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Background
Due to increased rates of secondary solid organ cancer in patients with severe aplastic anemia
who received an irradiation-based conditioning regimen, we decided some years ago to use the
combination of cyclophosphamide and antithymocyte globulin. We report the long-term fol-
low up of patients who underwent hematopoietic stem cell transplantation from an HLA-
matched sibling donor after this conditioning regimen.

Design and Methods
We analyzed 61 consecutive patients transplanted from June 1991 to February 2010, following
conditioning with cyclophosphamide (200 mg/kg) and antithymocyte globulin (2.5 mg/kg/day
x 5 days).

Results
Median age was 21 years (range 4-43); 41 of the 61 patients were adults. Median duration of
the disease before hematopoietic stem cell transplantation was 93 days. All but 2 patients
received bone marrow as the source of stem cells and all but 2 engrafted. Cumulative incidence
of acute grade II-IV graft-versus-host disease was 23% (95%CI 13-34) and 18 developed chronic
graft-versus-host disease (cumulative incidence 32% at 72 months, 95% CI 20-46). In multivari-
ate analysis, a higher number of infused CD3 cells was associated with an increased risk of
developing chronic graft-versus-host disease (P=0.017). With a median follow up of 73 months
(range 8-233), the estimated 6-year overall survival was 87% (95% CI 78-97). At 72 months,
the cumulative incidence of avascular necrosis was 21% and 12 patients presented with
endocrine dysfunction (cumulative incidence of 19%). Only one patient developed a secondary
malignancy (Hodgkin’s lymphoma) during follow up.

Conclusions
Cyclophosphamide and antithymocyte globulin is an effective conditioning regimen for
patients with severe aplastic anemia and is associated with low treatment-related mortality.
Long-term complications include avascular necrosis and endocrine dysfunction.

Key words: hematopoietic stem cell transplantation, severe aplastic anemia, long-term out-
comes.
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Introduction

Acquired aplastic anemia is a life-threatening
hematopoietic disorder characterized by hypocellular
bone marrow  and peripheral blood pancytopenia.
Autologous recovery of hematopoiesis in patients who
failed to engraft after conditioning and stem cell trans-
plantation, as well as responsiveness of patients to
immunosuppressive therapies,1 provided evidence of the
pivotal role of the immune system in the disease patho-
physiology. Treatment strategy is based on severity of the
disease, patient age and availability of an HLA-identical
related donor.2 Immunosuppressive therapy (IST) with
cyclosporine (CsA) and antithymocyte globulin (ATG) is
currently used as front-line therapy for young patients
who do not have an available HLA-identical related donor
and for older patients. Response rate after IST ranges
from 57 to 77% at six months and 5-year overall survival
(OS) ranges from 60 to 90%.3,4 However, relapse occurs in
one-third of cases3 and late events such as secondary
malignancies or clonal evolution occur in 10%.5
Hematopoietic stem cell transplantation (HSCT) from

an HLA-identical related donor is the treatment of choice
for young patients with severe aplastic anemia (SAA).
Storb et al. demonstrated excellent outcomes after CY-
ATG with rates of engraftment of 95% and OS of almost
90%.6,7 Studies conducted by the European group for
Blood and Marrow Transplantation8 and the International
Bone Marrow Transplant Registry (IBMTR) found that
the use of peripheral blood stem cells (PBSC) was associ-
ated with an increased risk of chronic graft-versus-host
disease (GvHD) and lower 5-year overall survival com-
pared to marrow grafts.9 The combination of CsA and
methotrexate is recommended as prophylaxis for
GvHD.10
Due to increased rates of secondary solid-organ cancer

in patients with severe aplastic anemia who received an
irradiation-based conditioning regimen, we decided some
years ago to use the combination of CY and ATG.
Although several studies have confirmed that HSCT after
conditioning with CY plus ATG is associated with excel-
lent OS rates,3,11,12 the long-term follow up of those
patients is still limited, with the exception of the Seattle
cohort.6,13 Long-term survivors after HSCT are exposed to
late complications including abnormal immune reconstitu-
tion, non-malignant organ or tissue dysfunction, delayed
infections and also secondary cancers. The aim of our
study was, therefore, to analyze the long-term follow up
of all consecutive patients in our center who received an
HSCT from an HLA-identical related donor for SAA after
conditioning with CY and ATG over a 20-year period.

