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Combination tacrolimus and sirolimus
graft-versus-host disease (GVHD) prophylaxis for allogeneic transplant in patients
conditioned with a fractionated total body
irradiation–based regimen has shown encouraging results. We studied this prophylaxis combination in 85 patients receiving a matched-sibling transplant
conditioned with 3 different regimens:
fludarabine-melphalan (n ⴝ 46); total
body irradiation–etoposide (n ⴝ 28), and
busulfan-cyclophosphamide (n ⴝ 11).
The conditioning regimens were completed

on day ⴚ4. Sirolimus and tacrolimus were
started on day ⴚ3 to avoid overlap with
conditioning therapy. All patients engrafted,
with a median time to neutrophil engraftment of 15 days. The cumulative incidence
of acute GVHD grades II to IV and III to IV
was 43% and 19%, respectively, with no
significant difference by conditioning
regimen. The 2-year cumulative incidence
of chronic GVHD was 46%. With a median
follow-up of 26 months, disease-free survival was 58% and overall survival, 66%.
The day-100 and 2-year nonrelapse mor-

tality was 4.8% and 10.2%, respectively. The
overall incidence of thrombotic microangiopathy was 19%, and it was significantly
higher with busulfan/cyclophosphamide
(55%, P ⴝ .005). Tacrolimus plus sirolimus
is an effective combination for acute GVHD
prophylaxis and is associated with very
low nonrelapse mortality. Thrombotic microangiopathy is a significant complication
with this regimen, particularly in patients
receiving busulfan/cyclophosphamide.
(Blood. 2010;115:1098-1105)

Introduction
Graft-versus-host disease (GVHD) remains one of the most
challenging obstacles to successful allogeneic hematopoietic cell
transplantation (HCT). Standard prophylactic regimens with tacrolimus/methotrexate or cyclosporine/methotrexate are associated with
acute GVHD in close to half of sibling transplants.1
Sirolimus, originally named rapamycin, binds to the same
family of intracellular FK-506 (tacrolimus)–binding proteins
(FKBP12 and others) at a site distinct from tacrolimus. SirolimusFKBP complexes inhibit the mammalian target of rapamycin
(mTOR), a kinase that regulates cell cycle entry in response to
interleukin 2 (IL-2) signaling and other cellular functions. Cell
cycle entry in the presence of sirolimus induces T-cell apoptosis,
and deprivation of IL-2 signaling renders antigen-activated T cells
unresponsive. Both mechanisms are thought to contribute to T-cell
immunologic tolerance.2 Sirolimus has been widely used as an
immunosuppressant in solid organ transplantation to prevent
immune-mediated graft rejection3-5 and has been evaluated for
treatment of acute GVHD6 and chronic GVHD.7
Recently, the novel combination of tacrolimus and sirolimus
was evaluated by researchers at the Dana-Farber Cancer Institute
(DFCI) in a cohort of 30 patients who received matched-related
peripheral blood stem cells and were conditioned with fractionated
total body irradiation (TBI) and cyclophosphamide (Cy).8,9 The
extended results of 53 matched-related HCTs were very promising
in that the cumulative incidence of grade II to IV acute GVHD was
19%, and only 3 patients developed grade III to IV acute GVHD.9

The nonrelapse mortality (NRM) rates were also encouraging; the
day-30 and day-100 rates were 0% and 5%, respectively.9 Another
positive outcome, seen in this study and others, was that the use of
sirolimus was found to be associated with reductions in cytomegalovirus (CMV) viremia10 and the incidence/severity of oral mucositis.11 However, sirolimus is associated with an increased risk of
thrombotic microangiopathy (TMA), with a rate of 10.8% in the
sirolimus group and 4.2% in the nonsirolimus group (odds ratio,
2.79, P ⫽ .03) in a retrospective analysis of myeloablative allogeneic HCT recipients.12 Another recent study showed an increase in
veno-occlusive disease (VOD) associated with sirolimus use,
particularly when methotrexate was added to the GVHD prophylaxis, or busulfan (Bu)/Cy was used in conditioning.13
Thus far data have been reported exclusively from DFCI except
for a recent publication from the Fred Hutchinson Cancer Center
(FHCC) evaluating sirolimus combined with either tacrolimus or
cyclosporine in unrelated donor HCT (n ⫽ 26) with an unexpectedly high incidence of acute GVHD (77%).14 Due to toxicity,
administration of sirolimus was discontinued earlier than planned
in 11 patients, but after the onset of GVHD. Possible explanations
for the discrepant results between DFCI and FHCC may include
differential timing of immunosuppression, use of cyclosporine
instead of tacrolimus in some cases, and use of Bu/Cy in some cases.
In this prospective pilot/phase II trial, conducted at City of
Hope, we sought to determine the efficacy and safety of sirolimus
combined with tacrolimus for 3 different conditioning regimens:
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fludarabine-melphalan (Flu/Mel), TBI-etoposide (TBI/VP16), and
Bu/Cy. The secondary objectives of this study included an evaluation of risk factors associated with acute GVHD and TMA. This
protocol extended the DFCI experience before the phase III trial
sponsored by the Blood and Marrow Transplant Clinical Trial
Network (BMT CTN). We designed the study to complete the
conditioning regimen on day ⫺4, before starting the immunosuppression on day ⫺3 to prevent possible drug interactions between
conditioning chemotherapeutic drugs and tacrolimus/sirolimus.
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ment, and treatment of mucositis and neutropenic fever, was administered
in accordance with institutional standard practice guidelines.18 Choice of
antifungal agent was at the discretion of the treating physician. Sixtysix patients received Abelcet at (1-2 mg/kg), 10 received micafungin,
9 received caspofungin, and 1 patient received itraconazole. Voriconazole
was prohibited as a prophylactic drug. Monitoring for CMV viremia was
performed twice a week from day ⫹21 to day ⫹100, using polymerase
chain reaction and/or the shell vial method, and patients received preemptive ganciclovir at onset of CMV reactivation.
Statistical analysis

