1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Pharmacol Ther. Author manuscript; available in PMC 2022 January 01.

-, HHS Public Access
«

Published in final edited form as:
Clin Pharmacol Ther. 2021 January ; 109(1): 253-262. doi:10.1002/cpt.1990.

Physiologically-Based Pharmacokinetic Modeling Characterizes
the CYP3A-Mediated Drug-Drug Interaction Between
Fluconazole and Sildenafil in Infants

Sara N. Salerno?!, Andrea Edginton?, Jacqueline G. Gerhart!, Matthew M. Laughon3,
Namasivayam Ambalavanan4, Gregory M. Sokol®, Chi D. Hornik8 7.8, Dan Stewart®, Mary
Mills’, Karen Martz19, Daniel Gonzalez!" on behalf of the Best Pharmaceuticals for
Children Act — Pediatric Trials Network Steering Committee’

Division of Pharmacotherapy and Experimental Therapeutics, UNC Eshelman School of
Pharmacy, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA

2School of Pharmacy, University of Waterloo, Kitchener, Ontario, Canada

SDepartment of Pediatrics, UNC School of Medicine, The University of North Carolina at Chapel
Hill, Chapel Hill, North Carolina, USA

4Division of Neonatology, School of Medicine, University of Alabama at Birmingham, Birmingham,
Alabama, USA

SDivision of Neonatal-Perinatal Medicine, Indiana University School of Medicine, Indianapolis,
Indiana, USA

6Department of Pediatrics, Duke University School of Medicine, Durham, North Carolina, USA
’Duke Clinical Research Institute, Durham, North Carolina, USA

8Department of Pharmacy, Duke University Medical Center, Durham, North Carolina, USA
9University of Louisville Norton Children’s Hospital, Louisville, Kentucky, USA

10The Emmes Company, LLC, Rockville, Maryland, USA.

Abstract

Physiologically-based pharmacokinetic (PBPK) modeling can potentially predict pediatric drug-
drug interactions (DDIs) when clinical DDI data are limited. In infants for whom treatment of
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pulmonary hypertension and prevention or treatment of invasive candidiasis are indicated,
sildenafil with fluconazole may be given concurrently. To account for developmental changes in
cytochrome P450 (CYP) 3A, we determined and incorporated fluconazole inhibition constants
(K)) for CYP3A4, CYP3AS5, and CYP3AY into a PBPK model developed for sildenafil and its
active metabolite, N-desmethylsildenafil. Pharmacokinetic (PK) data in preterm infants receiving
sildenafil with and without fluconazole were used for model development and evaluation. The
simulated PK parameters were comparable to observed values. Following fluconazole co-
administration, differences in the fold change for simulated steady-state area under the plasma
concentration vs. time curve from 0 to 24 hours (AUCs; o_»4) Were observed between virtual adults
and infants (2.11-fold vs. 2.82-fold change). When given in combination with treatment doses of
fluconazole (12 mg/kg i.v. daily), reducing the sildenafil dose by ~ 60% resulted in a geometric
mean ratio of 1.01 for simulated AUCg _p4 relative to virtual infants receiving sildenafil alone.
This study highlights the feasibility of PBPK modeling to predict DDIs in infants and the need to
include CYP3A7 parameters.

If an investigational drug is suspected to interact with concomitant medications, drug-drug
interaction (DDI) studies are performed in healthy adult volunteers during drug development
and are communicated in the product label.! For ethical reasons, pediatric DDI studies are
rarely conducted unless children receive the drugs per standard of care. There are also
logistic challenges for conducting pediatric DDI studies, such as low enrollment and smaller
blood volume, particularly in neonates, available for pharmacokinetic (PK) sampling.
Consequently, therapeutic management of pediatric DDIs is based on adult DDI studies,
although developmental differences in activity of drug metabolizing enzymes may lead to
age-related differences in DDI potential. Within the cytochrome P450 3A (CYP3A)
subfamily, CYP3AZ7 is highly expressed in fetal tissue and neonates and typically has
reduced metabolic capacity for drugs compared with CYP3A4, which is primarily expressed
in adults.z~7

Physiologically-based pharmacokinetic (PBPK) modeling can predict pediatric DDIs by
incorporating drug and system properties, /n7 vitro data, and maturation of drug metabolizing
enzymes. PBPK modeling has been applied to characterize CYP3Amediated DDIs in
children > 2 years of age.8 Using the CYP3Amediated DDI between sildenafil with
fluconazole, we leveraged PBPK modeling and sildenafil PK data collected in preterm
infants with and without fluconazole to characterize CYP3A DDIs in adults and infants.
Sildenafil is a phosphodiesterase type 5 inhibitor used off-label in infants for pulmonary
hypertension.10 Hospitalized preterm infants receiving sildenafil are at risk for fungal
infection, thus they may also be prescribed the moderate CYP3A inhibitor, fluconazole, for
the prophylaxis and treatment of invasive candidiasis.!

