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Background
We hypothesized that the addition of sirolimus to standard horse antithymocyte globulin
(h-ATG) and cyclosporine (CsA) would improve response rates in severe aplastic anemia,
due to its complementary and synergistic properties to cyclosporine A. 

Design and Methods
To test this hypothesis, we conducted a prospective randomized study comparing h-
ATG/CsA/sirolimus to standard h-ATG/CsA. A total of 77 patients were treated from June
2003 to November 2005; 35 received h-ATG/CsA/sirolimus and 42 h-ATG/CsA. The two
groups were well matched demographically and in blood counts prior to therapy. The pri-
mary end-point was hematologic response rate at 3 months, defined as no longer meeting
the criteria for severe aplastic anemia. The study was powered to show a superior hema-
tologic response rate of h-ATG/CsA/sirolimus compared to standard h-ATG/CsA. 

Results
The overall response rate at 3 months was 37% for h-ATG/CsA/sirolimus and 50% for h-
ATG/CsA and at 6 months 51% for h-ATG/CsA/sirolimus and 62% for h-ATG/CsA. After
a planned interim analysis of 30 evaluable patients in each arm, accrual to the h-
ATG/CsA/sirolimus arm was closed, as the conditional power for rejecting the null
hypothesis was less than 1%. The rate of relapse, clonal evolution, and survival (second-
ary outcomes) did not differ significantly between patients treated with the two different
regimens. 

Conclusions
Despite a theoretical rationale for its use, sirolimus did not improve the response rate in
patients with severe aplastic anemia when compared to standard h-ATG/CsA
(ClinicalTrials.gov Identifier: NCT00061360). 

Key words: aplastic anemia, antithymocyte globulin, cyclosporine, sirolimus, immuno-
suppression, pancytopenia.
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Introduction

Severe aplastic anemia (SAA) is a life-threatening
bone marrow failure disorder characterized by pancy-
topenia and a hypocellular bone marrow. Allogeneic
bone marrow transplantation and immunosuppressive
treatment with antithymocyte globulin (ATG) and
cyclosporine (CsA) have dramatically changed the
course of this illness, with the 10-year survival rate of
patients undergoing either treatment now being about
70%.1 Since most patients are not suitable candidates
for hematopoietic stem cell transplantation due to
advanced age, lack of a histocompatible sibling (or suit-
able unrelated donor), presence of comorbidities, inac-
cessibility to transplantation (most frequent in develop-
ing countries), or patient’s choice, our efforts have
stressed intensification of immunosuppressive therapy
in order to improve response rates and survival, and to
decrease the rate of relapse and clonal evolution in SAA. 

In our experience and that of others, from one quarter
to one third of patients with SAA do not show hemato-
logic improvement after treatment with the standard
combination of horse ATG (h-ATG) and CsA, about one
third of responders relapse, continued CsA is often
required in order to maintain adequate blood counts,
clonal evolution occurs in 10-15% of cases, and long-
term survival is closely correlated to hematologic recov-
ery following treatment.2-6 Thus, although advances in
response rates and survival with combined immunosup-
pression are encouraging, many patients with SAA are
not adequately treated with a single course of standard
h-ATG + CsA (h-ATG/CsA) due to unresponsiveness to
ATG, relapse and/or clonal evolution. Novel immuno-
suppressive regimens to circumvent these problems are
needed. As the addition of CsA to ATG had marked
effects on response rates and survival,7 intensification of
immunosuppression with agents that complement or
are synergistic to h-ATG/CsA is rational. However,
efforts to improve h-ATG/CsA with additional
immunosuppressive or immunomodulatory agents
have been frustrating. The addition of a third drug, such
as high dose corticosteroids, androgens, or mycopheno-
late mofetil to the standard h-ATG/CsA regimen has
not resulted in better response rates or a decrease in
relapse and clonal evolution;4,8-10 and the use of
cyclophosphamide is controversial because of infectious
complications.11

