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ABSTRACT

Background: Sirolimus is a novel macrocyclic antibiotic that has an immunosuppres-
sive mechanism of action distinct from that of cyclosporine and tacrolimus.

Objective: The objective of this report is to provide an overview of the clinical devel-
opment of sirolimus with emphasis on the mechanism of immunosuppressive activity,
prevention of acute renal allograft rejection, clinical pharmacokinetics, concentration-
effect relationships, and therapeutic drug monitoring (TDM).

Results: Pharmacokinetic studies in adult renal transplant patients have shown that
sirolimus may be characterized as a drug with rapid absorption (t,, = | to 2 hours), low sys-
temic availability (F = 14%), linear dose proportionality (2 to 24 mg), extensive partitioning
into formed blood elements (B/P = 36), large apparent volume of distribution (1.7 L/kg), pro-
longed terminal half-life (62 hours), and large intersubject (CV = 52%}) and intrasubject (CV
= 26%) variability in oral-dose clearance. Results from phase 11l pivotal trials showed that
sirolimus (2 or 5 mg/d) reduced acute renal graft rejection (generally, P < 0.01) without
TDM. Although TDM may not be required for a regimen consisting of full-dose cyclosporine
and corticosteroids with sirolimus 2 mg/d (4 hours after cyclosporine), it may be warranted
in patients (1) with hepatic impairment, (2) who are young children, (3) who are receiving
concurrent doses of strong CYP3A/p-glycoprotein inhibitors or inducers, (4) in whom cy-
closporine dosing is markedly reduced or discontinued, and (5) who are at a high risk for re-
jection. A whole-blood sirolimus therapeutic window of 5 to 15 ng/mL (measured by mi-
croparticle enzyme immunoassay) is recommended for patients at standard risk of rejection.
The large intrapatient variability observed in trough sirolimus concentrations indicates that
dose adjustments should be optimally based on more than a single trough sample. Because
of the time required to reach steady state, sirolimus dose adjustments would optimally be
based on trough levels obtained =5 to 7 days after a dose change.

Conclusions: The effective use of sirolimus in an immunosuppressive regimen for the pre-
vention of acute renal allograft rejection requires an understanding of the drug’s clinical phar-
macokinetics, concentration/adverse-effect relationship, concentration-efficacy relationship,
and TDM.
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INTRODUCTION

Sirolimus” is a novel macrocyclic antibi-
otic that was isolated from soil collected
on Rapa Nui (Easter Island).!? The drug is
a fermentation product of the actinomycete
Streptomyces hygroscopicus and was orig-
inally shown to exhibit antifungal, antitu-
mor, and immunosuppressive activity in
animal models.> More recently, sirolimus
has been developed for the prophylaxis of
acute rejection in renal transplant patients.
Approval for this indication was obtained
from the US Food and Drug Administra-
tion in 1999 based on dose-controlled tri-
als in renal transplant patients.

The present report provides an
overview of the clinical development of
sirolimus, with emphasis on (1) mecha-
nism of immunosuppressive activity; (2)
prevention of acute rejection in renal al-
lograft patients; (3) clinical pharmacoki-
netics in healthy volunteers and renal al-
lograft patients; (4) concentration-effect
relationships in renal allograft patients;
and (5) the utility of therapeutic drug mon-
itoring (TDM).

MECHANISM OF ACTION

Sirolimus is a potent immunosuppressive
agent whose mechanism of action differs
from that of calcineurin-inhibiting agents
such as cyclosporine and tacrolimus.* A
lipophilic macrocyclic lactone, sirolimus
contains a 31-membered macrolide ring
(C5H,4NO,,), the chemical structure of
which has been confirmed by its complete
organic synthesis.? Sirolimus modulates
the immune response by inhibiting the ac-
tivity of a regulatory protein critical to the
coordination of events required for cells
to move from the G, to the S phase of the
cell cycle.® The mechanism of sirolimus
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is unique in that this regulatory protein is
not targeted by cyclosporine or other
agents currently used in transplantation.
Cyclosporine and tacrolimus achieve their
effects by inhibiting calcineurin and re-
ducing interleukin-2 (IL-2) expression;
sirolimus inhibits [L-2-mediated signal
transduction but has no effect on cal-
cineurin activity.*

The macrocyclic immunosuppressive
agents sirolimus, cyclosporine, and tacro-
limus bind to specific cytosolic proteins
(immunophilins) to achieve their im-
munosuppressive activity.” The com-
plexes of cyclosporine and tacrolimus,
with their respective immunophilins (cy-
clophilin and FK-binding protein), inhibit
calcineurin, a Ca?*/calmodulin-dependent
serine/threonine phosphatase required for
production of 1L-2 and early activation of
T lymphocytes (ie, the transition from the
G, to G, phase of the cell cycle).
Sirolimus also binds to FK-binding pro-
tein, but unlike the tacrolimus/FK-bind-
ing protein complex, the sirolimus/FK-
binding protein complex has no effect on
calcineurin activity.” Rather, this com-
plex binds to a specific cell-cycle-regula-
tory protein called mTOR (the mam-
malian target of rapamycin) and inhibits
its activation.® Inhibition of mTOR sup-
presses cytokine-driven (IL-2, IL-4, and
IL-15) T-lymphocyte proliferation, in-
hibiting the progression from the G, to
the S phase of the cell cycle.”

The immunosuppressive effect of
sirolimus is synergistic with that of cy-
closporine both in vitro and in vivo, and
has an adverse-effect profile that largely
differs from that of other immunosup-
pressive agents. Because sirolimus and

“Trademark: Rapamune® (Wyeth-Ayerst Laborato-
ries, Philadelphia. Pennsylvania).
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cyclosporine have synergistic immuno-
suppressive properties and different ad-
verse-effect profiles, they can be com-
bined in an immunosuppressive regimen.