Methods
Clinical trial
This phase II study, Institutional ReviewBoard 04052, was approved by the
City of Hope Institutional ReviewBoard. The primary endpoints were
toxicity (including TMA) and incidence/severity of acute GVHD; secondary endpoints included incidence of chronic GVHD and survival at
100 days, 1 year, and 2 years. Acute and chronic GVHD events were graded
according to established criteria.15,16 Toxicities were graded according to
the Common Terminology Criteria for Adverse Events (CTCAE v3.0).17
TMA was defined as the simultaneous occurrence of schistocytosis,
increased lactate dehydrogenase, and persistent thrombocytopenia (below
50 000/L). Patients were eligible if they had a matched sibling donor and
adequate organ function, defined as creatinine clearance more than 50 mL/
minute, pulmonary diffusion capacity (DLCO) of more than 50%, and
cardiac ejection fraction of more than 50%. Conditioning regimen selection
followed City of Hope standard treatment/practice guidelines, using
TBI/VP16 for patients younger than 50 years with acute leukemia in first or
subsequent remission, Flu/Mel for patients older than 50 years or with
comorbid conditions, and Bu/Cy for patients with myeloproliferative
disorders in chronic phase or acute leukemia and myelodysplastic syndrome with contraindication to TBI. Peripheral stem cell donors were
mobilized with granulocyte colony-stimulating factor 10 g/kg for 4 days,
to a targeted CD34⫹ cell dose of 2 to 5 ⫻ 106/kg. The day of stem cell
infusion was defined as day 0. Neutrophil engraftment was defined as the
first of 3 consecutive days with an absolute neutrophil count of 500 cells/L.
GVHD prophylaxis
The GVHD prophylaxis was administered according to published reports,8
as follows: sirolimus 12 mg by mouth on day ⫺3 (loading dose), followed
by 4 mg orally daily, with the 4-mg dose being adjusted as necessary to
maintain serum levels between 3 and 12 ng/mL by high performance liquid
chromatography (HPLC); tacrolimus 0.02 mg/kg intravenously daily starting on day ⫺3, switched to an equivalent oral dose when oral intake was
adequate, to maintain target serum levels of 5 to 10 ng/mL. Tacrolimus and
sirolimus levels were measured at least weekly until around day 100, and
the dose was adjusted for the target levels and for clinical toxicity. Tapering
of immunosuppression was to start around day 100; tapering was allowed
earlier for relapsed malignancy.
Conditioning regimen
For TBI/VP16, 1320 cGy in 11 fractions was given from day ⫺8 to day ⫺5,
followed by etoposide at 60 mg/kg of adjusted ideal body weight on day
⫺4. For Flu/Mel, fludarabine was given intravenously at 25 mg/m2 per day
for 5 days, from day ⫺9 to day ⫺5, and melphalan was given intravenously
at 140 mg/m2 of adjusted ideal body weight on day ⫺4. For Bu/Cy,
busulfan was given intravenously at 0.8 mg/kg on day ⫺10, and subsequently adjusted to an area under the curve of 800 to 1200, for a total of
16 doses every 6 hours from day ⫺9 to day ⫺6, and cyclophosphamide was
given at 60 mg/kg/day of ideal body weight on days ⫺5 and ⫺4.
Supportive care
Supportive care, including prophylactic antibiotics, antifungal therapy, total
parenteral nutrition, hematopoietic growth factors, immune globulin replace-

Overall survival (OS), disease-free survival (DFS), time to relapse, acute
GVHD, and NRM rates were calculated using the product-limit method,
and 95% confidence intervals were calculated using the logit transformation
and the Greenwood variance estimate.19 Differences between survival
curves were assessed by the log-rank test. When analyzing the prognostic
significance of known/suspected risk factors on time to event variables (eg,
OS, DFS, relapse, NRM, acute GVHD, and TMA), Cox regression was
used.20 Factors evaluated for association with outcome included: patient
age at transplantation, donor sex, sex combinations (female donor to male
recipient vs others; and previously pregnant female donor with male
recipient vs others), disease risk status at transplantation (based on disease
features and disease status at transplantation), recipient CMV status,
number of CD34⫹ cells infused (above or below median), and conditioning
regimen (Flu/Mel vs TBI/VP16 vs Bu/Cy; and reduced intensity vs
ablative). Acute GVHD (grade II to IV) was treated as a time-dependent
covariate in the risk factor analysis for TMA. The cumulative incidence of
acute GVHD and hazard ratio were estimated after taking into account the
Table 1. Patient characteristics (n ⴝ 85)
Median age, y (range)

