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Aims
To compare the pharmacokinetics of mycophenolic acid (MPA) and its metabolite
(MPAG) when mycophenolate mofetil (MMF) is administered in combination with
sirolimus or ciclosporin (CsA) in renal allograft recipients. Safety and efficacy (biopsy-
proven acute rejection (BPAR)) were also assessed.

Methods
Patients (n = 45) were randomized 2 : 1 to receive treatment with sirolimus (n = 30;
dosed to maintain trough concentrations of 10–25 ng ml-1 until week 8, and then
8–15 ng ml-1 thereafter) or CsA (n = 15; administered as per centre practice) both in
combination with daclizumab, oral MMF and corticosteroids. Pharmacokinetic assess-
ments were performed at day 7, week 4, and months 3 and 6 post-transplant. The
primary endpoint was the AUC(0,12 h) for MPA and MPAG. The pharmacokinetics of
sirolimus were also assessed.

Results
MPA exposure was 39–50% lower (month 6 mean AUC(0,12 h) (95%CI): 40.4 (33.8,
47.0) vs. 68.5 (54.9, 82.0) mg ml-1 h) and MPAG exposure was 25–52% higher (722
(607, 838) vs. 485 (402, 569) mg ml-1 h at month 6) in the presence of CsA
compared with sirolimus across visits. BPAR was 40.0% with sirolimus and 13.3% with
CsA. The incidence of hypertension, tremors and hirsutism was higher with CsA than
with sirolimus, while the incidence of diarrhoea, hyperlipidaemia and impaired wound
closure was higher with sirolimus. No deaths, malignancies or graft losses were
reported.

Conclusions
Co-administration of sirolimus with MMF led to greater MPA exposure, but lower MPAG
exposure, than co-administration with CsA. As rejection rates were higher in the
absence of CsA, further study of calcineurin inhibitor-free regimens is required before
general recommendations can be made.
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Introduction
The advent of potent new immunosuppressive agents
over the last decade has led to a dramatic reduction in
renal allograft acute rejection rates from 50% to
15–20% [1]. During this period, drug regimens includ-
ing mycophenolate mofetil (MMF) and calcineurin
inhibitors (CNIs) have become standard in immuno-
suppressive therapy [2]. While CNIs are effective at
reducing acute rejection rates, their long-term use is
associated with chronic nephrotoxicity that contributes
to chronic allograft nephropathy and graft loss [3, 4].
Furthermore, CNIs are associated with other adverse
events such as hypertension and hyperlipidaemia that
may ultimately affect both graft and patient survival
[5–7]. Thus, there has been considerable interest in
developing immunosuppressive regimens that eliminate
or reduce exposure to CNIs, while maintaining
adequate immunosuppression and low acute rejection
rates.

One CNI-free regimen of interest is the combination
of MMF with sirolimus. While sirolimus binds to the
same intracellular binding protein as tacrolimus, it does
not inhibit calcineurin [8], and thus, may lack the
nephrotoxicity of CNIs [9]. Addition of sirolimus to
a ciclosporin-(CSA-)corticosteroid regimen has been
shown to reduce significantly the incidence of biopsy-
proven acute rejection (BPAR) when compared with
azathioprine [10] or placebo [11] in renal allograft
recipients. However, initial studies demonstrated that
this combination of sirolimus and full-dose CsA exhib-
ited increased nephrotoxicity. This led to further inves-
tigation, and to the finding that addition of sirolimus to
a CsA-steroid regimen permitted sparing of CsA with
improved renal function, while reducing the incidence
of acute rejection [12]. Finally, studies have investi-
gated the efficacy of sirolimus as a replacement for
CsA in immunosuppressive regimens [9, 13]. The
most promising results were reported by Flechner et al.
[13] with a regimen consisting of induction with
an IL-2 receptor blocker, sirolimus, MMF and
steroids.

Preliminary pharmacokinetic data have shown that
trough mycophenolic acid (MPA) concentrations
were higher in the sirolimus-treated patients com-
pared with CsA-treated patients, even though the
sirolimus-treated patients received lower doses of
MMF [10, 14]. The present study was primarily
designed to provide further analysis of the difference in
the pharmacokinetics of MPA and its major glucu-
ronide metabolite (MPAG) in renal transplant recipi-
ents when MMF is administered with either sirolimus
or CsA.

Methods
Study design and patient population
This was a prospective, randomized, open-label, multi-
centre study to determine the pharmacokinetics of MPA
and MPAG following oral administration of MMF
(CellCept®) in combination with daclizumab (Zena-
pax®), corticosteroids and either sirolimus (Rapamune®)
or CsA (Neoral® or bioequivalent formulations). The
safety and efficacy of these regimens were also assessed.

Male or female adult (18–75 years) recipients of
primary renal allografts who were able to receive oral
medication were eligible for the study. Recipients of
HLA-identical living-related kidney transplants were
excluded from the study. Additional exclusion criteria
included a panel reactive antibody (PRA) value >20%
within 6 months prior to enrolment, known positivity for
HIV-1 or human T-cell lymphotropic virus type-1, pres-
ence of hepatitis B surface antigen, a white blood cell
count <2.5 ¥ 109 l-1 (IU), a platelet count <100 ¥ 109 l-1

(IU), or haemoglobin <6 g dl-1 at the time of entry into
the study, or a history of treated or untreated hyperlipi-
daemia within the previous year. Patients were also
excluded if they had prior malignancies, had previously
been treated with daclizumab, were pregnant or nursing,
or if they had severe diarrhoea, peptic ulcer disease or
other gastrointestinal disorders which might have inter-
fered with the ability to absorb oral medication. Diabetic
patients with previously diagnosed diabetic gastroenter-
opathy were also excluded, as were patients who
required concomitant treatment with investigational
drugs or prohibited immunosuppressive medications.
African-American patients were excluded from partici-
pation in the study, as they are generally recognized as
a high-risk sub-population for efficacy failure in stan-
dard immunosuppressive regimens [15–17]. This exclu-
sion was approved by the ethics review boards based on
a safety assessment.