Design and Methods

Inclusion criteria
The study included all consecutive patients with acquired

SAA who: i) received a first HSCT from an HLA-matched sibling
donor; ii) after a conditioning regimen based on Cy (200mg/kg)
and ATG (2.5 mg/kg/day x 5 days); iii) with CsA and Mtx (Days
1, 3, 6 and 11) as GvHD prophylaxis from June 1991 to February
2010. Patients with Fanconi anemia and congenital bone mar-
row failure were excluded. The study protocol was approved by
the review board of Hôpital Saint Louis and the study was car-
ried out in accordance with the Declaration of Helsinki.

End point definitions
Neutrophil recovery was defined as the first of three consecu-

tive days with an absolute neutrophil count (ANC) of at least
0.5¥109/L, and the incidence of platelet recovery as the first of
seven consecutive days of an unsupported platelet count of at least
20¥109/L. Primary graft failure was defined as no sign of neutrophil
recovery, as well as transient engraftment of donor cells 60 days
after transplantation. Early clinical outcomes were defined as com-
plications occurring in the first three months after transplantation.
Acute GvHD and chronic GvHD were diagnosed and graded
according to published criteria.14,15 Chronic GvHD was evaluated
in all survivors 100 days after transplantation. Chimerism analyses
were routinely evaluated by PCR of short tandem repeat
sequences at three months in all but 2 patients transplanted after
2002. Full donor chimerism was defined as the presence of 95% or
over of cells of donor origin, mixed chimerism if over 5% and less
than 95% of donor cells, and autologous recovery if 5% or under
of donor cells. Long-term complications and immune reconstitu-
tion were also evaluated. Late clinical outcomes were: occurrence
of bacterial, viral and fungal infections, secondary malignancy
(excluding in situ carcinoma and basal cell carcinoma), osteonecro-
sis, cardiovascular complications and endocrine dysfunction occur-
ring more than three months after BMT. The CD3, CD4 and CD8
T cells, B cells and NK lymphocytes were enumerated from fresh
whole blood EDTA samples by direct 3- or 4-color immunofluo-
rescence with a Facscalibur analyzer (Becton Dickinson, San José,
California, USA) as previously described.16 Percentages and
absolute counts were determined. Lymphocyte subset populations
were quantified three, six, 12 and 24 months after transplant.

Statistical analysis
Data are presented as median (range) or count (percentage). All

time-to-event outcomes were counted from the date of trans-
plant to the date of event or date of last follow up. 
Neutrophil and platelet recovery, acute and chronic GvHD,

infections and non-infectious complications were analyzed using
a competing risks model where death was considered as the
competing event. In addition, raw proportions of neutrophil and
platelet recovery are reported. Cumulative incidence functions
were estimated using the usual methodology.17 Since during the
study no patient died while on immunosuppressive therapy,
duration of immunosuppressive therapy was simply analyzed as
a time-to-event end point. Factors associated with GvHD were
analyzed using Cox’s proportional hazards models for the cause-
specific hazard.18 Univariate analyses were carried out first, and
then a multivariate analysis was used to identify a set of factors
independently associated with chronic GvHD. In the latter analy-
sis, all factors with P≤0.20 in the univariable analyses were con-
sidered but no model selection was subsequently undertaken.
The proportional hazards assumption was checked by examina-
tion of Schoenfeld residuals and Grambsch and Therneau’s lack-
of-fit test.19

Survival functions were estimated using Kaplan-Meier prod-
uct-limit estimator and compared by log rank tests.17-19 Survival
and cumulative incidence results are presented as estimates and
95% confidence intervals (95% CI), and results of Cox’s models
as hazard ratios (95%CI). Given the median follow up, it was
decided to present probability estimates at 72 months except oth-
erwise stated.
Immune reconstitution was analyzed by modeling cell counts

3-24 months after transplant using linear mixed models with ran-
dom intercept and slopes. Whenever necessary, cell counts were
log-transformed to obtain approximately normally distributed
residuals. Model goodness-of-fit was assessed by examination of
residuals, and the covariance structure of random effects was
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assessed by Akaike’s information criterion and the likelihood
ratio test.
All tests were two-sided and P values ≤ 0.05 were considered

significant. Analyses were performed using the R statistical soft-
ware version 2.10.1.20