48 (10-67)

Patient sex
Female

42 (49%)

Male

43 (51%)

Patient/donor sex
Sex match

43 (50.6%)

Female/male

21 (24.7%)

Male/female

21 (24.7%)

Disease risk*
High

39 (46%)

Low

46 (54%)

Diagnosis
AML

33 (39%)

ALL

18 (21%)

non-Hodgkin lymphoma

11 (13%)

MDS

6 (7%)

CML

5 (6%)

Hodgkin lymphoma

4 (5%)

Myeloproliferative disorder

4 (5%)

Multiple myeloma

3 (3%)

CLL

1 (1%)

Recipient CMV serostatus positive/negative
Prior autologous transplant

64/21
6 (7%)

Stem cell source
Bone marrow
Peripheral blood
CD34⫹ cell dose x106/kg: median (range)

5 (6%)
80 (94%)
5.1 (1.7-10.5)

Conditioning regimen
Flu/Mel

46 (54%)

TBI/VP16

28 (33%)

Bu/Cy

11 (13%)

AML indicates acute myelogenous leukemia; ALL, acute lymphoblastic leukemia;
MDS, myelodysplastic syndrome; CML, chronic myelogenous leukemia; and CLL,
chronic lymphocytic leukemia.
*Low-risk disease is defined as acute leukemia in first remission, chronic myeloid
leukemia in chronic phase, myeloproliferative disorders, and low-grade myelodysplastic syndrome (RA/RARS).
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Table 2. Diagnosis, remission status by conditioning regimen
Flu/Mel
(n ⴝ 46)

TBI/VP16
(n ⴝ 28)

ALL

4 (2CR, 2A)

14 (12CR, 2A)

AML

19 (15CR, 4A)

12 (8CR, 4A)

CML
Lymphoma/CLL

Bu/Cy
(n ⴝ 11)

2 (2A)
5 (4CP, 1AP)

14 (14A)

MDS

2 (2A)

Multiple myeloma

3 (3A)

Myeloproliferative disorder

4 (4CP)

2 (1CR, 1A)
4 (3CR, 1A)

AML indicates acute myelogenous leukemia; ALL, acute lymphoblastic leukemia;
CML, chronic myelogenous leukemia; and CLL, chronic lymphocytic leukemia; MDS,
myelodysplastic syndrome; A, active; AP, accelerated phase; CR, complete remission; and CP, chronic phase.

competing risk of death and relapse. Similarly, the cumulative incidence of
TMA and hazard ratio were estimated after accounting for the competing
risk of death and relapse. The cumulative incidence for relapse was also
computed treating a nonrelapse death event as a competing risk.

(before day ⫹30) due to TMA/diffuse alveolar hemorrhage, mental
status change, renal insufficiency, or TMA. We calculated median
levels of tacrolimus and sirolimus for the first 30 days in each
patient. The median (interquartile range, IQR) tacrolimus and
sirolimus levels for all patients during the first 30 days were
9.2 ng/mL (IQR, 7.8, 10.3) and 7.2 ng/mL (IQR, 5.9, 8.9), respectively. While there were no significant differences in the sirolimus
levels according to the 3 conditioning regimens, the tacrolimus
levels were higher in Bu/Cy and TBI/VP16 compared with Flu/Mel
(Table 3).
Engraftment and chimerism

All patients experienced neutrophil engraftment (absolute neutrophil count ⬎ 500) with a median time to engraftment of 15 days
(range, 10-26 days). Chimerism of the day 30 bone marrow
mononuclear cells by short tandem repeat analysis showed more
than 90% donor in 90% of the patients.
GVHD

Results
Patient characteristics
Patient, disease, and treatment characteristics are shown in
Table 1. The median age was 48 years (range, 10-67 years). Of
the 85 patients treated, 3 (3.5%) were pediatric cases, under the
age of 18 at the time of transplant. Most patients received
peripheral stem cells (n ⫽ 80: 94%). The most common diagnoses were acute myeloid leukemia (39%) and acute lymphoblastic leukemia (21%). Low risk disease, defined as acute leukemia
in first remission, chronic myelogenous leukemia in chronic
phase, myeloproliferative disorders, and low-grade myelodysplastic syndrome (RA/RARS), was present in 54% of all cases.
Disease characteristics stratified by conditioning regimen are
shown in Table 2. The most commonly used regimen was
Flu/Mel (54%), followed by TBI/VP16 (33%). The Bu/Cy arm
was closed to accrual after a preplanned interim analysis of the
first 11 patients showed a high rate of thrombotic microangiopathy (see “Toxicity/thrombotic microangiopathy” below); most of
these patients had low-risk disease. Among the pediatric cases,
2 of 3 received an ablative regimen of TBI/VP16, and none of
the pediatric patients was diagnosed with TMA or acute GVHD.