The investigation was conducted in full conformance
with the principles of the Declaration of Helsinki and its
subsequent amendments. Prior to initiation of the study,
the protocol and all subsequent amendments were
reviewed and approved by an Institutional Review
Board. Written informed consent was obtained from
each patient participating in the study after adequate
explanation of the aims, methods, anticipated benefits
and potential hazards of the study.

Drug regimens
Enrolled patients were randomized prior to transplanta-
tion in a 2 : 1 ratio to receive treatment with sirolimus or
CsA in combination with daclizumab, oral MMF and
corticosteroids. Daclizumab 1 mg kg-1 intravenously
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was given within 24 h before transplant, followed by
four additional doses of 1 mg kg-1 every 2 weeks. MMF,
1 g twice daily orally was started within 24 h pre- or
post-transplant. Intraoperative and maintenance corti-
costeroids were administered to all patients for the dura-
tion of the study according to centre practice. Sirolimus
was given once daily as an oral solution at 15 mg day-1

on days 1–3 following transplantation and was reduced
to 10 mg day-1 (as tablets) beginning on day 4 post-
transplant. Sirolimus dosing was adjusted to maintain
sirolimus trough concentrations of 10–25 ng ml-1 until
2 months post-transplant, and 8–15 ng ml-1 thereafter.
The doses were selected to ensure that adequate siroli-
mus concentrations were achieved in the immediate
post-transplant and early post-transplant period, when
patients are most vulnerable to acute rejection. The
doses of MMF or sirolimus could be lowered if the
investigator considered it necessary to reduce drug-
related toxicity, provided that the doses of other agents
were high enough to give adequate immunosuppression.
Neoral® or bioequivalent CsA was administered accord-
ing to centre practice.

Prophylactic antibiotics and antiviral medications
could be administered as per centre practice. Iron-
containing medications or supplements were not to be
taken within 3 h after taking MMF, and preferably,
MMF was to be taken with food. Patients receiv-
ing sirolimus could not take grapefruit juice or
ketoconazole.

Clinical assessments
Clinical assessments were performed at baseline and at
scheduled visits post-transplantation (days 4 and 7,
weeks 2, 4, 6 and 8, and months 3–6).

Laboratory assessments
Laboratory assessments were performed at baseline and
at scheduled visits post-transplantation. These included
haematology (complete blood count), blood chemistry
and fasting lipid profile.

Renal function was assessed by serum creatinine, cal-
culated creatinine clearance (CLCr, calculated using the
Cockcroft-Gault formula) [18] and glomerular filtration
rate (GFR), measured at a central laboratory (Mayo
Clinic) using cold iothalamate meglumine [19].

In order to determine the relationship between serum
creatinine and acute rejection, the lowest post-transplant
serum creatinine prior to first rejection and the serum
creatinine obtained at least 2 weeks after the end of
treatment for rejection were recorded.

Sirolimus trough samples were assessed for dose
adjustment as per protocol requirements. If sirolimus

trough concentrations were found to be outside of the
target range, the investigator was to adjust sirolimus
dosing as required and to obtain follow-up trough con-
centrations so as to return trough concentrations to
within the target range within 14 days.

Pharmacokinetic assessments
Patients had to meet the following requirements to be
eligible for participation in the pharmacokinetic assess-
ments: for the day 4 (trough) and day 7 pharmacokinetic
sampling visits, eligible patients included nonsmokers,
those who had received a stable uninterrupted dose of
MMF twice daily for �3 days, had not undergone treat-
ment for rejection since transplantation, and had not
received tacrolimus. For the week 4, month 3 and month
6 visits, eligible patients included nonsmokers who had
received a stable dose of MMF twice daily for at least
7 days, had not experienced an acute rejection episode/
received treatment for acute rejection in the preceding
2 weeks, had not undergone dialysis in the preceding
2 weeks and were maintained within the assigned study
group. Pharmacokinetic assessment of both MPA and
MPAG were performed on days 4 and 7, week 4 and
months 3 and 6 post-transplant, with additional pharma-
cokinetic assessments for sirolimus from week 4. Blood
sampling time points were predose, and at 20, 40 and
75 min, 2, 3, 4, 6, 8 and 12 h after the morning dose.

For analysis of MPA and MPAG, approximately 3 ml
of blood was collected for each pharmacokinetic sample
in lithium heparinized tubes. Plasma concentrations of
MPA and MPAG were determined by Analytico Medinet
(the Netherlands) via solid phase extraction and reverse
phase high-performance liquid chromatography (HPLC)
with ultra-violet detection (F. Hoffman-La Roche Ltd,
data on file). The lower limit of quantification for MPA
was 0.1 mg ml-1 (accuracy 95.9–102%; precision
<12.8%), while the lower limit for MPAG was
4.0 mg ml-1 (accuracy 100–102%; precision <11.7%).

For sirolimus analysis, approximately 3 ml of blood
was collected in tubes with EDTA preservative. Siroli-
mus was extracted from whole blood samples using
protein precipitation followed by solid phase extrac-
tion and concentrations measured using specific HPLC
procedures (Covance, Indianapolis, Indiana, USA)
(F. Hoffman-La Roche Ltd, data on file). The lower limit
of quantification was 0.25 ng ml-1 (accuracy 89.0–
99.5%; precision �7.4%).

Treatment of acute rejection and delayed graft function
The diagnosis of allograft rejection was based upon
clinical signs and symptoms, serum creatinine, and con-
firmed by core renal biopsy (Banff criteria 1993–95).
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Following biopsy confirmation of acute rejection, high-
dose corticosteroids (regimen per centre practice) could
be administered as the first-line treatment for the rejec-
tion episode. Anti-lymphocyte preparations could be
administered for steroid-resistant rejection, at the discre-
tion of the investigator. Graft loss was defined as either
the institution of chronic dialysis for at least 6
consecutive weeks, transplant nephrectomy, or re-
transplantation. Delayed graft function (DGF) was
assessed as per study definition (i.e. persistent oliguria,
or a decrease in serum creatinine at 24 h post-transplant
of <0.5 mg dl-1, or institution of dialysis before adequate
graft function was established) or investigator criteria.
Patients who required induction therapy with standard
antilymphocyte antibody for DGF were to be withdrawn
from the study.