Sildenafil is metabolized primarily by CYP3A, with minor contribution by CYP2C9, into 16
metabolites.12-14 Sildenafil has 96% plasma protein binding, preferentially toward alpha-1-
acid glycoprotein (AAG), that is concentration independent from 0.1 to 10 pg/mL (0.21-21
pmol/L).1516 The active metabolite, N-desmethylsildenafil (DMS), has half the
phosphodiesterase type 5 inhibitory activity as sildenafil.13:17 One study determined that the
in vitro formation kinetic intrinsic clearance (CL;n:; pL/min/pmol CYP3A) for DMS was
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similar for CYP3A4 (0.733) and CYP3AS5 (0.788), but significantly lower for CYP3A7
(0.079).18 Based on a study in 36 term neonates receiving i.v. sildenafil for persistent
pulmonary hypertension of the newborn or hypoxemia, sildenafil clearance (CL) increased
3-fold in the first week of life from 0.84 L/hour on day 1 to 2.58 L/hour at 7 days of age.1?
This is likely due to the developmental switch from CYP3A7 to CYP3A4 expression shortly
after birth.

A population pharmacokinetic (PopPK) model developed in 11 infants (2-121 days old)
receiving sildenafil for pulmonary hypertension, of which 3 also received fluconazole,
reported that fluconazole decreased sildenafil clearance by 47%.20 Similarly, another PopPK
study based on 34 preterm infants receiving sildenafil, with 4 also receiving fluconazole,
reported a 59% decrease in sildenafil CL by fluconazole.?! One study reported that the
fluconazole inhibitory constant was ninefold higher for CYP3A5 than CYP3A4 (84.6 + 12.9
UM vs. 9.21 + 0.51 pM), however, data are not available for CYP3A7.% Therefore, the goals
of this study were to: (i) develop an adult PBPK model for sildenafil and DMS; (ii) to
determine and incorporate CYP3A4, CYP3A5, and CYP3AY inhibitory constants (K/) for
fluconazole; (iii) to evaluate CYP3A DDI potential for sildenafil and DMS in adults; (iv) to
scale and evaluate the DDI between sildenafil with fluconazole in infants; and (v) to
optimize dosing for infants receiving sildenafil with fluconazole.

METHODS
Adult PBPK model development

A whole-body adult PBPK model was developed for sildenafil and DMS in PK-Sim® as
part of the open source Open Systems Pharmacology Suite version 8.0 (http://www.open-
systems-pharmacology.org) incorporating CYP3A.22 We compared model simulations with
and without CYP2C9-mediated metabolism incorporated into the model because it has been
postulated to play a minor role in formation of DMS. Adult PK data were digitized from the
literature for model development and evaluation (Table S1). A 36-year-old European man
with a weight of 73.8 kg and a height of 175.5 cm was used for model development. The
relative organ contributions for CYP enzymes were taken from the built-in database query
using array levels.23 The reference concentration refers to the highest organ expression per
age (whereby the ontogeny factor is 1). The default reference concentration in PK-Sim®
was 4.32, 0.04, and 3.84 pmoL/L liver tissue for CYP3A4, CYP3AS5, and CYP2C9,
respectively.24 CYP3A4 concentrations in pediatrics are calculated as a fraction of 4.32
pumol/L using the CYP3A4 ontogeny function (Supplementary Methods). Because CYP3A7
is greatest at birth, we calculated the liver reference concentration for CYP3AY in preterm
infants as follows: 4 umol/L for a preterm infant: 158 pmol/mg microsomal protein x 26 mg
microsomal protein/g liver x 1 g/mL x 1,000 mL/L x 1*10~% pmol/pmol.2:2526 Adult
CYP3AT liver concentrations are therefore calculated as a fraction of 4 umol/L using the
CYP3A7 ontogeny function (Supplementary Methods).

Sildenafil and DMS were comodeled using CYP3A4, CYP3A5, CYP3A7, and CYP2C9
formation kinetics from the literature for DMS.12:18.27 parameter optimization was
performed for sildenafil and DMS lipophilicity using the digitized i.v. adult data
incorporating the Monte Carlo algorithm.28 The organ-to-plasma partition coefficients were
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calculated using the Rodgers and Rowland method.2® Because kinetics for formation of the
remaining CYP3A catalyzed sildenafil metabolites are unknown, the sildenafil CYP3A
maximal velocity (Vmax) for the remainder of sildenafil metabolites was optimized using the
Monte Carlo algorithm (fixing the concentration of half-maximal velocity (Ky) to 15
pM18.27: Ssypplementary Methods). Sildenafil CYP3A7 Vmax Was optimized using the
preterm infant PK data because CYP3A?7 is minimally expressed in adults. After sildenafil
CL was optimized, CYP3A4 and CYP3A7 CL;,; for DMS were manually optimized using
adult and preterm infant data, respectively.