PRECLINICAL DATA

In mice, rats, rabbits, pigs, and primates,
sirolimus has been shown to prolong sur-
vival after organ grafts,!” and in some
models, to induce tolerance. Little toxicity
has been noted at immunosuppressive
doses, except for a species-specific toxic-
ity in dogs involving gastrointestinal le-
sions and vasculitis extending throughout
the gastrointestinal tract. Studies in pigs
revealed that at sirolimus blood levels of
7 to 8 ng/mL, renal allografts survived af-
ter cessation of sirolimus treatment.'?

CLINICAL STUDIES

Phase H Pilot Studies

In phase Il multicenter clinical trials,
sirolimus was effective in preventing
acute rejection when used with cyclo-
sporine or as primary immunosuppressive
therapy. The first of 3 phase II trials'!
demonstrated that prophylactic treatment
of cadaveric or living-unrelated, primary
renal allograft recipients with full-dose
cyclosporine and corticosteroids and
fixed-dose sirolimus significantly reduced
the incidence of the first biopsy-confirmed
acute rejection episode over 6 months
compared with full-dose cyclosporine and
corticosteroids plus placebo (P = 0.018).
Patients receiving full-dose cyclosporine
had target cyclosporine concentrations of
200 to 350 ng/mL. during month 1, 200 to
300 ng/mL during months 2 and 3, and
150 to 250 ng/mL during months 4 to 12.
Sirolimus also was effective with reduced-

dose cyclosporine in nonblack patients.
Patients receiving reduced-dose cy-
closporine had target cyclosporine con-
centrations of 100 to 175 ng/mL during
month 1, 100 to 150 ng/mL during months
2 and 3, and 75 to 125 ng/mL during
months 4 to 12.

The second phase 1l study conducted in
renal transplant recipients'> was an open-
label, concentration-controlled assessment
of sirolimus versus cyclosporine, with con-
comitant administration of azathioprine
and corticosteroids in both treatments. The
third phase II study conducted in renal
transplant recipients'? was also concentra-
tion-controlled and compared sirolimus
with cyclosporine during concomitant ad-
ministration of mycophenolate mofetil and
corticosteroids in both treatments. In the
latter 2 phase II trials comparing sirolimus
with cyclosporine,'>!? the incidences of
biopsy-proven acute rejection episodes
(over 12 months), as well as graft and pa-
tient survival, were similar between treat-
ments within studies. The safety profiles
of the cyclosporine- and sirolimus-treated
groups were different, however, and
sirolimus-treated patients exhibited a trend
toward better renal function (ie, 13% lower
serum creatinine level, 17% higher
glomerular filtration rate, and 22% lower
uric acid level over | year in the second
trial'?).

Phase III Clinical Trials

Two phase III multicenter clinical tri-
als!*!5 have shown that sirolimus 2 or 5
mg/d plus cyclosporine and corticoste-
roids significantly reduced the incidence
of acute rejection (over 6 months) com-
pared with regimens consisting of either
cyclosporine plus corticosteroids (2 mg,
P = 0.076; 5 mg, P = 0.001)"* or cy-
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closporine, azathioprine plus corticoste-
roids (2 mg, P <0.01; 5 mg, P <0.001)."3
Based on these resuits, a loading dose of
6 mg on day 1 followed by a maintenance
dose of 2 mg once daily is the recom-
mended sirolimus regimen for most adult
renal transplant patients.

PHARMACOKINETIC STUDIES

The pharmacokinetic characteristics of
sirolimus, administered as an oral solution,
have been studied in various populations,
including healthy subjects,'® pediatric pa-
tients undergoing dialysis,!” patients with
hepatic impairment,!® and stable/de novo
renal transplant recipients receiving oral
cyclosporine and corticosteroids.'$-24

Absorption

Sirolimus is absorbed rapidly; mean
peak whole-blood sirolimus concentra-
tions (C_ ) occur ~1 hour after adminis-
tration of single doses'® and 2 hours after
multiple doses?” in stable renal transplant
patients. The systemic availability (F) of
sirolimus is ~14%.2® The low bioavail-
ability of sirolimus after oral administra-
tion can be attributed to extensive intesti-
nal® and hepatic?® metabolism by the
cytochrome P-450 (CYP) 3A enzyme
family and to countertransport by the mul-
tidrug efflux pump p-glycoprotein in the
intestine.2?7 Linear dose proportionality,
after single oral doses, has been observed
in both healthy adult subjects (0.5-17
mg)'® and renal allograft patients (2-24
mg).!718 In 22 healthy adult subjects re-
ceiving sirolimus and a high-fat breakfast
(54.7% fat), CleX was decreased 34%,
time to peak concentration (T ) Was in-
creased 3.5-fold, and total exposure (area
under the curve [AUC]) was increased
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35% compared with fasting values.?® To
minimize variability, sirolimus should be
administered consistently with or without
food.*

Distribution

Sirolimus is partitioned extensively into
formed blood elements, as shown by a
mean whole blood—plasma ratio of ~36 in
renal allograft patients.'®!® The free frac-
tion in plasma is ~8%,'® with 40% of
sirolimus associated with lipoproteins and
60% associated with lipoprotein-free
plasma.?® After multiple-dose administra-
tion in stable renal allograft patients, the
mean oral-dose apparent steady-state vol-
ume of distribution (V _/F) of whole-blood
sirolimus was ~12 L/kg.?’ After correc-
tion for systemic availability (F = 0.14),
the apparent volume of distribution in re-
nal allograft patients is ~1.7 L/kg.