Safety assessments
Safety was assessed by monitoring adverse events
reported over the course of the study. Pre-existing con-
ditions that worsened during the study were to be
reported as adverse events. Opportunistic infections,
including cytomegalovirus (CMV), Candida, Aspergil-
lus, Pneumocystis, Cryptococcus, Listeria, herpes zoster
and herpes simplex were also assessed.

Statistical analysis
The primary endpoint for this study was the
AUC(0,12 h) for MPA and MPAG. The AUC(4,12 h) for
MPA and AUC(0,24 h) of sirolimus were also measured.
The AUCs were computed using the linear trapezoidal
rule. MPAG concentrations were converted to MPA
equivalent units by multiplying by the ratio of the
molecular weights of MPA (320.3) and MPAG (540.4):
MPA equivalent units = (320.3/540.4) ¥ MPAG plasma
concentrations. The pharmacokinetic properties of CsA
in relation to MMF are well known and were not
assessed in this study.

Secondary endpoints included other pharmacokinetic
parameters (maximum concentration (Cmax), time to
maximum concentration (tmax) and minimum concentra-
tion (Cmin), BPAR, patient and graft survival at 6 months
post-transplant, renal function at 6 months post-
transplant as measured by GFR and calculated CLCr, and
treatment failure at 6 months post-transplant (defined as
the occurrence of graft loss, death or the use of addi-
tional immunosuppressive medication not specified in
the assigned treatment group for >7 days for reasons
other than rejection).

Pharmacokinetic parameters were derived by ‘non-
compartmental’ analysis using WinNonlin® Professional
version 4.0 (Pharsight Corporation, Mountain View

California, USA). Actual times were used to calculate
AUC(0,12 h), AUC(4,12 h) and AUC(0,24 h) for MPA/
MPAG, MPA and sirolimus, respectively. All pharmaco-
kinetic parameters were listed and summarized
descriptively by time period and treatment group. The
AUC(0,12 h) (MPA and MPAG), AUC(4,12 h) (MPA),
AUC(0,24 h) (sirolimus), Cmax and Cmin were dose nor-
malized to 1000 mg or 10 mg for MMF and sirolimus,
respectively, in the pharmacokinetic analysis. In addi-
tion, exploratory analyses (one-way anova) were per-
formed for the dose-adjusted and log-transformed
parameter AUC(0,12 h) of MPA when administered with
CsA compared with sirolimus, and to calculate 90%
confidence intervals for these estimates. The primary
patient population for the efficacy analyses was the
intent-to-treat (ITT) population, i.e. all patients who
were randomized and had received at least one dose of
the trial medication, whether on study or prematurely
withdrawn, and had at least one follow-up data point.
This group also constituted the safety analysis popula-
tion. The pharmacokinetic analyses were performed
using the pharmacokinetic population; all patients in the
ITT/safety analysis population who met the pharmaco-
kinetic eligibility criteria were included. However,
patients with any missing data that would have influ-
enced the pharmacokinetic analysis were excluded from
the analysis.

Results
Patient characteristics and demographics
A total of 45 patients were enrolled into the study, 30 in
the sirolimus group and 15 in the CsA group. The demo-
graphics and baseline characteristics of the enrolled
patients are shown in Table 1. Both groups were bal-
anced with respect to demographics and baseline char-
acteristics except for gender, with the sirolimus group
having a higher proportion of females. No patients were
excluded from the intent-to-treat or safety analysis
populations.

By 6 months post-transplant, a total of 12 patients
had withdrawn from the study; with incidence of with-
drawal being higher in the sirolimus group (37%
(n = 11) vs. 7% (n = 1)). One patient in the CsA group
refused treatment with the assigned regimen and with-
drew on day 1. Of the 11 patients who withdrew from
the sirolimus group, one withdrew consent on day 16
and five withdrew due to insufficient therapeutic
response (BPAR) (one each on days 9, 34, 71, 100 and
153). Five patients withdrew due to adverse events
related to MMF or sirolimus (two on day 56 and one
each on days 11, 66 and 127), as outlined in Table 2.
Follow-up data regarding allograft biopsies, treatment
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of rejection, malignancies, graft loss and death were
available for 43 of the patients. Two patients (one in
each treatment group) were not followed to 6 months
post-transplantation, both for refusal of treatment (one
patient relocated out of state, and the other did not
want to participate in the multiple assessments).

Study medication
Thirty-nine patients (87%) received all five doses of
daclizumab. Corticosteroid administration was similar at
all time points and was tapered to an average daily dose
of 8 mg by month 6. The two groups received similar
doses of MMF with mean daily doses being 1.6 g and

Table 1
Demographics and baseline
characteristics (intent-to-treat population)

Sirolimus
(n = 30)

Ciclosporin
(n = 15)

Recipient variables
Sex

Female n (%) 14 (47) 3 (20)
Male n (%) 16 (53) 12 (80)

Race
Caucasian n (%) 25 (83) 13 (87)
Hispanic n (%) 3 (10) 1 (7)
Asian n (%) 1 (3) 1 (7)
Other n (%) 1 (3) –

Age (years) median (range) 49.0 (21–70) 47.0 (28–64)
Weight (kg) median (range) 78.2 (58.0–150.6) 85.0 (41.8–125.0)
Primary reason for transplant

Cystic/polycystic kidney disease n (%) 3 (10) 6 (40)
Diabetes mellitus n (%) 4 (13) 2 (13)
Aetiology uncertain n (%) 1 (3) 2 (13)
Glomerulonephritis n (%) 5 (17) –
Hypertension n (%) 6 (20) 2 (13)
Pyelonephritis/interstitial nephritis n (%) 2 (7) –
Other n (%) 9 (30) 3 (20)

