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1 | INTRODUCTION

Karel Allegaer
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The disposition of a drug is driven by various processes, such as drug metabolism,
drug transport, glomerular filtration and body composition. These processes are
subject to developmental changes reflecting growth and maturation along the pae-
diatric continuum. However, knowledge gaps exist on these changes and their clin-
ical impact. Filling these gaps may aid better prediction of drug disposition and
creation of age-appropriate dosing guidelines. We present innovative approaches
to study these developmental changes in relation to drug metabolism and trans-
port. First, analytical methods such as including liquid chromatography-mass spec-
trometry for proteomic analyses allow quantitation of the expressions of a wide
variety of proteins, e.g. membrane transporters, in a small piece of organ tissue.
The latter is specifically important for paediatric research, where tissues are
scarcely available. Second, innovative study designs using radioactive labelled
microtracers allowed study—without risk for the child—of the oral bioavailability of
compounds used as markers for certain drug metabolism pathways. Third, the use
of modelling and simulation to support dosing recommendations for children is
supported by both the European Medicines Agency and the US Food and Drug
Administration. This may even do away with the need for a paediatric trial. Physio-
logically based pharmacokinetics models, which include age-specific physiological
information are, therefore, increasingly being used, not only to aid paediatric drug

development but also to improve existing drug therapies.
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plasma concentrations either below or above adult reference

concentrations. A classic example is the case of toxic exposure to

The disposition of a drug is driven by processes such as drug metabo-
lism, drug transport and glomerular filtration. These processes are sub-
ject to age-related changes, reflecting growth and maturation along
the paediatric continuum. 2 Still, clinicians used to linearly adjust the
dose for an adult to that of a child based on bodyweight. This over-
simplification of paediatric physiology commonly resulted in drug

chloramphenicol, which resulted in fatal cardiovascular collapse (grey
baby syndrome) in neonates.* This was ascribed to underdevelopment
of drug metabolism in neonates.

Several information gaps on these developmental changes
remain, bringing children at risk of subtherapeutic or toxic drug
exposure. Nevertheless, paediatric studies aimed at delineating age-
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related variations in drug metabolism and transport are often
nontherapeutic,® which raises questions about ethical considerations.
Studies must be designed to be of some benefit for the paediatric
population and pose minimal risk to, and impose minimal burden on,
the children in comparison with the standard treatment they receive.®
A practical challenge for paediatric studies is the availability of only
small blood and tissue sample volumes. Nevertheless, although paedi-
atric drug research is considered complex and requires specific exper-
tise, it is certainly not impossible.

The aim of this review is to show how innovative approaches
have allowed filling of important gaps on the knowledge of the ontog-
eny of drug transport and metabolism, to illustrate the relevance of
both in vitro as well as in vivo data, with the ultimate goal of improv-
ing drug therapy in children.

2 | METHODS

We applied a narrative approach to identify publications concerning
the ontogeny of drug metabolism and/or transport. The innovative
approaches identified covered the topics (see Figure 1) presented

below in this order:

. In vitro data on ontogeny of transporters

. In vivo paediatric microdosing and microtracer studies

. Predicting paediatric pharmacokinetics (PK) by modelling and simulation
. Collaboration

aua A WO N -

. Promising future innovative techniques/approaches

The drug/molecular target nomenclature in this review conforms
to the IUPHAR/BPS Guide to PHARMACOLOGY nomenclature classi-
fication.” Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY.

3 | APPROACH 1:IN VITRO DATA ON
ONTOGENY OF TRANSPORTERS

3.1 | How does membrane transporter expression
change with age?

Transporters are membrane-bound proteins present in the apical and
basolateral membranes of organs such as the liver and kidney.? Their
biological role is the bidirectional trafficking of substrates across
membranes, which makes them critical determinants of tissue and
cellular substrate disposition. Moreover, they act in concert with
drug-metabolizing enzymes to maintain homeostatic balance for
endogenous substrates and to facilitate the detoxification and elimina-
tion of exogenous substrates, such as drugs and environmental toxins.2

A 2015 review on the human ontogeny of drug transporters con-
cluded that huge knowledge gaps remain for paediatrics, and that
developmental patterns of transporter mRNA and protein expression
needed to be elucidated to achieve safe and effective drug therapy
for children.? At that time, mainly data from mRNA expression studies
were available. Meanwhile, paediatric proteomic studies have become
available through advances in liquid chromatography with tandem
mass spectrometry (MS), which technique allows for quantification of
the protein expressions of a variety of drug transporters in only a
small amount of tissue.?"*°

Age-related variations in the protein expression of clinically rele-
vant hepatic and renal transporters (see Table 1 for an overview of
these transporters) have now been studied.’*"'* A recent review by
Cheung et al. provides a detailed overview of the reported ontogeny
profiles.?® Transporter protein expression show different develop-
mental patterns: e.g. increasing, decreasing or stable across the paedi-
atric age range. These developmental patterns appear to be both
isoform- and organ-dependent. Interestingly, for hepatic transporters,
most differences in transporter expression were found between the
foetal and adult age groups, and for renal transporters between

infants <2 years and adults. Thus, it seems that major changes in

In this narrative review the
following innovative approaches
and recent advancesin the study
of ontogeny of drug metabolism
and transport were identified and
are discussed:

Approach 1: Approach 2: Approach 3: Approach 4: Approach 5:
In vitro data on In vivo pediatric Predicting Collaboration Promising future
ontogeny of microdosing & pediatric innovative
transporters mictrotracer pharmacokinetics techniques/
studies by modellingand approaches
simulation

FIGURE 1 An overview of innovative approaches and recent advances in the study of ontogeny of drug metabolism and transport that are
discussed in this review
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TABLE 1 Full names, protein names and gene names of clinically
relevant renal and hepatic transporters

Protein Gene
Full name name name
P-glycoprotein P-gp ABCB1
Breast cancer resistance protein BCRP ABCG2
Multidrug and toxin extrusion 1 MATE1 SLC47A1
Multidrug and toxin extrusion 2-K MATE2-K SLC47A2
Organic anion transporting polypeptide OATP1B1 SLCO1B1
1B1
Organic anion transporting polypeptide OATP1B3 SLCO1B3
1B3
Organic anion transporter 1 OAT1 SLC22A6
Organic anion transporter 3 OAT3 SLC22A8
Organic cation transporter 2 OCT2 SLC22A2
Multidrug resistance-associated MRP2 ABCC2
protein 2
Multidrug resistance-associated MRP4 ABCC4
protein 4
Sodium/taurocholate cotransporting NTCP SLC10A1
polypeptide
Bile salt export pump BSEP ABCB11
Glucose transporter 1 GLUT1 SLC2A1
Glucose transporter 2 GLUT2 SLC2A2
Monocarboxylate transporter 1 MCT1 SLC16A1
Uric acid transporter 1 URAT1 SLC22A12

transporter protein expression occur in early life. More specifically for
hepatic transporters, the sample size and age ranges in a study from

Prasad et al.1°

were complimentary to those in a study by van Groen
et al.!* Prasad et al. included 4 neonates, 19 infants, 32 children,
14 adolescents and 41 adults, whereas van Groen et al. mainly
included foetuses (n = 36), preterm neonates (n = 12) and term neo-
nates (n = 10). Both studies found that the expressions of organic
cation transporter 1 (OCT1), multidrug resistance 1 (MDR1) and
multidrug resistance-associated protein 3 (MRP3) increased with age.
A study by Li et al. with 43 renal samples from children, adolescents
and adults did not find age-related changes in transporter protein
expression,™* in contrast to the findings of Cheung et al.*® This dis-
crepancy is probably explained by the fact that the study by Li et al.
had almost no samples from neonates and infants <2 years (i.e. 1 sam-
ple <1 year and 12 samples 1-<12 year). Interestingly, in addition to
renal samples, Li et al. also included 26 paired hepatic samples

(a subset from Prasad et al.'9)

, and confirmed that the transporter
expression ontogeny was organ dependent.'* For other major organs,
such as the intestine, paediatric protein expression data are lacking.*”
The observations described above show that the transporter sub-
strate disposition is subject to age-related changes. This may impact
drug exposures in children and thereby potentially affect drug efficacy
and safety. This supposition is supported by a study concluding that
hepatic OCT1 ontogeny partly explained the lower clearance of its

substrate morphine in neonates and infants than in adults.*®

) BRITISH 4287
B PHARMACOLOGICAL
i SOCIETY
Pav.n

Regarding renal transporters, the renal clearance in general is
driven by glomerular filtration, which also changes with age. The glo-
merular filtration rate (GFR) reaches 50% of adult values by 2 months
and 90% of adult values by age 1 year.!” Drugs that are substrates for
renal transporters may also be actively secreted or reabsorbed in the
tubules by these renal transporters, on top of glomerular filtration.
Thus, age-related changes in the PK of renal transporter substrates
can probably be ascribed to both maturation of transporter expression
and of GFR. For instance, after hepatic metabolism, the antiviral drug
valacyclovir is renally eliminated via glomerular filtration and active
tubular secretion, probably by organic anion transporter (OAT)1/3.18
The apparent clearance of valacyclovir in infants younger than
3 months was half of that in young children.?® The GFR in infants
younger than 3 months is expected to exceed 50%,'” and therefore
this lower clearance may be explained by the fact that the TMsq of
OAT1 was approximately 4 months, and that of OAT3 8 months.*® An
example of an endogenous transporter substrate is uric acid (UA),
which is a substrate for both the renal transporters breast cancer
resistance protein and urate transporter 1.192° The fractional excre-
tion of UA (% of filtered UA not reabsorbed by the tubules), is
30-40% in term newborns under the age of 5 days, which decreases
to 8-10% in 3-year-old children.?*~2% Apart from age-related physio-
logical changes in, for example, urinary acidification and concentration
ability, transporter ontogeny may explain this observation. The
expression of the apical efflux transporter breast cancer resistance
protein decreases from birth, whereas expression of the apical uptake
transporter urate transporter 1 increases from birth until childhood,

resulting in a net decrease in UA excretion.?%2%

3.2 | Potential underlying mechanisms for
transporter ontogeny

Differences in maturational patterns between mRNA and protein
transporter expression have been reported.***® This interesting find-
ing may help understand the underlying mechanisms of these pat-
terns. Alternative splicing, a process that increases the diversity of
products, i.e. splice variants, from a single gene, might be 1 of the
mechanisms for maturational changes in organic anion transporting
polypeptide 1B1 (OATP1B1) expression, as in a previous study the
gene expressions of a fair amount of splice variants were associated
with age.?* The total gene expression quantified by quantitative
reverse transcription polymerase chain reaction could be derived from
a mixture of different splice variants of the targeted gene, also includ-
ing splice variants that may not translate into protein.?> Quantitative
proteomics measures the actual expression of the protein of interest;
hence, alternative splicing could partly explain the lack of correlation
between mRNA and protein expression, especially when a correlation
is found in adults but not in children, or vice versa.

