lation of tyrosine cluster Y1136 in IGF-1R,*® which is the
main binding site of insulin receptor substrate 1 (IRS 1).69
IR substrate 2 gIRS -2) interacts with IGF-1R via multiple
binding motifs,*” independent of tyrosine cluster Y1136 in
IGF-1R. Difference in IRS binding specificity may explain

Cancer Sci | September 2013 | vol. 104 | no.9 | 1169
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these observations. Our data also showed that NVP-AEW541
(2.5 uM), a nonspecific IGF-1R RTK inhibitor, suppressed the
IGF-1R/Akt pathway in all three groups (data not shown).
These results indicate that the signal transduction from IGF-
IR to PI3K/Akt complex may be different in NB cell line
groups. Both IRS-1 and 2 are able to stimulate PI3K-Akt sig-
nal pathway.“" IRS-1 is important for mitogenesis, cell prolif-
eration and survival, whereas IRS-2 is important for adhesion,
migration and metastasis.“*? We speculate that differences in
binding of IRS to IGF-1R may lead to different IGF-1R/Akt-
mediated signals. Selective knockdown or overexpression of
IRS-1 or 2 are necessary to verify the relationship between
IRS and IGF-1R stimulation.

Picropodophyllin interrupts DNA synthesis by inhibition of
IGF-1R and inducing G2/M arrest.“® G2/M-phase accumula-
tion induced by PPP is due to interference with the CDK1/cy-
clin B1 complex.” Cyclin B1 protein begins to increase
during G2, peaks in mitosis, and is rapidly degraded before
the cell cycle is completed; it is a specific marker of G2
/M.“® Cyclin DI is a Gl-specific cyclin that associates with
CDK4 or CDK®6, and promotes restriction point progression
during G1 phase.(45) Expression and accumulation of cyclin
D1 occur at multiple levels, including increased transcription,
translation and protein stability, and are affected by growth
factors,*® or signal pathways including PI3K-Akt pathwagf‘”)
Ectopic expression of cyclin D1 induces G2/M arrest.“® In
response to PPP and MK2206, cyclin Bl accumulated in all
three groups, but cyclin D1 was declined only in groups 1 and
2 NB cell lines, and not in group 3 (data not shown). These
results indicate that IGF-1R/Akt pathway exerts less effect on
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cyclin D1 in group 3 NB cell lines, and this may explain why
group 3 NB cell lines are insensitive to PPP-induced G2/M
arrest.

Apoptosis and G2/M arrest induced by PPP were demon-
strated in multiple myeloma cells®® and in other cancer cells.
Alternative signaling of IGF-1 and 2 may occur through other
insulin-related receptors, like the IR“ or heterodimerization
of IGF-1R with other receptors such as the epidermal growth
factor receptor.®” These observations may explain the lack of
efficacy of therapeutic antibodies since they exert no inhibitory
activity on other receptors, as is the case for other receptor
tyrosine kinase inhibitors.© 52 Moreover, PPP has been shown
to be well tolerated in vivo after oral administration.®>

In summary, we showed in this study heterogeneity of the
IGF-1R/Akt pathway in several NB cells lines. NB cell lines
can be categorized into three groups by the patterns of IGF-
1R/Akt pathway response. So far, the clinical and biological
correlations of IGF-1R response in tumors are poorly under-
stood.®® Biomarkers are needed to predict clinical responses
to IGF-1R antagonists, and to select patients who can be ben-
efited from IGF-1R-targeted therapy. We speculate that com-
parative analysis of the response between different groups
with/without stimulatory ligands by using microarray analysis
may be helpful to find novel biomarkers. The mechanism
of this heterogeneous response could be the topic of future
studies.
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Gonadal function in patients with severe aplastic anaemia and
refractory cytopenia of childhood who undergo bone marrow
transplantation after receiving 3-Gy total body irradiation and