Elimination

Sirolimus undergoes extensive oxida-
tive metabolism after incubation with hu-
man liver microsomes to yield multiple
demethylated, monohydroxylated, dihy-
droxylated, and didemethylated metabo-
lites.?® Many of the same metabolites have
also been observed in the whole blood of
renal allograft patients receiving multiple
concomitant oral doses of sirolimus, cy-
closporine, and corticosteroids. The im-
munosuppressive activity of the sirolimus
metabolites is low. Based on a human lym-
phocyte proliferation assay,’’ hydroxy-
lated sirolimus and demethylated siro-
limus show ~7% and 10%, respectively,
of the activity of sirolimus. After a single
oral dose of carbon 14-labeled sirolimus
in healthy volunteers, little radioactivity
was excreted in urine (2.2%), and 90%
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of the radioactivity was recovered from
feces. 2432

After multiple-dose administration in
stable renal allograft patients, the mean
terminal elimination half-life (t,,) of
sirolimus was ~62 hours, and the mean
oral-dose clearance (CI/F) was ~210 mL/h
per kg (range, 90-416 mL/h per kg).20

Effect of Patient Characteristics

Sirolimus pharmacokinetics were com-
pared in 18 subjects with normal hepatic
function and 18 patients with hepatic im-
pairment of Child-Pugh classification A
or B.1824 The absorption rate (C_, and
T,,..) was not altered by hepatic diseasc,
but total exposure (AUC) increased by
61% and weight-normalized Cl/F de-
creased by 33%. The standard oral dose
of sirolimus should thus be decreased by
one third and whole-blood sirolimus con-
centrations monitored in patients with he-
patic impairment.

The effect of sex on the pharmacoki-
netic parameters of sirolimus was studied
using data from 575 subjects.'® Based on
a 2-stage population analysis, mean ¢,
was 15% lower and mean weight-adjusted
Cl/F was 12% higher in females (n = 121)
compared with males (n = 454). These
differences are not expected to be clini-
cally significant.

The effect of age on the pharmacoki-
netic characteristics of sirolimus in adults
could not be determined, because clinical
studies have not included a sufficient
number of patients aged >65 years. How-

years were similar to those in patients
aged 18 to 65 years (n = 822).2* Similarly,
phase III clinical studies did not include
patients aged <13 years.

However, in an ascending dose toler-
ance study in 20 pediatric patients (aged
5-18 years) receiving dialysis,'” doses
ranged from 1 to 15 mg/m?. No signifi-
cant differences with respect to age were
observed in dose-normalized C__ (P =
0.34) or t,,, (P = 0.45), but weight-not-
malized CI/F was significantly greater in
patients aged 5 to 11 years (P = 0.022).
Because younger pediatric patients may
require higher doses than older pediatric
patients, sirolimus doses should be based
on mg/m? and whole-blood sirolimus con-
centration monitored.?*

Drug Interactions

Because sirolimus is a known substrate
for the CYP3A-metabolizing enzymes?326
and p-glycoprotein,??’ most investiga-
tions have been concerned with delineat-
ing the potential for interaction between
sirolimus and other drugs that interact
with these 2 proteins. Figure 1 shows com-
parative mean (+ SD) sirolimus exposures
(AUC) when sirolimus is given alone or
with 9 potentially interacting drugs.'®

No clinically significant effects on the
pharmacokinetic characteristics of siro-
limus were observed after concomitant
administration of sirolimus with acyclo-
vir, glyburide, digoxin, nifedipine, or
norgestrel/ethinyl estradiol. For each of
these concomitant drugs, the 90% Cls of
the geometric least squares (GLS) mean
ratio (reference was sirolimus alone) for
the pharmacokinetic parameters of
sirolimus (C T AUC, and

max’ max’ tl/2’

almost all instances. The Cls of the param-
eters that occasionally fell outside the
bioequivalence window were small and
not considered to be clinically significant.
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Figure 1. Effect of concomitant drugs on sirolimus exposure.!® Data were obtained from
studies with a cross-over design conducted in healthy volunteers (N = 18; ex-
cept rifampin, N = 16). Arrows indicate statistically significant changes.

Similarly, there appeared to be no
clinically significant pharmacokinetic
interactions when prednisone?? and
trimethoprim/sulfamethoxazole®* were
coadministered with sirolimus in renal
transplant patients. Although exposure to
prednisolone (the major metabolite of
prednisone) tended to increase with in-
creasing sirolimus exposure (N =25; slope
=0.0003; P = 0.046) over 14 days of con-
comitant administration, this analysis was
based on sparse values for the AUC at
steady state (AUC,) of sirolimus in the
upper range (n = 7, 500-1500 ng-h/mL)
compared with the lower range (n = 18,
<500 ng-h/mL).>* A single concomitant
dose of trimethoprim/sulfamethoxazole
produced no statistically significant ef-
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fects on sirolimus C (P =0.45), T
(P =0.28), or AUC from zero to 24 hours
(P =0.41) in 16 de novo renal transplant
patients.™

However, clinically significant changes
in the pharmacokinetic characteristics of
sirolimus were observed after concomitant
administration of sirolimus with diltiazem,
ketoconazole, rifampin, and cyclosporine
soft gelatin capsules. In the case of each
of these drugs, the 90% Cls of the GLS
mean ratios for sirolimus pharmacokinetic
parameters (C_ ., AUC, and weight-nor-
malized CI/F) fell outside the bioequiva-
lence window. As shown in Figure 1, the
extent of absorption of sirolimus (AUC)
was significantly increased by diltiazem
(60% increase, P <0.001), ketoconazole
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(990%, P < 0.001), and cyclosporine
(80%, P < 0.001, with sirolimus adminis-
tered 4 hours after cyclosporine). Rifampin
significantly decreased sirolimus exposure
by 82% (P < 0.001).

Studies in healthy adult subjects'® and
in stable adult renal transplant patients re-
ceiving individualized doses of sirolimus,
cyclosporine, and corticosteroids’®> have
shown that the timing of administration of
sirolimus oral solution and cyclosporine
soft gelatin capsules affects the degree of
change in the pharmacokinetic character-
istics of sirolimus. Sirolimus exposure in-
creased ~50% after simultaneous admin-
istration compared with the results when
sirolimus was administered 4 hours after
cyclosporine.