Sirolimus is a macrocyclic antibiotic that blocks the
multifunctional serine-threonine kinase, mammalian
target of rapamycin (mTOR),12 which mediates both
the activation of a co-stimulatory pathway during the
G0 and G1 transition and signal transduction cascades
following cytokine reception during the G1 phase of T-
cell activation.13 The synergism of the combination of
CsA/sirolimus has been established in vitro, experimen-
tally and in the clinical setting, mainly in solid organ
transplantation.14-17 Sirolimus received FDA approval in
1999 as an adjunct to prevent acute renal allograft rejec-
tion. Although CsA blocks T-cell activation by binding
to calcineurin and inhibiting calcium-stimulated ser-
ine/threonine phosphatase activity, auto-reactive T

cells may escape inhibition through calcium-independ-
ent (or CsA-resistant) pathways.18 Sirolimus has been
shown to block CsA-resistant18 and calcium-independ-
ent pathways late in the progression of the T-cell cycle,
in contrast to the calcineurin inhibitors (CsA and
FK506) which act earlier and only on calcium-depend-
ent pathways.19

We, therefore, postulated that the distinct comple-
mentary and synergistic mechanisms of action of
sirolimus and CsA would result in further block of acti-
vated autoreactive T cells in SAA and lead to improved
response rates (and survival) and less relapse. To test
this hypothesis, we conducted a prospective random-
ized study investigating the two different immunosup-
pressive regimens in patients with SAA who were
treatment-naïve. One group received h-ATG/CsA in
addition to sirolimus for 6 months (h-
ATG/CsA/sirolimus), and the second group received
standard h-ATG/CsA for 6 months, followed by a slow
taper of CsA with a 25% dose reduction every 3
months, for the subsequent 18 months. The goals of
this trial were to determine the effectiveness of
sirolimus in patients with SAA as well as the role of a
cyclosporine taper in preventing relapses in patients
treated with standard h-ATG/CsA. 

Design and Methods

Patients
All patients with SAA were treated at the Warren

Grant Magnuson Clinical Center or Mark O. Hatfield
Clinical Research Center at the National Institutes of
Health in Bethesda, MD, USA. The study had a two-
arm randomized design comparing the new combined
regimen of h-ATG/CsA/sirolimus versus standard h-
ATG/CsA. Treatment was assigned by the pharmacy
using a block randomization scheme with the assign-
ment probability remaining fixed over the course of
the trial; construction of the randomization schedule
was based on a table of random numbers. All patients
(or legal guardians) signed informed consent according
to approved protocols by the Institutional Review
Board of the National, Heart, Lung, and Blood Institute.
This trial was registered at clinicaltrials.gov as
NCT00061360.

Eligibility criteria
All patients older than 2 years of age with SAA were

eligible for the study. For protocol entry purposes, SAA
was defined as bone marrow cellularity of less than
30% and severe pancytopenia with at least two of the
following peripheral blood count criteria: (i) absolute
neutrophil count less than 0.5×109/L; (ii) absolute retic-
ulocyte count less than 60×109/L; and (iii) platelet count
less than 20×109/L.20 Exclusion criteria were: creatinine
greater than 2.5 mg/dL, underlying carcinoma, a diag-
nosis of Fanconi anemia, prior history of immunosup-
pressive therapy with ATG, seropositivity for human
immunodeficiency virus, evidence of a clonal disorder
on bone marrow cytogenetics, pregnancy, significant
comorbidities such that imminent death was likely, and
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inability to understand the investigational nature of the
study. Bone marrow biopsy and aspiration, including
cytogenetics, were performed before enrollment. For
children and young adults (under 40 years of age), chro-
mosomes were assayed after in vitro exposure of lym-
phocytes to diepoxybutane and to mitomycin C to
exclude Fanconi anemia. All patients were tested for
paroxysmal nocturnal hemoglobinuria by a flow cyto-
metric assay. The presence of a paroxysmal nocturnal
hemoglobinuria clone was defined as the absence of
glycosylphosphatidylinositol (GPI)-anchored proteins
on more than 1% of neutrophils or red cells and the size
of the clone was defined by the highest level of GPI-
negative red blood cells or GPI-negative neutrophils.