More specifically, age-related variation in the expressions of
solute carrier organic anion transporter 1B1 (SLCO1B1) splice vari-
ants may have implications for children, as we have found that most

of these splice variants predictably resulted in truncated isoforms of
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the OATP1B1 transporter.?* The functionality of the transporter is
thought to be partly dependent on the number of transmembrane
regions. As the truncated isoforms have fewer transmembrane
regions, the functionality of the transporter may be affected in chil-
dren, and consequently the disposition of its endogenous and exoge-
nous substrates. Furthermore, the location of a transporter is a critical
determinant of activity and correct functionality, which is partly deter-
mined by post-translational changes such as glycosylation.2® The trun-
cated SLCO1B1 isoforms may lack 1 or more of the N-glycosylation
sites, which may lead to an inappropriate localization as non-
glycosylated OATP1B1 is retained within the endoplasmic reticulum,
i.e. not being present on the cell membrane.?’

The expressions over age of several transporters, for example the
renal transporters OAT1 and OAT3, have been found to be strongly
correlated.12*2 still, the underlying mechanism for ontogeny may be
the same. OAT1 and OAT3 are located in adjacent regions on chro-
mosome 11.28 Moreover, they are both positively regulated by the
transcription factors hepatocyte nuclear factor (HNF) 1a and 1[5.29
We could speculate that HNFla and 1p are also impacted by age,
which then would explain the developmental patterns of OAT1 and
OAT3. However, the relationship between transcription factors
maintaining basal expression level, like the HNF family, and trans-
porter expression, is still largely unknown, let alone the impact of age
on transcription factors.

3.3 | Methods and study design to study ontogeny
of drug transport

The current lack of harmonized practices in the implementation of lig-
uid chromatography-tandem MS-based proteomic quantification
leads to variability in reported abundances of the same proteins.3>%!
Using available data to simulate PK may introduce unexpected bias,
especially when in vivo PK data to validate the simulations are lacking.
Not only the analytical method, but also the unit in which the data are
reported may differ. For example, it was found for hepatic trans-
porters that crude membrane yield per amount of tissue was higher in
foetuses than in term newborns.!? Therefore, ontogeny patterns may
not be similar when the transporter protein expression is described
per gram crude membrane instead of per g of tissue. However, in liter-
ature, these units are used inconsistently, as consensus is lacking on
how to report proteomic data.

More specifically regarding renal transporters, sample preparation
and data interpretation are further complicated by the fact that the
kidney consists of cortex and medulla. Renal transporters are primarily
located in the kidney's proximal tubules, which are enriched in the
cortex, whereas the medulla is enriched with distal/collecting tubules.
The relative composition of cortex vs medulla in frozen tissue could
vary depending on sample collection and dissection. The ontogeny
data could, therefore, be confounded. Regarding renal transporters in
adults, studies often apply normalization to the housekeeping protein
aquaporin 1, located specifically in the proximal tubule. As the expres-

sion of aquaporin 1 in newborns is 50% of the expression in

adults, 222 the use of aquaporin 1 as a housekeeping protein is limited
in paediatric studies. Interestingly, Li et al. recently studied could not
identify an age-related change in aquaporin 1 protein expression in
43 human samples from age 0.5 to 35 years.* They first used the
ratio of this protein to aquaporin 2, which is located in the dis-
tal/collecting tubules, to exclude tissues contaminated with medulla
(based on the statistical Grubb's test to identify outliers). Thereafter,
they normalized the renal transporter expression to aquaporin 1 to

study ontogeny patterns.

3.4 | Challenges, recommendations and future
perspectives for the ontogeny of transporters

While the current studies significantly contributed to our understand-
ing on age-related changes in transporter expression, there are still
future perspectives to continue this work. For 1 thing, the protein
expression of renal transporters in neonates is understudied, as the
2 available studies both only included 1 neonate.*®'* In addition,
regarding both renal and hepatic transporters, the unexplained inter-
individual variability in protein expression within age groups is
distinct.**"** Apart from age, comedication and the presence of
inflammation, among other things, can influence the transporter
expression and thereby contribute to the expression variability.>43°
The impact of acute and chronic inflammation on transporter expres-
sion and activity is related to the activity of multiple proinflammatory
cytokines that can activate or inhibit involved nuclear receptors or
transcription factors.®® Similarly, certain medications and environmen-
tal toxins could lead to activation of nuclear receptor pathways, and
could, therefore, influence the transporter expression.3¢*” The under-
lying causes of death of tissue donors are heterogeneous—and so are
the exposures to drugs and environmental toxins. Lastly, in postmor-
tem tissue, the measure of degradation in mRNA and protein levels
may vary among samples, which may impact the expression level mea-
surements. The interplay of age with these other covariates merits
further elucidation.