Results

Patients’, disease and graft characteristics
Sixty-one consecutive patients underwent transplanta-

tion from an HLA-identical sibling donor in our center. All
patients had acquired SAA and 80% had idiopathic aplas-
tic anemia. Five patients had an aplastic anemia; PNH syn-
drome with small PNH clones (<10%) and without
hemolysis. Median age was 21 years (range 4-43) with 41
adults. Thirteen patients were transplanted from 1991 to
1995, 21 from 1996 to 2002, and 27 after 2003. Details of
patients’, diseases, prior therapies before transplants and
graft characteristics are set out in Table 1. 

Engraftment and chimerism studies
Neutrophil engraftment was observed in 59 patients

(97%) at a median time from transplant of 22 days (inter-

quartile range 19-26, IQR). Fifty-nine (97%) patients
achieved an unsupported platelet count of at least
20¥109/L (58 (95%) at least 50¥109/L). Median (IQR) time
to platelet recovery (>20¥109/L) was 20 days (range 16-26)
and 25 days (>50¥109/L) (range 21-37), respectively.
Primary graft failure occurred in 2 patients. No secondary
graft failure was observed.
Chimerism was evaluated at three months post-HSCT

in 25 of the 27 patients. Full donor chimerism was present
in 14 (56%) patients and mixed donor chimerism in 11
(44%). Average chimerism was 90% (range 37-100).

Graft-versus-host disease 
The cumulative incidence (CI) of acute GvHD grades 2-

3 was 16% (range 8-27) and 23% (range 13-34) at three
and 72 months, respectively. No acute GvHD grade 4 was
observed. Fifty-nine patients were assessable for chronic
GvHD; the CI at 72 months was 32% (range 20-46)
(Figure 1A). Fifteen patients developed limited and 3 out of
18 developed extensive cGVHD. In univariate analysis,
factors associated with higher cumulative incidence of
chronic GvHD were positive donor CMV status (HR 3.08,
95% CI 1.01-9.41, P=0.048) and higher number of infused
CD3 cells (HR 1.12, 95% CI 1.02-1.24, P=0.021). In multi-
variate analysis, the number of infused CD3 cells
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Table 1. Patients’ and graft characteristics.
Characteristics                                                                            

N. patients                                                                                                    61
Age at transplant, median (range) years                                     21 (4 to 43)
Etiology, n. (%)                                                                                             
Idiopathic                                                                                                 49 (80)
Viral hepatitis                                                                                          7 (11)
Paroxysmal nocturnal hemoglobinuria                                               5 (8)
Previously treated, n. (%)                                                                   21 (34)
Corticosteroid                                                                                      6  (10)
Cyclosporine                                                                                         17 (28)
Anti-thymocyte globulin                                                                      8 (13)
G-CSF                                                                                                       7 (11)
Androgens                                                                                               2 (3)
Others                                                                                                      4 (6)
Transfusion before HSCT                                                                           
<20                                                                                                          36 (59)
>20                                                                                                          25 (41)
Time from diagnosis to transplant, median (range) days         93 (28 to 4199)
Donor age, median (range) years                                                 21 (2 to 49)
Donor/ recipient gender, n. (%)                                                               
Female/ Female                                                                                   12 (20)
Female/ Male                                                                                        18 (30)
Male/ Female                                                                                        13 (21)
Male/ Male                                                                                             18 (30)
ABO blood group compatibility, n. (%)                                                   
Matched                                                                                                 41 (67)
Minor mismatch                                                                                   12 (20)
Major mismatch                                                                                    8 (13)
Stem cell source, n. (%)                                                                             
Bone marrow                                                                                        59 (97)
Bone marrow and peripheral blood                                                  2 (3)
Graft composition                                                                                        
Nucleated cells, median (range) x108 /kg                             2.9 (0.04 to 19 .0)
CD34+ cells, median (range) x106 /kg                                     5.5 (0.02 to 18.7)
CD3+ cells, median (range) x107 /kg                                        4.0 (0.9 to 22.7)