Based on the results of drug-interaction
studies, whole-blood sirolimus concentra-
tions should be monitored if (1) strong in-
hibitors/inducers of CYP3A and p-glyco-
protein are introduced or discontinued,
(2) doses of cyclosporine are reduced
markedly or discontinued, or (3) the rela-
tive timing of the administration of
sirolimus and cyclosporine doses changes
markedly.?*

Sirolimus has not been shown to pro-
duce a clinically significant change in the
pharmacokinetic characteristics of any of
the 9 drugs discussed earlier, based on
dosing for <2 weeks.

Pharmacokinetic Characteristics of
Sirolimus and Dosing Regimens

The long t,, of sirolimus in whole
blood suggests that once-daily dosing may
be adequate for oral therapy. Similarly,
the mean 2.5-fold accumulation of whole-
blood trough sirolimus concentrations
over ~6 days suggests the need for a load-
ing dose (~3 times the maintenance dose)

at the onset of therapy.?’ Results from the
pivotal phase III clinical trials'*'> support
these predictions concerning dosing inter-
val and loading dose.

Good linear correlations have been ob-
served between AUC  over a dose inter-
val and trough concentrations (C_; )
during the dose interval, suggesting that
Ciinss values could be used instead of
AUC, determinations to adjust the dose
in individual patients.?*3637 The correla-
tions tended to be stronger when blood
samples were drawn 24 hours after con-
trolled dose administration (r? = .95 when
patients were dosed at the clinical site)
than when trough levels were obtained af-
ter uncontrolled dose administration (r* =
88 when patients dosed themselves nom-
inally 24 hours before a morning blood
draw at the clinical site). Furthermore, the
95% prediction interval about the regres-
sion line was typically large (~ +£3 ng/mL),
indicating that dose adjustments based on
single trough determinations in individual
patients may involve uncertainty.?’

Pharmacokinetic Characteristics in
Renal Transplant Patients during Phase
I Pivotal Trials

Whole-blood concentration-time data
for sirolimus and cyclosporine were ob-
tained from first cadaveric, living-unre-
lated, or living-related donor renal allo-
graft patients in 2 phase III multicenter,
randomized, double-blind trials (trials
30115:18:37 and 302'%'838) In trial 301,
707 adult patients (aged 19-79 years) and
12 pediatric patients (aged 13—18 years)
were randomly assigned to receive
sirolimus 2 mg/d, sirolimus 5 mg/d, or
azathioprine 3 mg/kg per day. In trial 302,
573 adult patients (aged 1971 years) and
3 pediatric patients (aged 15-18 years)
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were randomly assigned to receive
sirolimus 2 mg/d, sirolimus 5 mg/d, or
placebo. Patients who received sirolimus
received a loading dose that was 3 times
the maintenance dose. All patients in these
2 trials received cyclosporine soft gelatin
capsules and corticosteroids 4 hours be-
fore administration of sirolimus. Target
whole-blood cyclosporine concentrations
were 200 to 350 ng/mL (month 1), 200 to
300 ng/mL (months 2 and 3), and 150 to
250 ng/mL (months 4 to 12) during trial
301. The same target cyclosporine con-
centrations were applied in trial 302, with
the exception of month 1, during which
target concentrations were 200 to 400
ng/mL. In a subset of patients from trial
301, the pharmacokinetic characteristics
of whole-blood sirolimus (n = 23) and cy-
closporine (n = 24) were investigated at
the end of months 1, 3, and 6. Whole-
blood trough sirolimus and cyclosporine
concentrations were monitored periodi-
cally over 6 months in both trials.

The pharmacokinetic parameters and
trough concentrations of cyclosporine
were determined using the commercial
TDx® Cyclosporine Monoclonal Whole
Blood Assay (Abbott Laboratories, Ab-
bott Park, Illinois). The pharmacokinetic
parameters of whole-blood sirolimus were
determined using a validated high-perfor-
mance liquid chromatography-mass spec-
trometry (HPLC-MS) assay, and whole-
blood sirolimus trough concentrations
were determined using an investigational
microparticle enzyme immunoassay
(MEIA)." %

In trial 301, a statistical analysis of the
data using an analysis of variance
(ANOVA) model (PROC GLM, SAS®

“Trademark: IMx® (Abbott Laboratories, Abbott Park,
Hlinois).
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version 6.12, SAS Institute, Cary, North
Carolina®®) that included terms for treat-
ment (2 vs 5 mg), race (black vs non-
black), and month (1 vs 3 vs 6) found no
statistically significant differences in any
of the whole-blood sirolimus pharmaco-
kinetic parameters (T, dose-normalized
C,..x and AUC, and weight-normalized
CVF) (P >0.05 for all comparisons). How-
ever, the variabilities between treatment
groups were large, and the sirolimus CI/F
showed mean intersubject and intrasub-
ject percentage coefficients of variation
(CVs) of 52% and 26%, respectively.

In trial 301, dose-normalized sirolimus
C,,, values were significantly different by
treatment (P = 0.05), and the 2- and 5-mg/d
doses were slightly less than dose propor-
tional (the ratio was 2.01 instead of 2.50).
The sirolimus C_. = values for blacks and
nonblacks were nearly identical in the 2
treatment groups. In trial 302, dose-nor-
malized C_, values for the 2 dose groups
were not significantly different, but the
mean values were slightly less than dose
proportional (the ratio was 2.14). The mean
C,.;, values for blacks and nonblacks were
similar. In both trials, actual and dose-nor-
malized mean sirolimus C_. = values exhib-
ited steady-state plateaus over | to 6 months
after administration of sirolimus 2 or 5
mg/d. The ranges in C_, for the 2- and 5-
mg/d doses overlapped in the 2 trials.

Table | summarizes the mean (range)
values of the mean trough whole-blood
sirolimus concentrations (Cmm) over 6
months in renal allograft patients receiv-
ing sirolimus 2 or 5 mg/d in these 2 trials.
Figure 2 shows the distribution of patients
according to sirolimus concentration in-
tervals for both trials.*!

