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Abstract

Purpose—The narrow therapeutic index and large interpatient variability in sirolimus
pharmacokinetics (PK) make therapeutic drug monitoring necessary. Factors responsible for PK
variability are not well understood, and published PK studies do not include pediatric patients with
neurofibromatosis type 1 (NF1). The objectives of this study were to estimate sirolimus clearance
in a cohort of children with NF1 using data collected in a concentration-guided trial, to evaluate
the effect of treatment duration on clearance and dose requirements, and to evaluate the
association of sirolimus clearance with patient-specific factors including age, weight, body surface
area, race, and sex.

Methods—Sirolimus concentration-time data were collected from an ongoing prospective trial in
children with NF1. An iterative two-stage Bayesian method was used for the pharmacokinetic
parameter analyses.

Results—Data from 44 patients with NF1 were included in the analyses. Mean age was 8.4 years
(SD 4.5, range 3-18), and mean weight was 29.8 kg (SD 16.7, range 12-85.8) Mean sirolimus
clearance was 11.8 L/hr (SD 4.6, range 2.2-24.1), and the mean dose to obtain a target trough
concentration of 10-15 ng/mL was 2.0 mg/m? BID (SD 0.72, range 0.77-3.85). A nonlinear
relationship between age and clearance was observed. Total body weight and body surface area
were strong predictors of sirolimus clearance (r?=0.67 and 0.65, respectively).

Conclusions—Sirolimus clearance in children with NF1 is comparable to that in pediatric
transplant patients. Clearance was most associated with body size parameters (body surface area
and total body weight) in children with NF1. When normalized for size, an age effect on clearance
was observed in the youngest patients, most likely due to maturational changes in drug absorption
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and metabolism. A mean dose of 2.0 mg/m? twice a day was required for attainment of target
trough concentrations of 10-15 ng/mL in children greater than 3 years of age who have NF1. The
updated model will allow PK guided individualized dosing of sirolimus in patients with NF1.
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder that affects
approximately 1/3000 individuals worldwidel. The pathogenesis of NF1 is thought to be
related to mutations in the NF1 gene located on chromosome 17q11.2, leading to decreased
production of the tumor suppressor protein, neurofibromin2. NF1 is a progressive disorder
characterized by cutaneous, neurologic, skeletal, and neoplastic manifestations. Patients with
NF1 are at higher risk for developing tumors of the central and peripheral nervous systems,
including plexiform neurofibromas (PNs)34. PNs are benign nerve sheath tumors that often
grow rapidly in young children, and may be highly debilitating. There is currently no proven
first line treatment for NF1-related tumors other than surgery. Surgery may be difficult due
to the extensive growth and highly invasive nature of these tumors, and up to 44% of tumors
progress following surgery®.

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase regulated by
phosphoinositol 3 kinase (PI3K). mTOR plays a key role in the regulation of cellular
catabolism and anabolism, protein translation, angiogenesis, cell motility, and
proliferation6-12. The NF1 tumor suppressor, neurofibromin, regulates the mTOR pathway
activity, with increased mTOR activation reported in NF1-deficient cells and tumors from
NF-1 patients1314, Sirolimus and its analogues have been reported to inhibit mTOR activity,
preventing phosphorylation (and activation) of p70S6K, 4E-BP1, and other proteins
involved in cell motility, angiogenesis, and control of cell growth6-8:12.15-17 Inhibitors of
mTOR, including sirolimus, have shown promise in preclinical NF studies, displaying the
ability to decrease mTOR activation and cell proliferation; therefore, sirolimus may have a
role in treating NF-1 related tumors13.14,

Sirolimus has a narrow therapeutic index and its pharmacokinetics exhibit high interpatient
variability; thus, some patients treated with sirolimus are at greater risk for therapeutic
failure or adverse reactions, and it is not clear who these patients are a priori. Under- and
over-exposure to sirolimus remain great concerns, and rapid attainment of target sirolimus
concentrations is challenging, yet essential for preventing therapy related complications. In
patients with NF1, underexposure may lead to a lack of therapeutic effect and tumor
progression, whereas overexposure may increase the risk for toxicities such as renal
dysfunction, hypertension, pneumonitis, and infection. These may lead to increased
morbidity and mortality, decreased quality of life, and increased health care costs.
Identifying and measuring factors that affect the variability in sirolimus pharmacokinetics
will contribute to more rapid target attainment thereby optimizing therapeutic outcomes at
reduced cost.

