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Improvement of graft-versus-host disease prophylaxis remains an
important goal in allogeneic hematopoietic stem cell transplantation.
Based on reports of possibly preferential properties of sirolimus, we

compared the standard regimen of cyclosporine and methotrexate
(n=106) with a combination of tacrolimus and sirolimus (n=103) as
graft-versus-host disease prophylaxis after allogeneic hematopoietic
stem cell transplantation in a prospective, open, randomized trial. The
hypothesis was that the tacrolimus/sirolimus regimen would lead to
less acute graft-versus-host disease and reduced transplant-related mor-
tality. There was no significant difference in the cumulative incidence of
acute graft-versus-host disease of grades II-IV (41% vs. 51%; P=0.19) or
grades III-IV (13% vs. 7%; P=0.09) between the groups. Time to neu-
trophil engraftment (18 days vs. 17 days; P=0.24) was similar, but time
to platelet engraftment was longer in cyclosporine/methotrexate
patients (14 vs. 12 days; P<0.01). No significant differences in incidence
of oropharyngeal mucositis, time to full donor chimerism, or number of
cytomegalovirus infections were seen between the two treatment arms,
and transplant-related toxicities were equally distributed. Triglyceride
(P=0.005) and cholesterol (P=0.009) levels were higher in
tacrolimus/sirolimus patients. Transplant-related mortality (18% 
vs. 12%; P=0.40) and 5-year overall survival (72% vs. 71%; P=0.71) were
similar. Five-year relapse-free survival in patients with malignant diag-
noses was 65% in the cyclosporine/methotrexate group and 63% in the
tacrolimus/sirolimus group (P=0.73). We conclude that
tacrolimus/sirolimus remains a valid and safe alternative to
cyclosporine/methotrexate as graft-versus-host disease prophylaxis after
allogeneic hematopoietic stem cell transplantation, with comparable
transplant-related outcomes. The trial was registered at clinicaltrials.gov
identifier: 00993343.
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Introduction 

Allogeneic hematopoietic stem cell transplantation
(HSCT) is an established treatment for a series of other-
wise lethal hematopoietic disorders.1-3 Continuous refine-
ments of transplant procedures, e.g. in the areas of human
leukocyte antigen (HLA)-typing, expanded donor reg-
istries, conditioning regimens and supportive care, have
steadily improved patient outcome after HSCT.4,5 Despite
these advances, graft-versus-host disease (GvHD) remains
a frequent and serious complication, affecting 30%-50%
of matched sibling transplantations and 40%-70% of
matched unrelated HSCT recipients. Both acute and
chronic GvHD contribute significantly to morbidity, and
are associated with high mortality.6,7 Ambitious efforts to
address this issue have included substitution of immuno-
suppressive pharmaceuticals, graft engineering, and cellu-
lar therapies.8-10 In parallel, new immunosuppressive
strategies have been evaluated in solid organ transplanta-
tion, making way for their introduction in HSCT.11,12 A reg-
imen that has shown promising results in prevention of
GvHD is the combination of sirolimus and tacrolimus.13,14

This regimen differs in action from the most commonly
used GvHD prophylaxis in HSCT today, cyclosporine in
combination with methotrexate.15,16  Sirolimus has been of
interest to the HSCT field due to its promising mecha-
nisms, which in theory offer potential advantages over the
immunosuppressive agents currently in use. Its actions
include immunosuppression through inhibition of T-cell
and dendritic cell activity, while promoting regulatory 

T cells.17,18  Furthermore, sirolimus has antifibrotic, antineo-
plastic, antiviral, and antifungal activities, as well as syner-
gistic action when combined with tacrolimus, but has lim-
ited toxicity in relation to calcineurin inhibitors.19-22 With
this knowledge, we performed a prospective randomized
trial to determine whether an immunosuppressive regi-
men of tacrolimus/sirolimus (Tac/Sir) is better than the
established prophylaxis with cyclosporine/methotrexate
(CsA/Mtx) in HSCT, hypothesizing that the combination
of Tac/Sir would lead to less acute GvHD and reduced
transplant-related mortality (TRM). To the best of our
knowledge, the regimens of CsA/Mtx and Tac/Sir have
not been compared head-to-head in any previous prospec-
tive randomized trial of GvHD prophylaxis.6,23 