The overlap in whole-blood sirolimus
concentrations over a 2.5-fold dose range
can be attributed to the inherently large



A. MACDONALD ET AL.

Table 1. Mean + SD (range) values of trough whole-blood sirolimus concentrations (C

min)

over 6 months in renal allograft patients.'®

. Trial 301
Sirolimus ra

Trial 302

Dose (mg/d) No. of Patients

Trough (ng/mL)"

No. of Patients Trough (ng/mL)”

2 226 8.59 £4.01 (2.43-26.70) 212 8.06 £ 4.03 (2.34-31.30)
5 219 17.30 = 7.35 (4.85-49.90) 206 17.30 + 8.20 (5.95-50.90)
*Measured using an investigational microparticle enzyme immunoassay’” (IMx®, Abbott Laboratories, Abbott
Park, Illinois).
1204 A
110
] 0 2 mg/d (n = 438)
100 = 5 mg/d (n = 425)
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Whole-Blood Sirolimus Concentration Range (ng/mL)

Figure 2. Distribution of patients according to sirolimus concentration intervals, as mea-

sured with an investigational microparticle enzyme immunoassay* (IMx®, Ab-
bott Laboratories, Abbott Park, Illinois) after 2- and 5-mg/d doses (trials 301

and 302 combined).*!

interpatient variability in CYP3A4 and p-
glycoprotein levels in the intestine. In 25
stable renal allograft patients receiving
cyclosporine, enterocyte CYP3A4 levels
varied 9.4-fold, and enterocyte p-glyco-
protein levels varied 8.5-fold.*> The cor-
responding weight-adjusted oral dose
clearance of cyclosporine in these patients

varied 4.4-fold (570-2480 mL/h/kg),
compared with a 4.6-fold variability
(90—416 ml/h/kg) in sirolimus oral dose
clearance in 40 stable renal transplant pa-
tients receiving concomitant doses of cy-
closporine and corticosteroids.?

In trial 301, the dose-normalized AUC of
cyclosporine was significantly different (P
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= 0.008) and the weight-normalized CI/F
was significantly decreased (P = 0.003) in
the 2- and 5-mg/d sirolimus treatments
compared with placebo (cyclosporine with-
out sirolimus), suggesting that cyclosporine
absorption was enhanced or distribution
was altered during concomitant administra-
tion with orally administered sirolimus. The
decreases in the weight-normalized CI/F of
cyclosporine were 30% (n = 19) and 40%
(n = 24) after 2 and 5 mg/d of sirolimus, re-
spectively. Cyclosporine CU/F was also sig-
nificantly decreased in blacks compared
with nonblacks (P = 0.05).

A statistical analysis of cyclosporine
doses was conducted in trials 301 and 302
using the above-mentioned ANOVA
model*’ with terms for treatment (placebo
vs 2 mg vs 5 mg), time interval (month 1
vs months 2 and 3 vs months 4-12), and
race (black vs nonblack). In both trials,
statistically significant differences in cy-
closporine doses were found for treatment
group, time interval, and race (P =< 0.001
for each term in the model).

The differences in cyclosporine doses
with respect to time interval were antici-
pated based on the protocol-designated
concentration-control study design. Mean
cyclosporine doses were significantly
greater in the control groups (no sirolimus)
than in the 2 sirolimus groups, suggesting
that sirolimus increased the absorption of
cyclosporine or altered its distribution.
Thus, in trial 301, mean cyclosporine doses
over months 2 to 3 and months 4 to 6 were
decreased by 14% and 11%, respectively,
with the 2-mg sirolimus treatment, and by
18% and 16%, respectively, with the 5-mg
sirolimus treatment compared with the
azathioprine control. Similar reductions in
mean cyclosporine doses were observed
in trial 302. In both trials, black patients
required significantly (P < 0.001) higher
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doses of cyclosporine than did nonblack
patients, and actual and dose-normalized
cyclosporine C_. values exhibited steady-
state plateaus over 1 to 6 months in all 3
treatment groups.

SIROLIMUS CONCENTRATION-
EFFECT RELATIONSHIPS:
PHASE HI PIVOTAL TRIALS

Whole-blood samples were collected at
periodic intervals in trials 301 and 302 to
describe the relationship between siro-
limus concentration and time. Secondar-
ily, cyclosporine and sirolimus trough
concentrations were obtained to investi-
gate (1) the relationship between drug
concentrations and laboratory values, and
(2) any potential relationship between
whole-blood sirolimus and trough cy-
closporine concentrations and biopsy-con-
firmed acute rejection. '8!

Parametric Analysis

Methods

Stepwise multiple linear regression
analysis (PROC MIXED, SAS®40) was
used to investigate the relationships be-
tween laboratory tests (outcomes) and ex-
planatory variables (drug concentrations
and demographic variables) for the com-
bined data from trials 301 and 302. The
outcomes tested individually included
whole-blood cell count, platelet count, fast-
ing cholesterol, fasting triglyceride, crea-
tine phosphokinase, aspartate transaminase,
lactate dehydrogenase, potassium, serum
creatinine, Nankivell glomerular filtration
rate (GFR)," hemoglobin, and blood urea
nitrogen. Only data from month 2 through
month 12 were included in the analysis, be-
cause laboratory values are unstable during
the first 2 months after transplantation.
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Logistic regression (PROC LOGISTIC,
SAS®4) was used to analyze the relation-
ship between biopsy-confirmed acute re-
jection (outcome) and explanatory vari-
ables for the combined data from trials 301
and 302. The explanatory variables in-
cluded sirolimus and cyclosporine concen-
trations, race (nonblack, black), sex, recip-
ient and donor ages, human leukocyte
antigen (HLA) mismatch, ischemia time,
and donor source (living vs cadaveric).