Furthermore, genomic variation can impact mRNA and/or protein
transporter expression. Nevertheless, a study on hepatic transporters
in a cohort mainly consisting of foetuses and newborns could not
identify such impact,** although the selected genetic variants were
known to affect mRNA and/or protein expression in adults or older
children. This finding may be explained by the small sample size, but
perhaps also by the interplay between development and genetics. For
example, in a previous study, SLC22A1 181C > T in adult samples cor-
related with OCT1 protein expression,®® but this was not confirmed in

the paediatric cohort.**

OCT1 expression was low in foetuses, poten-
tially obscuring a possible effect of genetic variants. By contrast, the
SLC22A1 genotype (giving rise to the OCT1 transporter) is related to
tramadol disposition in preterm infants, similar to adults.>’ This sug-
gests that, although protein levels are low, the SLC22A1 genotype can
result in significant differences in protein activity in neonates. In the
cohort of van Groen et al. the OATP1B1 protein expression was sta-

ble within SLCO1B1 diplotypes.! In contrast, Prasad et al. showed
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higher protein expression in neonates vs older children/adults with
the SLCO1B1 *1A/*1A haplotype.l® Thus, it remains important to
include genotype when analysing developmental patterns. Further-
more, the interaction between genetic variants and age should be
studied further.

This review focuses on the kidney and liver, but transporters as
well as drug-metabolizing enzymes are also abundant in other major
organs, such as the gastrointestinal tract, and sanctuary sites including
the brain.*® The developmental patterns of transporters and drug-
metabolizing enzyme isoforms appear to be organ-dependent.** An
understanding of the ontogeny of multiple transporters, drug-
metabolizing enzymes and tissues from different organs in parallel
would provide a more holistic view on entire human development.**

Regarding proteomic studies, a recently published white paper
discussed current practices and provided recommendations towards
harmonization of practices.*? The recommendations concern specific
proteomic quantification techniques, sample preparation and quality
controls, as well as documenting of tissue weight and the originating
organ section. For further method development, housekeeping pro-
teins should be further validated to normalize for technical variability.
Researchers are advised to follow these and future recommendations,
as this would enable comparison and combining data originating from
various laboratories.

Importantly, the impact of a transporter on the disposition of a
substrate is determined by its functional activity. It is widely accepted
to use mRNA and protein expression data as a surrogate parameter
for the functional activity of a transporter.? However, there may be
discrepancies between expression and activity, as already introduced
above. Therefore, ex vivo ontogeny should preferably be validated by
in vivo data. In a previous study, tazobactam PK data were used to
validate the ontogeny profiles of the renal transporters OAT1/3.1°
Another approach to estimate transporter maturation is to subtract
age-specific GFR estimations from reported total renal clearance
values of a specific renal tubular transporter substrate. Willmann et al.
determined the renal tubular MDR1 maturation by subtracting esti-
mated GFR from digoxin total renal clearance, a MDR1 substrate.*3
Next, plasma concentrations of the MDR1 substrate rivaroxaban
were simulated over the paediatric age range. The authors assume
that MDR1 transport is the rate-limiting factor in the tubular secretion
of both digoxin and rivaroxaban. These examples aid in creating confi-

dence to incorporate the ex vivo data for predicting paediatric PK.

4 | APPROACH 2:IN VIVO PAEDIATRIC
MICRODOSING AND MICROTRACING
STUDIES

4.1 | Phenotyping drug metabolism routes subject to
developmental changes

Drug metabolizing enzymes such as cytochrome P450 (CYP) enzymes,
UDP-glucuronosyltransferases and sulfotransferases are subject to

developmental changes.® Many of these enzymes are located in both
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the liver and the intestine. Validated markers to phenotype a drug
metabolism route can be used to study developmental changes of
drug-metabolizing enzymes in vivo. An example is midazolam, a vali-
dated marker for the developmentally regulated drug-metabolizing
enzyme CYP3A4/5, of which the PK parameters can be used as a sur-
rogate for CYP3A4/5 maturation. As children usually are given drugs
orally,** the drug-metabolizing enzyme activity in both intestine and
liver, captured by the oral bioavailability, is an important determinant
for systemic exposure.

Traditionally, data on oral bioavailability were often obtained in a
cross-over study, in which a child receives an oral or intravenous
(IV) dose of a drug twice in random order, accounting for a wash-out
period. This design is ethically and practically challenging for
phenotyping purposes, as children need to be exposed twice to thera-
peutic doses with extensive blood sampling, without any benefit for
themselves. As international ethical guidelines prohibit studies that
may not provide benefit to children and that pose more than minimal
risk and burden over those daily encountered, alternative approaches
are needed. To overcome challenges faced with such paediatric PK
studies, microdosing/microtracing studies with [**C]labelled sub-
strates constitute an interesting alternative. A microdose is a very
small, subtherapeutic dose of a drug (<1/100%" of the therapeutic dose
or <100 pg), which is unlikely to result in pharmacological effects or
adverse events.*#¢ A radioactive label [**C] allows ultrasensitive
quantification of extremely low plasma concentrations by accelerator
MS, for which only 10-15 pL plasma is required.*”**® The radiation
dose associated with a [**C]microdose is safe as it is below 1 uSievert.
This is much lower than the yearly background exposure (2.5
mSievert/year in the Netherlands), a computed tomography scan of
the head (1,200 pSievert) or a chest x-ray (12 pSievert).*’ Given these
considerations, microdosing studies are considered as nontherapeutic
trials with minimal burden that carry minimal risk.>°

