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ORIGINAL ARTICLE

Dose Selection Based on Modeling and Simulation
for Rivipansel in Pediatric Patients Aged
6 to 11 Years With Sickle Cell Disease

Brinda K. Tammara' and Lutz O. Harnisch®*

This modeling and simulation exercise aimed to provide dosing recommendations for rivipansel phase Ill studies in children
aged 6-11 years with sickle cell disease (SCD). Pharmacokinetic data from 109 patients aged 12-51 years who received
rivipansel (2-40 mg/kg) in previous studies (three phase | and one phase Il) were integrated to build a three-compartmental
simulation model. Renal clearance simulations across the age range accounted for renal function development and postulated
hyperfiltration in SCD. Simulated demographic distributions for the pediatric SCD population were used to predict
concentration-time profiles from three dosing regimens, which were then compared against efficacious average steady-state
concentrations observed in phase Il. A dosing regimen comprising a 40-mg/kg loading dose followed by a 20-mg/kg
maintenance dose every 12 hours was selected, as it will likely provide an efficacious concentration range. lts validity will be

confirmed in the ongoing phase Il study.

CPT Pharmacometrics Syst. Pharmacol. (2017) 6, 845-854; doi:10.1002/psp4.12263; published online 8 November 2017.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M A population PK model for rivipansel in SCD was
described in adults and the impact of SCD on growth
and GFR in terms of hyperfiltration has been described
in the literature.

WHAT QUESTION DID THIS STUDY ADDRESS?

M How to derive a dose selection rationale for a rivipansel
phase lll study that includes pediatric patients with SCD
aged 6-11 years, in the absence of PK information in that
population.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

M A population PK model from a previous phase Il study
combined with knowledge of the pathophysiology of the

Sickle cell disease (SCD) is the most common inherited RBC
(RBC) disorder and affects individuals of African, Mediterra-
nean, and Asian descent.! Clinical manifestations of SCD
include recurrent painful crises, chronic hemolytic anemia,
acute chest syndrome, pulmonary hypertension, stroke, kid-
ney failure, priapism, leg ulcers, osteonecrosis, and cardiac
disease.?™

Selectin-dependent intercellular adhesion contributes to
vaso-occlusion, which is a major cause of organ damage in
SCD.% Interactions between sickled RBCs, leucocytes, and
endothelial cells are mediated by multiple adhesion mole-
cules.® The vascular endothelium is activated in SCD, and
its role in the pathology of this disease has been reported.”
There is upregulation of adhesion molecules, such as
VCAM, P-selectin, and E-selectin, which bind adhesion mol-
ecules on RBCs and on polymorphonuclear lymphocytes.”
Inhibition of E-selectin, P-selectin, and L-selectin, a pan-
selectin inhibition approach, offers potential as a therapeutic

disease and its utilization in a modeling and simulation
exercise for dose selection.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

M Exemplify a path to integrate knowledge of study
data and use of disease-specific (SCD) and population-
specific (pediatrics/African American) information in a
quantitative way to inform dose selection in the target
population, which may eliminate the need for a sepa-
rate dose-finding study in diseased children, hence
improving patient utilization and reducing development
time and cost. The presented concept and application
could very well be applicable to other therapeutic
areas.

option in sickle cell vaso-occlusive crisis (VOC). Data in the
literature support a key role for selectins in VOCs. In particu-
lar, Turhan et al® suggested that drugs affecting leukocyte-
endothelial interactions or leukocyte-sickle RBC aggregation
may have an important role in the treatment of VOCs.®
Because this a genetic disease, children and adults have
very similar disease characteristics, but complications
increase with age, leading to early mortality. Infants with
SCD can present with symptoms beginning at 6 months of
age (as fetal hemoglobin dissipates) with dactylitis (painful
swelling of the hands or feet), anemia, mild jaundice, or an
enlarged spleen.®

Hyperfiltration is an abnormal increase in the filtration
rate of the renal glomeruli and baseline glomerular filtration
rate (GFR) measurements suggest that renal dysfunction in
SCD, evidenced by glomerular hyperfiltration, begins during
infancy.'® The majority of the children with SCD have
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documented hyperfiltration starting early in life, but the
degree of hyperfiltration may depend on several factors,
including the genotype of SCD.'"12

There are a few investigational drugs in development, but
currently, hydroxyurea is the only approved drug for treat-
ment of SCD."®

Rivipansel is a pan-selectin antagonist found to inhibit
selectin binding in vitro and inhibit selectin-mediated effects
in vivo. Rivipansel is under development for treatment of
VOC in patients with SCD.