Methods

Study design
The study was designed to compare two GvHD prophylaxis

regimens: CsA/Mtx versus Tac/Sir. It was preceded by a safety
pilot study using Tac/Sir in 24 HSCT patients,24 and was per-
formed as a prospective, randomized, open-label, phase III, multi-
center trial. Study end points are presented in Figure 1. The aim
was to include 200 patients, 100 in each arm; this would have suf-
ficient  power to detect a difference in incidence of acute GvHD of
24 percentage points between the treatment groups with a proba-
bility of P<0.05. The level of effect was set since the incidence of
grade II-IV GvHD in our patient material at the time was 34%
using CsA/Mtx prophylaxis, and the corresponding incidence in
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Figure 1. CONSORT diagram and end points. Flow of
patients enrolled in the trial. CR: complete remission;
CP:  chronic phase; RIC: reduced intensity conditioning;
MAC: myeloablative conditioning; MUD: matched unrelat-
ed donor; CsA: cyclosporine; Mtx: methotrexate; Tac:
tacrolimus; Sir: sirolimus; GvHD: graft-versus-host dis-
ease; HSCT: allogeneic hematopoietic stem cell trans-
plantation; TRM: transplant-related mortality; OS: overall
survival.



the published pilot study of Tac/Sir by Cutler et al. was 10%.13

Patients were enrolled at two participating centers (Stockholm
and Turku) between September 2007 and January 2014.
Randomization occurred 4-7 days before HSCT graft infusion. It
was performed at a ratio of 1:1 with the use of random block sizes,
stratified by age (children or adult), hematologic risk group (CR 1,
CP or >CR 1, advanced disease; see below for explanation of
abbreviations), conditioning regimen [reduced-intensity condi-
tioning (RIC) or myeloablative conditioning (MAC)], and donor
type [sibling or matched unrelated donor (MUD)]. Patients with
non-malignant disease were included in the low hematologic risk
group. No blinding was attempted after randomization.

The study protocol was approved by the Ethical Review Boards
in Stockholm (DNR 2006/1430-31/3) and Helsinki (#541/2007,
DNR 360/E5/07), and the Swedish and Finnish Medical Products
Agencies (DNR 151:2007/38987 and KLNR 57/2008, respectively).
The study was registered at clinicaltrials.gov identifer: 00993343 and
the European Clinical Trials Database n. 2006-006577-25, and per-
formed in accordance with the Declaration of Helsinki. Written
informed consent was obtained from each patient, or from par-
ents/guardians of patients who were under 18 years of age, before
the start of HSCT conditioning treatment. All the authors vouch
for the accuracy of the data reported, and for adherence to the
study protocol.

Patient eligibility and random assignment
Patients eligible for inclusion were 0.5-75 years of age and sub-

ject to treatment with HSCT. Inclusion and exclusion criteria are
described in Table 1. Due to the risk of toxicity, the intention to
use a MAC regimen of busulphan and cyclophosphamide (BuCy)
was added as an exclusion criterion during the trial (see below).

After assessment for eligibility, 215 patients were randomized

in the trial. The flow of enrolled patients is shown in Figure 1. Two
patients with symptoms of uncontrolled infection before HSCT, 
2 patients with delayed notification of previous inclusion in a dif-
ferent trial with another investigational drug, and 2 patients sched-
uled for BuCy conditioning (at the time point of introduction of
the additional exclusion criterion; see below) were excluded from
the trial after randomization but before administration of their
assigned GvHD prophylaxis. Inclusion of these 6 patients was
considered as protocol violations, and they were excluded from
further analysis.

Transplant procedures
All patients and donors were typed using molecular high-reso-

lution typing (PCR-SSP) for both HLA class I and II antigens.25 Pre-
transplantation conditioning regimens depended on disease, age,
and standard criteria at the participating centers.

Myeloablative conditioning consisted of cyclophosphamide
(Cy) 50 mg/kg/d for 4 days, or Cy 60 mg/kg/d for 2 days in com-
bination with fractionated total body irradiation (TBI) with 12 Gy
given in 3 fractions over 4 days26,27 (Online Supplementary Table S1).
Initially, a MAC regimen of Cy, 60 mg/kg/d for 2 days, in combi-
nation with busulphan (Bu), 4 mg/kg/d for 4 days (BuCy) was per-
mitted in the trial. Of the first 6 patients who received this regi-
men in combination with Tac/Sir prophylaxis, 2 developed early
signs of excess toxicity and veno-occlusive disease (VOD)28 of the
liver, and 2 developed signs of thrombotic microangiopathy
(TMA),29 reported as severe adverse events. These findings coin-
cided with the publication of similar discoveries in a comparable
trial conducted by Cutler et al.30,31 Following a review of our data
at the time, it was decided by the sponsor and the principal inves-
tigator to stop further recruitment of patients receiving BuCy con-
ditioning to the trial.