A microdose concurrently administered with a therapeutic dose
allows assessing the oral bioavailability, where the microdose is then
called a microtracer. This elegant and innovative study design enables
measurement of both IV and oral disposition, limiting the extensive
blood sampling needed for a cross-over study and avoiding the day-
to-day variability.52°2 Two paediatric studies have used this study
design. In 1, age-related changes in oral bioavailability of paracetamol
(acetaminophen or AAP) as a measure of glucuronidation and sulfation
were studied. An oral [**CJAAP microtracer (3.3 [2.0-3.5] ng/kg;
64771 Bq/kg) was given to 50 stable, critically ill children (median
age 6 months [range 3 days-6.9 years]) who received IV therapeutic
paracetamol for clinical purposes and had an indwelling arterial
catheter enabling blood sampling in place.’* The plasma and urinary
AAP-glucuronide/AAP and AAP-glucuronide/AAP-sulfation ratios sig-
nificantly increased by 4-fold with increasing age, while the
AAP-sulfation/AAP ratio significantly decreased. In other words, the
AAP metabolism shifted from mainly sulfation in neonates to
glucuronidation in older children.>! The mean enteral bioavailability of
AAP in this population was 72% (range, 11-91%).%?

The other study used midazolam as a well-validated CYP3A probe
to unravel the ontogeny of CYP3A that is abundant in both the
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intestine and liver and contributes to the first-pass metabolism of
many orally administered drugs.®>*>* Forty-six stable, critically ill chil-
dren (median age 9.8 [range 0.3-276.4] weeks; 3/4 of the 46 subjects
were 0-6 months old) received a single oral [**C]midazolam
microtracer (58%°"¢” Bq/kg).>> The bioavailability of midazolam was
66% with a large range of 25-85% for which no explanatory
covariates could be identified. These findings were in line with the
expected CYP3A ontogeny, in that older children and adults have a
higher CYP3A activity—and, thus, a lower oral bioavailability>*—than
the population in the microtracer study, and vice versa for preterm
neonates. The median of 66%°° is lower than the reported median
value of 92% in preterm neonates®® and higher than the reported
median value of 21% in older children, aged 1-18 years.>” Also, the
reported mean # standard deviation of 28 + 7% in adults is lower.>®
The oral bioavailability was also highly variable in other paediatric
studies. In preterm neonates, the oral bioavailability ranged from
67 t0 95%°¢ and from 12 to 100%,°? and in children aged 1-18 years
from 2 to 78%.%” Factors other than age may also influence the oral
bioavailability of midazolam. A study from Vet et al. found a significant
impact of organ failure on the midazolam clearance,®** with the
greatest impact in children with 3 or more failing organs, and children
with inflammation.34¢°

The oral bioavailability of both AAP and midazolam is impacted as
well by drug absorption factors such as intestinal surface area®!
permeability,®? gastric emptying time, intestinal transit time, the pro-
duction of bile fluid,®® and organ blood flow to the intestines and
liver.* Studies of the influences of age and disease severity on these
processes should be studied to further explain the variability in oral
bioavailability of AAP and midazolam.

The study design with an oral [**C]microtracer was shown suc-
cessful for safely studying the oral bioavailability of AAP and
midazolam in children. To ultimately improve the safety and efficacy
of paediatric drug therapy, we recommend considering study designs
with microdoses for minimal risk PK studies and microtracer studies

to elucidate oral bioavailability.

4.2 | [**C]microtracer study to create metabolite
profiles of midazolam

Metabolic routes in children may be different from those in adults if a
certain pathway is underdeveloped. Drug metabolism in children may
even require alternative metabolic routes, in which other metabolites
may be present whose action and PK are unknown. This could lead to
unsafe drug therapy. Interestingly, [**C]microtracer studies permit
identifying and quantifying metabolites with a radioactivity exposure
of even less than 0.1 pCi.*>**¢ Analytical advances such as these allow
us to overcome ethical and analytical challenges with regard to radio-
activity exposure in paediatrics.®>¢® A proof of concept study with a
[**C]lmidazolam microtracer showed that in children, metabolite pro-
files of midazolam were safely created and the routes of excretion
were safely studied.®” This approach is promising for first-in-child

studies to delineate age-related variation in drug metabolite profiles.

4.3 | Dose linearity of a microdose

A prerequisite of extrapolating the PK of microdose directly to a
therapeutic dose is that the PK of a microdose of a certain drug or
compound is linear to the PK of a therapeutic dose.®®®’ Lack of lin-
earity may occur, for example, when a therapeutic dose saturates
drug metabolism pathways, plasma protein binding and/or active
transporters.”7® Because of the maturational differences in drug
metabolism and transport, one should be careful with extrapolating
the results from adults directly to the paediatric population. A very
elegant approach was taken to study the dose linearity of a [**C]
midazolam microdose in children’? by comparing the PK parameters
of an isolated [**C]lmicrodose with the PK parameters of a [**C]
microtracer administered concurrently or even mixed with a thera-
peutic drug dose. This study supported dose linearity of the PK of
the isolated ['**C]midazolam microdose to that of the [**C]

midazolam microtracer.

