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Drug therapy in pediatric patients is challenging in view of the maturation of organ systems and processes that
affect pharmacokinetics and pharmacodynamics. Especially for the youngest age groups and for pediatric-only
indications, neonatal and juvenile animal models can be useful to assess drug safety and to better understand the
mechanisms of diseases or conditions. In this respect, the use of neonatal and juvenile pigs in the field of pediatric
drug discovery and development is promising, although still limited at this point. This study summarizes the
comparative postnatal development of pigs and humans and discusses the advantages of the juvenile pig in view
of developmental pharmacology, pediatric diseases, drug discovery and drug safety testing. Furthermore,
limitations and unexplored aspects of this large animal model are covered. At this point in time, the potential of the

neonatal and juvenile pig as nonclinical safety models for pediatric drug development is underexplored.

pediatric pharmacology juvenile pig model translational research drug discovery

drug development drug safety PBPK

| 1. Introduction

Clinical pharmacology aims to evaluate and understand drug-specific (side)-effects based on pharmacokinetics
(PK) and pharmacodynamics (PD). Pharmacokinetics (absorption, distribution, metabolism and excretion; ADME)
describes drug concentration time courses in a given compartment, like blood, cerebrospinal fluid or subcutaneous
tissues. When considering the systemic circulation, the concentration time course is dictated by volume of
distribution (Vd) and clearance (CL) as primary PK parameters. Pharmacodynamics describes the link between
drug concentrations (in the systemic circulation and/or at the site of action) and effects or side-effects over time.
Throughout pediatric life, it is reasonable to anticipate that both PK as well as PD are affected by developmental
changes, reflecting both maturation and growth or weight/size changes .

All ADME processes display maturational changes, so that extrapolation and dosing based on simple linear
(e.g.,/kg or/BSA) or allometric scaling (kg¥) commonly results in over- or under-exposure in specific subpopulations
2 Besides the physicochemical properties of a given drug, the rate (and extent) of absorption (typically
represented by an absorption rate constant) is affected by developmental physiology, i.e., gastric emptying time,
pH or gastric fluid volume; intestinal transit time, bile concentrations or volumes; first pass effect factors like drug-
metabolizing enzymes or drug transporters . As an illustration, the oral bioavailability of midazolam is highest in
preterm neonates (49-92%), 25-85% in infants and 21-30% after infancy, mirroring ontogeny of the activity of

enzymes involved in first pass metabolism . The same holds true for maturational patterns on distribution. After
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reaching the systemic circulation, a drug will distribute to different compartments (tissues, organs). This distribution
behavior is determined by the physicochemical properties of the drug (size, degree of ionization at physiological
pH, lipophilicity or water solubility), but further depends on maturational changes such as cardiac output and organ-
specific blood flow, and body and plasma composition, as well as the interaction between them, e.g., plasma and
tissue protein binding kinetics. To illustrate this, the body water/kg body weight proportion is up to 80-90% in
preterm neonates, with a subsequent decrease to 60% after infancy 2. Protein binding capacity is dependent on
maturational plasma protein binding capacity, as illustrated for, e.g., vancomycin [&. The liver, followed by the small
intestine and the kidneys, are the major sites of drug metabolism. In the liver, changes in activity for both phase |
and Il enzymes are observed in an iso-enzyme-specific manner W, Maturational changes in these organs will be
further discussed later in this review. Excretion is mainly by the kidney via glomerular filtration and tubular secretion
and reabsorption, but occasionally also occurs by hepato-biliary or respiratory routes. Similar to hepatic
metabolism, each of these processes displays characteristic scenarios of maturation. Compared to glomerular
filtration, tubular functions mature more slowly, with tubular secretion at adult equivalent level by 15 months, and
tubular reabsorption by 24 months [, Maturational aminoglycoside clearance closely follows the development of
glomerular filtration, while digoxin clearance is, in part, affected by the maturation of tubular secretion capacity 29
(11 These PK profiles are further affected by a diverse set of nonmaturational covariates, including but not limited
to genetics, disease characteristics (e.g., obesity, chronic inflammation, critical illness, chronic kidney disease,
asphyxia) or environmental factors (e.g., type of nutrition, comedication, drug formulation, treatment modalities like
therapeutic hypothermia) 121,

In pediatric pharmacotherapy, it should not be taken for granted that a given level of drug exposure to adults will
result in similar drug effects in children, as concentration-effect profiles may also display developmental PD [13],
This refers to the ontogeny of biologic systems, and how drug (side-) effects are determined by developmental
stage. Safety PD outcome parameters of specific interest relate to neurodevelopmental outcome, growth (length,
specific organs) or pubertal development. Differences in chloride flow direction following activation of the GABA
receptor, the maturational effect of cyclosporine on monocyte proliferation or the maturational QTc prolongation

serve as illustrations of the critical relevance of maturational PD [241[15][16]