Donor variables
Age median (range) 39.0 (8–59) 42.0 (19–56)
Type of donor:

Deceased n (%) 16 (53) 7 (47)
Living related n (%) 12 (40) 7 (47)
Living unrelated n (%) 2 (7) 1 (7)

Other variables
Cold ischaemic time (h)

0–30 n (%) 28 (93) 15 (100)
>30 n (%) 2 (7) –

Table 2
Adverse events leading to withdrawal
from treatment in the sirolimus groupPatient Adverse events Intensity

Day of
onset Relationship to treatment

1 Wound dehiscence Severe 53 Possibly related to sirolimus
2 Leukopenia Moderate 51 Probably related to MMF
3 Human polyomavirus

infection
Moderate 121 Possibly related to sirolimus and

remotely related to MMF
4 Diarrhoea Moderate 35 Probably related to MMF
5 Interstitial nephritis Severe 28 Probably related to sirolimus
5 Renal tubular necrosis Severe 31 Probably related to sirolimus
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1.8 g in the sirolimus and CsA groups, respectively, at
both 3 and 6 months. The average daily dose of siroli-
mus at baseline (15.0 mg) and day 4 (10.2 mg) was in
accordance with the protocol-specified doses. The
average daily dose was reduced to 4.6 mg by month 3
and 3.3 mg by month 6. Average sirolimus trough con-
centrations remained within the protocol defined ranges
throughout the study (see Methods). The average daily
dose of CsA at baseline was 487.5 mg, rising to
571.4 mg at week 2, and then decreasing gradually
throughout the remainder of the study to a value of
336.6 mg and 299.9 mg at months 3 and 6, respectively.
From day 4 onwards, average CsA trough concentrations
remained relatively stable ranging from 224 to
347 ng ml-1 across visits. Two patients received a CsA
formulation (GenGraf®) that was bioequivalent to
Neoral®.

Pharmacokinetic analysis
The pharmacokinetic population consisted of 42 out of
the 45 patients enrolled in the study (28 [93%] sirolimus,
14 [93%] CsA). Not all patients completed each visit.

MPA
The pharmacokinetics of MPA are summarized in
Table 3. MPA concentrations, on average, increased over
time post-transplant reaching maximal concentrations
(dose normalized Cmax) ranging from 12.4–20.6 mg ml-1

in the sirolimus group and 7.08–16.3 mg ml-1 in the CsA
group. Median time to peak concentrations was between
0.67–1.21 h and 1.25–1.31 h, respectively. Mean dose
normalized Cmax and Cmin were lowest at day 7, with a
trend towards increasing MPA concentrations through-
out the study period. Overall, the Cmax, Cmin and
AUC(0,12 h) for MPA were decreased and tmax increased
in the presence of CsA compared with sirolimus.

To investigate the effect of sirolimus vs. CsA on MPA
exposure, the relative exposure of the AUC(0,12 h) of
MPA and its 90% confidence interval (90% CI) were
estimated for the CsA relative to the sirolimus group for
each visit. The ratios (90% CI) were 50% (40, 62%), 59
(48, 72%), 53 (42, 67%) and 61% (50, 75%) for day 7,
week 4, and months 3 and 6, respectively. Thus, the
AUC(0,12 h) of MPA in the presence of CsA was consis-
tently lower than that in the presence of sirolimus
(Figure 1a). Figure 2 shows the plasma concentration
profile of MPA over 0–12 h at month 6 in a typical patient
from each group. No correlation was noted between MPA
exposure and incidence of rejection within groups. Fur-
thermore, no correlation was observed between sirolimus
exposure and incidence of rejection, but this may have
been due to the small number of events and lack of

availability of exposure data in those patients making any
definitive correlation unfeasible.

In addition, to investigate the effect of CsA on MPA
enterohepatic recirculation, the mean AUC(4,12 h)
of MPA for each group was estimated for each
visit (Table 3). Within each group, the AUC(4,12 h) for
MPA was consistent over time. However, the AUC(4,
12 h) for MPA was markedly reduced in the presence
of CsA compared with sirolimus (ranging from 51
to 63% reduction). The mean AUC(0,4 h) of MPA
was also higher in the sirolimus group than the CsA
group at each time point (Table 3). The ratio of
AUC(0,4 h) : AUC(0,12 h) remained relatively constant
over time within each regimen.

MPAG
The pharmacokinetics of MPAG following administra-
tion of MMF in combination with sirolimus or CsA are
presented in Table 4. The median tmax was 2 h vs. 2–3 h
in the sirolimus and the CsA groups, respectively. In the
presence of CsA, the AUC(0,12 h) of MPAG was
increased by 27% at day 7, 28% at week 4, 25% at
month 3 and 52% at month 6 compared with the
sirolimus-treated group (Figure 1b). In addition, Cmin

and Cmax were higher in the presence of CsA.

Sirolimus
The average dose of sirolimus administered on the
morning of each visit was 7 � 3, 5 � 3, and 3 � 2 mg
for week 4, and months 3 and 6, respectively. Following
co-administration with MMF, concentrations of siroli-
mus increased over time post-transplant, reaching an
average dose-normalized Cmax between 62.4 and
85.7 ng ml-1 over the three visits, with a median tmax of
between 1.25 and 2.00 h (Table 5). The dose normalized
AUC(0,24 h) values for sirolimus ranged from 835 to
1100 ng ml-1 h over the three visits.

Despite the loading doses, target trough concentra-
tions were only achieved by 64.3% of patients at week 4
(average 17.3 � 11.1 ng ml-1), 69.2% of patients at
month 3 (average, 11.9 � 4.6 ng ml-1) and 59% of
patients at month 6 (average, 8.7 � 2.8 ng ml-1).