CsA/Mtx vs. Tac/Sir as GvHD prophylaxis in HSCT
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Table 1. Study criteria, patient eligibility.

Inclusion criteria
Diagnoses with indication for HSCT treatment, including (but not limited to):

AML/ALL in complete remission (CR)
CML in 1st or 2nd chronic phase (CP)
CLL
Lymphoma
MDS
Severe aplastic anemia
Hemoglobinopathies
Immunodeficiencies
Metabolic disorders

Exclusion criteria
Previous HSCT treatment
Relapse or blast crisis of malignant disease
Recipient of HLA-A, -B, or -DR antigen mismatched grafts or a cord-blood graft
Addiction to drugs or alcohol
Uncontrolled infection
Pregnancy or breastfeeding within 4 weeks of study entry
Impaired kidney function (creatinine clearance <40 mL/min/1.72 m² or proteinuria >0.3 g/day)
Impaired liver function (most recent bilirubin, ALT, or AST more than twice the upper limit of normal)
Lung disease (in adults, FVC or FEV1 <60% of predicted value, and in children, <92% unsupported oxygen saturation within 4 weeks of study entry)
Cardiac ejection fraction <45% in adults or <26% shortening fraction in children
Cholesterol level >300 mg/dL or triglyceride level >300 mg/dL
Karnofsky performance status <70% (Karnofsky/Lansky for children <16 years of age)
Requiring voriconazole at time of study entry
Prior history of allergy to sirolimus
Receiving another investigational drug unless cleared by the principal investigator and sponsor
HSCT: allogeneic hematopoietic stem cell transplantation; AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; CML: chronic myeloid leukemia; CLL: chronic lympho-
cytic leukemia; MDS: myelodysplastic syndrome; FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second.



Reduced-intensity conditioning consisted of fludarabine, 30
mg/m2/d for 3-6 days, in combination with either Cy 60 mg/kg/d
for 2 days, 2x3 Gy TBI and Cy 60 mg/kg/d for 2 days, 2 Gy TBI,
treosulphan 14 g/m2 for 3 days, or Bu 4 mg/kg/d for 2 days32-34

(Online Supplementary Table S1).
Antithymocyte globulin (ATG) was given as part of the condi-

tioning regimen to patients receiving grafts from an unrelated
donor, and to patients with non-malignant disorders. A total dose
of 4-8 mg/kg was given; 4 mg/kg to malignant diseases receiving
RIC, 6 mg/kg to malignant diseases receiving MAC, and 8 mg/kg
to non-malignant diseases or HLA-mismatched grafts.33,35 The
dose was administered in consecutive doses of 2 mg/kg/day, with
the last dose given the day prior to graft infusion. Supportive care
followed previously described institutional standards.36 The
source of stem cells was peripheral blood progenitor cells (PBSCs)
or bone marrow.

Graft-versus-host disease prophylaxis consisted of CsA/Mtx or
Tac/Sir. Patients in the standard arm started CsA on day −1 (the
day before graft infusion) and Mtx 15 mg/m2 was given on day +1,
with consecutive doses of 10 mg/m2 given on days +3, +6, and +11
for all diagnoses. CsA was given twice a day (mainly orally).
During the first two months, monitored plasma concentration lev-
els were kept between 80-100 ng/mL in patients who received
grafts from HLA-identical siblings, and between 150-250 ng/mL in
MUD transplants. CsA was discontinued after tapering 3-4
months after HSCT in recipients of HLA-identical sibling grafts,
and after six months in recipients of MUD transplants, in the
absence of GvHD. Patients in the experimental arm started Tac/Sir
in combination on day −3 before graft infusion. Sirolimus was
given orally once daily, starting with a bolus dose of 6 mg in adults
and 0.1 mg/kg in children, followed by continuous individual
adjustment with monitored plasma target levels of 3-12 ng/mL.
Tacrolimus was given orally twice a day, starting at 0.15
mg/kg/day, with a target plasma concentration of 5-15 ng/mL.
Sirolimus was discontinued after tapering during the third month
after HSCT in all patients in the absence of GvHD. In recipients of
HLA-identical sibling grafts, tacrolimus was tapered in month 3
and discontinued in month 4 in the absence of GvHD. For MUD
transplants, tacrolimus was discontinued after tapering six months
after HSCT in the absence of GvHD. Dose modification guidelines
for both immunosuppressive regimens included adjustments for
toxicity, GvHD, and relapse.