high-dose cyclophosphamide

Fertility preservation has a significant influence on the qual-
ity of life of survivors of haematopoietic stem cell transplan-
tation (SCT; Hammond et al, 2007). Several previous studies
have reported on gonadal function and pregnancy after SCT
in patients with severe aplastic anaemia (SAA), most of
whom underwent matched related donor (MRD) bone mar-
row transplantation (BMT) after receiving 120-200 mg/kg
cyclophosphamide (CY) with or without anti-thymocyte
globulin (ATG) as a conditioning regimen (Sanders et al,
1996, 2011; Loren et al, 2011). Normal gonadal function was
observed in most patients, and the probability of pregnancy
in female patients or in the partners of male patients was
reported to be approximately 50%. In recent years, the out-
comes of matched unrelated donor (MUD) BMT, which is
an alternative therapeutic option for SAA patients who do
not have a MRD and fail one or more courses of immuno-
suppressive therapy, have improved owing to the introduc-
tion of high-resolution human leucocyte antigen (HLA)
typing and the optimization of conditioning regimens, such
as the addition of low-dose total body irradiation (TBL
Vassiliou et al, 2001; Deeg et al, 2006). The utilization of
low-dose TBI as part of conditioning regimens has substan-
tially increased; however, when low-dose TBI is used in com-
bination with CY, the gonadotoxicity of the regimen is
unclear. We analysed the fertility status of patients with SAA
and refractory cytopenia of childhood (RCC) who underwent
BMT after receiving 3 Gy TBI and 200 mg/kg CY-based
conditioning regimen.

Twenty-three consecutive patients with SAA (n = 18) or
hypocellular RCC (n = 5) underwent BMT at our centre
between March 1986 and April 2011. Nineteen patients had
survived for at least 1 year after BMT without disease
relapse and were at least 12 years of age at the time of
evaluation (Table I). TBI was delivered via a single fraction
at a dose rate of 0-07 Gy/min on day —6. No shielding was
used for the testes and ovaries. CY was administered at
50 mg/kg/d on days —5 to —2. For patients with an HLA-
mismatched related donor (MMRD) or MUD, ATG (Zetbu-
lin; Fresenius Biotech GmbH, Munich, Germany) was added
to the regimen at 2-5 mg/kg/d on days —5 to —2. Donor
selection, graft-versus-host disease prophylaxis, and other

© 2013 John Wiley & Sons Ltd
British Journal of Haematology, 2013, 163, 123-144

procedures for BMT were previously described (Inagaki
et al, 2007).

Fertility status was evaluated using documented clinical
information and laboratory data for gonadotropin and sex
hormone concentrations. Elevated gonadotropin levels and
decreased sex hormone levels were defined as follows: lutein-
izing hormone (LH) >15 u/l, follicle-stimulating hormone
(FSH) >15 w/l, testosterone in male patients <6 nmol/l, and
oestradiol in female patients <110 pmol/l (Borgmann-Staudt
et al, 2012).

Median follow-up time was 120 months (range, 22—
317 months), and none of the patients received hormone
replacement therapy. Among 14 male patients, three patients
had married and fathered a child at 12, 13, and 10 years after
BMT, respectively (Table I). Another patient had a semen
analysis 5 years after BMT and normal spermatogenesis was
observed. Analyses of gonadotropin and sex hormone concen-
trations were performed in 13 male patients. A mild increase
in the FSH level was observed in two patients, whereas a
normal FSH level was observed in the remaining 11 patients.
All male patients had normal LH levels. Two patients who had
low testosterone levels required careful follow-up regarding
the suspicion of hypothalamic/pituitary disorder.

Spontaneous menstruation occurred in all the five female
patients at a median age of 12 years (range, 10-12 years)
and continued until the last follow-up. The menstrual cycle
was almost regular in all patients. An oestradiol level slightly
lower than normal was observed in two patients without
elevated gonadotropin levels (Table I).

As SAA patients generally do not receive cytotoxic agents or
radiation before SCT and the conditioning regimens do not
commonly include busulfan or TBI, gonadal function after
SCT has been reported to be less impaired. The present study
showed that gonadotropin and sex hormone levels were almost
normal in most of the evaluable patients who underwent BMT
after 200 mg/kg CY and 3 Gy TBIL All of the five female
patients had spontaneous menstruation after BMT, therefore it
is possible that they may conceive in the future. Although
pregnancy occurred in the partners of only three male patients,
our study does not account for the proportion of patients who
were actually trying to conceive. The fact that all three married
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Table I. Patient characteristics and gonadal function.