The probability of developing grade II to IV acute GVHD was 43%
(95% CI, 37-50), with the median onset of 19 days (range,
3-89 days). Of the 34 patients who developed grade II to IV acute
GVHD, 21 (25%) were grade II, 10 (12%) were grade III, and
3 (4%) were grade IV. Thirteen of 21 patients with grade II acute
GVHD had mainly upper gastrointestinal (GI) involvement. Nine
cases were diagnosed by histology from upper GI endoscopy
(5 upper GI involvement only, 4 with both upper and lower GI tract
involvement, but with limited diarrhea ⬍ 500 mL). Four cases
without a biopsy had significant upper GI tract symptoms (nausea,
vomiting, and anorexia), and either stage I to II skin, stage 0 liver
(alanine aminotransferase/aspartate aminotransferase [ALT/AST]
elevation), or stage 0 lower GI GVHD (mild diarrhea ⬍ 500 mL)
for which steroids were started. In these 13 cases of mainly upper
gastrointestinal GVHD, the median onset was 23 days (range,
11-85 days).
There was a higher probability of acute GVHD for patients
conditioned with Bu/Cy compared with TBI/VP16 and Flu/Mel
(64%, 49%, and 34%, respectively) without reaching statistical significance (P ⫽ .12; Figure 1). The probability of limited and
extensive chronic GVHD was 51% (29% limited, 71% extensive).
Survival

Drug levels

Tacrolimus and sirolimus serum levels were measured at least
weekly (twice a week in most cases) until around day 100. During
the first 30 days after transplantation, 792 samples for tacrolimus
and 606 samples for sirolimus were taken from 85 patients. Median
sampling points during the first 30 days were 9 for tacrolimus
(range, 4-12) and 7 for sirolimus (range, 4-10). Four of 85 patients
had to discontinue tacrolimus and/or sirolimus early after HCT

With a median follow-up of 26 months (range, 14-37 months) for
surviving patients, 55 of the 85 patients are alive. Twentytwo patients died of relapse, while 8 deaths were due to nonrelapse
causes, including acute/chronic GVHD (3), multiorgan failure (1),
mucormycosis (1), leukoencephalopathy (1), multifactorial respiratory failure developing after initial diffuse alveolar hemorrhage (1),
and unknown cause without relapse (1). The probabilities of OS,
DFS, and relapse at 2 years were 66% (CI, 59%-72%), 58% (CI,

Table 3. Median tacrolimus and sirolimus levels during the first 30 days after HCT
Median tacrolimus level, ng/mL (IQR)

P

Median sirolimus level, ng/mL (IQR)

P

Flu/Mel (n ⫽ 46)

8.65 (6.90, 9.90)*

.003

7.25 (5.80, 8.70)

.916

TBI/VP16 (n ⫽ 28)

9.45 (8.20, 10.55)*

7.00 (5.45, 9.35)

10.40 (9.20, 10.99)*

6.90 (6.20, 8.90)

Bu/Cy (n ⫽ 11)

HCT indicates hematopoietic cell transplantation; and IQR, interquartile range.
*P ⬍ .01.
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52%-64%), and 34% (CI, 28%-42%), respectively. The day-100,
1-year, and 2-year NRM rates were 4.8% (CI, 2%-12%), 10.2%
(CI, 6%-18%), and 10.2% (CI, 6%-18%), respectively. Conditioning regimen was not significantly associated with OS (Figure 2A),
DFS, relapse, or NRM (Figure 2B).
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Patients who experienced grade III or higher lung, liver, and TMA
toxicity are summarized in Table 4 by conditioning regimen.
Two cases of fatal alveolar hemorrhage were seen, 1 with Flu/Mel
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Figure 2. Probabilities according to conditioning.
Overall survival (A) and nonrelapse mortality (B).
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Table 4. Lung, liver, TMA toxicities, grade more than III by regimen
Flu/Mel (n ⫽ 46)

Lung

P*

Liver

P*

TMA

P*

10 (22%)

.087

5 (11%)

.305

3 (7%)

⬍ .005

TBI/VP16 (n ⫽ 28)

1 (4%)

5 (18%)

7 (25%)

Bu/Cy (n ⫽ 11)

1 (9%)

3 (27%)

6 (55%)

*Fisher exact test.

and 1 with TBI/VP16. Engraftment syndrome, characterized by
fever, rash, and pulmonary infiltrates around the time of engraftment, was frequently observed with Flu/Mel (22%), but was
reversible with corticosteroids in all cases. Liver toxicity (CTCAE
v3.0, more than grade III) including VOD (n ⫽ 2) was seen more
frequently with Bu/Cy (27%) than with TBI/VP16 (18%) or
Flu/Mel (11%), without statistical significance (Table 4); all cases
were reversible. The non-VOD liver toxicities were mostly elevated liver enzymes without clear GVHD and noted at the median
onset of 23 days after HCT (range, day ⫺4 to ⫹76).
TMA was a major complication that developed in 16 patients
(19%). The median time to onset was 5 weeks after HCT (Figure
3A-B) and was found to be significantly associated with conditioning regimen (Table 4): Bu/Cy (55%) compared with TBI/VP16
(25%) and Flu/Mel (6.5%; P ⬍ .005). The Bu/Cy arm was closed
to accrual early as a result of this finding. Twelve of 16 patients