4.4 | Feasibility

Earlier studies have shown that it is feasible to use a [**C]labelled sub-
strate to phenotype a certain drug metabolism pathway>1>%¢772-74.
not only were the PK findings in line with expectations, but impor-
tantly, parents allowed their children to participate in these studies
with a consent rate of around 50%. This informed consent rate is in
agreement with the consent rates of other nontherapeutic studies in
paediatric intensive care.”” Most often, professionals express ethical
concerns regarding the radioactive exposure, including the expecta-
tion that parents will not allow their children to participate in such
studies. The authors of that study had noted that parents not neces-
sarily refused consent for reasons of the radioactivity exposure, as
they had well been informed of the negligible exposure compared
with the yearly background exposure. The reason for refusing consent
was more often the burden of additional procedures. This is not sur-
prising, as for clinical reasons a child may have to undergo a number
of painful and stressful procedures (median 11 [interquartile
range = 5-23] per day established in a previous study’®), which also

has impact on the parents.

4.5 | Challenges, recommendations and perspectives
for paediatric microdosing and microtracing studies

One of the opportunities of these paediatric microtracer studies, is
that findings can be extrapolated to drugs metabolized by the same
drug-metabolizing enzymes. For instance, the PK of midazolam served
as a marker for CYP3A4/5 activity. As many drugs are metabolized by
the CYP3A family,”” it would be helpful to extrapolate the results to
other CYP3A-substrates, especially to define a first-in-child dose dur-
ing development of a new drug that is a CYP3A-substrate. Recently, a
framework was published for between-drug extrapolation of covariate

models.”® The authors recommended to take into account relevant
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drug properties such as the extraction ratio, the plasma protein to
which the drug is binding, and the fraction unbound. Brussee et al.
applied this framework to study whether scaling with a paediatric
covariate function from midazolam will lead to accurate clearance
values of other CYP3A-substrates, such as atorvastatin, sirolimus and
vincristine.”” Clearances were accurately scaled of drugs mainly elimi-
nated by CYP3A-mediated metabolism with, for example, high protein
binding to HSA (>90%) and a low-to-intermediate extraction ratio of
<0.55 in adults.

Over the past decade, regulatory legislations for drug develop-
ment in children have been passed worldwide. Accordingly, the num-
ber of drugs tested in children has dramatically increased. In
2014-2015, the US Food and Drug Administration (FDA) reviewed
274 paediatric study plans, whereas in 2012-2013 the number was
only 20.8% This trend was also seen in the EU, with 31 new
drugs/indications authorized for use in children in 2004-2006, vs
86 in 2012-2016.8' Nevertheless, still many drugs enter the market
without being licensed for paediatric use. Since the EU Paediatric Reg-
ulation came into force in 2007 and up to 31 December 2015, only
26% out of all 352 new medicines were centrally authorized for paedi-
atric use.8! One of the reasons for this low proportion is that many

paediatric studies failed.®?

Another reason is a specific condition of
this regulation: if the prediction of the risk of toxicity of a new com-
pound is not adequate, the European Medicines Agency and the US
FDA may waive the studies in the youngest children.8® However, a
drug which has not been authorized may still be prescribed off-label 2
Although off-label is not off-evidence, as paediatric PK data for exis-
ting drugs are increasingly available in literature, there are still huge
knowledge gaps on possible risks. A microdosing study could be of
benefit by studying the PK and the metabolite profile of a drug under
development in children without risk of toxicity. These studies are
considered as nontherapeutic trials with minimal burden that carry
minimal risk, which is echoed by the Dutch legislation, EU regulation
and the U.S. FDA regulations.®®

Despite positive experiences with microdose studies, 1 may still
be reluctant to use this approach in studies with children or other
vulnerable populations. Doses are rather derived from physiologi-
cally based PK (PBPK) models (see paragraph ‘Using PBPK models
to predict paediatric drug exposure and its challenges’) or allometric
scaling with the use of adult data. These approaches are relevant,
for example, for drugs that are not substrates for drug-metabolizing
enzymes or transporters, or drugs that are substrate for enzymes
and transporters of which we have thorough understanding on their
ontogeny. But for many drugs this approach is suboptimal as there
are still large knowledge gaps for the biological data underlying the
PBPK models for special populations.2® The knowledge gaps regard-
ing transporters are discussed in paragraph ‘Challenges, recommen-
dations and future perspectives for the ontogeny of transporters’.
Other knowledge gaps include the influence of age on intestinal sur-
face area,®! permeability,®? gastric emptying time, intestinal transit

time, the production of bile fluid®® and organ blood flow to the
intestines and liver.®* This leaves these special populations at a

higher risk of toxicity or therapeutic failure. Also, regarding specific
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paediatric indications, for example congenital diseases, the first-in-
human dose will be given to children and not to adults. Good
understanding of the paediatric PK is then key to safety. Therefore,
microdosing studies may be of great value in paediatric drug devel-
opment and are now suggested in the 2019 FDA (draft) Guidance:
General Clinical Pharmacology Considerations for Neonatal Studies
for Drugs and Biological Products Guidance for Industry.8” Lastly,
these approaches would also allow studying the PK or metabolite
profiles in other vulnerable populations, such as pregnant women,

critically ill or elderly.