Definitions and outcome assessment
Acute GvHD was diagnosed clinically and graded by the attend-

ing physicians from 0 to IV according to previously published cri-
teria.37 Chronic GvHD was graded using the National Institutes of
Health consensus criteria for clinical trials.38 Neutrophil engraft-
ment was defined as the first of three consecutive daily measure-
ments with a neutrophil count of  more than 0.5x109/L, and
platelet engraftment as the first of three consecutive daily meas-
urements with a platelet count of  more than 20×109/L without
transfusions.

Oropharyngeal mucositis was assessed three times a week, and
graded according to the International Classification of Diseases
from the WHO39  until day +24 or until hospital discharge.

Cytomegalovirus (CMV) infection was defined as detection of
CMV DNA in whole blood by real-time PCR. A PCR result of
more than 1000 CMV DNA copies/mL (changed to more than
2000 CMV DNA copies/mL in 2009) was considered to be a clin-
ically relevant CMV-viremia, and initiation of pre-emptive CMV
therapy was used as a basis for analysis between the groups.
Patients were monitored with CMV-PCR once a week for three
months after HSCT. Subsequent monitoring was individually pre-
scribed for each patient at the discretion of the treating physician,

according to standard operating protocols.
Chimerism analyses of peripheral blood and/or bone marrow

were performed on all patients at regular intervals after HSCT,
according to standard operating protocols, or at the discretion of
the treating physician. The cell lineages analyzed were T lympho-
cytes (CD3), B lymphocytes (CD19), myeloid cells (CD33), and
hematopoietic precursors (CD34; applicable to bone marrow sam-
ples). Analyses were performed with real-time PCR based on sin-
gle nucleotide polymorphisms.40 Full donor chimerism was
defined as more than 95% donor-derived cells in all lineages, and
mixed chimerism was assumed when more than 5% but less than
95% donor-derived cells were present in the cell lineages ana-
lyzed.

Transplant-related mortality was defined as death from any
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Figure 2. Graft-versus-host disease (GvHD)  outcomes. (A) Cumulative incidence
of acute GvHD of grades II-IV. (B) Cumulative incidence of acute GvHD of grades
III-IV. (C) Cumulative incidence of chronic GvHD. CsA: cyclosporine; Mtx:
methotrexate; Tac: tacrolimus; Sir: sirolimus; GvHD: graft-versus-host disease;
HSCT: allogeneic hematopoietic stem cell transplantation.
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cause without relapse. Relapse was defined as recurrent disease
after complete remission, or disease progression after partial
remission or stable disease. Relapse-free survival (RFS) was
defined as survival without any sign of hematologic relapse.

Statistical analysis 
Data that were current in February 2015 (7.5 and 1.1 years after

the first and last patient enrollment, respectively) were used in the
intention-to-treat analysis. Categorical variables were compared
using the χ2 method and continuous variables were compared
using the Mann-Whitney U test. Overall survival and RFS were
calculated using the Kaplan-Meier method and compared using
the log rank test. Survival time was calculated from the day of
transplantation until death or last follow up. The incidences of
GvHD, TRM, and relapse were obtained using an estimator of
cumulative incidence curves. Patients were censored at time of
death or last follow up. Multivariate analyses for OS and RFS were
performed with the Cox proportional hazards model. Subgroup
analysis was performed for patients with malignant diagnoses.
End point analyses were statistically corrected for patient group
characteristics, presented as additional hazard ratios (HR).

All analyses were performed using the cmprsk package (Gray,

2001), Splus 6.2 software (Insightful, Seattle, WA, USA) and
Statistica software (Statsoft, Tulsa, OK, USA).