Efficacy
By 6 months post-transplant, the incidence of BPAR
or treatment failure was higher in the group receiv-
ing sirolimus compared with the group receiving
CsA (40.0% vs. 13.3% (including borderline)) and
36.7% vs. 0.0% (excluding borderline). In the sirolimus
group, 11 patients experienced BPAR (borderline n = 1;
grade I rejection, n = 6; grade IIa rejection, n = 3; grade
IIb rejection, n = 1), and three patients experienced
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Table 3
Pharmacokinetic parameters of MPA
(dose-normalized values)

MPA (mean (95% CI))
Sirolimus Ciclosporin

Day 7
tmax (h)a 0.68 (0.33–3.83) 1.25 (0.33–2.03)

n = 23 n = 12
Cmax (mg ml-1) 12.4 (10.7, 14.0) 7.08 (5.41, 8.75)

n = 23 n = 12
Cmin (mg ml-1) 2.73 (1.81, 3.66) 0.90 (0.73, 1.08)

n = 22 n = 12
AUC(0,12 h) (mg ml-1 h) 52.4 (42.4, 62.3) 25.2 (20.3, 30.0)

n = 23 n = 12
AUC(0,4 h) (mg ml-1 h) 25.4 (22.0, 28.9) 15.1 (12.2, 18.0)

n = 23 n = 12
AUC(4,12 h) (mg ml-1 h) 26.9 (19.4, 34.5) 10.1 (7.06, 13.1)

n = 23 n = 12
Week 4

tmax (h)a 1.21 (0.33–3.08) 1.31 (0.63–3.02)
n = 24 n = 14

Cmax (mg ml-1) 15.3 (12.2, 18.4) 8.17 (6.37, 9.97)
n = 24 n = 14

Cmin (mg ml-1) 2.86 (2.07, 3.66) 1.00 (0.69, 1.31)
n = 23 n = 13

AUC(0,12 h) (mg ml-1 h) 50.2 (42.1, 58.4) 28.2 (24.6, 31.8)
n = 23 n = 14

AUC(0,4 h) (mg ml-1 h) 28.8 (24.3, 33.3) 16.8 (13.9, 19.7)
n = 23 n = 12

AUC(4,12 h) (mg ml-1 h) 22.8 (17.4, 28.2) 11.4 (8.82, 14.0)
n = 23 n = 14

Month 3
tmax (h)a 0.68 (0.67–3.00) 1.25 (0.67–3.05)

n = 19 n = 14
Cmax (mg ml-1) 18.3 (13.8, 22.7) 11.8 (7.93, 15.6)

n = 19 n = 14
Cmin (mg ml-1) 4.16 (3.10, 5.22) 1.11 (0.89, 1.32)

n = 19 n = 14
AUC(0,12 h) (mg ml-1 h) 68.9 (54.3, 83.6) 34.4 (29.3, 39.6)

n = 19 n = 14
AUC(0,4 h) (mg ml-1 h) 36.8 (28.9, 44.8) 21.5 (16.7, 26.3)

n = 19 n = 14
AUC(4,12 h) (mg ml-1 h) 32.1 (23.6, 40.6) 12.9 (10.8, 15.0)

n = 19 n = 14
Month 6

tmax (h)a 0.67 (0.33–3.00) 1.25 (0.42–3.00)
n = 18 n = 14

Cmax (mg ml-1) 20.6 (14.4, 26.9) 16.3 (11.8, 20.8)
n = 18 n = 14

Cmin (mg ml-1) 3.93 (2.69, 5.17) 1.46 (0.99, 1.93)
n = 17 n = 14

AUC(0,12 h) (mg ml-1 h) 68.5 (54.9, 82.0) 40.4 (33.8, 47.0)
n = 17 n = 14

AUC(0,4 h) (mg ml-1 h) 37.4 (29.0, 45.9) 27.0 (22.2, 31.8)
n = 17 n = 14

AUC(4,12 h) (mg ml-1 h) 30.3 (23.8, 36.8) 13.4 (11.0, 15.8)
n = 17 n = 14

CI – Confidence interval; atmax is reported as median value and observed range.
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treatment failure. In contrast, only two patients in the
CsA group experienced BPAR (both borderline) and no
patients experienced treatment failure. All episodes of
BPAR and treatment failure occurred within the first
4 months post-transplant, with early acute rejection
(within the first 2 months) only occurring in the group
receiving sirolimus (n = 5). Except for the patient with
borderline rejection, all other patients with acute rejec-
tion in the sirolimus group received treatment for rejec-
tion, while only one of the two patients in the CsA group
received treatment. A total of four patients (all receiving
sirolimus) received anti-lymphocyte therapy as treat-
ment for rejection (either without first attempting ste-
roids (n = 1), simultaneously with steroids (n = 1),
simultaneously with steroids for the first rejection
episode and without steroids for the second episode
(n = 1), or not given on the first day postrejection [ste-
roids alone], then simultaneously with steroids on the
second day post-rejection (n = 1)).

Delayed graft function (DGF) was recorded for nine
patients (n = 7 (23.3%) in the sirolimus group; n = 2
(13.3%) in the CsA group) with three patients needing
dialysis (n = 2 and n = 1, respectively). One patient
(CsA group) required induction therapy and was
included in the rejection assessment. None of the
patients with DGF died, lost their graft, or experienced
chronic rejection during the study, and only two patients
with DGF (both in the sirolimus group) experienced
BPAR (at days 7 and 95). One patient had a renal biopsy
on day 2 post-transplant demonstrating mild interstitial
fibrosis, but this most likely reflected the condition of the
donor organ.

Patients in the sirolimus group had slightly better
renal function at 6 months post-transplant accord-
ing to serum creatinine values (1.2 � 0.4 vs. 1.5
� 0.3 mg dl-1, respectively) and calculated creatinine
clearances (82.7 � 24.4 vs. 77.8 � 15.1 ml min-1,
respectively) compared with the CsA group. Measured
GFR values for the two treatment groups were more
comparable (54.6 � 16.4 vs. 55.2 � 21.3 ml min-1

1.73 m-2, respectively). More patients had their renal
function evaluated at 6 months using serum creatinine or
calculated creatinine clearances (33 patients) than mea-
sured GFR (25 patients).