Cumulative Incidence of TMA Probability

A

with TMA were also diagnosed with acute GVHD. GVHD
preceded TMA in all of these cases. TMA was managed by holding
tacrolimus in 50% of cases and/or holding sirolimus in 85% of
cases; plasma exchange was performed in 1 case. Hemodialysis
was required in 1 patient. TMA was reversible in all cases. The
median levels (ng/mL) of tacrolimus and sirolimus at onset of
TMA were 9.4 (range, 6.7-13.0) and 8.1 (range, 5.3-13.3), respectively, not significantly different from the median values for
non-TMA patients over the first 30 days (tacrolimus: 9.1 [range,
3.5-13.4], P ⫽ .14; sirolimus: 7.2 [range, 2.5-18.8], P ⫽ .33). We
further examined the effect of drug level on TMA risk using cut
points at each quartile. Although TMA risk appeared to increase
incrementally with increasing drug exposure by quartile analysis
(Table 5), none of the cut point classifications (ie, quartiles;
⬍ , ⱖ 25th percentile; median; ⬍ , ⱖ 75th percentile) for tacrolimus or sirolimus were significantly associated with TMA risk. In
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Figure 3. Cumulative incidence with 95% confidence
interval. Thrombotic microangiopathy (A) and stratified
by conditioning (B).
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Table 5. Results of Cox univariate and multivariate analysis for TMA
Value

Univariate hazard rate
ratio (95% CI)

N

No. of TMA

Less than 48

44

9

Baseline

48 or older

41

7

0.8 (0.3-2.16)

Others

64

12

Baseline

Male patient/female donor

21

4

0.99 (0.32-3.07)

Low

47

12

Baseline

High

38

4

0.39 (0.13-1.21)

Univariate P

Multivariate hazard rate
ratio (95% CI)

Multivariate P

Age, y
*
0.66

Patient/donor sex match
*
0.99

Disease risk
Baseline
0.10

0.46 (0.14-1.44)

0.007

4.03 (1.12-14.42)

0.18

Conditioning regimen
Flu/Mel

46

3

Baseline

TBI/VP16 and Bu/Cy

39

13

5.61 (1.6-19.68)

Baseline

0.03

Patient CMV serology
Negative

21

3

Baseline

Positive

64

13

1.47 (0.42-5.17)

*

Less than 5.1

44

8

Baseline

5.1 or more

41

8

1.03 (0.39-2.75)

0.55

CD34 cell dose
*
0.95

Acute GVHD
Grade 0 to I

51

4

Baseline

Grade II to IV

34

12

5.00 (1.61-12.53)

Baseline
0.005

0.02

3.89 (1.24-12.28)

Tacrolimus†
Less than 25th (⬍ 7.8)

22

2

Baseline

25th to 50th (7.8-9.2)

20

4

2.20 (0.40, 12.0)

0.36

*

50th to 75th (9.3-10.3)

21

4

1.86 (0.34, 10.15)

0.47

More than 75th (⬎ 10.3)

21

6

3.10 (0.63, 15.38)

0.17

Sirolimus†
Less than 25th (⬍ 5.9)

22

3

Baseline

25th to 50th (5.9-7.2)

23

4

1.29 (0.29, 5.76)

0.74

*

50th to 75th (7.3-8.9)

19

4

1.56 (0.35, 6.95)

0.56

More than 75th (⬎ 8.9)

21

5

1.82 (0.43, 7.61)

0.41

TMA indicates thrombotic microangiopathy; CI, confidence interval; CMV, cytomegalovirus; and GVHD, graft-versus-host disease.
*Not tested.
†Patient’s 30-day median value, by quartile.

addition, an examination of a possible threshold effect between
serum level and onset of TMA was explored using the generalized
estimating equation method. While the results of this analysis also
showed no threshold effect, the results were difficult to estimate
given the limited number of patients and TMA events.
CMV infection

CMV reactivation was observed in 16 of 64 patients (25%) who
were seropositive. There were no cases of CMV disease (CMV
pneumonia or gastrointestinal involvement).
Factors associated with outcome

Cox regression analysis was performed to identify potential factors
(see “Statistical analysis” above) associated with survival, relapse,
NRM, acute GVHD, and TMA. For the survival/relapse endpoints,
the patient disease risk (high or low) was the primary factor
significantly associated with OS, DFS, relapse risk, and NRM. In
addition, tacrolimus/sirolimus levels over the first 30 days were
included in the model in evaluating the risk factors for acute
GVHD and TMA (Table 5). There were no significant factors found
to predict acute GVHD in our analysis. Significant factors associated with increased TMA risk were conditioning regimen (patients
conditioned with an ablative regimen, either TBI or Bu/Cy, had a
5-fold increase in risk) and prior acute GVHD (grade II-IV), which
both remained significant in multivariate analysis (Table 5).