Immunosuppressive regimens
An ATG skin test was performed to assess allergic

hypersensitivity. Intravenous h-ATG (ATGAM,
Pharmacia & Upjohn Company, Kalamazoo, Mich,
USA) was administered at a dose of 40 mg/kg/day for 4
days. Serum sickness prophylaxis with oral prednisone
1 mg/kg/day was given prior to the first dose of h-ATG
and continued for 10 days and then tapered over the
subsequent 7 days. CsA at 10 mg/kg/day by mouth (15
mg/kg/day for children under 12 years old) in divided
doses every 12 h was started on day 1 and continued for
at least 6 months. Dosing was adjusted to maintain CsA
levels between 200-400 ng/mL. Oral sirolimus 2 mg/day
in adults and 1 mg/m2/day in children (< 40 kg) was
given on day 1 of ATG and continued for 6 months; the
dose was adjusted to maintain sirolimus levels between
5–15 ng/mL. Among responders in the standard h-
ATG/CsA arm, CsA was tapered after 6 months with a
25% reduction in dose every 3 months for 18 more
months, totaling 2 years of oral CsA. In the h-
ATG/CsA/sirolimus arm, both the CsA and the
sirolimus were discontinued at 6 months. 

As prophylaxis against Pneumocystis carinii pneumonia,
all patients received aerosolized pentamidine for at least
6 months. In the h-ATG/CsA/sirolimus arm, valacy-
clovir at a daily dose of 500 mg for at least 8 weeks was
added for Herpes simplex virus prophylaxis after 12
patients had been randomized to this regimen.
Granulocyte colony-stimulating factor and prophylactic
antimicrobials were not administered routinely with
any of the immunosuppressive regimens. 

End-points
The primary end-point was hematologic response

rate at 3 months, with response being defined as no
longer meeting criteria for SAA.20 Secondary end-points
included relapse, 6-month response rate, clonal evolu-
tion to myelodysplasia or acute leukemia, and overall
survival. A complete response was defined as satisfac-
tion of all three peripheral blood count criteria: (i)
absolute neutrophil count greater than 1×109/L; (ii)
hemoglobin greater than 10 g/dL; and (iii) platelet count
greater than 100×109/L. A partial response was defined
as blood counts no longer satisfying criteria for SAA but
insufficient for a complete response. Patients who
relapsed by definition required reinstitution or augmen-
tation of the dose of CsA or administration of another

course of ATG.2 Patients underwent bone marrow biop-
sy at 3, 6, and 12 months, and then yearly. Evolution to
myelodysplasia was defined as the appearance of a new
clonal disorder on cytogenetics or characteristic mor-
phological changes on bone marrow.

Statistical methods
The study was designed to accrue 60 patients per arm

for a total of 120 patients. This sample size was calculat-
ed based on the primary end-point, the 3-month
response rate, and the assumption that this rate for the
h-ATG/CSA arm was 60%.20 At a 5% significance level
and with 80% power in a two-sided test, 60 patients per
treatment arm were required to detect a 25% difference
(60% for the ATG/CsA arm and 85% for the
ATG/CsA/sirolimus arm) for the 3-month response rate.
The response rates between the two treatment arms
were calculated and compared using the two-sample t
test. Patients’ characteristics were described using sum-
mary statistics including means, proportions, standard
errors and 95% confidence intervals. p values for com-
paring these patients’ characteristics between the two
treatment groups were calculated using t tests. Survival
analyses based on the Kaplan-Meier method and Cox
proportional hazard models were used to draw infer-
ences about the distributions of the overall survival of
patients in the two treatment groups. Cumulative event
distributions were analyzed using the Kaplan-Meier
method and Cox proportional hazard models for time-
to-relapse among patients who responded to the first
immunosuppressive treatments and time-to-evolution
for all the patients. Log-rank p values based on the Cox
proportional hazard models were used to compare the
survival and cumulative event curves between patients
in the two treatment groups. For analyses of time-to-
relapse and time-to-evolution distributions, patients
who died or underwent stem cell transplantation before
relapse or evolution were counted as censored. One
patient in the h-ATG/CsA/sirolimus arm died in a traffic
accident and was counted as censored for the purpose of
statistical analyses. One interim analysis was planned
when 30 patients per treatment arm (half of the overall
sample size) were evaluable for 3-month responses. The
study was monitored to ensure that treatment-related
mortality did not substantially exceed an anticipated
rate.