There is a paucity of data on sirolimus pharmacokinetics in children, particularly those with
NF1. In adults and children, sirolimus clearance has been reported to be associated with
patient age18-20, Dansirikul and colleagues reported sirolimus clearance was inversely
related to age in 25 adult renal transplant patients18. Similarly, Schachter and colleagues
reported the sirolimus half-life to be shorter in children compared to adult data (10-24 hours
vs 49-70 hours, respectively) based on their analysis of 24 sirolimus pharmacokinetic
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profiles in 13 pediatric renal transplant patients!®. This study also reported that terminal
half-life was significantly shorter in children < 6 years of age (median 8.2 hours, range
4.4-10.6) compared to those > 6 years of age (median 12.6 hours, range 4.7-95.2) (p < 0.05).
The authors attributed these findings to increased rates of drug metabolism in children.
Another study of sirolimus pharmacokinetic profiles in 49 pediatric renal transplant patients
also reported that sirolimus clearance was inversely related to age20. The investigators also
suggested that the increased sirolimus clearance observed in pediatric patients may be
attributable to higher metabolic rates reported in children.

The present study aimed to estimate sirolimus clearance in a cohort of children with NF1
and plexiform neurofibromas with at least potential significant morbidity using data
collected in a concentration-controlled trial, and to evaluate the effect of treatment duration
on clearance and dose requirements. Sirolimus clearance has been associated with patient-
specific factors including age, weight, body surface area (BSA), race, sex, and drug
metabolizing enzyme gene polymorphisms in other studies?1-2, Therefore, a secondary
objective of this study was to evaluate the association of available patient-specific factors
with sirolimus clearance in pediatric patients with NF1. Ultimately, identification of patient-
specific factors that influence sirolimus pharmacokinetics may facilitate development of an
algorithm to minimize under- and over- exposure to sirolimus in the treatment of NF1.

MATERIALS AND METHODS

Study data were retrospectively collected from an ongoing prospective multi-center clinical
concentration-controlled trial?6. Inclusion criteria for the population pharmacokinetics study
were diagnosis of NF1, enrollment in the prospective study, and age < 19 years. Exclusion
criteria for the trial included the use of cytochrome P450 3A4 (CYP3A4) inhibitors or
inducers at study entry, chemotherapy within 4 weeks of study entry, and renal or hepatic
dysfunction. Additional exclusion criteria for the clinical trial are described elsewhere?5.
Data collected included age, sex, race (patients stratified as White, Black, Asian, undefined),
ethnicity (patients stratified as Hispanic, non-Hispanic, undefined), height, weight, sirolimus
concentrations, dosing regimens, and concomitant medications.

The sirolimus starting dose in the trial was 0.8 mg/m? by mouth twice a day. The starting
dose was based on extrapolation of the recommended sirolimus dose in older children and
adult transplant recipients?®. Subsequent dosing was pharmacokinetically guided to achieve
a target trough concentration of 10 to 15 ng/mL. This target range was based on a case series
of five sirolimus-treated patients (ages 3-21 years) with astrocytoma who exhibited lesion
regression and tolerated treatment well with trough levels of 10-15 ng/mL27. The first
sirolimus concentration measurement was at steady-state after 7-10 days of treatment.
Subsequent pre-dose concentrations were obtained every two weeks until stable, defined as
two consecutive trough concentrations between 10 and 15 ng/mL. Once the patient was
stable, pre-dose concentrations were measured every 4 weeks. Patients were given a diary in
which they recorded all outpatient sirolimus administration dates and times for a five-day
period prior to the visit. This diary was reviewed prior to the drawing of blood for sirolimus
concentration measurements to document adherence and provided the actual dosing time
information for the PK assessment.

Sirolimus whole blood concentrations were centrally determined by a validated tandem mass
spectrometry assay performed using electrospray on a Waters Quattro Micro API triple
quadrupole mass spectrometer (Milford, MA) interfaced with an Acquity Ultra Performance
Liquid Chromatography (UPLC) instrument. The assay range was 0.5-100.0 ng/mL. The
LLOQ of the assay was 1.0 ng/mL and within and between-batch variability (CV) was
12.8% and 14.0%, respectively. Lab results were reported via a web-based protocol
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management tool and included real time dosing recommendations generated with a Bayesian
estimator (MW/Pharm version 3.6, Mediware, Groningen, Netherlands)Z8. The system
automatically generated email notifications to the clinical teams and included the recording
of acceptance of dosing adjustments.

The pediatric population parameter estimates for PK-guided dosing were derived from
published pharmacokinetic data in stable renal transplant patients treated with

sirolimus23: 25, Population parameters and their distributions were defined as means (+ SD)
and were as follows: 17.3 (7.9) L/hr/1.85m? for clearance, 12.0 (5.0) L/kg for volume of
distribution, and 2.77 (1.33) h™1 for the absorption rate constant. For this study, therapeutic
dose was defined as the sirolimus dose at the time the patient reached the target trough
concentration.