For individual patients with acute rejec-
tion, the sirolimus and cyclosporine con-
centrations used in the analysis were mean
trough concentrations (C_. ). Values of
C,;, were defined by the relationship

C, = AUC, /1t

where AUC_, represents the AUC from
the time of the first available concentra-
tion to the day of acute rejection, and t is
total elapsed time. For patients without
acute rejection, C . was estimated for a
2-month period (<75 days). A longer in-
terval was not used because the logistic
regression model could not accommodate
empiric changes in cyclosporine dose as a
function of time.

The selection of variables for a logis-
tic regression model began with a careful
univariate analysis of each explanatory
variable. Statistically significant explana-
tory variables were further assessed by
stepwise logistic regression (multivariate
regression).

Results

The results of the stepwise mulitiple re-
gression analysis of laboratory parame-
ters versus drug concentrations and de-
mographic variables revealed (1) positive
significant associations between sirolimus
exposure and levels of hemoglobin (P =

0.001), cholesterol (P =< 0.001), triglyc-
erides (P < 0.001), and serum creatinine
(P = 0.033); and (2) negative significant
associations between sirolimus concen-
tration and platelet count (P < 0.001) and
Nankivell GFR (P < 0.001). Trough cy-
closporine concentrations paralleled the
effect of sirolimus troughs on the above
parameters, with the exception of serum
creatinine (P = 0.096).'841

Table II contains descriptive statistics
for the drug exposures and demographic
variables used in logistic regression of the
acute rejection data. The P values in Table
114! show that mean whole-blood sirolimus
and cyclosporine troughs were higher in
patients not experiencing rejection than in
those experiencing rejection. However, the
percentage CVs for drug concentrations
were large, and many patients not experi-
encing rejection had concentrations below
the mean concentrations of patients expe-
riencing rejection. The data also indicate
that patients without rejection had fewer
HLA mismatches than those with rejec-
tion. Recipient age (P = 0.29), ischemia
time (P = 0.69), and donor age (P = 0.30)
did not differ significantly in patients with
and without rejection.

The results of univariate logistic re-
gression analysis showed statistical sig-
nificance for mean sirolimus trough lev-
els (P < 0.001), mean cyclosporine trough
levels (P < 0.001), and HLA mismatch (P
< 0.001). However, race, sex, recipient
age, donor status (living vs cadaveric),
ischemia time, and donor age did not reach
statistical significance and therefore were
excluded from stepwise logistic regres-
sion modeling.

Multivariate stepwise logistic regres-
sion showed statistical significance for
sirolimus C_. (P < 0.001), cyclosporine
C,, (P <0.001), and HLA mismatch (P
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Table II. Descriptive statistics for explanatory variables in renal allograft recipients, by
rejection status <75 days after transplantation (combined placebo, sirolimus 2-

mg/d, and sirolimus 5-mg/d groups in trials 301 and 302

).42

Patients Without Rejection

Patients with Rejection

Variable No.  Mean + SD % CV No. MeanxSD % CV P
Sirolimus trough’ 789 128 +7.7 59.9 132 87+78 89.6 <0.001
Cyclosporine trough 913 346 + 139 40.1 126 302 + 160 53.1 <0.004
Recipient age (y) 991 456+ 12.9 28.2 234 446128 287 NS
HLA mismatch 986 34+1.6 474 234 39+14 35.8 <0.001
Ischemia time (h) 987 13.5 + 10.1 75.1 234 13.8+97 70.4 NS
Donor age (y) 990 378z 156 41.4 233 39.0=x 157 404 NS

CV = coefficient of variation; HLA = human leukocyte antigen.

*f test.

"Measured using an investigational microparticle enzyme immunoassay®® (IMx™, Abbott Laboratories. Abbott

Park, Illinois).

< 0.001)."® For illustrative purposes, pa-
rameters from the final 3-dimensional
multivariate logistic regression model
were used to construct 2-dimensional fig-
ures of the percentage probability of acute
rejection versus concentrations of siro-
limus (Figure 3'%) or cyclosporine (Figure
418, In Figure 3, sirolimus is a continu-
ous variable; cyclosporine concentrations
were fixed at 150, 300, and 450 ng/mL to
generate 3 plots. In Figure 4, cyclosporine
is a continuous variable; sirolimus con-
centrations were fixed at 0, 5, 10, 15, and
20 ng/mL to generate 5 plots.

Figures 3 and 4 show that (1) increases
in sirolimus and cyclosporine concentra-
tions predict reductions in the probability
of acute renal allograft rejection; (2)
treatment with sirolimus plus cyclo-
sporine is more effective than treatment
with cyclosporine alone; and (3) a reduc-
tion in cyclosporine dose has a smaller
impact on rejection rate than a reduction
in sirolimus dose. An acute rejection rate
of ~15% can be expected when sirolimus

Bl12

concentrations are as low as 5 ng/mL and
concomitant cyclosporine concentrations
are ~300 ng/mL.

Quartile analysis of the final multi-
variate logistic regression model revealed
evidence of nonlinearity between drug
concentrations and acute rejection. To
correct for the nonlinearity, trough
sirolimus and cyclosporine concentra-
tions were treated as dichotomized vari-
ables. The final model with dichotomized
drug concentrations revealed that patients
with mean whole-blood sirolimus trough
concentrations <3.50 ng/mL were 5 times
more likely (odds ratio [OR] = 5.3) to ex-
perience acute rejection than were those
with higher concentrations. Similarly, pa-
tients with mean whole-blood cyclo-
sporine trough concentrations <260
ng/mL were 3 times more likely (OR =
3.1) to experience acute rejection than
were those with higher concentrations. A
single increase in | mismatch level in-
creased the probability of acute rejection
by 40% (OR = 1.4).%
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Nonparametric Analysis

Methods

The parametric analysis had notewor-
thy shortcomings: (1) the logistic regres-
sion modeling was limited to 75 days be-
cause it could not accommodate the
empiric changes in cyclosporine therapy
as a function of time; (2) there was no
clear separation of trough concentration
ranges of sirolimus or cyclosporine in pa-
tients with and without rejection; and (3)
there was no clear separation between ef-
ficacy and toxicity, because both these
measures increased with increased drug
concentration.