Results

Seventy-seven consecutive patients with SAA ages 4-
78 years received an initial course of immunosuppres-
sive therapy between June 2003 and October 2005. The
patients’ characteristics are shown in Table 1 and a sum-
mary of the serious adverse events (requiring hospital-
ization) and noteworthy adverse events is given in Table
2. There were no significant differences in patients’ char-
acteristics or adverse events between the two arms,
except for an anticipated higher rate of hypercholes-
terolemia and hypertriglyceridemia in the sirolimus-
treated group. The study accrued 64% of the target
number of patients. The Institutional Review Board and
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Table 1. Patients’ characteristics.
All patients h-ATG/CsA h-ATG/CsA/sirolimus p value

N (%) Median (25-75 IQ) N (%) Median (25-75 IQ) N (%) Median (25-75 IQ)
Total 77 42 35

Age 26 (17, 42) 25 (17, 41) 26 (17, 46) 0.986
Sex 

Male 44 (57) − 23 (55) − 21 (60) − 0.649
Female 33 (43) − 19 (45) − 14 (40) −

Etiology
Idiopathic 75 (97) − 40 (95) − 35 (100) − 0.196
Post-hepatitis 2 (3) − 2 (5) − 0 (0) −

Time from diagnosis
to treatment (days) 77 68 (35, 129) 42 68 (30, 116) 35 68 (37, 180)
Baseline (×109/µL)

ANC 77 0.282 (0.134, 0.592) 42 0.281 (0.177, 0.578) 35 0.340 (0.122, 0.563) 0.949
ANC < 0.2 (VSAA) 27 (35) 12 (29) 15 (43)
ALC 77 1.281 (0.978, 1.644) 42 1.422 (0.987, 1.765) 35 1.211 (0.969, 1.441) 0.413
ARC 77 14.000 (5.300, 27.400) 42 14.550 (6.050, 30.375) 35 13.400 (3.750, 27.000) 0.511
Platelet count 77 7.0 (4.0, 11.0) 42 7.0 (3.0, 10.0) 35 7.0 (5.5, 11.0) 0.259

PNH (%)
<1 52 (68) − 25 (60) − 27 (77) − 0.103
≥1 25 (32) − 17 (40) − 8 (23) −

h-ATG/CsA: horse antithymocyte globulin + cyclosporine; h-ATG/CsA/sirolimus,horse anti-thymocyte globulin + cyclosporine + sirolimus; ANC: absolute neutrophil count;
ALC: absolute lymphocyte count; ARC,absolute reticulocyte count; PNH: paroxysmal nocturnal hemoglobinuria; 25-75 IQ,25%-75% interquartile range;VSAA: very severe
aplastic anemia.

Table 2. Adverse events.
Category Serious adverse events h-ATG/CsA h-ATG/CsA/sirolimus

N=42 N=35

HHeemmoorrrrhhaaggee

Central nervous system Cerebrovascular accident, subarachnoid 1 1
Gastrointestinal Gastrointestinal bleeding, rectal 0 4
Genitourinary Menorrhagia 2 1
Ears, nose and throat Epistaxis 0 1

IInnffeeccttiioonnss

ENT Otitis media 0 1
Ears, nose and throat Organisms isolated: 

Pseudomonas aeruginosa, Streptococcus mitis, Staphylococcus hominis,
Staphylococcus epidermidis, Staphylococcus haemolyticus, 9 7
Mycobacterium porcini, Staphylococcus aureus,
Klebsiella sp., Klebsiella oxytoca, Enterococcus faecalis,
Escherichia coli, Enterococcus sp., Enterobacter cloacae

Soft tissue Abscesses, cellulitis 3 3
Febrile neutropenia Neutropenic fever with negative cultures 5 5
Fever without neutropenia Fever without neutropenia, no obvious source of infection 1 1
Gastrointestinal Appendicitis, cholecystitis, Clostridium difficile colitis, gastroenteritis 4 3
Genitourinary Urinary tract infection (Escherichia coli) 1 0
Respiratory Pneumonia 1 1
Viral Herpes simplex oral, perianal 1 1

Neurology PRES (tonic-clonic seizure) 1 0
AAddvveerrssee eevveennttss

Lipid Hypercholesterolemia (> 240 mg/dL) 3 23
Hypertriglyceridemia (> 200 mg/dL) 8 29

Neurology PRES (headache) 1 0
Infections/viral Mouth sores presumed Herpes simplex 5 6

Mouth sores confirmed Herpes simplex 2 5

h-ATG,horse antithymocyte globulin; CsA, cyclosporine; PRES,posterior reversible encephalopathy syndrome.
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the Data and Safety Monitoring Board closed accrual
into the h-ATG/CsA/sirolimus arm after an interim
analysis showed that the conditional power for rejecting
the null hypothesis was less than 1%, and thus it would
be extremely unlikely to be able to reject the null
hypothesis with the remaining accrual. Three more
patients were allowed to enroll into the standard h-
ATG/CsA arm, which accounts for the slight inequality
in numbers of patients between the two groups. 