Results

Patients' characteristics
Patients' and transplant characteristics are given in Table

2; 106 patients were analyzed in the standard arm
(CsA/Mtx) and 103 in the experimental arm (Tac/Sir).
Median follow up of the cohorts was 4.0 and 4.5 years,
respectively, with a minimum follow up of 1.0 year in
both groups at the time of data assessment. No statistical-
ly significant differences were seen between the groups
for patients' characteristics regarding age, diagnosis, or
conditioning regimen, with the exception of an excess of
HLA-C mismatched grafts (P=0.02) and CMV-seropositive
donors in the CsA/Mtx arm (P=0.04).

Graft-versus-host disease
The cumulative incidence of acute GvHD of grades II-IV

in the CsA/Mtx arm was 41% [(95% confidence interval

CsA/Mtx vs. Tac/Sir as GvHD prophylaxis in HSCT
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Table 2. Patients', donor, and transplant characteristics, according to treatment arm.
Variable CsA/Mtx Tac/Sir P

Number of patients 106 103
Median age, years (range) 52 (0.6-71) 50 (2.8-68) 0.91
Number of children <18 years (%) 12 (11) 12 (12) 0.89
Sex, number of males/females (%) 60/46 (57/43) 67/36 (65/35) 0.27
Median follow up, years (range) 4.5 (1.0-7.4) 4.0 (1.0-7.4) 0.39
Diagnosis, number of patients (%):

AML/ALL 30/19 (28/18) 27/23 (26/22)
CLL 7 (7) 15 (15) 0.10
Lymphoma 14 (13) 13 (13)
MDS 20 (19) 14 (14)
Other malignancies 6 (6) 8 (8)
Non-malignant 10 (9) 3 (3)
Disease stage, early/late 56/50 (53/47) 40/63 (39/61) 0.06

Conditioning regimen, number of patients (%):
MAC/RIC 35/71 (33/67) 37/66 (36/64) 0.77
TBI-based 36 (34) 47 (46)
ATG 81 (76) 73 (71) 0.45

Donor, number of patients (%): 0.56
Sibling 29 (27) 33 (32)
MUD (8/8) 58 (55) 39 (38)
URD (7/8, HLA-C mismatch) 15 (14) 29 (28) 0.02
URD (7/8, HLA-DR allele mismatch) 4 (4) 2 (2) 0.71
Median donor age, years (range) 29 (4-66) 32 (7-70) 0.17
Female to male, number of patients (%) 15 (14) 14 (14) 0.91

HSCT graft, number (%)
BM/PBSCs 21/85 (20/80) 18/85 (18/83) 0.80
TNC dose, ×108/kg (range) 9.2 (1.8-34.0) 10.8 (1.8-42.8) 0.11
CD34+ cell dose, ×106/kg (range) 6.6 (1.2-22.8) 6.3 (1.3-19.7) 0.98

CMV status, number of patients (%)
Recipient CMV positive 82 (77) 78 (76) 0.91
Donor CMV positive 50 (47) 65 (63) 0.04
CMV, negative to negative 16 (15) 14 (14) 0.91

CsA: cyclosporine; Mtx: methotrexate; Tac: tacrolimus; Sir: sirolimus; AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; CLL: chronic lymphocytic leukemia; MDS:
myelodysplastic syndrome; MAC: myeloablative conditioning; RIC: reduced-intensity conditioning; TBI: total body irradiation; ATG: anti-thymocyte globulin; MUD: matched unrelated
donor; URD: unrelated donor; HLA: human leukocyte antigen; HSCT: allogeneic hematopoietic stem cell transplantation; BM: bone marrow; PBSCs: peripheral blood stem cells; TNC:
total nucleated cells; CMV: cytomegalovirus.



(CI): 32%-50%)] as compared to 51% (95%CI: 41%-61%)
in the Tac/Sir arm (P=0.19) (Figure 2A). Corrected (for
patients' characteristics) effect of CsA/Mtx versus Tac/Sir
showed HR 0.85 (95%CI: 0.55-1.31; P=0.46). There was
no difference in the cumulative incidence of acute GvHD
of grades III‒IV in the CsA/Mtx group and the Tac/Sir
group [13% (7%-19%), and 7% (2%-12%), respectively;
P=0.09] (Figure 2B). Corrected effect of CsA/Mtx showed
HR 2.31 (95%CI: 0.88-6.10; P=0.09). Median time to
development of acute GvHD was 26 days in CsA/Mtx
patients and 31 days in Tac/Sir patients (P=0.22). In
patients with malignant diagnoses (n=96 in the CsA/Mtx
arm and n=100 in the Tac/Sir arm), 14% (7%-21%) in the
CsA/Mtx arm and 7% (2%-12%) in the Tac/Sir arm devel-
oped acute GvHD of grades III‒IV (P=0.06). Rates of acute
GvHD did not differ significantly by donor type (siblings
48%, MUDs 46%), stem cell source (PBSC 47%, bone
marrow 44%), HLA-match (7/8 37%, 8/8 50%) or condi-
tioning intensity (RIC 47%, MAC 45%). Multivariate
analysis for acute GvHD grades II-IV showed higher risk
for patients with malignant diagnoses [(risk ratio (RR)
9.39, 95%CI: 1.30-67.9; P=0.03)] and female donor to
male recipient transplants [(RR 2.44), 95%CI: 1.17-5.05;
P=0.02)].