Rivipansel has a low volume of distribution in all species
(mouse, rat, monkey, minipig, and human), with a protein
binding of about 60%. No in vitro metabolism in hepatocytes
(rat, monkey, and human) was observed. Renal excretion of
unchanged drug (>90% of dose in urine) is the primary clear-
ance mechanism. The mean half-life from phase | studies is
7-8 hours, with no dose-related trends seen in either clear-
ance or half-life (studies 101 and 102, unpublished data). The
volume of distribution at steady state (V) following a single
4 g i.v. dose of rivipansel was 12 L and the clearance was
1.3/hr.™

In a multicenter, randomized, double-blind, placebo-
controlled phase Il study of rivipansel (NCT01119833),'®
consistent, clinically meaningful reductions in multiple mea-
sures of VOC were observed in patients receiving rivipansel
compared with those receiving standard of care treatment.

Although the phase Il study included 12 children aged 12—
17 years only, the pivotal, randomized, double-blind phase Il
study planned to also enroll children aged 6-11 years. The
present modeling and simulation exercise was conducted to
develop rivipansel dosing recommendations for these younger
children in the phase Il study. The authors would like to
emphasize that the main focus of this manuscript is the simula-
tion exercise performed for phase Il dose selection in pediatric
patients aged 6-11 years, and not a population pharmacoki-
netic (PK) model building exercise.

METHODS
Study design and data sources
For this study, PK data from four prior rivipansel studies
(three phase | and one phase IlI) were used. Two phase |
studies (unpublished data; Pfizer, Collegeville, PA) evalu-
ated rivipansel in healthy adult volunteers after either a
single i.v. dose (study 101; n=40; doses ranged from
2-40 mg/kg) or after multiple i.v. doses (study 102; n= 32;
doses ranged from 2-20 mg/kg every 8 hours and a
40-mg/kg loading dose followed by 20 mg/kg every 8 hours)
compared to placebo. A third phase | study (study 103;
NCT00911495) evaluated rivipansel in adults with SCD
after two i.v. doses (n= 15; 20-mg/kg loading dose followed
by a 10-mg/kg dose after 10 hours) who were not experi-
encing a VOC."®

In the phase Il study (NCT01119833),"® two dose levels of
i.v. rivipansel (the first cohort received a 20-mg/kg loading
dose, followed by 10 mg/kg every 12 hours for 7 days and the
second cohort received a 40-mg/kg loading dose followed by
20 mg/kg every 12 hours for 7 days) or placebo were
administered to patients with SCD aged 12—60 years who were
hospitalized for VOCs (n = 76; 56 adults and 20 children).
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Data were integrated to build a three-compartmental model,
which was used to perform simulations across a range of
potential doses. This integrated population PK model was
developed using a nonlinear, mixed-effects modeling approach,
as implemented in the NONMEM software system version
7.3.0 (ICON Development Solutions, Hanover, MD), using
first-order conditional estimation with interaction and an
additive + proportional residual variability model. In addition, R
software version 3.2.2 (The R Foundation, Vienna, Austria) was
used as the interface for data manipulation and graphing.

Two independent analyses on the phase | and phase Il
data (unpublished data; Pfizer) were available prior to our
own assessments. We combined the two datasets to create
an integrated single population PK model that allowed the
extrapolation to the pediatric population, aged 6-11 years,
included in the ongoing phase Ill study. We had kept the
structural components (the three-compartmental model
from previous analyses) and variance components, but re-
estimated all parameters to arrive at a model fit-for-purpose,
as confirmed by model diagnostics. More details about the
structure and model building sequence of the integrated PK
model are provided as part of Supplementary Figures S1-—
S11 and Tables S1 and S2. The precision of parameter esti-
mates was initially obtained from the covariance step in NON-
MEM, but for the final model, SEs and confidence intervals
(Cls) were estimated using the sampling importance resam-
pling (SIR) procedure."”