Response to treatment and relapse
The overall response rate was 37% (13/35) at 3

months and 51% (18/35) at 6 months in the h-
ATG/CsA/sirolimus group; and 57% (24/42) at 3 months
and 62% (26/42) at 6 months in the h-ATG/CsA group
(Table 3). Only two patients responded between 3 and 6
months in the h-ATG/CsA groups and five in the h-
ATG/CsA/sirolimus group. The cumulative incidence of
relapse at 3 years was 27% for the entire cohort, with no
difference noted between the two arms (Figure 1).
Eleven patients relapsed: five were in the h-
ATG/CsA/sirolimus arm and six were in the h-
ATG/CsA arm, of whom four had completed the CsA
taper and two who relapsed during tapering. Of the
relapsed patients, one died from complications of
hematopoietic stem cell transplantation, eight were suc-
cessfully treated with re-introduction of CsA or a repeat
course of immunosuppressive therapy, one successfully
underwent a matched related hematopoietic stem cell
transplantation, and one has recently received a repeat
course of immunosuppressive therapy. One patient in
the h-ATG/CsA/sirolimus arm had a borderline response
and received a second course of immunosuppressive
therapy. 

Survival and clonal evolution
Seven patients showed evidence of clonal evolution;

three were in the h-ATG/CsA/sirolimus group (one loss
of chromosome 18, one deletion 13q, and one t(6,14))
and four in the h-ATG/CsA group (three to monosomy
7 and one with complex cytogenetics; Figure 2). Of the
three patients who evolved to monosomy 7, one has

died, one developed leukemia, and one is receiving only
supportive care; the patients with deletion 13q and
t(6,14) have responded to immunosuppressive therapy
and remain in remission; the patient with loss of chro-
mosome 18 underwent a hematopoietic stem cell trans-
plant from a matched sibling; and the patient with com-
plex cytogenetics is receiving supportive care. 

Four patients who were refractory and one who
relapsed in the h-ATG/CsA/sirolimus arm underwent
hematopoietic stem cell transplantation (three from a
matched related sibling and two from an unrelated
donor), and five who were refractory and one who
relapsed in the h-ATG/CsA arm underwent transplanta-
tion (four from a matched related sibling and two from
an unrelated donor). Of the seven patients who received
a graft from a matched sibling, six are alive, and of the
four whose graft was from an unrelated donor, three are
alive. After a median follow-up of 42 months, the medi-
an survival had not been reached in either arm (Figure 3).
In total, eight patients died; five were in the h-ATG/CsA
arm and three in the h-ATG/CsA/sirolimus arm. Three
succumbed to infectious complications (two fungal and
one catheter-related infection), two died from trans-
plant-related complications (one was transplanted from
a matched sibling donor and the other from an unrelat-
ed donor), one died of heart failure, one died in a car
accident, and one expired at home of unknown causes.
Overall, there were no significant differences in primary
or secondary outcomes between the two arms. 

Figure 1. Cumulative incidence of relapse in the groups treated with
different immunosuppressive regimens. The h-ATG/CsA/sirolimus
group (solid line) had a relapse rate of 28% by 3 years and the h-
ATG/CsA taper group 25% (dotted line). 