5 | APPROACH 3: PREDICTING
PAEDIATRIC DRUG EXPOSURE AND DOSING
RECOMMENDATIONS

5.1 | Using PBPK models to predict paediatric drug
exposure and its challenges

Protein and gene expression data on drug metabolism and drug trans-
port may be leveraged in PBPK models alongside paediatric physiol-
ogy. These models are complex multicompartment kinetic models that
allow prediction of drug exposure in a specific target population. They
rely on in vitro data and physiological parameters, and can subse-
quently be explored based on in vivo data. PBPK models are also
increasingly used to optimize clinical drug trial design and doses, also
for paediatric trials.®8 Fifteen percent of all new drug application sub-
missions to the FDA between 2008 and 2017 that included PBPK
analyses supported the evaluation of paediatric-related issues such as
initial dose recommendation for clinical trials.®? Several paediatric clin-
ical studies have been replaced with or informed by PBPK model-
ling.”®?* For example, models have been used to set a starting dose in
a clinical trial with eribulin in children and adolescents aged
6-18 years, and to bridge from immediate to extended release
quetiapine formulations in children and
10-17 years.?%%2

PBPK modelling could also be helpful to evaluate drug-drug

adolescents aged

interactions (DDlIs). Hospitalized children may be exposed to up to
10 different drugs.93 With that, DDIs are inevitable, for which rec-
ommendations from adult DDI studies are often extrapolated to the
paediatric population. In a systematic literature review, the numbers
of interactions for 24 drug pairs were compared between 31 paedi-
atric studies and 33 adult studies. The number of DDIs differed: in
15 of the 33 cases, the number of DDIs was >1.25-fold higher for
children than for adults, and in 8 of the 33 cases, the number of
DDIs was <0.8-fold lower in children than in adults. For example,
digoxin plus amiodarone and lamotrigine plus valproate resulted in
a 2.18-fold higher and a 0.58-fold lower exposure, respectively, in
children compared with adults. This could be ascribed to the under-
lying maturation of processes involved in drug disposition. These
findings warn us that simple extrapolation of adult DDI data to the
paediatric population can under- or overpredict the impact of a

DDI—with subtherapeutic or toxic exposure to a drug as a result.
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PBPK modelling is a powerful tool to explore and quantitatively pre-
dict DDIs, also in a paediatric population.”

The use of PBPK models to predict paediatric drug exposure
comes with important limitations, however. For some genes, the gene
expression, protein expression and/or activity involved in drug dispo-
sition are correlated, and in these cases the expression data are used
in PBPK models as a surrogate for determining activity. So far, how-
ever, such correlations have been most often shown in adult
populations. A previous study found that the fraction of highly glyco-
sylated OATP1B3 increased with age.”* Because post-transcriptional
and post-translational modifications of transporters, such as
glycosylation,”* may be subject to age-related changes, it could well
be that gene and protein expression are correlated in adults but not in
children. Hence, these correlations should not be extrapolated directly
from adults to children, as this could lead to inaccurate predictions of
drug disposition. This also accounts for the fraction of a parent drug
that is metabolized or transported by a certain protein,”> which often
is assumed to be the same for children and adults. However, the mat-
uration of enzymes and transporters may change their relative contri-
butions in the disposition.?>?®

The success of PBPK simulation in children depends highly on
knowledge of the drug disposition pathways and the availability of
ex vivo/in vitro data. As knowledge gaps remain next to newly avail-
able data, routine use of PBPK modelling in prediction of paediatric
drug disposition should be done carefully until these knowledge gaps
are filled. Nevertheless, PBPK modelling currently helps us understand
drug metabolism and transport pathways, and the impact of changes,

such as maturation.

5.2 | Dosing recommendations in clinical practice

The increase in paediatric research has helped enormously in under-
standing how PK of a variety of drugs is different in various age
groups, giving rise to paediatric-specific dosing recommendations. To
implement this knowledge in clinical practice, however, comes with
challenges. First, prescribers may remain unaware of the rationale of
certain dosing recommendations published in scientific literature or
lack understanding of and trust in PK studies and their subsequent
dosing simulations. The Netherlands Knowledge Centre on Pharmaco-
therapy in Children hereby serves as an example on how this knowl-
edge translation gap can be bridged, as it has developed a paediatric
drug formulary based on best available evidence from registration
data, investigator-initiated research, professional guidelines and clini-
cal experience.’” That this approach is valuable is shown by the recent
extension of the formulary to country-specific editions for Germany,
Austria and Norway have been prepared. Second, the current paediat-
ric dosing recommendations are often only based on PK data, on the
assumption that the target concentration for effect is the same in chil-
dren and adults. However, these target concentrations may well be
different in children, as the pharmacodynamics (PD) could also be sub-
ject to age-related changes.”® These dosing recommendations should

therefore preferably be validated prospectively, especially when only

based on PK data. Validation can be performed in clinical practice with
opportunistic PK sampling or with clinical data collection of PD
parameters of specific interest. In the case of low confidence on the
dosing recommendation, a paediatric trial is recommended, in which
the former dosing regimen is compared to the new dosing regimen
based on PK and PD parameters.

Using population PK and PBPK models to simulate and predict
the optimal drug exposure may lead to complex dosing regimens and
consequently logistical problems in clinical practice. In hospitals, for
example, nurses are used to administering drugs to patients at fixed
times. Home drug therapy compliance may be negatively affected if
medication must be taken at varying times. Moreover, some doses are
not feasible to administer, for example 1/8 of a tablet is hard to pre-
pare, and paediatric formulations are not available.?® Furthermore, the
electronic health care systems may not be equipped to integrate com-
plex models.?%%%%1 | astly, clinical staff may have little understanding
of complex population PK models, and may lack trust in these dosing
regimens. Nevertheless, efforts are being made to accelerate imple-
mentation. For example, the calculator that comes with the Dutch
paediatric formulary allows inclusion of covariates that will lead to the
optimal dose. Furthermore, start-ups are creating electronic systems
to integrate complex dosing regimens for use in clinical care parallel to

the electronic health care system.'°?