In the group receiving sirolimus, pre- and post-
rejection serum creatinine values were available for 10
patients. Five patients experienced a decrease in serum
creatinine concentrations post-rejection, and five
patients had an increase in serum creatinine concentra-
tions. The mean serum creatinine value was slightly
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lower following rejection (1.5 vs. 1.7 mg dl-1). Compari-
son with the CsA group was not possible, as only one
patient had matched pre- and post-rejection data (with
this patient experiencing a slightly higher serum creati-
nine concentration after rejection).

There were no graft losses during the first 6 months
after transplantation.

Safety
All adverse events with an overall incidence of >10%
which occurred up to 6 months post-transplant are listed

in Table 6. All 45 patients experienced >1 adverse event
by 6 months post-transplant with most events being
mild-to-moderate in intensity and considered unrelated
to daclizumab (98%), MMF (88%), sirolimus (74%) or
CsA (81%). The most common adverse events consid-
ered related to MMF were leukopenia and diarrhoea, and
these were more common in the sirolimus group.
Adverse events known to be associated with CsA use,
such as hypertension and tremors, were more common
in that group. Similarly, adverse events known to be
associated with sirolimus, such as anaemia, thrombocy-

Table 4
Pharmacokinetic parameters of MPAG
(dose-normalized values)

MPAG (MPA equivalent
units, mean (95%CI))
Sirolimus Ciclosporin

Day 7
tmax (h)a 2.0 (1.25–12.00) 3.0 (1.25–3.00)

n = 23 n = 12
Cmax (mg ml-1) 65.0 (57.1, 72.8) 82.8 (63.2, 102)

n = 23 n = 12
Cmin (mg ml-1) 36.9 (29.9, 43.9) 50.5 (34.1, 67.1)

n = 22 n = 12
AUC(0,12 h) (mg ml-1 h) 592 (511, 674) 775 (569, 980)

n = 22 n = 12
Week 4

tmax (h)a 2.0 (0.67–4.00) 3.0 (2.00–6.00)
n = 24 n = 14

Cmax (mg ml-1) 71.2 (47.7, 94.7) 73.3 (63.8, 82.8)
n = 24 n = 14

Cmin (mg ml-1) 34.7 (28.1, 41.3) 38.9 (31.5, 46.4)
n = 23 n = 13

AUC(0,12 h) (mg ml-1 h) 540 (463, 617) 658 (574, 742)
n = 23 n = 14

Month 3
tmax (h)a 2.0 (0.67–4.00) 3.0 (1.5–4.00)

n = 19 n = 14
Cmax (mg ml-1) 68.7 (57.7, 79.7) 75.5 (69.0, 82.0)

n = 19 n = 14
Cmin (mg ml-1) 33.4 (27.6, 39.4) 43.1 (35.1, 51.0)

n = 19 n = 14
AUC(0,12 h) (mg ml-1 h) 577 (474, 680) 705 (630, 781)

n = 19 n = 14
Month 6

tmax (h)a 2.0 (0.67–6.00) 2.0 (0.00–6.00)
n = 18 n = 14

Cmax (mg ml-1) 61.3 (52.1, 70.6) 80.6 (70.0, 91.5)
n = 18 n = 14

Cmin (mg ml-1) 28.1 (10.8, 35.3) 41.9 (32.8, 51.1)
n = 17 n = 14

AUC(0,12 h) (mg ml-1 h) 485 (402, 569) 722 (607, 838)
n = 17 n = 14

CI – Confidence interval; atmax is reported as median value and observed range.
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topenia, hyperlipidaemia, hypercholesterolaemia, and
pneumonia were more common in patients receiving
sirolimus. The proportion of patients who failed to
achieve primary closure of their surgical wound at
1 month post-transplant was higher in the sirolimus
group (37% vs. 13%). One patient in this group required
lymphocele intervention within the first 6 months post-
transplant. There was no correlation between these
events and the patients’ BMI.

Six patients experienced �1 opportunistic infection,
with an overall incidence of 17% (n = 5) in the sirolimus
group and 7% (n = 1) in the CsA group. The most fre-
quent opportunistic infection was candidiasis (4/30
patients in the sirolimus group (13.3%), either mucocu-
taneous (n = 3) or respiratory (n = 2) in nature. The next
most frequent opportunistic infections were CMV (2/30
(6.7%) vs. 1/15 (6.7%), sirolimus vs. CsA, respectively)
and herpes simplex (clinical diagnosis and pathology
confirmed; 1/30 (3.3%) vs. 0/15 (0%)).

A total of 23 patients (57% vs. 40%, sirolimus vs.
CsA, respectively) experienced �1 serious adverse
event during the study. The most common serious events
by body system were infections and infestations (par-
ticularly cytomegalovirus and candida infections),
which occurred in 23.3% and 6.7% of sirolimus and CsA
recipients, and renal and urinary disorders, which
occurred in 13.3% of patients in each treatment group.

The most common individual serious events (occurring
in at least two patients) were anaemia (n = 2 (7%)),
diarrhoea (n = 2 (7%)) and pyrexia (n = 2 (7%)), which
all occurred in the group receiving sirolimus. The major-
ity of serious adverse events were considered to be unre-
lated to daclizumab (100%), MMF (82%), sirolimus
(61%) and CsA (83%). Serious adverse events consid-
ered to be related to MMF were diarrhoea in two patients
and odynophagia, polyomavirus infection, anaemia and
pyrexia (each in one patient), all of which occurred in
patients in the sirolimus group. Events considered to be
related to sirolimus were diarrhoea in two patients and
odynophagia, polyomavirus infection, wound infection,
interstitial nephritis and urethral obstruction (each in one
patient). The one serious adverse event thought to be
related to CsA was therapeutic drug toxicity, manifested
by nephrotoxicity.