It is critically important that all sources of information are leveraged to optimize dose selection for neonates, infants
or children, taking their (patho)physiology and associated variability into account and covering both PK and PD.
Such sources include data from previous studies in humans (adults, other pediatric subpopulations), but also
nonclinical juvenile animal models, in vitro systems, and in silico models. Depending on the drug development
program, each of these methodological dimensions can be used to varying degrees, considering its strengths and
limitations.

Among nonclinical in vivo models, large animals, like the neonatal and juvenile pig, are of increasing interest in
pediatric drug development from two perspectives. First, to investigate and consequently better understand the
mechanism of a disease, particularly when it is unique to pediatric patients. Second, the model may also provide
important safety data for the pediatric population when performing juvenile toxicity studies. The choice of species

and the design of juvenile toxicity studies are therefore the result of a series of complex considerations, including
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the therapeutic use of the drug, the age at which children will be treated, the duration of treatment, and potential
age- or species-specific differences in efficacy, PK, or toxicity observed in adult animals 7. The utility of a
‘leverage concept’ for dose determination and drug development programs in neonates has recently been

described in this journal 18, The following scenarios can be distinguished:

Pediatric disease similar to that in adults and/or older pediatric patients where dosing is known for adult and/or
older pediatric patients = extrapolation of efficacy from adults to pediatric patients is permitted, and even supported
[19][20]

Pediatric disease related but not similar to that in adults and/or older pediatric patients where dosing is known for
adult and/or older pediatric patients = additional information can be leveraged from either in vitro or in vivo models
to guide initial dosing [121[29],

Pediatric disease unigue to a given (sub)population within pediatrics, where these drugs are not utilized for these

specific diseases in adults 221291,

Even in the setting of similarity, additional research in juvenile animals may still be warranted when concerns
related to developmental toxicology (like growth, neurodevelopment, kidney or cardiovascular system) should be
addressed. Only about 10% of the 400 products (almost exclusive new drug approvals) of which the labels were
reviewed between 1998-2009 by the FDA contained information on juvenile animals [, In a recent survey on
European Pediatric Investigation Plan (PIP) decisions (2007—2017, 229 drugs) with juvenile animal requests,
general toxicological studies were the most applicable study designs, with infectious diseases, endocrinology,
neurology and cardiovascular diseases being the most common therapeutic areas. As anticipated, about 80% of
these studies were in rats, while studies in pigs were limited (4.2%) (22, Interestingly, a recent European Medicines
Agency (EMA) analysis on juvenile animal studies in the field of anticancer drug research documented that juvenile
models also generated evidence regarding new target organ toxicity (kidney, central and peripheral nervous
system, impaired learning or memory, cardiac system) or increased severity of toxicity (including mortality rate) 231,
At the other end of the spectrum, with diseases that are unique to a given subpopulation within pediatrics, pig
models can be instrumental in drug discovery and development for accurate mechanistic understanding of the
disease or condition. Specific to neonates, this has been described for, e.g., necrotizing enterocolitis (NEC),
resuscitation practices, or asphyxia. Studies in pigs have established the essential roles of prematurity, microbial
colonization and enteral nutrition in the pathogenesis of NEC 24, The (juvenile) pig is also an important animal
model in research on human resuscitation 22, In addition, in vivo data generated in neonatal animals—including
(mini)pig—facilitate the development of a neonatal physiology-based PK (PBPK) model during therapeutic