As an alternative to parametric analy-
sis, we examined the outcomes laboratory
values and acute rejection by monovariate
frequency distribution analysis (PROC
UNIVARIATE, SAS® version 6.12%0),
The laboratory data were grouped accord-
ing to sirolimus concentration ranges
(1.5-5.0, 5.0-10.0, 10.0-15.0, 15.0-20.0,
and 20.0-30.0 ng/mL) and time periods
(1,2, 3, 4-6, 6-9, and 9-12 months).*!
The acute rejection data were grouped by
sirolimus concentrations (percentiles), re-
Jection status (with and without rejection),
and potential risk for rejection (high risk,
standard risk). Patients at high risk were
characterized as those of black race, HLA
mismatch >3, ischemia time >24 hours,
or panel reactive antibody >50%; all oth-
ers were considered standard risk.

Results

Plots of the distribution frequencies for
platelet count, triglycerides, and choles-
terol by sirolimus concentration ranges
and month suggested that a sirolimus con-
centration of >15 ng/mL was associated
with the most significant effects on labo-
ratory test outcomes, especially at month
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2.4 Table 111 shows the results of the
analysis for patient distributions within
and outside the lower (10th) and upper
(90th) percentile limits based on trial,
dose, and risk status. A review of these re-
sults reveals that (1) standard- and high-
risk patients had similar whole-blood
sirolimus trough levels at the 10th and
90th percentiles, regardless of trial or
dose; (2) after a 2-mg/d dose, combined
standard- and high-risk patients generally
had a sirolimus concentration between 4
and 14 ng/mL; and (3) after a 5-mg/d dose,
combined standard- and high-risk patients
generally had a sirolimus concentration
between 9 and 28 ng/mL.

Figure 5 illustrates the distribution of pa-
tients receiving sirolimus 2 mg/d within
and outside the 10th and 90th percentiles.
Corresponding whole-blood cyclosporine
trough concentrations during coadministra-
tion of cyclosporine soft gel capsules with
2 and 5 mg/d sirolimus (given 4 hours af-
ter cyclosporine) are presented in Table [V.

DISCUSSION

Combined data from 2 large multicenter,
randomized, double-blind trials provide
evidence that treatment with sirolimus
plus cyclosporine and corticosteroids is
more effective than treatment with cy-
closporine plus azathioprine (trial 301)'3
or cyclosporine plus placebo (trial 302)'
in reducing the incidence of acute rejec-
tion after renal transplantation. These re-
sults suggest that sirolimus should be con-
sidered as part of the immunosuppressive
regimen in de novo renal transplant pa-
tients. In fact, sirolimus was recently ap-
proved by the US Food and Drug Admin-
istration as an immunosuppressive agent
for prevention of acute rejection in renal
transplant patients. However, to effec-
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Table I1I. Patient distributions within and outside the 10th and 90th percentiles for whole-
blood sirolimus trough concentrations.”

Sirolimus Trough (ng/mL)

Percentile No. of Patients
Sirolimus Within Range
Trial Dose (mg/d) Risk No. 10th 90th (% Rejection)
301 2 Standard 100 4.3 14.2 81 (9.9)
High 127 4.7 13.1 103 (21.4)
All 227 4.5 14.1 183 (15.8)
5 Standard 75 9.1 26.9 61 (6.6)
High 144 9.8 27.9 116 (13.8)
All 219 9.7 27.9 177 (11.3)
245 Standard 175 5.0 23.6 141 (6.8)
High 271 5.4 22.3 217 (17.5)
All 446 5.2 23.1 358 (13.4)
302 2 Standard 89 39 1.7 73 (21.9)
High 123 4.2 12.2 99 (28.3)
All 212 4.1 12.1 170 (25.9)
5 Standard 85 9.0 24.2 69 (18.8)
High 121 9.3 26.8 97 (20.7)
All 206 9.1 25.6 166 (19.9)
2+5 Standard 174 4.9 21.8 140 (20.7)
High 244 53 234 196 (24.5)
All 418 5.1 23.3 337 (22.3)

*Measured using an investigational microparticle enzyme immunoassay™® (IMx*, Abbott Laboratories Abbott

Park, [llinois).

tively incorporate sirolimus into an im-
munosuppressive regimen, clinicians
must consider pharmacokinetic factors,
adverse effects, and efficacy.

Impact of Pharmacokinetic
Characteristics on Therapeutic Drug
Monitoring

The overlap of whole-blood sirolimus
concentrations observed after 2- and 5-
mg/d oral doses indicates considerable
variability. Nevertheless, the successful re-
duction in acute renal graft rejection after

administration of fixed oral sirolimus doses
of 2 and 5 mg/d in phase 1II pivotal trials
indicates that TDM is not necessary in all
patients. In general, patients receiving full-
dose cyclosporine and corticosteroids plus
sirolimus 2 mg/d (administered 4 hours af-
ter cyclosporine) do not require TDM.
However, monitoring may be necessary,
regardless of regimen, to achieve safe and
effective concentrations in (1) patients with
hepatic impairment; (2) pediatric patients;
(3) patients receiving concurrent doses of
strong CYP3A/p-glycoprotein inhibitors or
inducers; (4) patients in whom the cy-
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Figure 5. Frequency distribution of whole-blood trough sirolimus concentrations, as mea-
sured with an investigational microparticle enzyme immunoassay®’ (IMx®, Ab-
bott Laboratories, Abbott Park, [llinois) in renal allograft recipients receiving

sirolimus oral solution 2 mg/d.

closporine dose has been markedly reduced
or discontinued; and (5) patients who are
at high risk for rejection.