Because rivipansel is primarily eliminated renally, the model
took into account the distribution of demographic variables
(gender, height, weight, and creatinine levels) essential for
defining clearance across the proposed age range. In this
model, clearance was described as a function of creatinine
clearance (CRCL) and distributional volumes were described
as a function of weight. Additionally, hyperfiltration has been
reported in patients with SCD, including children,'®'® which
likely has an impact on the GFR and elimination of rivipansel.
In the previous rivipansel studies, a difference in clearance
between healthy volunteers and patients with SCD was
observed, which may in part be a reflection of the hyperfiltra-
tion. Assuming the presence of hyperfiltration at a similar
magnitude, this factor (about 23%) was also applied to children
in the PK model and simulation exercise.

In the present model, CRCL (mL/min) in adults was estimated
using the Cockcroft-Gault formula®®;

CRCL (mL/min) = (140 — AGE) *WT /(72 SeCr) » (0.85 (if female))

wherein AGE is age in years, WT is weight (kg), and SeCr
is serum creatinine level (mg/dL).

To estimate CRCL (mL/min) in children, the Schwartz
formula®' adjusted for individual body surface area (BSA)
was used as:

CRCL (mL/min) = 0.413¢HT/SeCreBSA/1.73m?

wherein HT is height (cm), SeCr is serum creatinine level in
mg/dL, and BSA is the individual body surface area calcu-
lated according to Dubois and Dubois.?? By applying the
BSA adjustment to the Schwartz formula, the two calcula-
tions predicted absolute CRCL necessary to align the



values across the full age range. CRCL was the better pre-
dictor of total clearance than any relationship with weight
only.

To generate distributions of the demographics to be used
in the simulations based on the model, the following
approaches were taken: the covariance matrix of demo-
graphics (age, weight, height, and creatinine levels across
both genders), as observed in the phase |l study, was used to
simulate demographics in older children (aged 12-17 years)
and in adults in the SCD target population. To derive a demo-
graphic distribution in children at a given age, median and
variance values across gender and age groups were obtained
from growth charts developed by the US Centers for Disease
Control and Prevention (CDC).2® In addition, to assess the
validity of the chosen demographic distribution for a largely
black population, the CDC growth charts were compared
against information in the literature characterizing children
with SCD, including data from the Cooperative Study on
SCD?* and a subpopulation of Jamaican children with SCD.2®

To derive a relevant CRCL distribution, creatinine changes
with age were also considered as follows: data on creatinine
changes with age in children are limited, especially in children
with SCD. A summary paper on reference values for creati-
nine concentrations by Ceriotti et al.2® references one small
German cohort in largely healthy children,?” whereas Hoste
et al?® describe more recently a larger Belgian cohort of
nearly 16,000 children and young adults. Normal ranges,
according to Mayo Medical Laboratories®® or Hoste et al.®
begin to differ between boys and girls around the age of 10
years, but reach values of about 0.75 pg/mL and 0.65 pg/mL,
respectively, at about 15 years, which is higher than values
seen in children with SCD. We used the relationship from
Hoste et al.?® and applied a triangular linear reduction start-
ing at 6 years and reaching at 16 years 0.1 mg/dL in boys and
0.15 mg/dL in girls, respectively. This modified relationship
reflected lower creatinine values as observed in our own
phase Il study in children and adults, but also the range of val-
ues observed in the Cooperative Study on SCD.?* The origi-
nal and resulting relationship between creatinine and age are
presented in Supplementary Figure S1.

The derivation of the individual typical clearance values
according to the population PK model follows as:

TV.CL (L/h) = 1.25¢(CRCL/150)"*®®e(1.234 (it SCD patient))

with the typical value multiplied by eta, as sampled from a
log-normal distribution, with mean zero and SD of 19%, as
estimated in the population PK model.