Figure 1. Cumulative incidence of chronic GvHD. (A) The 72-month
cumulative incidence of  chronic GvHD was 32% (range 20-46). The
solid line represents all chronic GvHD and the dashed line extensive
chronic GvHD. The shaded area represents the pointwise 95% confi-
dence interval. (B) The 72-month cumulative incidence of chronic
GvHD is represented for patients who received less than 3.106/kg
infused CD3+ cells, between 3 and 4.5 106/kg infused CD3+ cells and
more than 4.5 106/kg  infused CD3+ cells.
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remained independently associated with a higher inci-
dence of cGvHD (HR 1.15, 95% CI 1.02-1.29, P=0.017)
(Table 2 and Figure 1B). 

Overall survival
After a median follow up of 73 months (range 8-233),

the estimated probability of 6-year OS was 87.5% (95%
CI range 78-97) (Figure 2). Seven patients died during the
study. The main cause of death was fungal infections (3
out of 7). Of note, these 3 patients died before 2000 and
no patients died of fungal infection thereafter. Two
patients died after a second transplant for rejection, one
from steroid-resistant acute GvHD and one from EBV-
associated Hodgkin’s lymphoma complications. Six
deaths occurred within the first two years after HSCT. 

Late complications
Late effects after HSCT are shown in Table 3. Ten

patients developed an avascular necrosis during follow up.
Age at transplant (≥ 21 years) and acute GvHD were asso-
ciated with AVN: HR 8.7 (95% CI 1.1-69.2; P=0.04) and

3.6 (95% CI 1-13.5; P=0.06), respectively (Online
Supplementary Table S1). One patient developed a second-
ary malignancy (EBV-associated Hodgkin’s lymphoma).
Of note, 2 patients developed basal cell carcinoma and 2
others uterine cervical carcinoma in situ. Chronic GvHD
was not significantly associated with higher incidence of
cancer. Twelve patients developed endocrine dysfunction
(3 had diabetes, 4 hypothyroidism, 4 dyslipidemia, one
Cushing’s syndrome and one hypogonadism) and one
patient was diagnosed with a cardiovascular complication
(myocardial infarction). However, 4 patients presented
with hypertension during follow up. The cumulative inci-
dence of bacterial, fungal and viral infections at 72 months
were 25 (95% CI 15-36), 8 (95% CI 3-17) and 61% (95%
CI 46-73), respectively (Online Supplementary Figure S1).
No difference was found in post transplant outcomes
between patients who received prior therapies before
HSCT and patients who were transplanted upfront (Online
Supplementary Table S2). Accordingly, no correlation was
identified between complication occurrence and the trans-
plant periods (1991 to 1995, 1996 to 2002, and 2003 to
2010) (Online Supplementary Table S3).

Immune reconstitution 
Immune reconstitution was analyzed 3-24 months post

transplant since 2000. The evolution of CD3, CD4 and
CD8 T cells, B cells and NK cells for 26 patients are shown
in Figure 3A-E. Analysis showed a significant mean
increase of CD3, CD4, CD8 and B-cell counts over the
period of analysis, while no significant variation in NK
cells was found. For CD4 T cells and B cells, the inter-
patient variability in slope was limited as compared to the
population-average estimate, and an increase was
observed for almost all patients. On the contrary, the inter-
patient variability in slope was much higher for CD3 and
CD8 T-cell counts where patients could show different
variation patterns.
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Table 2. Factors associated with chronic GvHD.
Variable Marginal analysis Adjusted analysis

HR (95%CI) P HR (95%CI) P

Age at transplant (per year) 1.02 0.48
(0.97-1.06)

Age at transplant
<30 1
>30 1.80 0.24

(0.67-4.80)
Donor age (per year) 1.02 (0.68-1.06) 0.34
Recipient CMV status
Negative 1
Positive 1.87 (0.43-8.15) 0.40
Donor CMV status
Negative 1 1
Positive 3.08 0.048 2.25 0.24

(1.01-9.41) (0.59-8.64)
N. nucleated cells infused 1.00 0.98
(per 108/kg) (0.82-1.22)
N. CD34+ cells infused 0.95 0.57
(per 106/kg) (0.81-1.13)
N. CD3+ cells infused 1.12 0.021 1.15 0.017
(per 107/kg) (1.02-1.24) (1.02-1.29)

Figure 2. The 6-year probability of overall survival adjusted for wait-
ing time to transplantation. The shaded area represents the point-
wise 95% confidence interval.