Age at
Conditioning BMT Age at Testosterone Oestradiol Fertility

Patient Sex Diagnosis Donor regimen* (years) evaluation LH (u/l) FSH (u/l) (nmol/1) (pmol/l) (age, years)

1 M SAA MRD TBI+CY 3 30 83 20-4 12:7 - -

2 M SAA MMRD TBI+CY 10 14 2:5 2 1-3 - -

3 M SAA MRD TBI+CY 14 20 9-4 164 165 - -

4 M SAA MMRD TBI+CY+ATG 16 21 4.9 8 30-9 - —

5 M SAA MRD TBI+CY 2 19 3-8 6 12-1 - -

6 M SAA MRD TBI+CY 10 26 3.4 16 12.7 - Offspring (22)

7 M SAA MUD TBI+CY 6 17 4.8 14 16:2 - -

8 M SAA MUD TBI+CY+ATG 17 31 5.1 9.7 17-8 - Offspring (30)

9 M SAA MUD TBI+CY+ATG 19 20 49 8 309 - -

10 M SAA MRD TBI+CY 16 21 7 13:5 25-1 - Normal
spermatogenesis
(21

11 M RCC MRD TBI+CY 5 12 22 4-4 4-1 - —

12 M RCC MUD TBI+CY+ATG 14 19 36 6-4 19-4 - -

13 M RCC MUD TBI+CY+ATG 14 16 52 89 13-0 - -

14 M SAA MUD TBI+CY+ATG 9 19 NE NE NE - Offspring (19)

15 F SAA MRD TBI+CY 6 22 216 8.7 - 1395-0 Menstruation (12)

16 F SAA MRD TBI+CY 6 20 3-6 5-5 - 58-7 Menstruation (11)

17 F SAA MRD TBI+CY+ATG 9 12 16 42 - 80-8 Menstruation (12)

18 F SAA MRD TBI+CY 10 14 5.5 1-3 - 400-1 Menstruation (10)

19 F RCC MUD TBI+CY+ATG 10 12 3.3 10-8 - 1432 Menstruation (12)

BMT, bone marrow transplantation; LH, luteinizing hormone; FSH, follicle-stimulating hormone; M, male; F, female; SAA, severe aplastic anaemia; RCC, refractory cytopenia of childhood; MRD,
matched related donor; MMRD, mismatched related donor; MUD, matched unrelated donor; TBI, total body irradiation; CY, cyclophosphamide; ATG, anti-thymocyte globulin; NE, not evaluated.
*The conditioning regimen consisted of 3 Gy of TBI and 200 mg/kg CY for MRD BMT. In the case of alternative donor BMT, 10 mg/kg ATG was added to the regimen.
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men had fathered a child suggests the potential of the regimen
to preserve fertility after SCT.

Fertility after SCT is generally likely to be preserved in
younger patients (Loren et al, 2011; Sanders et al, 2011). All
the five female patients in our study were pre-pubertal at the
time of SCT; further studies including post-pubertal girls,
young adults, or those who are older at SCT should be con-
ducted. In male patients, because spermatogenesis is exqui-
sitely sensitive to radiation (Howell & Shalet, 1998), semen
analysis, which is not routinely performed, is necessary for
definite evaluation of fertility.

The efficacy of the current conditioning regimen with CY
and ATG has been confirmed for MRD BMT in SAA patients
(Storb et al, 2001). Therefore, the 3 Gy TBI-containing regi-
mens described in our study are no longer used for MRD
BMT in SAA patients in our centre. In MUD BMT, favour-
able outcomes of 2 Gy TBI plus CY plus ATG regimen have
been demonstrated in the National Marrow Donor Program
study (Deeg et al, 2006). Therefore, it may be necessary to
introduce a 2 Gy TBI regimen for MUD BMT in SAA
patients in our centre. Further research is needed to deter-
mine which regimens are the least gonadotoxic but are
equally effective for treatment; nevertheless, our results may
serve as a guide on the gonadotoxicity of low-dose TBI and
CY-containing regimens.
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