Adult PBPK model evaluation

One hundred virtual male adults from 18-58 years of age (healthy male population) or 100
adult patients (50% men) from 46—76 years of age (pulmonary arterial hypertension
population) were created based on reported demographics. Population simulations were
performed, and the ratio for the mean simulated and observed area under the concentration
vs. time curve (AUC) from 0 until the last observed value (AUCq_jast) or from 0 to infinity
(AUCq_wo) as reported, was compared for each dosing regimen. The mean CL and volume of
distribution at steady-state (Vss) were also compared between simulations and observations.

Fluconazole inhibition kinetics

A high-performance liquid chromatography with tandem mass spectrometry (HPLC-
MS/MS) assay was developed for 6p-hydroxytestosterone and the internal standard, 4-
androsten-19-1al 3,17-dione (Sigma-Aldrich, St. Louis, MO). The lower limit of
quantification was 1 UM and the coefficients of variation for the intraday and interday
precision was 11% and 7%, respectively (Supplementary Methods). Nicotinamide adenine
dinucleotide phosphate, acetonitrile, fluconazole, and testosterone were purchased from
Sigma-Aldrich. Human CYP3A4, CYP3A5, and CYP3A7 + reductase + b5 and 0.5 M
phosphate buffer, pH 7.4, were purchased from Corning Life Sciences (Corning, NY).
Experiments were performed to determine linear 6p-hydroxytestosterone formation
(Supplementary Methods). All experiments were performed in triplicates. To determine
fluconazole inhibition, a 4 x 7 matrix of testosterone (15, 50, 150, and 250 £M) and
fluconazole concentrations (0, 15, 50, 100, 200, 300, and 400 M) were evaluated. The
reaction volume was 100 gL and contained 20 pmol/mL of CYP3A4/5 or 40 pmol/mL of
CYP3AY7 in 100 mM potassium phosphate buffer at pH 7.4. The reaction was pre-incubated
at 37°C for 5 minutes, and then initiated with nicotinamide adenine dinucleotide phosphate
(1 mM final). After 5 minutes (CYP3A4/5) or 30 minutes (CYP3A7) of incubation at 37°C,
50 4 was removed and added to 150 L of ice cold acetonitrile containing 0.5 ¢/M 4-
androsten-19-1al 3,17-dione, centrifuged at 3,700 x g for 15 minutes, and then analyzed by
HPLC-MS/MS. Model discrimination was made by visual inspection of Lineweaver-Burk
plots, as well as Akaike information criterion comparing reversible unweighted nonlinear
regression fits in GraphPad Prism® 8.0 (Supplementary Methods).

Adult DDI evaluation

In order to ensure that CYP3A CL for DMS and sildenafil was accurately parameterized,
sildenafil (100 mg oral tablet given on day 1 and day 8) was comodeled with the CYP3A
inhibitor ritonavir (Table S2) administered at 300, 400, and 500 mg orally twice daily on
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days 2, 3, and 4-8, respectively. The ritonavir PBPK model was developed including
CYP3A and CYP2D6 metabolism, P-glycoprotein transport and inhibition, and CYP3A4
mixed time-dependent and competitive inhibition plus induction (Supplementary Methods;
Table S2). The AUC from 0 to tau (AUCq_.), AUCp-o0, maximal concentration (Cpnax), and
the fold increase in AUC and Cp,,x With and without ritonavir was compared between the
observed and simulated data.3°

We also evaluated the DDI between sildenafil plus erythromycin based on a study in 26 male
volunteers (18-45 years of age) receiving 100 mg sildenafil on days 1 and 6 along with 500
mg oral erythromycin or placebo twice daily on days 2—6.3! The erythromycin PBPK model
is available through the Open Systems Pharmacology website: https://github.com/Open-
Systems-Pharmacology/Erythromycin-Model. The model includes CYP3A4 N-
demethylation and time-dependent inhibition along with total hepatic clearance and organic
anion transporting polypeptide 1B1 transport and clearance via glomerular filtration
(Supplementary Methods). Finally, the DDI between sildenafil with fluconazole was
simulated in healthy adults receiving sildenafil 10 mg i.v. three times daily plus fluconazole
800 mg i.v. followed by 400 mg i.v. daily using a published fluconazole PBPK model.32 The
DDI between sildenafil with fluconazole was simulated in adults, although adult DDI data
were not available for model evaluation.