Table 3. Cumulative incidence of events.
Event N. events At 3 months At 24 months At 72 months

Viral infection 35 43% (30-55) 49% (36-61) 61% (46-73)
Bacterial infection 16 16% (8-27) 25% (15-36) 25% (15-36)
Fungal infection 5 7% (2-15) 8% (3-17) 8% (3-17)
Parasitic infection 2 -- 4% (1-12) 4% (1-12)
Osteonecrosis 10 -- 10% (4-20) 21% (10-36)
Endocrine dysfunction 12 -- 10% (4-20) 19% (9-31)
Cardiovascular compl. 1 -- 2% (0-9) 2% (0-9)
Secondary cancer 1 -- 0% (0-0) 2% (0-11)
Non-invasive 4 -- 4% (1-11) 6% (2-16)
carcinoma in situ
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Pregnancy
Among the 54 survivors, 9 post transplant pregnancies

were reported in 8 patients. Eight pregnancies resulted in
live births: 5 children in 4 male patients and 3 in female
patients; one female patient developed a molar pregnancy.
Median age of these patients at HSCT was 20 years (range
7-32); median age at pregnancy was 28 years (range 18-36).

Discussion

Two main conclusions can be drawn from this study.
Firstly, we report excellent outcomes for patients with
SAA who underwent HSCT using Cy ATG conditioning
and CsA plus Mtx GVHD prophylaxis at our center.
Secondly, the long-term survival in those patients is main-
ly affected by endocrine dysfunction and avascular necro-
sis but not by secondary malignancy, as was the case using
irradiation in the conditioning regimen.21
It is likely that modifications in supportive care con-

tributed to these excellent results. These modifications
include the development of new antimicrobial agents and
the introduction of screening and preemptive therapy for
CMV reactivation. Indeed, the observation that 3 out of 7
patients died of fungal infection before 2000 while no
deaths occurred from the same cause after this date illus-

trates the impact of improvements in antimicrobial thera-
py on outcomes in this particular population. Two other
patients died because of engraftment failure; we consider
this to be extremely low for SAA patients.6,7 One patient
received several courses of IST with more than 50 red
blood cell and platelet transfusions before HSCT while the
second patient had transfusion-induced sensitization, a
common cause of graft rejection.22-24 We also report low
mortality due to GvHD: only one patient. This represents
a major improvement in the treatment of a disease in
which we do not need a graft-versus-leukemia effect. Until
recently, GvHD represented the leading cause of death in
patients with SAA after HSCT with or without infec-
tion.25-27 In our cohort, GvHD prophylaxis with CsA plus
Mtx was associated with a low risk of acute GvHD and all
but 3 chronic GvHD were limited.24,25 The only factor
associated with an increased risk of chronic GvHD was a
higher dose of infused CD3 cells in the graft which, to our
knowledge, has never been reported. 
Because of these excellent outcomes, we examined the