Discussion
Based on encouraging phase II study data from DFCI,8,9 we
prospectively tested the combination of tacrolimus and sirolimus as
GVHD prophylaxis in patients undergoing HLA-matched sibling
donor HCT conditioned with 3 different regimens. Administration
of conditioning therapy and GVHD prophylaxis were nonoverlapping to avoid potential adverse interactions.
In our study, we observed a 43% rate of grade II to IV acute
GVHD (grade III-IV, 19%). The data are at least comparable with
our historic experience; the incidence of acute GVHD grade
II to IV was approximately 50% in Flu/Mel conditioning using
cyclosporine and micophenolate,21 and approximately 60% in
full-intensity conditioning (TBI/VP, TBI/Cy, Bu/Cy) using cyclosporine and methorexate.22 The incidence of acute GVHD was
lowest with Flu/Mel followed by TBI/VP16, and the highest in
Bu/Cy, although the difference did not reach statistical significance
(P ⫽ .12), as sample size for the Bu/Cy group was small due to
early closure.
The DFCI experience with tacrolimus and sirolimus showed a
lower cumulative incidence of grade II to IV acute GVHD of 19%
using a conditioning regimen of cyclophosphamide followed by
TBI,8,9 and 11% using the reduced intensity regimen of intravenous
busulfan and fludarabine.23 The reason for the relatively higher rate
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of acute GVHD in this study is unknown. The patient characteristics in our study appear similar to those reported by DFCI. The
difference may be partly attributable to different conditioning
regimens used in our study (FTBI/Cy vs FTBI/VP16, Bu/Cy, and
Flu/Mel). The FHCC recently published their experience using a
calcineurin inhibitor with sirolimus and methotrexate for 26 highrisk patients receiving unrelated donor transplants, conditioned
with TBI/Cy or Bu/Cy. A high incidence of grade II to IV acute
GVHD of 77% led to the early discontinuation of the study.13
Suggested possible explanations for the discrepant results between
DFCI and FHCC include different timing of immunosuppression,
use of cyclosporine instead of tacrolimus in some cases, and use of
Bu/Cy in some cases.24
Of clinical importance is the fact that severity of acute GVHD
in our experience was generally mild; for example, approximately
60% of cases with grade II GVHD were mainly upper gastrointestinal, a form of GVHD that is known to have a relatively good
prognosis.25 It has been recognized that conditioning-related injury
of the upper GI tract can be clinically and histologically similar to
upper gastrointestinal GVHD if diagnosed close to conditioning
therapy. This may possibly explain the higher rate of acute GVHD
in this study compared with DFCI results. Overall, 3 deaths (of
85 patients) were directly attributable to GVHD. When analyzed as
a time-dependent variable, acute GVHD (grade II to IV) was not
significantly associated with inferior OS or NRM in our cohort
(data not shown). Chronic GVHD observed in our study was
similar to the DFCI results.
Our survival data were very encouraging with a remarkably low
NRM rate of 10% over 2-year follow-up across the 3 conditioning
regimens, suggesting that most of the toxicities were reversible. In
this study the major cause of treatment failure was relapse.
Although the use of sirolimus was recently suggested to be
protective from relapse in lymphoid malignancy,26 further modifications
in HCT protocols need to be explored to reduce the relapse risk.
TMA was a major complication in our study that developed in
19% of patients, consistent with an earlier report.12 TMA was
significantly associated with Bu/Cy conditioning, which led to the
early discontinuation of that regimen from the trial. Increased
hepatotoxicity/VOD associated with Bu/Cy in our study is also
consistent with a recent report from DFCI showing an increased
incidence of VOD in patients conditioned with Bu/Cy in their
tacrolimus plus sirolimus GVHD prophylaxis.12 In the ongoing
BMT CTN Protocol 0402 (available at https://web.emmes.com/
study/bmt2) comparing tacrolimus plus sirolimus versus tacrolimus plus methotrexate for matched related transplants, an increased incidence of VOD in patients conditioned with Bu/Cy in
the tacrolimus plus sirolimus arm has led to the early discontinuation of that conditioning regimen.
The higher incidence of TMA/VOD with Bu/Cy is possibly
related to the known endothelial toxicity of the conditioning
regimen,27,28 coupled with the synergistic effects on canalicular and
sinusoidal transport proteins and reduced glutathione–related enzymes from calcineurin inhibitors and sirolimus, leading to reduced
protection against oxidative stress and possibly leading to accumulation of toxic metabolites in the hepatocytes.29 We observed higher
tacrolimus levels in Bu/Cy compared with Flu/Mel, but not with
TBI/VP16 (as shown in Table 3). The tacrolimus levels were not
significantly associated with TMA in our univariate analysis; thus,
it is unlikely that the increased risk of TMA in Bu/Cy was
attributable to the tacrolimus levels. While this analysis showed no
threshold effect of the drug levels, the results were difficult to
estimate given the limited number of patients and TMA events.

The relationship of GVHD and TMA is difficult to define from
this limited experience, although there was a significant association
between acute GVHD (grade II to IV) and TMA. Twelve of
16 cases with TMA had acute GVHD, and GVHD anteceded TMA
in all cases. This suggests that optimization of tacrolimus and
sirolimus dosing may have led to higher drug levels, potentially
leading to TMA in addition to ongoing tissue damage from the
GVHD itself. Thus, more careful dose adjustment, particularly in
the setting of acute GVHD, may reduce the risk of TMA and
toxicity profile, although these data do not demonstrate a clear
association between the drug levels and TMA, possibly due to the
small sample size.
In univariate and multivariate analysis, the most significant
factor predicting OS, DFS, relapse, and NRM was disease
status. We found no clinical variables significantly predictive for
development of grade II to IV acute GVHD within our cohort.
Conditioning regimen was not significantly associated with OS
or DFS, despite higher incidence of TMA and a trend toward
higher incidence of GVHD in Bu/Cy. This may be partly
explained by the fact that a majority of patients in this group had
good-risk disease. The univariate/multivariate analysis data
need to be interpreted with caution, however, because of the
heterogeneity of diseases, disease status, and conditioning
regimens.
In conclusion, the combination of tacrolimus and sirolimus
as GVHD prophylaxis was associated with an excellent NRM
rate across multiple conditioning regimens, lending strong
support to the ongoing phase III BMT CTN trial 0402. Acute
GVHD rates, while higher than those seen by DFCI, were
reasonable for the Flu/Mel and TBI/VP16 regimens, with most
cases relatively mild and well tolerated. Given the high incidence of associated TMA, tacrolimus/sirolimus prophylaxis
must be used with caution in patients conditioned with Bu/Cy
and potentially with other regimens likely to cause increased
endothelial damage.