Simulation exercise and derivation of target

exposure ranges

Rivipansel is administered as a 20-minute i.v. infusion.
The range of dosing regimens explored for children aged
6-11 years included: (1) a 20-mg/kg loading dose of rivi-
pansel followed by a 10-mg/kg maintenance dose given
every 12 hours (20/10 mg/kg); (2) a 30-mg/kg loading dose
of rivipansel followed by a 15-mg/kg maintenance dose
every 12 hours (30/15 mg/kg); and (3) a 40-mg/kg loading
dose of rivipansel followed by a 20-mg/kg maintenance dose
every 12 hours (40/20 mg/kg). The low dose corresponded
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to the lower dose given in the phase Il study, and the high-
est dose was limited by preclinical toxicity, with the third
dose placed at the midpoint between the two.

In the ongoing phase Ill program, adults and children aged
12 years and older receive a fixed 1680-mg loading dose fol-
lowed by an 840-mg maintenance dose administered every
12 hours. As a child younger than 12 years weighing more
than 42 kg would receive a weight-based maintenance dose
>840 mg, the maximum dosage for any child was capped at
the adult dosage (1680-mg loading dose, 840-mg mainte-
nance dose given every 12 hours).

Consistent with the phase Il dosing regimen, all simulated
dosing regimens were based on a single loading dose, with 5
subsequent maintenance doses administered every 12 hours
as steady-state concentrations were reached by day 3.
Concentrations were determined from the simulation after
the last dose at the end of the 20-minute infusion (maximum
drug concentration in the dosing interval (Cnax)), and at 11.5
hours after the end of the infusion (minimum drug concentra-
tion in the dosing interval (C,;n)), with the average concentra-
tion within a dosing interval at steady-state (Cayggss)
calculated from simulated individual clearances as:

Cavgss, [1g/mL] = Dose; /Cli*2/24

wherein Dose; and Cl; represent individual dose and
clearance.

Simulations were summarized by age for children aged
6-11 years. Simulations for children aged 12-17 years
were summarized in one group and adults in another. We
simulated 10,000 subjects for the age range 6-17 years,
and 10,000 subjects from the demographic covariance
matrix from phase I, the latter retaining only subjects within
the observed ranges in the trial. This resulted in each dos-
ing regimen being simulated about 830 times for every age
below 12 years, about 6,000 times for the 12—18 years old,
and about 8,000 times for adults.

Although the C,.4ss simulations did not contain residual
error as they reflect a model-based summary measure
across the whole dosing interval, C., and Cpax values
were simulated including residual error to allow for a direct
comparison with later summary reports from the currently
ongoing phase Il study.

Assessing exposure distributions in pediatric patients

The exposure distributions from the three dosing regimens
for children aged 6-11 years were compared against the
following target criteria: achieving a concentration distribu-
tion (Cavgss), @s was observed with the lower dosage
administered in the phase Il study,’® which seemed to be
effective; achieving concentrations >10 pug/mL, based on
preclinical efficacy data (improved blood flow and survival
rate in SCD mice)*°; and achieving similarity between expo-
sure distributions for a given age when compared with the
adult population treated with the 840-mg maintenance
dose. The resulting Caqss distributions were compared by
visual inspection of the graphs across the criteria defined
above. For reference, the corresponding distributions for
Cmax and Ci, are provided as part of the Supplementary
Material, and, in particular, the latter compared against the
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Table 1 Final parameter estimates for the integrated rivipansel population pharmacokinetic model

SIR 95% CI?