Five patients receiving sirolimus discontinued treat-
ment due to adverse events (Table 2). Two patients with-
drew from MMF (one due to leukopenia and one due to

Table 5
Pharmacokinetic parameters of sirolimus
(dose-normalized values)

Visit Values mean (95%CI)

Week 4
tmax (h)a (n = 15) 1.25 (0.67–6.00)
Cmax (mg ml-1) (n = 15) 62.4 (45.2, 79.7)
Cmin (mg ml-1) (n = 14) 25.0 (18.9, 31.2)
AUC(0,12 h) (mg ml-1 h) (n = 14) 835 (632, 1037)

Month 3
tmax (h)a (n = 13) 2.00 (1.25–6.00)
Cmax (mg ml-1) (n = 13) 85.7 (66.9, 105)
Cmin (mg ml-1) (n = 13) 32.5 (22.8, 42.2)
AUC(0,12 h) (mg ml-1 h) (n = 13) 1078 (870, 1285)

Month 6
tmax (h)a (n = 18) 2.00 (0.67–4.00)
Cmax (mg ml-1) (n = 18) 85.2 (62.5, 108)
Cmin (mg ml-1) (n = 17) 31.8 (23.0, 40.8)
AUC(0,12 h) (mg ml-1 h) (n = 17) 1100 (820, 1381)

CI – Confidence interval; atmax is reported as median value
and observed range.

Table 6
Adverse events occurring up to 6 months post-transplant
(overall incidence >10%), safety population

Adverse event
n (%)

Sirolimus
(n = 30)

Ciclosporin
(n = 30)

Peripheral oedema 17 (56.7) 7 (46.7)
Anaemia 16 (53.3) 1 (6.7)
Diarrhoea 16 (53.3) –
Constipation 14 (46.7) 9 (60.0)
Hyperlipidaemia 14 (46.7) 6 (40.0)
Incision site complication 12 (40.0) 3 (20.0)
Hypertension 11 (36.7) 8 (53.3)
Leukopenia 11 (36.7) 2 (13.3)
Headache 10 (33.3) 3 (20.0)
Tremor 3 (10.0) 7 (46.7)
Insomnia 7 (23.3) 2 (13.3)
Pruritis 7 (23.3) 1 (6.7)
Pyrexia 7 (23.3) 1 (6.7)
Hypophosphataemia 6 (20.0) 2 (13.3)
Acne 6 (20.0) 1 (6.7)
Hypokalaemia 6 (20.0) 1 (6.7)
Pharyngolaryngeal pain 6 (20.0) 1 (6.7)
Impaired healing 6 (20.0) –
Hyperglycaemia 4 (13.3) 3 (20.0)
Dysuria 4 (13.3) 3 (20.0)
Dyspepsia 4 (13.3) 3 (20.0)
Fatigue 4 (13.3) 1 (6.7)
Oedema 4 (13.3) 1 (6.7)
Dyspnea 3 (10.0) 4 (26.7)
Vomiting 3 (10.0) 3 (20.0)
Fluid overload 3 (10.0) 2 (13.3)

Pharmacokinetics of MMF with CsA or sirolimus
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diarrhoea). Two other patients withdrew from sirolimus
(one due to wound dehiscence, and one due to interstitial
nephritis and renal tubular necrosis), and one patient
withdrew from MMF and sirolimus (due to polyomavi-
rus infection).

The most frequent marked laboratory abnormalities
were hypophosphataemia, erythropaenia and lympho-
paenia, and these were consistently higher in the group
receiving sirolimus. The incidence of marked thromb-
ocytopenia was also higher in the group receiving siroli-
mus (23% vs. 0%). However, the incidence of laboratory
events associated with CsA use (nephrotoxicity and
hyperuricaemia) was comparable between the two treat-
ment groups (n = 1 for both groups). No changes
occurred in any other laboratory parameter.

No malignancies were reported up to 6 months post-
transplant, and there were no deaths during the study.

Discussion
The present study has shown that, compared with CsA,
the concomitant use of sirolimus with MMF results in
increased exposure to MPA and decreased exposure to
MPAG in renal transplant patients.

Exposure to MPA in renal transplant recipients was
reduced by 39–50% in the presence of CsA compared
with sirolimus, while exposure to MPAG was increased
in patients receiving CsA. The reduced exposure to MPA
in the presence of CsA agrees with recently published
data [20–22]. In 30 renal transplant patients, exposure to
MMF and CsA resulted in a reduction of 30–50% in
MPA exposure compared with patients receiving siroli-
mus, even though patients received similar amounts of
MMF [20]. Similarly, in a 12-month study by Cattaneo
et al. (n = 21) [22], which was published after the
completion of the current study, with a relatively low
MMF dose (500 mg twice daily), the mean MPA
AUC(0,12 h) was reduced in the CsA group by a similar
degree to that observed in the current study (sirolimus
group to CsA group ratio of 1.5) [22]. A possible expla-
nation is that a drug–drug interaction could occur
between MMF and CsA [23–27]. Indeed, it is hypoth-
esized that CsA inhibits or interferes with the enterohe-
patic recycling of MPA by inhibiting excretion of MPAG
into the bile. This reduces the amount of MPAG avail-
able for conversion back to MPA in the gut, and subse-
quent MPA reabsorption. CsA is a known inhibitor of the
bile salt pump (BSep) [28] and the multidrug resistance
protein 2 pump (Mrp2) [29–31], either of which could
be responsible for transport of MPAG from hepatocytes
into the bile. The net effect of inhibition of either mecha-
nism would be an increased concentration of MPAG,
and a decreased concentration of MPA, in the blood.