Acknowledgments
The authors acknowledge the transplant coordinators and transplant nurses for their dedicated care of our patients. We also
thank all members of the Hematopoietic Cell Transplant team
for their constant support of the program, including the clinical
research associates for their protocol management and data
collection support. We also thank our scientific writer/editor Dr
Sandra Thomas for her critical reading of the manuscript.
This work was supported by the Comprehensive Cancer Center
grant (P30 CA 33572), Hem/HCT Program Project grant (PO1 CA
30206-21) and the Tim Nesvig fellowship, which R.N. was recently
awarded.

Authorship
Contribution: R.R., R.N., J.M.P., P.P., A.N., and S.J.F. conceived
and designed the study; R.R., R.N., P.P., S.S., A.N., D. Snyder,
V.P., N.K., E.S., C.K., M.O., A.Y.K., D. Senitzer, and S.J.F.
provided study materials or patients; R.R., R.N., J.M.P., P.P.,
S.S., A.N., D. Snyder, V.P., N.K., J.R., E.S., C.K., M.O., A.Y.K.,
D. Senitzer, and S.J.F. provided administrative, technical, or

From www.bloodjournal.org by guest on April 28, 2017. For personal use only.
BLOOD, 4 FEBRUARY 2010 䡠 VOLUME 115, NUMBER 5

logistical support; R.R., R.N., J.M.P., P.P., S.S., A.N., D. Snyder,
V.P., N.K., J.R., E.S., C.K., M.O., A.Y.K., D. Senitzer, and S.J.F.
collected and assembled the data; R.R., R.N., J.M.P., P.P., S.S.,
and S.J.F. analyzed and interpreted the data; and R.R., R.N.,
J.M.P., P.P., S.S., and S.J.F. drafted the article.

TACROLIMUS AND SIROLIMUS FOR GVHD PROPHYLAXIS

1105

Conflict-of-interest disclosure: The authors declare no competing financial interests.
Correspondence: Ryotaro Nakamura, City of Hope National
Medical Center, 1500 E Duarte Rd, Duarte, CA 91010; e-mail:
rnakamura@coh.org.

References
1. Sullivan KM. Graft-versus-host disease. In:
Blume KG, Forman SJ, Applebaum FR, eds.
Thomas’ Hematopoitic Cell Transplantation (3rd
ed). Oxford, United Kingdom: Blackwell Publishing; 2004:635-664.
2. Kirken RA, Wang YL. Molecular actions of sirolimus: sirolimus and mTor. Transplant Proc. 2003;
35(3):S227-S230.
3. Groth CG, Backman L, Morales JM, et al. Sirolimus (rapamycin)-based therapy in human renal
transplantation: similar efficacy and different toxicity compared with cyclosporine. Transplantation. 1999;67(7):1036-1042.
4. Longoria J, Roberts RF, Marboe CC, et al. Sirolimus (rapamycin) potentiates cyclosporine in prevention of acute lung rejection. J Thorac Cardiovasc Surg. 1999;117(4):714-718.
5. Trotter JF. Sirolimus in liver transplantation.
Transplant Proc. 2003;35(3):S193-S200.
6. Benito AI, Furlong T, Martin PJ, et al. Sirolimus
(rapamycin) for the treatment of steroid-refractory
acute graft-versus-host disease. Transplantation.
2001;72(12):1924-1929.
7. Johnston L, Shizuru J, Stockerl-Goldstein K, et al.
Rapamycin for treatment of chronic graft versus
host disease. Biol Blood Marrow Transplant.
2005;11(1):47-55.
8. Cutler C, Kim HT, Hochberg E, et al. Sirolimus
and tacrolimus without methotrexate as graftversus-host disease prophylaxis after matched
related donor peripheral blood stem cell transplantation. Biol Blood Marrow Transplant. 2004;
10(5):328-336.
9. Cutler C, Li S, Ho VT, et al. Extended follow-up of
methotrexate-free imunosuppression using sirolimus and tacrolimus in related and unrelated donor peripheral blood stem cell transplantation.
Blood. 2007;109(7):3108-3114.
10. Marty FM, Bryar J, Browne SK, et al. Sirolimusbased graft-versus-host disease prophylaxis protects against cytomegalovirus reactivation after
allogeneic hematopoietic stem cell transplantation: a cohort analysis. Blood. 2007;110(2):490500.