Target Ranges for Therapeutic Drug
Monitoring of Sirolimus

The results of the stepwise multivariate
logistic regression analysis suggest that
whole-blood sirolimus trough concentra-
tions should not fall below ~3.5 ng/mL
during concomitant administration of full-
dose cyclosporine and corticosteroids.
This lower limit for trough levels of siro-
limus based on parametric modeling cor-
responds almost exactly to the 10th per-
centile for sirolimus concentrations after
the 2-mg/d dose (4 ng/mL} based on non-
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parametric analysis. A conservative esti-
mate of the lower limit of the therapeutic
window for whole-blood sirolimus con-
centrations as measured by MEIA would
be 5 ng/mL.

The upper limit of the therapeutic win-
dow is more problematic. Although the
logistic regression model (Figures 3 and
4) shows a decrease in acute renal allo-
graft rejection as both whole-blood siro-
limus and cyclosporine concentrations in-
crease, the multiple regression analysis of
laboratory outcomes versus drug concen-
trations shows increased toxicity as
whole-blood sirolimus and cyclosporine
concentrations increase. Therefore, an up-
per limit must maximize etficacy and min-
imize toxicity.
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Table IV. Mean (+ SD) trough whole-blood cyclosporine concentrations over time in renal

allograft patients.?’

Cyclosporine Concentration (ng/mL [no.[)f

Sirolimus Dose

Trial (mg/d)* Month 1 Months 2--3 Months 4-6

301 2 363 + 147 (100) 319 + 140 (146) 268 + 91 (174)
5 363 + 187 (92) 208 + 104 (126) 250 + 86 (165)

302 2 412 + 393 (88) 333 £ 104 (103) 262 + 76 (132)
5 372 = 107 (80) 328 £ 100 (107) 266 + 103 (113)

“Administered as an oral solution.
TAdministered as soft gelatin capsules.

The combined nonparametric concen-
tration-effect analysis of laboratory out-
comes for trials 301 and 302 showed the
greatest toxicity when whole-blood siro-
limus trough concentrations increased by
>~15 ng/mL, which is slightly above the
90th percentile for the 2-mg/d sirolimus
treatment group.

In an independent dose-effect analysis
of the combined data for trials 301 and
302,* hypertriglyceridemia was reported
as a treatment-emergent adverse event in
34% of patients receiving sirolimus 2
mg/d and in 44% of those receiving
sirolimus 5 mg/d. Logistic regression
analysis of serum triglyceride values re-
vealed that patients receiving sirolimus 5
mg/d were 61% more likely (OR = 1.61)
to have an elevated triglyceride level than
were patients receiving sirolimus 2 mg/d.

A dose-effect analysis of trial 301, strati-
fied by race, revealed a significantly higher
efficacy failure (biopsy-proven acute rejec-
tion, graft loss, or death at 6 months) in
black patients randomly assigned to
sirolimus 2 mg/d compared with nonblack
patients (P < 0.001).** Similarly, the inci-
dence of biopsy-confirmed acute rejection
was significantly greater in black patients

than in nonblack patients receiving sirolimus
2 mg/d (P = 0.003). However, black pa-
tients randomly assigned to sirolimus 5 mg/d
had similar rejection rates (14.8%) to those
in nonblack patients who received sirolimus
2 mg/d (12.2%). Black patients would most
likely benefit from higher concentrations of
sirolimus than would patients with a stan-
dard risk for rejection.

It is prudent to recommend a therapeu-
tic window of whole-blood sirolimus lev-
els of 5 to 15 ng/mlL. (measured by MEIA)
for patients at standard risk of rejection,
but patients at high risk (ie, black patients)
should have whole-blood trough sirolimus
levels in the upper portion of the recom-
mended range. It should also be noted that
many patients may have an improved ad-
verse-cffect profile when cyclosporine con-
centrations are minimized, which may be
advantageous, because the concentration-
efficacy relationship of cyclosporine is rel-
atively flat in the presence of sirolimus
trough levels of 5 to 15 ng/mL (Figure 4).

Practical Considerations
It is important to consider the pharma-

cokinetic properties of sirolimus in mak-
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ing dose adjustments. For example, intra-
subject variability in trough concentra-
tions during clinical trials was large
(~35%),'8 and ~5 to 7 days would be re-
quired to reach steady state after dose ad-
justment.?? Therefore, adjustments of the
sirolimus dose should be based on several
trough measurements and optimally
should be associated with trough levels
obtained 25 to 7 days after a previous
change in the dosing regimen. It is our ex-
perience that sirolimus concentrations
measured shortly after transplantation can
be variable due to physiologic changes
associated with surgery and to concurrent
dose adjustments in other immunosup-
pressive agents. Therefore, although these
early samples may be clinically useful,
they can be unreliable in terms of pre-
dicting long-term maintenance doses.

For the purposes of dose adjustment,
linear dose proportionality may be as-
sumed and the new dose estimated ac-
cording to the relationship

Dosenew = Doseold'(Cmin,new/cmin.o]d)

As an alternative to measuring trough
sirolimus concentrations at a single point,
a limited sampling method (0, 2, 4, and 6
hours) may be used to determine sirolimus
AUC_ over a dose interval.*¢

CONCLUSIONS

The inclusion of sirolimus in an immuno-
suppressive regimen has been shown to
significantly reduce the incidence of acute
rejection in renal transplant recipients.
The results of pivotal phase Il trials sug-
gest that routine TDM of sirolimus is not
necessary in most renal allograft patients
who receive full-dose cyclosporine, corti-
costeroids, and sirolimus 2 mg/d (admin-
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istered 4 hours after cyclosporine). How-
ever, TDM is recommended (1) after the
introduction or discontinuation of strong
inhibitors/inducers of CYP3A and p-gly-
coprotein; (2) in patients with hepatic im-
pairment; (3) in pediatric patients; (4) af-
ter a large reduction in or discontinuation
of cyclosporine dose; (4) after a marked
change in the relative timing of sirolimus
and cyclosporine doses; and (5) in pa-
tients at high risk for rejection.
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