6 | APPROACH 4: COLLABORATION

As tissues for ex vivo paediatric studies are scarce, and sample sizes
for in vivo studies are small, establishing collaborations with other
research groups is the way to go. Pooling samples beforehand will
avoid lab-to-lab variability and lead to more reliable and complete
results. Furthermore, setting up international biobanks would help
overcome the scarcity of paediatric tissue.

Similar collaborative efforts should be taken to overcome chal-
lenges in recruitment of patients for in vivo studies due to low num-
ber of eligible patients, and optimal paediatric trial design and
infrastructure. Examples of existing collaborative efforts are the IMI2
project to develop a Europe-wide Paediatric Clinical Trial Network,
Conect4Children for Europe and the Paediatric Clinical Trials Network
and iACT both in the US existing government-supported research
infrastructures in Europe, such as BBMRI (biobanking), ELIXIR (data),
EATRIS (drug development) and ECRIN (clinical trials), which have tra-
ditionally focused on adults, should collaborate to integrate paediat-
rics, with the ethical and practical specificities outlined throughout
this review. An important side note: these paediatric trial networks
and infrastructures may create new challenges, such as accounting for
differences in clinical practice between countries and hospitals, and
the efforts needed to reach consensus about study designs. Pharma-
ceutical companies, academia and regulatory institutes work together
in these initiatives, but their scientific goals and procedures for paedi-
atric trials may differ.

In terms of data availability, initiatives for data sharing platforms®!

are encouraged in which all raw data of published articles are made
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freely available. Several scientific journals have already made it man-
datory for authors to submit the raw dataset along with the

manuscript,1°? which is a positive advancement.

7 | APPROACH 5: PROMISING FUTURE
INNOVATIVE TECHNIQUES/APPROACHES

Regarding ex vivo studies, opportunities exist for unravelling the
ontogeny of drug disposition on the level of protein/mRNA expres-
sion in fresh tissue instead of postmortem tissue. The options
include the use of organoids that represent 3-dimensional culture
systems in which stem cells grow and represent the native physiol-
ogy of the cells in vivo.1°® When using tissue-derived hepatic, renal
or intestinal stem cells from children, the organoid may reflect the
paediatric native physiology and allow to study the expression of
transporters or drug-metabolizing enzymes. Organoids can also be
used to unravel regulatory pathways. Two-dimensional models of
e.g. intestinal organoids may permit studying drug metabolism and
transporter activity in a situation that even closer resembles the
in vivo situation. Another innovative approach is the use of
exosomes.’®* These are extracellular vesicles secreted by organs,
which circulate in the blood. They contain proteins, mRNA and
microRNA derived from the originating organ, and, therefore, can be
used to measure transporter and drug-metabolizing enzyme expres-
sion.1%4 It is not known, however, whether organoids and exosomes
keep their age-specific properties outside a human body, which is a
prerequisite for studying age-related changes in expression/activity
of transport and metabolism.

Another approach involves in vivo assessment of drug-
metabolizing enzyme or transporter activity through endogenous
substrates as biomarkers, for example 6éb-hydroxycortisol or 4b-
hydroxycholesterol for assessment of CYP3A activity.'®® Interest-
ingly, studies in adults have identified endogenous substrates as
potential markers to phenotype the activity of transporters in vivo,
for example thiamine for OCT1 and dehydroepiandrosterone
sulfate for OATP1B1/3.1°% This approach does not require adminis-
tration of an external marker, and only a single blood draw is
needed. This approach has been little used so far, as reference
values of endogenous substrate levels in children are lacking. These
values cannot be simply extrapolated from values in adults, as
homeostatic levels in children may differ from those in adults. For
example, dehydroepiandrosterone sulfate levels at birth are high and
decrease drastically over the first month of life, followed by a more
progressive decrease until age 6 months.'®® Hence, specific refer-
ence values for these endogenous substrates for various age groups
should be gained first.

Global metabolomics studies can help identify biomarkers for
enzymes and transporters, also in a paediatric population. This
approach was taken by Tay-Sontheimer et al. who identified a urinary
biomarker to phenotype CYP2D6 activity.1®” Although that specific
biomarker was not structurally identified, this example shows that

metabolomic studies may identify new biomarkers in children.
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8 | CONCLUSION

Our understanding of the ontogeny of drug metabolism and trans-
port in children has increased, notably the ontogeny of transporters,
especially those in the liver and kidney. This increased knowledge
has significant implications for understanding drug disposition of
substrates in the younger age groups. Paediatric [1*C]labelled micro-
dosing and microtracing studies provide an opportunity to study the
PK of drugs used in children, such as AAP and midazolam. More-
over, PBPK modelling helps us understand drug metabolism and
transport pathways, and the impact of a change in a certain path-
way. This approach should be used with some restraint until knowl-
edge gaps on the ontogeny of drug disposition have been filled. The
results of this review are of importance for paediatric drug develop-
ment and current practice—with the ultimate aim of improving pae-

diatric drug therapy.
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