In the patients who developed acute GvHD, there were
no significant differences in the incidence of skin, gut, and
liver manifestations between the two groups (Online
Supplementary Figure S1).

The 5-year cumulative incidence of chronic GvHD in
the CsA/Mtx arm was 41% (95%CI: 31%-51%), com-
pared to 37% (95%CI: 26%-48%) in the Tac/Sir arm
(P=0.51) (Figure 2C). Corrected effect of CsA/Mtx showed
HR 1.52 (95%CI: 0.94-2.58; P=0.10). Median time to
development of chronic GvHD was 214 days in CsA/Mtx
patients and 204 days in Tac/Sir patients (P=0.72).
Subgroup analysis of patients with malignant diagnoses
showed no significant difference in moderate-to-severe
chronic GvHD [18% (95%CI: 10-26%) in CsA/Mtx
patients and 9% (95%CI: 3-15%) in Tac/Sir patients;
P=0.09].

Tapering of GvHD prophylaxis occurred according to
protocol, with a median treatment period of 191 days for
cyclosporine, 150 days for tacrolimus and 68 days for
sirolimus. At the time of last follow up, 61 CsA/Mtx
patients and 63 Tac/Sir patients were alive and off their
assigned immunosuppression.

Engraftment
There was no difference in the time to neutrophil

engraftment [18 (10-305) days with CsA/Mtx as opposed
to 17 (11‒32) days with Tac/Sir; P=0.24] (Figure 3A). The
median time to platelet engraftment was longer in
CsA/Mtx patients [14 (0-190) days compared to 12 (0-68)
days in CsA/Mtx patients; P=0.008] (Figure 3B).

Transplant-related outcomes
After exclusion of the BuCy regimen from the study, no

additional patients fulfilled strict VOD criteria. In the
CsA/Mtx group, no patient developed TMA during the
first three months after HSCT, as compared to 2 in the
Tac/Sir group. Thrombotic thrombocytopenic purpura
(TTP, defined as TMA with severe acquired ADAMTS13
deficiency) was diagnosed in one CsA/Mtx patient and 2
Tac/Sir patients. Minor liver and renal toxicities were
equally distributed.

In the Tac/Sir group, 7% of the patients developed sus-
pected sirolimus-induced lesions in mouth, which healed
after discontinuation of sirolimus administration. There
was no significant difference in incidence or severity of
oropharyngeal mucositis between the two groups.

The percentage of patients with elevated serum lipids
was higher in the Tac/Sir arm during the first three months
after HSCT. For triglycerides, the percentage of patients
with any blood sample reaching a level of twice the upper
limit of normal (ULN) was 17% in the CsA/Mtx group and
34% in the Tac/Sir group (P=0.005). For cholesterol, 9%
and 22% of patients, respectively, had levels above the
ULN (P=0.009). There was no significant difference in the
number of days on total parenteral nutrition: median for
CsA/Mtx patients was 3 (0-66) days as compared to 1.5 (0-
194) for Tac/Sir patients (P=0.51). There was no significant
difference in mean time to discharge between the two
groups: 21 (1-45) days and 20 (3-59) days, respectively
(P=0.15).

There were no significant differences in the number of
patients who received pre-emptive therapy for CMV
infection after HSCT in the two treatment arms. The inci-
dence of post-transplant lymphoproliferative disorder,41,42

invasive fungal infections, and bloodstream infections
were equal (Online Supplementary Table S2).