Parameter Estimate SIR %RSE? Lower Upper
Structural model
CL° L/h 1.25 2.12 1.2 1.3
VoL 6.24 2.83 5.91 6.6
Qqapia, L/h 2.62 5.86 2.34 2.96
V,,° L 4.02 2.72 3.8 4.24
Qglows LD 0.0316 17.5 0.0226 0.0441
V3,° L 0.656 7.85 0.563 0.76
Covariate model
Study effect on CL, % difference if study 201 23.4 21.2 14.2 33.9
Exponent for CRCL on CL 0.468 15.9 0.325 0.619
Exponent for WT on V4, V,, and V3°® 0.569 15.1 0.406 0.74
Interindividual variability parameters®
CL, %CV 18.8 15.4 16.3 21.8
V4, %CV 241 17.8 20.6 28.9
Qrapid, %CV 19.8 65.7 5.84 32.4
V,, %CV 15.5 26.8 11.9 19.7
Qglows %CV 15.5 191 1.47 41.4
V3, %CV 15.3 63.5 5.61 24.4
Residual variability parameters®
Additive component of residual error,® for phase | studies, ug/mL 0.29 26.7 0.172 0.479
Additive component of residual error,® for study 201, png/mL 0.165 70.7 0.0144 0.457
Proportional residual error, %CV for phase | studies 9.52 4.33 9.14 9.95
Proportional residual error, %CV for study 201 23.2 12 20.9 26.2

Cl, confidence interval; CL, clearance; CRCL, creatinine clearance (ml/min); CV, coefficient of variation; Qapiq,siow, rapid or slow inter-compartmental clearances;
RSE, relative standard error; SIR, sampling importance resampling; V4, volume of central compartment; Vs 3, volumes of peripherals compartment; WT, weight
(kg)-

3RSE and CI for omega and sigma reported on the SD scale. PTypical CL for a subject is: CL=1.25 X (CRCL/150)°4%® x (1 +0.234 x STUD), where
STUD =1 for study 201 (otherwise = 0). “Typical V5 for a subject are: V4 =6.24 X (WT/70)°%%°, V,=4.02 X (WT/70)*°%, and V5 =0.656 X (WT/70)°.
9The y-shrinkage for interindividual variability ranged between 4.5% (CL) to 79% (Qrapia) and e-shrinkage was 7.8% for the model from phase | data and
11.9% for phase Il data. °*Concentration below which the additive component prevails on the residual error.

Clearance (L/h)
Vss (L)

100 150 200 250 40 60 80 100
Creatinine clearance (mL/min) Weight (kg)

Figure 1 Covariate relationship effects in the integrated population pharmacokinetic (PK) model. The two panels represent the estimated
covariate relationships in the integrated population PK model. Left panel: clearance in patients with sickle cell disease (SCD) vs. creatinine
clearance; right panel: volume at steady state (V¢s) vs. weight. Lines correspond to mean and 95% prediction interval, symbols to individual
clearance or V¢ Bayesian estimate values. Red symbols indicate patients from the phase Il study (children aged 12—-17 years: closed
circles; adults, crosses), and black circles, triangles, and crosses indicate participants from each of the phase | studies. In the left panel,
clearance values for the phase | studies have been prediction corrected on the estimated SCD factor between phase | and Il of 23%.
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Figure 2 Simulated weight distribution across the age ranges being studied in the ongoing phase Ill study. The left panels correspond
to children aged 6-17 years, and the right panels correspond to adults. The top panels correspond to male subjects, and bottom pan-
els to female subjects. Black dots represent simulations based on the covariance matrix constructed from the phase Il patient popula-
tion.”™ The blue dots across all panels represent patients from the phase Il study. The black error bars represent median, 25th and
75th percentiles, as extracted from the literature on a Jamaican population®® the red error bars summarize the simulations from Cen-
ters for Disease Control and Prevention tables similarly, but add dashed hinges at the 5th and 95th percentiles.?®

prespecified target concentration of 10 pg/mL ensuring a
sufficient exposure during the whole dosing interval.

Model assumptions. Based on the Pediatric Study Decision
Tree®' developed by the US Food and Drug Administration,
assumptions for studying young children in the ongoing
phase lll rivipansel study were made. For the present
model, it was assumed that disease characteristics were
similar in children and adults® and that children experience
a response to treatment similar to that of adults (i.e., the
mechanism of drug action is similar between children
and adults with SCD). Additionally, similar efficacy was
assumed to be achieved at similar drug exposure levels
across all age ranges, with PK testing conducted and
pharmacodynamic parameters measured in the adult and
pediatric populations in the phase Il study to confirm the
validity of the assumptions.

To predict an appropriate dosing regimen in children, a
similar structural population PK model was considered
applicable in children and adults, and fixed effects in the
population PK model estimated in adults were considered
to apply to the scaling of exposure from adults to children.
Additionally, the demographic distribution simulated from
the phase Il rivipansel study was assumed to be represen-
tative of the future phase Il study population with SCD.