Pediatric PBPK model development

PK data for sildenafil and DMS were available from 9 preterm infants (< 32 weeks
gestational age (GA) and between 3 and 42 days postnatal age (PNA)) receiving a single
dose of sildenafil (0.125 or 0.25 mg/kg i.v.) per standard of care as part of the phase I,
multicenter, open label Pediatric Trials Network study (ClinicalTrials.gov Identifier:
NCT01670136; Table S1).21 Samples were collected, when possible, within 15 minutes, 1-
2, 3-4, 7-8, 12-14, 24-30, and 48-56 hours post the 90-minute infusion and 30-minute
flush time. PK data were dose-normalized to 0.25 mg/kg i.v. sildenafil. The four preterm
infants receiving sildenafil with fluconazole were administered sildenafil via the i.v. route.

The healthy male virtual subject was scaled to a male virtual preterm infant based on mean
observed demographics (22 days PNA, 25 weeks GA, and 849 g weight). The preterm infant
(24-40 weeks GA) virtual population within PK-Sim® includes physiological parameters
(body weight, height, organ volumes and blood flow rates, and tissue composition;
Supplementary Methods).33 CL was scaled using PK-Sim® ontogeny functions
(Supplementary Methods). Protein binding to AAG was scaled using a Hill-function-like
increase and decrease during the maturation and aging phases, respectively.3* Simulations in
term infants were performed using a virtual population of 100 term infants (3640 weeks
GA, and 0-3 days PNA). CL and V¢ were compared against published values from two
PopPK models developed in preterm and term infants.19.21

Sensitivity analysis

Sensitivity analyses were performed for a healthy adult, preterm infant, term infant at birth,
term infant at 2 weeks of age, 1-month-old, 2-month-old, 3-month-old, 6-month-old, 1-year-
old, 2-year-old, 5-year-old, and a 12-year-old. The virtual preterm infant received i.v.
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sildenafil, whereas the other virtual subjects received sildenafil orally. Parameters with
sensitivity values < —1 or > 1 were reported for Cyax and AUC-oo (Supplementary
Methods). Sensitivity values for CYP3A relative expression were compared among these
age groups.

Pediatric DDI dosing evaluation and recommendations

RESULTS

There were four preterm infants with PK data who received sildenafil with fluconazole. We
comodeled sildenafil with fluconazole in preterm infants leveraging a previously published
fluconazole PBPK model in adults and infants, including renal clearance and uridine 5’-
disphospho-glucuronosyltransferase family 2 member B7 (UGT2B7) metabolism.32:35 Only
the indication (prophylaxis vs. treatment) for fluconazole was recorded for these preterm
infants. Without specific details on the exact dosing or route of fluconazole administration,
we assumed fluconazole dosing based on the 2016 Infectious Diseases Society of America
recommended guidelines for neonatal candidiasis: 12 mg/kg daily administered i.v. for
treatment and 6 mg/kg administered i.v. every 72 hours for prophylaxis.3® We simulated
prophylaxis and treatment dosing for fluconazole in combination with sildenafil and
compared with data in preterm infants receiving fluconazole for prophylaxis or treatment,
respectively.

To simulate optimal dosing for this combination in neonates, we created a virtual population
of 1,000 preterm and term infants (50% girls) ranging from 24-40 weeks GA and 0-14 days
PNA. Following the US Food and Drug Administration (FDA) guidance, we targeted dosing
that would achieve simulated geometric mean ratios of Cyax and AUC from 0-24 hours
(AUC_p4) for sildenafil with fluconazole relative to sildenafil alone within the 80-125%
equivalence range. Cinax and AUCq_4 included both sildenafil and DMS, taking into
account differences in relative phosphodiesterase type 5 inhibitory activity and free fraction
(Eq. 1).1

AUC) _ 24(Cpnax) sildenafil + AUC( _ 24(Cinax)DMS X 0.5 x 1.25 @

where 0.5 and 1.25 refers to relative differences in phosphodiesterase type 5 inhibitory
activity and protein binding between DMS and sildenafil, respectively.

Exposure ratios were stratified by postmenstrual age using the World Health Organization
categories of preterm birth: GA < 28 (extremely preterm), = 28 to < 32 (very preterm, = 32
to < 37 (moderate to late preterm), and = 37 weeks (term). The reference dose for sildenafil
was 0.25, 0.5, and 1 mg/kg i.v. every 8 hours (90-minute infusion). Sildenafil (0.09, 0.13,
0.18, 0.26, 0.36, and 0.52 mg/kg every 8 hours, administered by a 30-minute and 90-minute
infusion) plus fluconazole (12 mg/kg i.v. daily, administered by a 60-minute infusion) were
simulated and compared against reference doses of sildenafil.

Adult PBPK model

We developed a whole-body PBPK model for sildenafil and DMS incorporating Michaelis—
Menten kinetics by CYP3A4, CYP3AD5, and CYP3AY for sildenafil CL and first-order CLjyt
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by CYP3A4 and CYP3AY for elimination of the DMS metabolite (Table 1; Figure S1). The
role of CYP2C9 was insignificant, for example, the AUC_c for the 100 mg dose was 1,580
vs. 1,581 ng*hour/mL for sildenafil and was 661 vs. 659 ng*hour/mL for DMS with and
without CYP2C9, respectively. Therefore, unless stated otherwise, all results are without
CYP2C9 contribution for parsimony. The adult sildenafil PBPK model adequately captured
observed data digitized from the literature (Figures S2-S6; Tables 2 and 3).