occurrence of late complications. Studies in large series on
the long-term follow up of patients transplanted for SAA
are limited to that completed by the Seattle group13 and to
our previous experience that mainly included irradiated
patients.27 Avascular osteonecrosis was the most frequent-
ly encountered complication: CI was 21% at 72 months.
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Figure 3. Immune reconstitution between 3 and 24 months post transplant. Thick plain lines represent model-based estimated average vari-
ation and thick dotted lines their 95% confidence interval. Box and whisker plots summarize the cell counts around 3, 6, 9, 12, 18 and 24
months. They display the median, first and third quartile (boxes), and outer whiskers extend to the whole range of observed data. Thin gray
lines present individual patients’ data. Black dotted line represents the median of normal values in a healthy population of each kind of
cells. (A) Immune reconstitution of CD4 T cells. (B) Immune reconstitution of CD8 T cells. (C) Immune reconstitution of B cells. (D) Immune
reconstitution of NK cells. (E) Immune reconstitution of CD3 T cells. (F) Monthly variation of CD3, CD4, CD8, B ad NK cells over the analysis
period.
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The frequency of avascular necrosis ranges between 4 to
15% in different studies depending on the conditioning
regimen and characteristics of transplant (HLA-identical
sibling or unrelated donor).28 A higher risk of avascular
necrosis has already been described in patients with SAA
compared to patients with other diagnoses who undergo
HSCT.27,29 We found a higher risk in older patients and in
those with acute GvHD (probably related to corticos-
teroids), as previously reported.29-31 As proposed in the
Petropoulou study, preemptive therapy with bisphospho-
nates should probably be given to those patients at higher
risk of bone complications.32 The other major non-malig-
nant complication was endocrine dysfunction, which until
now has largely been underestimated. The CI of such
complications reached 20% at 72 months, split between
dyslipidemia, thyroid dysfunction (hypothyroidism), dia-
betes and gonadal dysfunction. Long-term metabolic
abnormalities (diabetes, dyslipidemia and hypertension)
emerged as significant late complications33 and, therefore,
need specific management. These complications are of
major importance since very late cardiovascular complica-
tions are increasingly reported.34,35 In our cohort, only one
patient suffered  myocardial infarction; this may merely
reflect the relatively short follow-up period for this partic-
ular complication.
An important observation of this study is the extremely

low rate of secondary malignancy; this concerned only
one patient who developed Hodgkin’s Lymphoma and
died. However, it should be noted that 2 patients who pre-
sented with basal cell carcinoma and 2 others diagnosed
with cervical carcinoma in situ were not considered to
have developed secondary malignancy. Indeed, these can-
cers are usually excluded from such an analysis mainly
because their surgical excision may not always have been
reported. Therefore, we decided to exclude these cancers
to allow for a meaningful comparison with previously
published studies. It is noteworthy that none of our
patients developed squamous cell carcinoma of the oral
cavity that we had previously reported in irradiated
patients with chronic GvHD.27
We also assessed long-term immune reconstitution. To

our knowledge, there have been no reports of long-term
immune reconstitution after HSCT for SAA. However,
this analysis was completed in only one-third of the study
cohort because of the lack of regular monitoring of
immune reconstitution before 2000. T lymphocytes
(CD3+) normalized only by 24 months with an earlier
recovery of B cells (at 9 months) and CD8+ cells (at 18
months) whereas NK cell counts remained stable from the

third month onwards. In contrast, the CD4 T-cell count
after transplant was still lower at 24 months compared to
healthy subjects. This may explain the high incidence of
viral infections, which reached over 60% at six years in
this population. Our results differ from those of Storek et
al. who report a low rate of clinically significant infection
and conclude that T-cell subsets return to normal levels
within five years after transplantation.36 However, among
the patients who were assessed for leukocyte subsets by
cytofluoremetry, 23 of 33 were transplanted for SAA and
19 received only cyclophosphamide as conditioning regi-
men. The long-term recovery of the immune system fol-
lowing allogeneic marrow transplantation would probably
be different after another conditioning regimen, especially
those including ATG. 
A major finding of this study is the absence of an impact

of prior therapy or prior transfusions on the long-term out-
come of SAA patients after BMT. Previous studies have
reported that an interval from diagnosis to transplantation
of more than one year and the number of transfusions (>
20) before transplantation increased the risk of death after
BMT for SAA.26,37-40 However, in our study, although the
number of patients is limited, prior IST-treatment was not
associated with a higher CI of GvHD nor other complica-
tions, nor with decreased survival (72 month-OS of 80%
and 89%, respectively, in IST and non-IST treated
patients, P=0.42). 
In conclusion, we confirm that HSCT after CY-ATG

conditioning offers effective therapy for patients with
SAA. However, the late complications observed may
encourage exploration of the use of new conditioning reg-
imens and GvHD prophylaxis. Marsh et al. recently sug-
gested a novel alemtuzumab-based conditioning regimen
using fludarabine and CY before HSCT for SAA. Although
encouraging OS and GvHD rates are reported, this series
has very limited follow up.41 At present, long-term survival
is now an expected outcome after HSCT for SAA, there-
fore, improving long-term health conditions must be a pri-
ority for further research in this field.
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