Variance assumptions estimated from the phase Il study
were considered applicable to the phase Il study.

Following integration of the population PK model across
all patients who received rivipansel in previous studies, we
simulated exposure distributions across different dosing
regimens across all ages and assessed the characteristics
of the exposure distributions in pediatric patients.

RESULTS

The current integrated population PK model is reliable for
estimating the effects of covariates and extrapolating data
into the pediatric domain. The final parameter estimates for
the final integrated population PK model are provided in
Table 1, with the renal clearance a function of CRCL and
the volume of distribution a function of weight. The model
resulted in very similar central parameters, fixed effects,
and variability estimates compared with the earlier PK mod-
els. Details on goodness-of-fit, including visual predictive
checks for the integrated PK model are provided in the
Supplementary Material.

The distribution of individual parameters based on the
final population PK model, particularly those relevant to the
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Figure 3 Simulated height distribution across the age ranges being studied in the ongoing phase Il study. The left panels correspond
to children aged 6-17 years, and the right panels correspond to adults. The top panels correspond to male subjects, and the bottom
panels correspond to female subjects. Black dots represent simulations based on the covariance matrix constructed from the phase Il
patient population.’® The blue dots across all panels represent patients from the phase Il study. The black error bars represent median
and approximate 95% confidence intervals extracted from the literature on a Jamaican population.2® The red error bars summarize the
simulations from Centers for Disease Control and Prevention tables as mean and one (bars) and two (dashed hinges) SDs.

extrapolation of data into a young pediatric population, are
presented in Figure 1. The relationship between clearance
and volume of distribution and the corresponding covari-
ates, as estimated from the integrated population PK
model, is indicated in the graphs.

Demographics

The distribution of weight and height for various ages, as
extracted from the CDC tables, was used as a base from
which to model the simulation of CRCL in a younger pediat-
ric population, aged 6—-11 years. The resulting distributions
are presented in Figure 2 and Figure 3. For comparison, a
simulation of adult data based on the observed data from
the phase Il study is contrasted in the figures. In addition, an
observed distribution in a Jamaican SCD population is
added for comparison.?® For the Jamaican population, a
growth delay seemed to occur, which may be relevant for
the target population and was reflected in a 5% lower weight
and 1 year delay in the height changes as evidenced from
the Cooperative Study on SCD.2*

To reflect the pediatric creatinine distribution, we modified
the relationship from Hoste et al.?® in its dependency on
age and gender to reflect the observed creatinine values
from the phase Il study in patients with SCD at the age of
12-18 years and adults, also accounting for the fact that

CPT: Pharmacometrics & Systems Pharmacology

the Cooperative Study in patients with SCD?* contains
rather lower creatinine values in younger children, rarely
exceeding 0.6 mg/dL. The resulting creatinine relationship
with age is illustrated in Supplementary Figure S1. The full
range of values, as used in the simulations after adding a var-
iability of 18%, reflecting the variability, as observed in the
phase Il study, is depicted in Supplementary Figure S$2.2°:52

For the primary simulation exercise, clearance values were
calculated in the same way as applied in the modeling exercise
(Schwartz formula for children adjusted for BSA; Cockcroft-
Gault formula for adults), ensuring that a size-related normali-
zation is handled equivalently across the populations and
between modeling and simulation exercises. The resulting
distribution of CRCL levels across the age ranges is presented
in Figure 4.