hypothermia (28],

2. Anatomical, Physiological and Developmental Similarities
between Pigs and Humans

2.1. Characterization of the Pig As a Relevant Animal Model
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From a drug discovery and development point of view, both mechanistic understanding and safety are key aspects
in the process. Animal models used in the drug discovery process usually share pathophysiological traits with
humans, which facilitates the identification of molecular targets and PD parameters. On the other hand, similar
ADME process are desirable when the model is to be used in safety studies. Among nonrodent species, the pig
presents several advantages related to similarities in anatomy and physiology when compared to humans that
have been extensively reported and reviewed in literature (2728129130131 Besides species similarity, the large litter
size allows for a reduction in animals to be kept for breeding purposes, further facilitated by the short reproductive
cycle 22, Moreover, this enables researchers to place siblings into different experimental groups. Finally, large litter
sizes usually lead to the spontaneous birth of intrauterine growth restricted (IUGR) pigs 2!, which will be discussed
later in this review. Pigs, especially minipigs (for size reasons), are relatively easy to handle and train 241851 and
their larger size at birth when compared to dogs or nonhuman primates (NHP) facilitates sampling at early stages.
This larger size at birth, more similar to human neonates, facilitates the adaptation of NICU equipment for its use in
pigs, increasing their translational value. Moreover, all routes of administration are possible and they represent the
best model for dermal studies [2€l. Pigs are precocial animals, which allows early separation from the mother. This
can be beneficial in studies that require artificial rearing. This is nevertheless compensated for by the easy access
to spontaneous IUGR and preterm pigs showing different degrees of immaturity in several organs. These features
have made the pig a well-accepted translational model, and in recent decades, several small to very small pig
breeds have been developed specifically for laboratory use. For a detailed overview of the development and use of
miniature, micro- and mini- pigs in biomedical research, we refer to Swindle et al., 2012 22, Within Europe, one of
the most commonly used, purpose-bred pigs is the Goéttingen Minipig. It is the result of crossbreeding the
Minnesota Minipig, having a small stature and a gentle temperament, the Viethamese potbelly pig with low body
weight and high fertility, and the German Landrace pig for its white skin. Due to the fact that it is a genetically
coherent breed that is easy to handle and can be housed in facilities originally designed for Beagle dogs, it is a
popular model for drug development programs. Besides purpose-bred pigs, the wide variety of breeds used for
pork production provides researchers with a broad spectrum of swine varieties, with different genetic backgrounds,

sizes and fattening levels.

Although pigs have been models in biomedical research for decades, efforts are still being made to better
characterize this model. As an example, the COST action called SALAAM (Sharing Advances on Large Animal
Models), a EU-funded research network (2014-2018), connected researchers from 24 European countries with the
objective of improving large animal models and phenotyping protocols, developing selection criteria for animal
models and creating and sharing data and samples to advance the use of large animals (pigs, small ruminants and
rabbits) where they may be of interest. However, despite already having in-depth knowledge on the anatomy and
physiology of the (mini)pig and attempts to further characterize ADME processes in minipigs for their use in

pharmaceutical research B2IE7I38IE9 more work is needed, especially in neonatal and juvenile pigs.

2.2. The Pig in Pediatric Research

2.2.1. Pig and Human Postnatal Development
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In order to assess the feasibility of the neonatal and juvenile pig as models for pediatric drug development, an in-
depth characterization of this model must be carried out in the first place, followed by a comparison with the
anatomical, physiological and ADME characteristics in the corresponding pediatric age groups. Our group has
already reported on the age-related maturation of organ weights in the developing Goéttingen Minipig in an effort to
further develop a PBPK model 22!, but more data are needed. The implementation of this model would benefit from
data on microsomal protein per gram of liver and abundance on drug metabolizing enzymes during development,
or from a better understanding of pig orthologues for human cytochrome P450 (CYP) enzymes. For the developing
domestic pig, the anatomy, physiology and the absorption, distribution and excretion of drugs have been reviewed
by Gasthuys et al. 29, As some of the above data are publicly accessible in the ICH S11 guidelines on nonclinical
safety testing in support of the development of pediatric pharmaceuticals 28, we will only highlight some key points
in this review. The EMA has established different age categories within the pediatric population # and many
similarities between human and Goéttingen Minipig organ development (as the reference breed used in the

pharmaceutical industry 42 were reported in the ICH S11 guidelines 28!,

In general, pigs and humans share many developmental milestones: The patterns of development of the
gastrointestinal tract (GIT), the cardiovascular, the CNS systems and the eye are quite similar in both species,
while renal, immune and reproductive development occur slightly earlier and more quickly in humans than in pigs.

These data are illustrated in Figure 1.
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Figure 1. Schematic representation of the postnatal development of different organ systems in human (top) and
Gottingen Minipig. In the horizontal bars, the intensity of the maturation process is represented by dark (more

intense) and light (less intense) tones. The time bar represents weeks (w), months (m) or year (y) of life.