The patient demographics, dosing and concentration-time data sets entered into the MW/
Pharm program were used for the iterative two-stage Bayesian (IT2B) estimation.?8 As
concentration data were mostly pre-dose trough concentrations, only clearance was
estimated. To analyze changes in sirolimus clearance over time, patient data were divided
into four time periods: initial 3 months of therapy, 6-9 months into therapy, 9-12 months
into therapy, and 12-15 months into therapy. Patients were excluded from a time period
analysis if data were lacking for a given time interval.

Statistical analyses were performed using Prism (version 4.03, Graphpad, San Diego,
California) and MYSTAT (version 12.02, SYSTAT, Chicago, Illinois). Normality of data
was analyzed using the D’ Agostino & Pearson omnibus test, Shapiro-Wilk test, and the
Kolmogorov-Smirnov (KS) normality test. The relationships of continuous variables age,
height, weight, BSA, and lean body mass (LBM) on sirolimus clearance were evaluated by
linear and non-linear regression as recently described?®. Covariate analysis was performed
using the initial three months of the patients’ sirolimus concentration-time data. The
relationships of clearance with sex, and initial clearance vs. clearance at 6-9 months, 9-12
months, and 12-15 months were analyzed by Student’s t-tests; clearance and ethnicity were
analyzed by a t-test, including Welsh correction for inequality of variance. The relationship
between clearance and race was analyzed by ANOVA.

Weight normalization and allometric scaling using a scaling factor of 0.75 were utilized to
analyze the association of sirolimus clearance with age in order to assess for maturational
effects on sirolimus clearance?9-31,

At the time of the study there were a total of 50 patients enrolled. Data from 44 patients
were analyzed, with 6 patients excluded due to age > 19 years (Figure 1). The mean age was
8.4 years (SD 4.5, range 3-18), with a mean weight of 29.8 kg (SD 16.7, range 12-85.8)
(Table 1). The IT2B estimated mean sirolimus clearance was 11.84 L/hr in the study
population and 35% higher than the initial population value (Table 2). For the 44 patients
analyzed, a total of 545 sirolimus concentrations were obtained as part of the PK guided
dosing over a two-year trial period (Figure 3). Of note, actual measured concentrations
frequently were below the 10 ng/mL target as the time after the last dose often exceeded 12
hours (e.g. 14-16h post dose trough due to clinic hours) or because of missed doses; with the
predicted 12h trough on target. Target concentration attainment at month 3 was achieved in
23/44 (52%) patients. Mean time to target concentration was 81 days (SD 52). The mean
therapeutic dose was 2.0 mg/m? twice daily (SD 0.72, range 0.77-3.9), which is 2.5 times
greater than the sirolimus starting dose in the clinical trial. When allometrically scaled, the
mean therapeutic dose was 0.14 (mg/kg)%7° (SD 0.05, range 0.06-0.29). Concurrent
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medications and sirolimus concentrations were evaluated for potential drug-drug interactions
with sirolimus therapy. No clinically relevant interactions were observed in this small
cohort. No sirolimus concentrations were below the limit of quantification.

Age and body size (weight and BSA) were significantly associated with sirolimus clearance
(r2=0.55, 0.65, and 0.67, respectively) (Figure 2). The correlation of age and weight-
normalized sirolimus clearance was less robust (r2=0.25). When clearance was
allometrically scaled, weight-normalized sirolimus clearance was not related to age in this
cohort (Figure 2B). Sirolimus clearance was also associated with height and lean body mass
(height r2=0.66, LBM r2=0.61).

There was no statistically significant association of sex (n=44; p=0.15), ethnicity (n=40;
p=0.65), or race (n=39; p=0.67) with sirolimus clearance in the study population.
Additionally, there was no statistically significant change in sirolimus clearance with long-
term (up to 15 months) sirolimus therapy [initial vs. 1) 6-9mo, n = 17, p = 0.21; 2) 9-12mo,
n=11, p=0.53; 3) 12-15mo, n = 7, p = 0.50]. Mean sirolimus clearance at 0-3mo, 6-9mo,
9-12mo, and 12-15mo was 0.5 (SD 0.11), 0.46 (SD 0.18), 0.48 (SD 0.25), and 0.44 (SD
0.26) L/hr/kg, repectively.

DISCUSSION

Published sirolimus pharmacokinetic data in pediatrics are limited, especially in patients
with NF1. As in other reports1920:32 sirolimus clearance in this study population when
normalized to body weight (mean CL = 0.44 + 0.15 L/kg) was much higher than in
published adult data (mean CL = 0.21 £+ 0.1 L/hr/kg). Previous studies have also reported
higher rates of sirolimus clearance in children, and the use of twice daily dosing was
employed based on these previous findings!®:33. The reason for increased sirolimus
clearance in children is most likely related to difference in body size. After allometric
scaling, a mean clearance of 24.2 L/hr/70kg was observed for children older than 4 years
(Figure 2), which approaches adult values (approximately 28 L/hr)23: 2534 The mean
therapeutic dose in this study (2.0 mg/m2 BID) was higher than the starting sirolimus dose
(0.8 mg/m?2 BID) used in the clinical trial, likely owing to scaling doses from older patients
without consideration of sirolimus clearance differences as well as applying higher target
concentrations in pediatric patients with NF1. Based on these findings, it is reasonable to
consider higher initial dosing in future studies of sirolimus in pediatric patients with NF1. Of
note, the recommendation for higher initial dosing may not extend to those patients less than
3 years of age.