Fluconazole inhibition studies

The 6p-hydroxytestosterone production was linear upward 5 minutes for CYP3A4 and
CYP3A5 and 30 minutes for CYP3A7 (Figures S7 and S8). Fluconazole was a mixed
competitive inhibitor for CYP3A4, CYP3ADS5, and CYP3A7 (Figure S9). Alpha values > 1
indicate that fluconazole preferentially binds to the free enzyme (competitive inhibition).
Fluconazole inhibition was higher for CYP3A4 relative to CYP3AS5 and CYP3A7 (Table 4).

Adult DDI evaluation

We evaluated DDI potential for sildenafil in combination with ritonavir and erythromycin in
healthy adults. The simulated vs. observed geometric mean fold change in the AUC with and
without ritonavir was 13 vs. 11-fold for sildenafil (AUC(_co) and 2.0 vs. 1.7-fold for DMS
(AUCq_4) on day 8 (Table S3; Figure $10).30 The simulated vs. observed mean fold change
of AUCy_co With and without erythromycin was 2.24-fold vs. 2.82-fold for sildenafil and
was 1.67-fold vs. 1.37-fold for DMS (Table S4).3!

Pediatric PBPK model

The adult PBPK model was scaled to infants using CYP3A ontogeny and anthropomorphic
functions. Simulated concentrations were compared with 24 and 26 plasma samples for
sildenafil and DMS, respectively, from 9 preterm infants (median [range] GA of 25 [23-27]
weeks and PNA of 18 [7-40] days) receiving sildenafil, 4 of which also received fluconazole
(Table S1). The simulated mean CL and Vg in the absence of fluconazole was similar to
published values in preterm infants receiving enteral or i.v. doses, and to term infants
receiving a continuous infusion of sildenafil (Table 3; Figure 1). However, the simulated
variability in infants for CL and Vg was underpredicted, which could be overcome by an
additional 50% coefficient of variability on protein binding (Table 3).

Sensitivity analysis

In order to evaluate the critical parameters influencing sildenafil Cpzx and AUCy_co, @
sensitivity analysis was performed from preterm infants to adults (Tables S5 and S6). The
most sensitive parameters for sildenafil AUCy_oo included CYP3A4 Kp/Vimax, CYP3A4
ontogeny factor and reference concentration, fraction unbound, lipophilicity, and the plasma
protein scale factor (Table S5). Sildenafil AUC_co Was more sensitive to the reference
concentration of CYP3A7 compared with CYP3A4 in infants < 2 months of age (Figure 2;
Table S5).
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Pediatric DDI evaluation and dosing recommendations

Based on simulations in virtual adults, fluconazole (800 mg i.v. loading dose, then 400 mg
i.v. daily) administered with sildenafil (10 mg i.v. 3 times daily) resulted in an increase in
sildenafil plus DMS (accounting for differences in activity and protein binding) AUCq_y,4 at
steady-state (AUCgs g_p4) 0of 2.11-fold. The adult PBPK model was scaled to infants, and
was compared with observations in preterm infants receiving i.v. sildenafil with prophylaxis
and steady-state treatment doses of fluconazole including the minor role of CYP2C9 (Figure
1). When sildenafil (0.25 mg/kg i.v. 3 times daily) was administered with and without
fluconazole (12 mg/kg i.v. daily), the simulated AUCss 04 fold change of sildenafil plus
DMS was 2.82-fold in virtual infants (24-40 weeks GA and 0-14 days PNA). Stratifying by
postmenstrual age < 36 and > 36 weeks, the simulated AUCs; o_»4 fold change of sildenafil
plus DMS was 2.87 and 2.55 in virtual preterm and term infants, respectively (Table S7).

Optimal dosing simulations were performed for sildenafil with fluconazole in infants with
and without CYP2C9 DMS formation and CYP2C9 inhibition and the results were nearly
identical. When given in combination with treatment doses of fluconazole (12 mg/kg i.v.
daily), reducing the sildenafil dose by 64% (administered i.v. over a 90-minute infusion)
resulted in a geometric mean ratio of 1.01 for simulated AUCqs 9_p4 relative to virtual infants
(24-42 weeks (postmenstrual age)) receiving sildenafil alone (Figure 3; Table S8).
Simulated unbound sildenafil Cp,,x Values, targeted to achieve 53%, 77%, and 90%
phosphodiesterase type 5 inhibition based on a dose-ranging study of oral sildenafil in
children aged 1-17 years with pulmonary arterial hypertension, were slightly lower for
virtual infants receiving sildenafil with fluconazole compared with sildenafil alone (Figure
S11).37 To achieve similar Cpax values, we reduced the sildenafil dose by 48%
(administered i.v. over a 90-minute infusion) with 12 mg/kg i.v. daily fluconazole, which
resulted in a geometric mean ratio for simulated Cy,ax 0f 0.99 relative to infants receiving
sildenafil alone, but overestimated simulated AUCgs 0_p4 (Figure 3; Table S9). Additionally,
reducing the sildenafil dose by 64%, but shortening the i.v. infusion time to 30 minutes,
resulted in a geometric mean ratio for simulated Cp,,x 0of 0.90 (Table S10).