Interestingly, this hypothesis is validated by a compari-
son made between the ratio of AUC(4,12 h) to
AUC(0,12 h) for both groups, in which the ratios were
consistently higher for the sirolimus compared with the
cyclosporin group. This highlights the reduction of MPA
enterohepatic recycling during 4–12 h post-transplant
period in patients receiving CsA. The AUC(0,4 h) and
AUC(0,4 h) to AUC(0,12 h) ratio indicated that the early
post-dose effect of CsA on the overall MPA exposure
was slightly higher than that of sirolimus. However, as
expected, the magnitude of the partial MPA AUC also
increased over time after transplantation similar to that
of the overall MPA AUC. As a consequence of the
reduced enterohepatic recycling, it was noted that
patients receiving CsA had exposures of MPA that were
below those recommended (30 mg ml-1 h) [32] for the
first 4 weeks. Based on these data, it may be reasonable
to suggest that patients receiving CsA start on a dose of
3 g day-1 of MMF for the first month and include routine
monitoring of MPA exposures (AUC(0,12 h)) within
this period, to ensure adequate protection against acute
rejection and reduce the incidence of adverse event to a
minimum. However, this regimen would have to be
studied further in future, well-designed, clinical trials.

The target concentrations of sirolimus used within the
present study were based upon previous data obtained
from kidney transplant recipients [13, 14]. While not all
patients reached target, the resulting sirolimus trough
concentrations were similar to those that have previously
been published in kidney transplant recipients receiving
CsA, sirolimus and corticosteroids alone (8–13 ng ml-1)
[33]. In contrast to patients receiving CsA, patients
receiving sirolimus reached recommended concentra-
tion of MPA. Furthermore calculation of the ratios of
MPA trough concentrations to AUC(0,12 h) for both
groups showed that values were consistently higher in
the sirolimus group (data not shown), indicating that, for
equivalent exposures, higher MPA trough concentrations
should be expected in patients treated with sirolimus.

Overall, these data indicate that a better understanding
of the relationships between the pharmacokinetics and
pharmacodynamics of sirolimus and MMF are needed
when they are used in combination.

The acute rejection rate for patients receiving siroli-
mus in this multicentre study (40%) was greater than
that observed by Kreis et al. (28%) or Flechner et al.
(7%) [13, 14]. The reasons for the higher rate of rejec-
tion in the sirolimus arm of the current study are unclear
as the study was well matched to the other studies with
respect to treatment regimens and the demographics of
both recipients and donors. However, the present study
had fewer patients than these previous studies (n = 78
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for Kreis et al. [14], n = 61 for Flechner et al. [13]),
although the number of patients in the sirolimus arms
were similar (n = 30, 30 and 40 for the current study,
Flechner et al. [13] and Kreis et al. [14] respectively).
Furthermore, our study was also a multicentre study, as
opposed to a single centre study, and so could have
included more variables that might have affected patient
response. The present study also used lower steroid
doses in the immediate postoperative period (approxi-
mately 400 mg steroids intraoperatively, 60 mg by day 4
and up to 37 mg by day 7) compared with Kreis et al.
(500 mg of methylprednisolone intraoperatively fol-
lowed by 200 mg of either prednisolone or prednisone
tapered to 30 mg by day 7), or Flechner et al. (500 mg of
methylprednisolone for 3 days, then prednisone 120 mg
tapered to 30 mg by day 8). Either of these factors may
have contributed to the higher incidence of acute rejec-
tion in this study. In this study, we were not able to show
a definitive correlation between sirolimus exposure and
rejection. This was due to the low number of acute
rejections and lack of availability of sirolimus pharma-
cokinetics in the majority of the patients which did not
allow for a detailed analysis to be performed. In the trial
by Kreis et al. [14], there were no significant differences
in the mean trough concentrations of sirolimus between
rejectors and nonrejectors in the first 2 months after
transplantation.

Patients receiving CsA experienced a higher inci-
dence of events known to be related to CsA use, includ-
ing hypertension, tremors and hirsutism. The long-term
use of CsA is also associated with progressive renal
toxicity, which can ultimately lead to chronic rejection
and graft loss [3]. Although there was little evidence of
renal toxicity in the present study, and no episodes of
chronic rejection or graft loss, the length of the study
(6 months) may have been too short to draw any conclu-
sions regarding the effect of CsA vs. sirolimus on long-
term renal function. In addition, the study was probably
too small to detect such differences. Compared with
patients on CsA, those who received sirolimus experi-
enced a higher incidence of failure to achieve primary
closure of the surgical wound by 1 month post-
transplant, lymphocele requiring intervention by
6 months post-transplant, thrombocytopenia and hyper-
lipidaemia, events known to be associated with siroli-
mus use [34, 35]. The effect of sirolimus on wound
closure has been previously noted [36, 37], and while no
concentration-related effect on wound closure has been
observed with sirolimus, it is possible that the high
loading dose used in the present study may have exac-
erbated this effect. In addition, while none of the patients
in the CsA arm experienced diarrhoea, 53% of those in

the sirolimus arm reported this adverse event. This may
be due to a combination of the effects of sirolimus and
increased MPA exposure in the sirolimus group. A
higher proportion of patients in the sirolimus arm also
experienced adverse events which led to study drug dis-
continuation (17% vs. 0%) or dose modification or inter-
ruption (70% vs. 33%).

In summary, the use of sirolimus in combination with
MMF, daclizumab and steroids, resulted in increased
MPA exposure and decreased MPAG exposures when
compared with CsA. While rejection rates in the siroli-
mus arm were higher in the current study than reported
elsewhere, the total enrolment was too small to make
any definitive conclusion on efficacy or safety. Never-
theless, the rejection rates, in addition to the adverse
event profile, in the sirolimus arm are such that the
regimen of sirolimus, MMF, daclizumab and corticos-
teroids, as administered in this study, could not be gen-
erally recommended. There are large, randomized,
multicentre studies in progress that are investigating the
effectiveness of this combination, and more definitive
recommendations await their conclusion.

Funding for this study was provided by F. Hoffmann-La
Roche Ltd, Basel, Switzerland. We would like to thank
Dr Richard Mamelok for critically reading the manu-
script and Dr Richard Glover for editorial assistance.
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