Younger pediatric population PK simulation results
The simulated concentration-time profiles after different dos-
ing regimens across the age ranges are shown in Figure 5.
To allow a direct comparison across dosing regimens,
box and whisker plots showing the Cg,.g4ss distribution
achieved across the age range with the range of observed
concentrations from phase Il in the background are shown in
Figure 6.
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Figure 4 Distribution of creatinine clearance levels, as calculated from simulation of weight, height, creatinine, and gender across the
age ranges being studied in the ongoing phase Ill study. The left panels correspond to children aged 6-17 years, and the right panels
to adults. The top panels correspond to male subjects, and the bottom panels to female subjects. Black dots represent the calculahons
based on simulations using the covariance matrix for welght height, and creatinine constructed from the phase Il patient population.'®

The blue dots across all panels represent values observed in the phase Il study. Red error bars represent calculations based on simu-

lations of weight, height from the Centers for Disease Control and Prevention tables®®
relationship indicating the median, 25th and 75th percentiles (bars), and 5th and 95th percentiles (dashed hinges).

et al®

For children aged 6-11 years, the 20-mg/kg loading dose
followed by a 10-mg/kg every 12 hours maintenance dosing
regimen is predicted to produce a C,q s distribution that will
fall below the target of 10 pg/mL and will also result in a
poor match to the C,,g4ss distribution observed in phase Il.

The 30-mg/kg loading dose followed by a 15-mg/kg every
12 hours maintenance dosing regimen is predicted to pro-
duce a C,gss distribution that will be above the target of
10 pg/mL for children with SCD aged 9-11 years, and will
also cover the C,.gss distribution observed in the phase Il
study for this age range. However, the children in the group
aged 6-8 years will likely be at the lower end of the target
range.

Finally, the 40-mg/kg loading dose followed by a 20-mg/kg
every 12 hours maintenance dosing regimen is predicted
to produce a Cggss distribution that will be above the
target of 10 pg/mL for ages 6—-11 years. For the age range
of 9-11 years, the C,,4ss distribution will be closer to match-
ing the concentration distribution predicted for adults receiv-
ing the 840-mg maintenance dosing regimen.

For additional illustration, the distributions for Cn.x and
Cmin indicate that throughout the entire dosing interval

and creatinine based on the modified Hoste

concentrations exceed the prespecified target concentration
of 10 pg/mL for the 40/20-mg/kg dose regimen in the 9-11
year old children, and only a fraction of the 6-8 year old
children will experience concentrations below the target of
10 pg/mL for part of their dosing interval.

DISCUSSION

This modeling and simulation exercise was conducted to
identify a dosing regimen of rivipansel suitable for use in
pediatric patients with SCD who will participate in the ongo-
ing phase lll study. Under the assumption that disease pro-
gression for SCD in children younger than 12 years of age
is not different from that of adults, and that a similar
response to intervention would be observed if a similar
exposure was achieved, both adults and children are
enrolled in the phase Il study.

To predict drug exposure at different doses in children
younger than 12 years of age, the PK structural model and
the estimated fixed effects are considered to still be rele-
vant, with only the demographic data derived using external
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Figure 5 Simulated concentration-time profiles after different dosing regimens in children aged 6—-11 years with sickle cell disease com-
pared with children aged 12-17 years and adults on a 1,680/840-mg fixed dosing regimen. Each row corresponds to one of the three
dosing regimens in children and each column corresponds to a given year in age. Red lines indicate the median of the prediction inter-
val, and the blue and gray areas correspond to 70% and 90% prediction intervals, respectively.

information. The CDC tables provided information to project
height and weight growth curves. Differences between
white subjects and black patients with SCD have been
described in the article by Platt et al.,>* allowing us to deviate
from the CDC tables®® as the primary source for demographic
extrapolation to reflect a delay in growth. The patients with
SCD may show further differences in clearance patterns, par-
ticularly as hyperfiltration has been widely discussed in SCD.
As we had estimated a 23% greater clearance in patients in
the phase Il study, it is reasonable to assume that this factor
may be attributed to hyperfiltration and would, therefore, also
apply to younger children.

It was assumed that the scaling of CRCL was the main
determinant for rivipansel clearance and, together with a
body scale measure such as weight, will be sufficient to
predict exposure.

The subsequent simulation exercise identified a dosing
regimen of 40-mg/kg as a loading dose followed by 20-mg/kg
every 12 hours as the maintenance dose for children aged
6-11 years. This should be sufficient to establish exposure
ranges shown to be efficacious in the phase Il study and to
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exceed the prespecified target concentration of >10 pg/mL.
The recommended dosing regimen of 40/20 mg/kg will also
ensure that comparable concentration ranges are maintained
across the age range, which will be important in interpreting
future study results.