DISCUSSION

We developed an adult and pediatric PBPK model for sildenafil with fluconazole
incorporating CYP3A and CYP2C9 activity and ontogeny to characterize age-related
differences in CYP3A-mediated DDI potential. We first developed and evaluated a sildenafil
PBPK model in adults to gain confidence in the structural model before scaling to pediatrics
(Figure S1). We assumed that DMS CL was mediated through CYP3A based on a
proteomics study suggesting that DMS undergoes modification by CYP3A to form two
additional metabolites.38 The adult sildenafil PBPK model captured the observed DDI in
healthy adults receiving sildenafil in combination with ritonavir or erythromycin.30:31
CYP3A7 CLnt was optimized using preterm infant PK data because CYP3A7 expression is
minimal in adults and highest in preterm infants.

The simulated sildenafil CL and Vg for adults and infants were comparable and all within
twofold of observed values, except for one study in infants, which suggests reasonable
agreement between our model predictions and observations (Table 3). This one study
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reported a higher Vg in full-term neonates (456 L/70 kg (22.4 L)) than reported in preterm
infants and adults, which the authors suggested may be due to lower protein binding of
sildenafil in infants relative to adults (93.9% vs. 96%).20 It seems unlikely that term infants
would have a significantly higher volume of distribution than preterm infants. In addition,
the CL and Vg reported in infants was much higher than the variability generated using the
infant virtual population in PK-Sim® (Table 3). Critically ill infants receiving sildenafil with
fluconazole may have higher or more variable protein binding associated with illness, stress,
or inflammation. For example, AAG is an acute phase protein that has been shown to
increase and fluctuate in infants and children with illness and inflammation.3240 To test this
hypothesis, we increased the coefficient of variation on protein binding through AAG in the
simulated infant population, a reasonable assumption based on the high variability of plasma
AAG levels observed in infants, resulting in similar observed and simulated CL and Vg
variability (Table 3).4! Infants with pulmonary arterial hypertension may have differences in
organ function and/or blood flow relative to the virtual infant population in PK-Sim®
possibly leading to higher variability.

Sensitivity analysis for sildenafil across age highlights that CYP3A7 should be included for
CYP3A substrates in infants < 2 months of age (Figure 2). However, we often do not have
CYP3AY in vitro parameters and instead only scale using CYP3A4 activity. This assumption
is reasonable for children because CYP3A4 expression reaches full capacity by ~ 1.3 years
of age, but may lead to model misspecification in neonates primarily expressing CYP3A7.42
CYP3AT7 expression decreases from 142.2 pmol/mg in neonates to 4 pmol/mg in adults.23.7
CYP3AY changes with age with mean values of 201 pmol/mg in fetal liver samples
(estimated GA of 31-41 weeks) and 158 pmol/mg in premature birth liver samples
(estimated GA < 40 weeks).2 In contrast, CYP3A4 increases from 5 pmol/mg in neonates to
98 pmol/mg in adults.2:3.7