11. Cutler C, Li S, Kim HT, et al. Mucositis after allogeneic hematopoietic stem cell transplantation: a
cohort study of methotrexate- and nonmethotrexate-containing graft-versus-host disease prophylaxis regimens. Biol Blood Marrow
Transplant. 2005;11(5):383-388.
12. Cutler C, Henry NL, Magee C, et al. Sirolimus and
thrombotic microangiopathy after allogeneic hematopoietic stem cell transplantation. Biol Blood
Marrow Transplant. 2005;11(7):551-557.
13. Cutler C, Stevenson K, Kim HT, et al. Sirolimus is
associated with veno-occlusive disease of the
liver after myeloablative allogeneic stem cell
transplantation. Blood. 2008;112(12):4425-4431.
14. Furlong T, Kiem HP, Applebaum FR, et al. Sirolimus in combination with cyclosporine or tacrolimus plus methotrexate for prevention of graftversus-host disease following hematopoietic cell
transplantation from unrelated donors. Biol Blood
Marrow Transplant. 2008;14(5):531-537.
15. Przepiorka D, Weisdorf D, Martin P, et al. 1994
Consensus Conference on Acute GVHD Grading.
Bone Marrow Transplant. 1995;15(6):825-828.
16. Shulman HM. Graft-versus-host disease. Surv
Synth Pathol Res. 1984;3(3):233-234.
17. The National Cancer Institute. Common terminology criteria for adverse events v3.0 (CTCAE).
Publication date August 9, 2006. http://ctep.
cancer.gov/protocolDevelopment/electronic_
applications/docs/ctcaev3.pdf. Accessed July 1,
2009.
18. Blume KG, Forman SJ, Appelbaum FR. Thomas’
Hematopoietic Cell Transplantation (3rd ed). Oxford, United Kingdom: Blackwell Scientific Publications; 2004.
19. Breslow NE, Day NE. Statistical Methods in Cancer Research. Vol II: The Design and Analysis of
Cohort Studies. IARC Scientific Publication No.
821987; Lyon, France: International Agency for
Research in Cancer.
20. Cox DR. Regression models and life tables.
J R Stat Soc. 1972;B34:187-220.
21. Fung HC, Cohen S, Rodriguez R, et al. Reduced-

intensity allogeneic stem cell transplantation for
patients whose prior autologous stem cell transplantation for hematologic malignancy failed. Biol
Blood Marrow Transplant. 2003;9(10):649-656.
22. Bensinger WI, Martin PJ, Storer B, et al. Transplantation of bone marrow as compared with
peripheral-blood cells from HLA-identical relatives in patients with hematologic cancers. N Engl
J Med. 2001;344(3):175-181.
23. Alyea EP, Li S, Kim AT, et al. Sirolimus, tacrolimus, and low-dose methotrexate as graft-versushost disease prophylaxis in related and unrelated
donor reduced-intensity conditioning allogeneic
peripheral blood stem cell transplantation. Biol
Blood Marrow Transplant. 2008;14(8):920-926.
24. Wolff D, Andree H, Hilgendorf I, Casper J, Freund
M, Junghanss C. Sirolimus in combination with
tacrolimus in allogeneic stem cell transplantation:
timing and conditioning regimen may be crucial
(letter to the editor). Biol Blood Marrow Transplant. 2008; 14(8):942-943.
25. Martin PJ, McDonald GB, Sanders JE, et al. Increasingly frequent diagnosis of acute gastrointestinal graft-versus-host disease after allogeneic
hematopoietic cell transplantation. Biol Blood
Marrow Transplant. 2004;10(5):320-327.
26. Armand P, Kim HT, Ho VT, et al. Allogeneic transplantation with reduced-intensity conditioning for
Hodgkin and non-Hodgkin lymphoma: importance
of histology for outcome. Biol Blood Marrow
Transplant. 2008;14(4):418-425.
27. DeLeve LD, Wang X. Role of oxidative stress and
glutathione in busulfan toxicity in cultured murine
hepatocytes. Pharmacology. 2000;60(3):143-154.
28. DeLeve LD. Cellular target of cyclophosphamide
toxicity in the murine liver: role of glutathione and
site of metabolic activation. Hepatology. 1996;
24(4):830-837.
29. Bramow S, Ott P, Thomsen Nielsen F, et al. Cholestasis and regulation of genes related to drug
metabolism and biliary transport in rat liver following treatment with cyclosporine A and sirolimus
(rapamycin). Pharmacol Toxicol. 2001;89(3):133139.

From www.bloodjournal.org by guest on April 28, 2017. For personal use only.

2010 115: 1098-1105
doi:10.1182/blood-2009-03-207563 originally published
online November 19, 2009

A phase II pilot study of tacrolimus/sirolimus GVHD prophylaxis for
sibling donor hematopoietic stem cell transplantation using 3
conditioning regimens
Roberto Rodriguez, Ryotaro Nakamura, Joycelynne M. Palmer, Pablo Parker, Sepideh Shayani,
Auyaporn Nademanee, David Snyder, Vinod Pullarkat, Neil Kogut, Joseph Rosenthal, Eileen Smith,
Chatchada Karanes, Margaret O'Donnell, Amrita Y. Krishnan, David Senitzer and Stephen J. Forman

Updated information and services can be found at:
http://www.bloodjournal.org/content/115/5/1098.full.html
Articles on similar topics can be found in the following Blood collections
Clinical Trials and Observations (4521 articles)
Free Research Articles (4451 articles)
Transplantation (2217 articles)
Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.