Chimerism analysis showed no significant differences
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Figure 3. Engraftment outcomes. (A) Cumulative incidence of neutrophil
engraftment. (B) Cumulative incidence of platelet engraftment. CsA:
cyclosporine; Mtx: methotrexate; Tac: tacrolimus; Sir: sirolimus; HSCT: allogene-
ic hematopoietic stem cell transplantation.
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between the groups regarding the number of patients clas-
sified as full donor or mixed chimerism at standard time
points after HSCT (Online Supplementary Figure S2).

Subgroup analysis comparing MAC and RIC patients in
the study groups did not show any significant differences
in any of the analyzed end points.

Transplant-related mortality, survival, and relapse
The transplant-related mortality three years after HSCT

was similar: 18% (95%CI: 11%-25%) in CsA/Mtx
patients and 12% (95%CI: 6%-18%) in Tac/Sir patients
(P=0.40), and corrected effect of CsA/Mtx showed HR
0.63 (95%CI: 0.30-1.31; P=0.70). The overall survival at
five years after transplantation was 72% (95%CI: 63%-
81%) in the CsA/Mtx group and 71% (95%CI: 62%-80%)
in the Tac/Sir group (P=0.71) (Figure 4A). Corrected effect
of CsA/Mtx showed HR 0.89 (95%CI: 0.49-1.59; P=0.67).
Multivariate analysis identified allele-mismatched grafts
(RR 8.40, 95%CI: 2.95-23.91; P<0.01) and patient age at
the time of HSCT (RR 1.49, 95%CI: 1.22-1.91; P<0.01) as
significant risk factors for mortality. Reduced-intensity
conditioning was identified as a significant protective fac-
tor for mortality (RR 0.41, 95%CI: 0.20-0.81; P=0.01).
Relapse of malignant disease was the most frequent cause
of death in both groups (39% of deaths in CsA/Mtx
patients and 50% of deaths in Tac/Sir patients).

Subgroup analysis of patients with malignant diagnoses
showed no significant differences in relapse or RFS after
HSCT (Figure 4B and  Online Supplementary Figure S3).
Five-year RFS in this cohort was 65% (95%CI: 55%-75%)
in CsA/Mtx patients and 63% (95%CI: 53%-73%) in
Tac/Sir patients (P=0.73). Corrected effect of CsA/Mtx
showed HR 0.91 (95%CI: 0.54-1.54; P=0.72). Multivariate
analysis showed that allele-mismatched grafts (RR 4.16,
95%CI: 1.48-11.69; P<0.01) and patient age at the time of
HSCT (RR 1.16, 95%CI: 0.99-1.35; P=0.05) were the
strongest predictors of lower RFS.

Subgroup analysis of patients receiving ATG as part of
their conditioning regimen showed no significant differ-
ences in HSCT outcomes between the treatment groups,
with the exception of incidence in acute GvHD grades 
III-IV (13% of ATG treated CsA/Mtx patients, and 4% of
ATG treated Tac/Sir patients; P=0.04). No significant dif-
ferences in outcome were seen in subgroup analysis of
graft source.

Discussion

In this prospective, randomized, clinical trial we com-
pared CsA/Mtx with Tac/Sir as GvHD prophylaxis after
HSCT. We did not find any statistical difference in the
cumulative incidence of acute GvHD of grades II-IV in the
two groups. Similar results were seen in an equivalent ran-
domized study published in 2014 by Cutler et al., which
compared Tac/Sir with Tac/Mtx after matched, related
HSCT.31 They found no significant increase in grades II-IV
acute GvHD-free survival after HSCT between the two
groups, but less oropharyngeal mucositis in the Tac/Sir
group. Thus, despite our inclusion of MUD recipients and
patients receiving allele-mismatched grafts, we did not see
any benefit of Tac/Sir regarding the incidence of acute
GvHD. This finding is somewhat contrary to another
comparable study in children who received unrelated
donor grafts, in which addition of sirolimus was associat-

ed with a lower incidence of GvHD of grades II-IV.43 One
explanation of the discrepancy may have been our rela-
tively heterogeneous patient population, possibly limiting
the detection of a beneficial effect for particular diagnoses.
Most of our patients also received ATG as part of their
conditioning regimen, which reduces acute GvHD and
TRM, and hence may have evened out differences in
GvHD incidence.44,45 Despite the use of ATG, we observed
a higher rate of acute GvHD in this trial when compared
to the trial by Cutler et al. One reason might be that in the
clinical setting for our patients, the objective was to
achieve a grade I (-II) acute GvHD in patients with malig-
nant diagnoses to reduce the risk of relapse. This was pri-
marily achieved by a lower concentration of immunosup-
pression and ATG in both groups.5 For example, in the
study plan, there was a wide concentration range for
tacrolimus (5-15 ng/mL), but in the clinical situation, the
aim was rather a concentration less than 10 ng/mL (no
patient exceeded this level). Hence, the focus was rather to
reduce the incidence of grades III-IV acute GvHD, which
is reflected by a low incidence of this complication in our
trial.