Fluconazole CYP3A inhibition data were experimentally generated to characterize DDI
potential between sildenafil with fluconazole in infants. Fluconazole was a mixed inhibitor
of CYP3A using testosterone as the probe substrate, and CYP3A4 was a more potent
inhibitor relative to CYP3AS5 and CYP3A7 (Table 4). When comparing the metabolic
capacity for CYP3A using 10 different CYP3A substrates, one study reported an equal or
reduced metabolic capability for CYP3A5 compared with CYP3A4 and a significantly lower
catalytic activity for CYP3A7 compared with CYP3A4.4 The K, for CYP3A4 and CYP3A5
from this study differed from another study using midazolam as the CYP3A probe substrate
(29.4 1M vs. 9.21 1M for CYP3A4 and 182.5 1M vs. 84.6 1M for CYP3AB).% Results can
differ based on the CYP3A probe substrate used, and two distinct substrate groups have been
postulated, including testosterone in one group and midazolam in the other group.43 The
magnitude of the simulated DDI between sildenafil with fluconazole was slightly greater in
neonates than adults (a fold change in AUCg; o_p4 Of 2.82 vs. 2.11). This may be attributed to
a lower catalytic activity for CYP3AT relative to CYP3A4 particularly because the
difference was greater for preterm than term infants. Additionally, neonates receive a higher
fluconazole treatment dose (12 mg/kg i.v. daily) relative to adults (6 mg/kg i.v. daily) and
fluconazole inhibition is dose-dependent. Given the lack of adult DDI data available for
sildenafil with fluconazole model evaluation, it is difficult to determine if this difference is
significant and clinically relevant.
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The pediatric sildenafil with fluconazole PBPK model was applied to provide dosing
recommendations in infants and compared against pharmacodynamic and efficacy end
points. Based on the FDA clinical drug interaction studies guidance, we targeted geometric
mean ratios for Cp,ax and AUCs 0_p4 With and without fluconazole within the 0.8 to 1.25
equivalence range.! This approach was applied because there is no optimal dosing or
exposure-response relationship established for sildenafil in infants. However, in adults with
pulmonary arterial hypertension, the concentration-response relationship for pulmonary
vascular resistance has a concentration of half-maximal effect of 17 ng/mL and the
concentration that produces the maximal effect is around 100 ng/mL.44 There was a dose-
ranging, placebo-controlled study performed in children with pulmonary arterial
hypertension from 1 to 17 years old receiving 3 sildenafil doses targeted to achieve steady-
state Crnax Values of 47, 140, and 373 ng/mL corresponding with 53%, 77%, and 90%
unbound inhibition of /n vitro phosphodiesterase type 5 activity, respectively. Interestingly,
in this study, the low dose (10 mg in children > 20 kg) was ineffective whereas the high dose
(20, 40, and 80 mg for children among = 8-20, > 20-45, and > 45 kg, respectively) was
associated with an increased risk of mortality after 2 years of treatment relative to children
receiving lower doses of sildenafil.24 Another study reported that newborns with persistent
pulmonary hypertension who achieved an initial sildenafil concentration of 58.4 + 44.8
ng/mL, experienced significant improvements in oxygenation after 4 hours of a continuous
sildenafil infusion, whereas those with levels of 3.7 + 4.6 ng/mL did not experience
improvements in oxygenation.*®> These model simulations suggest that sildenafil dosing of
0.5 mg/kg i.v. every 8 hours alone and 0.18 mg/kg sildenafil i.v. every 8 hours when given in
combination with 12 mg/kg i.v. daily fluconazole, results in simulated C,ayx Values
exceeding the 77% unbound inhibition target. Additional studies are needed to further
evaluate the relationship among sildenafil exposure, efficacy, and safety in premature
infants.

We present a novel approach for characterizing DDIs in pediatric patients; yet, there are
limitations that warrant further discussion. All simulations were performed in infants
receiving i.v. sildenafil with fluconazole because the preterm infants who received sildenafil
with fluconazole received sildenafil i.v. Furthermore, oral absorption in preterm infants is
not enabled within the PK-Sim®/MoBi® software. Therefore, these dose recommendations
may differ for infants receiving oral sildenafil with fluconazole. Another limitation is that
the sildenafil with fluconazole DDI data used for model evaluation were available for
preterm infant data only. However, the percentage reduction in CL in this study following
i.v. administration was similar to another study in neonates with a median (range) PNA of 20
days (2-121 days; GA not reported) who received sildenafil via nasogastric tube in
combination with fluconazole (65 vs. 47%).20 The interaction with fluconazole is also dose-
dependent and our simulations focused on treatment doses of fluconazole and infants in the
published studies may have received prophylaxis doses.2 Additionally, there was no
available clinical DDI data in adults receiving sildenafil with fluconazole to confirm the
adult DDI model predictions. Nonetheless, we were able to model the DDI between
sildenafil with ritonavir and erythromycin in healthy adults (Tables S3 and S4).

In conclusion, it is critical to incorporate CYP3A7 parameters into PBPK models to
accurately predict CYP3A mediated drug distribution and DDI potential in infants < 2
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months of age. Additional PBPK models developed for other CYP3A inhibitors or inducers
can be comodeled using this sildenafil PBPK model to guide model-informed precision
dosing in infants receiving sildenafil with other interacting drugs, such as erythromycin and
protease inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

[ Cytochrome P450 (CYP) 3A mediated drug-drug interactions (DDIs) may differ
between adults and infants because CYP3AY7 has higher expression in infants and
typically lower catalytic activity relative to CYP3A4, the predominant isoform expressed
in adults.

WHAT QUESTION DID THIS STUDY ADDRESS?

M Using sildenafil with fluconazole as an example, this study leverages physiologically-
based pharmacokinetic modeling and sparse DDI data collected in preterm infants to
characterize age-related differences in CYP3A-mediated DDIs.

WHAT DOES THIS STUDY ADD TO OUR KNOW-LEDGE?