Table 3. Response to the immunosuppressive regimens.
3 months 6 months Total response

CR (%) PR (%) CR (%) PR (%) CR + PR (%)

h-ATG/CsA 3 (7) 21 (50) 5 (12) 21 (50) 26 (62%)
h-ATG/CsA/sirolimus 0 13 (37) 0 18 (51) 18 (51%)

h-ATG/CsA,horse antithymocyte globulin + cyclosporine; h-ATG/CsA/sirolimus,
horse antithymocyte globulin + cyclosporine + sirolimus; CR, complete response;
PR,partial response.A complete response was defined as satisfaction of all three
peripheral blood count criteria: (i) absolute neutrophil count > 1x109/L; (ii) hemo-
globin > 10 g/dL; (iii) platelet count 100x109/L.A partial response was defined as
blood counts no longer satisfying criteria for severe aplastic anemia but insufficient
for a complete response.
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Discussion

Despite a strong theoretical rationale for its use, our
study shows that the addition of sirolimus to standard
h-ATG/CsA provided no significant benefit in outcome
in SAA. Results using standard h-ATG/CsA were in
accordance with our historical data, including a hemato-
logic response rate of about 60%.2 These results were
surprising, as sirolimus has been shown to be effective
in treatment or prevention in several models of autoim-
mune disease including collagen-induced arthritis, strep-
tococcal cell-wall induced arthritis, systemic lupus ery-
thematosus, and experimental autoimmune uveoretini-
tis,21-25 and strong synergism has been shown in the sup-
pression of lymphocyte proliferation against autoanti-
gens in an experimental model of autoimmune uveore-
tinitis.25 In clinical trials, the benefit of the combination
of CsA-sirolimus has also been impressive: large
prospective multicenter trials in solid organ transplanta-
tion using randomized and blinded designs showed that
the addition of sirolimus to CsA/prednisone regimens
reduced the incidence of acute rejection and graft fail-
ure;17,26 and in severe chronic plaque psoriasis, the com-
bination of CsA-sirolimus was shown to be superior to
either drug alone in a double-blind study.27 The use of
sirolimus has also enabled cyclosporine withdrawal in
the renal post-transplant setting as well as in the devel-
opment of corticosteroid-sparing immunosuppressive
regimens in islet cell transplantation in patients with
type 1 diabetes mellitus, resulting in decreased toxicities
from both CsA and corticosteroids.28,29

It is unclear why sirolimus did not yield an improve-
ment in outcomes in SAA compared to those achieved
by standard h-ATG/CsA in our study. CsA-resistant
pathways have been reported in T cells (which are sen-
sitive to sirolimus),18 but we infer from our negative
clinical results that they do not appear to have a signifi-
cant role in the pathogenesis of SAA. Sirolimus may
have had a myelosuppressive effect that was difficult to
discern in our population of patients, but no greater risk
of infectious complications (other than Herpes simplex)
was observed in this group compared to in the group
given only h-ATG/CsA. It is possible that further
immunomodulation beyond h-ATG/CsA cannot result
in better response rates, if success in a minority of
patients is limited by their stem cell number or a non-
immune pathophysiology. Such a distinction cannot be
readily determined in either the research laboratory or
in clinical practice. However, hematologic responses in
30-70%30,31 of cases following second treatment with
ATG make plausible the inference that some patients
who initially failed to benefit from ATG treatment have
been inadequately immunosuppressed. 

Our study was not able to define the effect of
sirolimus on relapse due to the small number of respon-
ders in this group, but the relapse rate did not seem to
differ from that observed in h-ATG/CsA-treated
patients. In addition, the effect of CsA-tapering could
not be determined in this study among those who
received standard immunosuppressive therapy, since

accrual was halted after 42 patients had been treated.
However, CsA-tapering is a component of our subse-
quent prospective studies, which will provide insight
into its effect in preventing relapse. Despite a lower
response rate in the h-ATG/CsA/sirolimus arm, no dif-
ference in survival between the two groups was
observed, consequent to the improved outcomes
among non-responders to immunosuppressive treat-
ment in recent years due to better supportive care and
more effective salvage therapies.32

Achieving a robust response to immunosuppressive
therapy remains a primary goal in the management of
SAA, as it correlates to better long-term survival and
transfusion-independence.2 Unfortunately, the results of
recent efforts, adding mycophenolate mofetil8 and in
the current study sirolimus to standard h-ATG/CsA
have been disappointing, as response rates have
remained at about 60% since the addition of CsA to h-
ATG about 20 years ago.7 Whether intensification by
adding immunosuppressive agents to standard h-ATG
and CsA will result in higher response rates remains
uncertain but increasingly unlikely. Future investigation-
al regimens that focus on increasing initial lymphocyto-
toxicity may prove better alternatives. 
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