There were several limitations to this preliminary pharmacokinetic study. Volume of
distribution could not be robustly estimated in these analyses, and could not be evaluated as
an independent pharmacokinetic parameter. Secondly, the age range of the study cohort did
not include patients younger than 3 years. When clearance was normalized to allometrically
scaled weight, its relationship with age was no longer significant, suggesting that at age >
3-4 years maturation is complete and does not contribute meaningfully to sirolimus
clearance in this cohort. This finding may not extend to patients under 3 years of age, as
clearance may relate to age in the very young due to developmental and maturational
changes. Unpublished data from a similar ongoing PK-guided study of sirolimus in
complicated vascular anomalies show lower clearance in patients 0-3 years of age3®.

Ethnicity, race, and chronic therapy analyses included small sample sizes; therefore, the
influence of these factors on sirolimus clearance could not be determined. Body surface area
was most highly correlated with sirolimus clearance, among all covariates analyzed in this
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study (r2=0.67). Despite BSA-based initial dosing, high variability in sirolimus clearance
remained, which supports the continued need for therapeutic drug monitoring.

CONCLUSION

To our knowledge, this is the first sirolimus pharmacokinetic study in pediatric patients with
NF1. These preliminary data are vital for trial design to further evaluate sirolimus dose
individualization in children. These data will also be a foundation for a dose refinement
model that will allow estimation of a therapeutic sirolimus dose using clinical data and a
single concentration or abbreviated AUC measurement, thus optimizing the therapeutic drug
monitoring process.
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Figure 2.

A. sirolimus clearance (L/h) vs. age (y), R? = 0.55; B. allometrically scaled sirolimus
clearance (L/hr/70kg) vs. age (y), R? = 0.25; C. sirolimus clearance (L/h) vs weight (kg), R2
= 0.65; D. sirolimus clearance (L/h) vs. body surface area (BSA, m2), R2 = 0.67; Solid lines
indicate mean line of fit.

Ther Drug Monit. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Sirolimus (ng/mL)

Page 11

304

20"‘0 .00.: ..o. : .. o °
00'0..0.:0“.0. ....;' . o o0 °

10- z .’.:. $ ‘... ": o;: .o’

":. .o..;. ..‘o ..
0 90 180 270 360 450 540 630 720
Time (days)
Figure 3.

Observed sirolimus concentrations (n=545) as part of the PK guided dosing in 44 patients
with NF1 during the two-year trial period. Note: actual measured concentrations frequently
were below the 10 ng/mL target as the time after the last dose often exceeded 12 hours or
because of missed doses.
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Table 1

Baseline Demogr aphics

Age, years, mean (SD)

8.4(45)

Sex
* Male, n (%)

« Female, n (%)

29 (66)
15 (34)

Race
« White, n (%)
« Black, n (%)
« Asian, n (%)
« Not reported, n (%)

33 (75)
3(7)
3(7)

5 (11)

Ethnicity
« Hispanic, n (%)
« Non-Hispanic, n (%)

« Not reported, n (%)

5 (11)
35 (80)
409

Weight (kg), mean

| 29.8 (16.7)

Height (cm), mean

| 125.4 (23.3)

BSA (m?), mean

| 1.0 (0.36)

LBM (kg), mean

| 28 (14.9)

Abbreviations: LBM, lean body mass; BSA, body surface area
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Table 2

Population Results

Mean (SD) | Median (range) | Interquartilerange
Clearance (L/hr) 11.8 (4.6) 11.6 (2.2-24.1) 8.5-14.4
Clearance (L/hr/70kg) 0.17 (0.07) | 0.17 (0.03-0.34) | 0.12-0.21
Clearance (L/hr/pop median wt) | 0.54 (0.2) 0.53(0.10-1.11) | 0.39-0.66
Clearance (L/hr/1.85m?) 6.4 (2.5) 6.27 (1.2-13.0) 4.63-7.78
Therapeutic Dose (mg/m2/dose) | 2.0 (0.7) 1.9(0.77-3.9) 1.52-2.41
Therapeutic Dose (mg/kg/dose) 0.08 (0.04) | 0.07 (0.02-0.19) | 0.06-0.09
Therapeutic dose ((mg/kg)"0.75) | 0.14 (0.05) | 0.13(0.06-0.29) | 0.11-0.16
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