[ This study highlights that it is critical to incorporate CYP3A7 parameters for CYP3A
substrates in infants < 2 months of age. Additionally, reducing the sildenafil dose by 64%
in combination with 12 mg/kg i.v. daily fluconazole resulted in comparable simulated
daily area under the plasma concentration vs. time curve at steady-state (AUCss g_24)
values as virtual infants receiving sildenafil alone.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

M This novel approach can be applied to other metabolic DDIs in pediatrics where
clinical DDI data is available in adults, but lacking or limited in the pediatric population.
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Sildenafil and N-desmethyl sildenafil (DMS) with and without fluconazole physiologically-
based pharmacokinetic model population simulations in preterm infants. Population
simulations in 100 preterm infants (33% girls, 7-40 days postnatal age, 24-27 weeks
gestational age, and 590-1,242 g) for sildenafil (a) and DMS (b) in infants receiving
sildenafil alone, and for sildenafil (c) and DMS (d) in infants receiving sildenafil with
steady-state administration of fluconazole for treatment (12 mg/kg i.v. daily) and for
sildenafil (e) and DMS (f) in infants receiving sildenafil with fluconazole for prophylaxis (6
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mg/kg i.v. every 72 hours). A single dose of 0.25 mg/kg i.v. sildenafil with 6 mg/kg
fluconazole i.v. in preterm infants resulted in a simulated mean fold-change of 1.08 for
maximal concentration (Cpax) and 1.40 for the area under the curve extrapolated to infinity
(AUCy_wo) for sildenafil plus DMS accounting for different phosphodiestesterase type 5
inhibitory activity and protein binding (sildenafil + 0.5%1.25*DMS). A single dose of 0.25
mg/kg i.v. sildenafil with 6 days of fluconazole dosing of 12 mg/kg fluconazole i.v. in
preterm infants resulted in a simulated mean fold-change of 1.13 for Cp,ax and 2.59 for
AUC(_c for sildenafil plus DMS. The solid grey area is the 95% prediction interval and the
dots are concentrations colored by individuals. Results were obtained using the default PK-
Sim® ontogeny functions for alpha-1-acid glycoprotein without additional variability
introduced on the fraction unbound. Observed concentrations were dose normalized to 0.25
mg/kg.
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Figure 2.
Results of a sensitivity analysis comparing the influence of cytochrome P450 3A4

(CYP3A4), cytochrome P450 3A5 (CYP3ADS), and cytochrome P450 3A7 (CYP3A7)
reference concentration on sildenafil AUCq-« after a single oral dose for all ages, except
that an i.v. dose was simulated for preterm infants, as a function of age. Comparison of
sensitivity values for the impact of reference concentration of CYP3A4 (blue), CYP3A5
(grey), and CYP3AT (navy) on sildenafil AUC(_« in typical subjects of various ages. A
sensitivity analysis was performed for a typical healthy adult, a preterm infant (22 days
PNA, 25 weeks GA, and 849 g weight), a term infant at birth (neonate), a term infant at 2
weeks of age, as well as infants, children, and adolescents 1, 2, 3, and 6 months, and 1, 2, 5,
and 12 years of age. A sensitivity of —1.0 implies that a 10% increase of CYP3A reference
concentration leads to a 10% decrease of AUC(_oo, and a sensitivity of + 1 implies that a
10% increase of CYP3A reference concentration leads to a 10% increase of AUCy_co.
AUC(_c, area under the plasma concentration vs. time curve from zero to infinity; GA,
gestational age; PNA, postnatal age.
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Figure 3.
Changes in daily AUCgs and Cyax in preterm and term infants receiving modified doses of

i.v. sildenafil given t.i.d. in combination with fluconazole compared to preterm and term
infants receiving sildenafil alone. Data presented as the geometric mean and associated 90%
prediction interval of the change in sildenafil plus 0.5%1.25*DMS (accounting for
differences in potency and protein binding) AUCgs and Cpax in infants receiving sildenafil
with fluconazole relative to infants receiving sildenafil without fluconazole. The reference
sildenafil doses were 0.25 mg/kg i.v., 0.5 mg/kg i.v., or 1 mg/kg i.v., each dose administered
over a 90-minute infusion every 8 hours. The fluconazole dose was 12 mg/ kg daily,
administered i.v. over a 60-minute infusion. When given in combination with fluconazole,
reducing the sildenafil dose by 64% resulted in a geometric mean ratio of 1.01 for AUC
relative to infants receiving sildenafil alone but Cp,ax was underpredicted. To achieve similar
Cmax Values, reducing the sildenafil dose by 48% with fluconazole resulted in a geometric
mean ratio for Cp,5x 0f 0.99 relative to infants receiving sildenafil alone, however, but AUCg
was overpredicted. AUCg, area under the plasma concentration vs. time curve at steady-
state; Cmax, maximal concentration; Cl, confidence interval; DMS, N-desmethylsildenafil;
IQR, inter-quartile range.
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