Because the relationship between CRCL and weight is
not linear, weight-based dosing does not provide similar
Cavg,ss across the whole age range for children 6-12 years
old. In 6-year-old children, concentrations were predicted
to be about 30% lower compared with adults; however,
doses higher than 40 mg/kg could not be studied due to
lack of preclinical toxicity information and, therefore, spe-
cifically in the younger children, higher doses were not
applicable.

Finally, for the Jamaican SCD population that represents
a typical target population, a growth delay would cause a
slightly lower height compared with the height predictions
from the CDC tables for the same age, resulting in a lower
weight as well. That, in turn, given the weight-based dosing
for children with SCD receiving rivipansel, would largely
counteract potentially lower CRCL values.
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Figure 6 The distribution of average concentrations within a dosing interval at steady-state (Ca.gss) With different dosing regimens
across the age ranges to be studied in the phase Ill study. Each panel shows a dosing regimen in children compared to the fixed dos-
ing (FD) regimen in adults of 1,680/840 mg. Left: 20/10-mg/kg; middle: 30/15-mg/kg; and right: 40/20-mg/kg. Distributions of Caygss
after the low dose (pink) and high dose (green), as observed in the phase Il study,® are shown in the background, with the line indicat-
ing the median and the shaded area indicating the 95% prediction interval.

Limitations

Some of the assumptions evolving from the modeling and
simulation extrapolation exercise into this special population
are discussed here. The use of the Schwartz formula for
estimating GFR, like other serum creatinine-based formu-
las, is limited in SCD, as it tends to overestimate the GFR
in these patients.'®3® However, as it is commonly used by
pediatricians, it was applied to this phase Ill model. One
caveat in using the Schwartz formula is the fact that it was
derived in children with CKD, where patients’ GFR was esti-
mated with a mean of 41 mL/min/1.73m?. In contrast, our
SCD population will more likely resemble a largely normal
GFR population, which may also be affected by hyperfiltra-
tion, with half of the children seeming to show some degree
of hyperfiltration as indicated by their estimated glomerular
filtration rate of >140 mL/min/1.73m?. The variable fre-
quency of hyperfiltration across children with SCD was not
accounted for in the simulations, which is largely beyond
the scope for this publication and would need to be
explored further. Although we assume all patients experi-
ence a similar degree of hyperfiltration, any lower frequency
would result in a marginally lower clearance overall, which
would unlikely be clinically relevant.

Because renal clearance is proportional to CRCL and not
weight, an mg/kg dosing regimen would not lead to an
exactly similar exposure across the age range of 6-11 years
but was still chosen as the most feasible dosing regimen.

There is limited information available on the effective
concentration threshold of 10 ng/mL as the target for mini-
mum blood plasma concentration, as it is based on PK/
pharmacodynamic modeling from preclinical studies.
Finally, it is assumed that the pathophysiologic condition of
the disease is similar across the whole age range. How-
ever, given that hyperfiltration is already being described in
the younger population of patients with SCD, it is unknown
how the development of the kidney function is influenced
by the disease.

Although the simulations indicated that the 40/20-mg/kg
dose would provide the best comparison to the phase Il
study data, it is important to note that the selection of
pediatric dosing recommendations should be made while
considering the PK results in the context of the safety and
efficacy findings.

CONCLUSIONS

A dosing recommendation comprising a 40-mg/kg loading
dose followed by a maintenance dose of 20 mg/kg every 12
hours was selected for children aged 6-11 years participat-
ing in the ongoing phase Ill study (NCT02187003). This
regimen was selected based on the evaluation of multiple
dosing regimens likely required to achieve sufficient and
similar exposure across the range of patient ages in the
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study, and will provide acceptable concentration ranges
shown to have been effective in phase Il. This dosing regi-
men also accounts for the uncertainty in predictions for the
lowest age range, for which the safety profile of rivipansel
is not currently known. The ongoing phase Il study will
attempt to confirm the validity of the exposure predictions
from this modeling and simulation exercise and also provide
evidence of efficacy in the pediatric population at the pro-
posed dosing regimen.
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