In a recent publication by Pidala, prolonged sirolimus
administration (≥ 1 year) after HSCT was associated with
a reduced risk of moderate-to-severe chronic GvHD in
Tac/Sir patients compared to Tac/Mtx patients (34% vs.
65%; P<0.01).46  Prolonged treatment with cyclosporine
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Figure 4. Survival outcomes. (A) Overall survival (all patients). (B) Relapse-free
survival (malignant diagnoses). CsA: cyclosporine; Mtx: methotrexate; Tac:
tacrolimus; Sir: sirolimus; HSCT: allogeneic hematopoietic stem cell transplan-
tation. 

A
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also reduces chronic GvHD.47 In our study, none of the
participants remained on sirolimus for more than six
months (median 68 days).

A suspected increase in VOD and TMA in patients in
the Tac/Sir arm was noted prior to exclusion of patients
receiving the MAC regimen of BuCy. Similar findings
were published by Cutler et al. in 2008.30 When used with
Bu-based conditioning, sirolimus was associated with a
higher rate of VOD (OR 8.8; P<0.01). In a prospective ran-
domized study, it was found that patients treated with Bu
had a cumulative incidence of VOD of 12%, as compared
to 1% in patients who were treated with total body irra-
diation (P=0.009).26 The use of calcineurin inhibitors
and/or sirolimus has also been suggested to be a potential
risk factor for TMA, but the effect of the Tac/Sir combina-
tion is not well defined. Labrador et al. retrospectively ana-
lyzed the incidence of TMA in 102 HSCT recipients
receiving Tac/Sir (n=68) or Tac/Mtx ±ATG (n=34) as
GvHD prophylaxis, and no significant difference in the
incidence of TMA was seen between the groups (7.4% vs.
8.8%; P=0.8).48 Accordingly, TMA in this setting might pri-
marily be an effect of high-dose Bu-treatment, especially
in combination with tacrolimus-based GvHD prophylaxis.
Monitoring and adjustment of Bu concentrations in vivo,
and modulation of the glutathione cellular content in the
liver during conditioning, might reduce the risk of these
side-effects.49 

The number of post-transplant infections was similar in
both groups. This is of interest, as development of certain
infections after HSCT may be considered to be a surrogate
indicator of immune competence. We did not detect any
discrepancy in the numbers of clinically relevant CMV
infections between the Tac/Sir and CsA/Mtx groups. A
previous publication showed that sirolimus administra-
tion had little effect on induction of immediate-early gene
expression in experimentally latent dendritic cells or cells
from naturally latent individuals.50 This suggests that
favorable CMV outcomes associated with sirolimus may
be attributable to more indirect effects that influence
CMV reactivation rather than a direct mechanistic action
against CMV itself.

We acknowledge that our study has limitations, since it
was performed in a relatively small patient cohort with
notable patient- and transplant-related variations.
Furthermore, no stratification of the patient material was

carried out during randomization for graft source or level
of HLA-match, factors recognized as risk factors for
GvHD. This could have impaired observations of differ-
ences in incidence between grades III-IV GvHD between
the study groups. At the same time, GvHD remains a
major risk for HSCT patients regardless of diagnosis
and/or transplant setting, and the inclusion of MUD recip-
ients in the study make the results more valid, not least
since there have been relatively few prospective random-
ized trials in this research area.

In summary, this study did not show any significant
advantages of Tac/Sir over CsA/Mtx as GvHD prophylax-
is after HSCT. However, our results confirm that Tac/Sir is
a valid and safe GvHD prophylaxis option, with trans-
plant-related outcomes comparable to those with
CsA/Mtx. Hence, this study expands the randomized trial
data in the realm of unrelated donor HSCT, but further
studies in more homogenous patient settings, including
similar or novel GvHD prophylaxis regimens, are required
to investigate if specific patient groups benefit from a cer-
tain type of GvHD-prophylaxis, as the further refinement
of HSCT procedures to improve outcome continues.
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