2.2.2. Hepatic Drug Metabolism in the Neonatal and Juvenile Pig
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Hepatic Phase | drug metabolism mediated by CYP enzymes has been investigated extensively in adult
conventional pig strains [2Z3I7AI7ZSI76I77)78I[791[80N[81] and minipig strains “3144I79(82[83][84][85]BE[ET] gyer the past 30

years. Knowledge on the ontogeny of these processes in the neonatal and juvenile population is much more
limited. Particularly in neonates, it is crucial to predict drug disposition correctly in order to avoid inefficacy due to
underdosing or adverse effects caused by overdosing. Recently, CYP activity was determined in the neonatal and
juvenile conventional pig & and the Géttingen Minipig 42 in different age groups using several human CYP450
substrates. As such, substrate specificity was examined and CYP450 activity levels in (mini)pig were compared to
those in human. In the Goéttingen Minipig, we found that CYP450 enzyme activity increased postnatally. However,
differences in onset and speed in development were observed: CYP1A2- and CYP2D6-like activity levels
increased fast during the first week of life, whereas CYP2C9- and CYP3A4-like activities matured more slowly,
reaching their highest levels in 1-month-old pigs 42, corresponding roughly to a 2-year-old child [BARABLB2IES] |
the conventional pig, similar results were obtained 8. In addition, no sex-related differences were observed in the
neonatal and juvenile age groups regarding the CYP450 ontogeny patterns until puberty “3B8 With regard to
CYP450 protein abundance, some research has already been conducted on the conventional pig B8, and this
guestion is currently being addressed in the Gottingen Minipig by our group. In general, activity and abundance
data correlate well, although CYP isoform-specific differences have been reported (8. Regarding Phase 2
metabolism, data are scarce. A recent in vitro study on 1-day and 2-, 5-, 10- and 20-week old male Camborough-29
pigs showed that UDP Glucuronosyltransferase (UGT) enzyme activity increased from day 1 until week 10,
followed by a decline at around week 20 4. An in vivo study with ibuprofen in 1-, 4-, and 8-week old, and 6-7-
month old, mixed breed pigs also showed UGT activity already in neonatal pigs 221, In our group, UGT activity was
investigated in Gottingen Minipigs with age groups ranging from the late fetal stage until postnatal day 28, and
adults #8. From PND 7 onward, UGT activity increased without sex-related differences 43, In the youngest age
groups (gestational day age (GDA) 84-86, GDA 108, postnatal (PND) day 1 and 3), activities were below the lower
detection limit when using a luminescence-based assay 421, However, immunohistochemical analysis showed that
even in the late fetal stages, UGT1A could be detected. In accordance with the activity results, UGT1A detection
increased with age 43, In general, it can be concluded that UGT enzymes are expressed from an early age, but
further characterization of the different isoforms is needed in order to better predict drug disposition in this animal
model. With regard to drug transport (often referred to as Phase 0 for uptake transporters and Phase Il for efflux
transporters), the data in the pig are even more scarce. For the Gottingen Minipig, we performed a semiquantitative
assessment of P-glycoprotein (P-gp, encoded by the Multidrug Resistance Gene, MDR) in the liver of neonatal and
juvenile pigs and fetuses using immunohistochemistry. No difference was observed in P-gp expression between

livers from GDAB84 to adult animals (1.5-3 years of age) 431,

When comparing the above data with the ontogeny profile of the drug disposition processes in human, which have
been reviewed extensively elsewhere [R8I97198]  remarkable similarities are present. For UGT and P-gp, the
ontogeny profile on protein and activity level, if assessed, is very similar. With regard to the CYP activity, the
interpretation is more complex. The slow maturation profile of CYP2C9 and CYP3A4 activity in (mini)pigs
corresponds well with the pediatric population. For CYP1A2 and CYP2D6, there appears to be an earlier onset of

activity in the pig than in human, and CYP2D6 activity in general appears to be much higher than in human. Still,
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when comparing the pig with man, one needs to be very cautious, as studies may use different substrates or other
testing conditions, which may confound the results and, as such, species comparisons. This said, even when not
directly translatable to human, in vitro and in vivo drug metabolism data in juvenile animals are critical, as they may
explain differences in efficacy or toxicity with the human population, and they can be used in mathematical models

to better predict exposure, especially in the very young age groups, as further discussed in the next section.
2.2.3. PBPK Models in the Neonatal and Juvenile Pig

In general, PBPK models provide a mechanistic framework for predicting drug exposure in special populations via
a ‘full bottom-up’ modelling strategy. Input data include: (i) drug-specific data, including physicochemical properties
and in vitro disposition data (e.g., metabolic rates, plasma protein binding and transepithelial permeability; and (ii)
guantitative mapping of the physiology of the biologic system of interest (e.g., neonatal human or pig). The fact that
predictions of in vivo drug disposition can be made based on ‘first principles’, i.e., with limited need for in vivo
animal or clinical data remains one of the unique strengths of PBPK models. However, at present, this important
advantage also comes at a cost, i.e., (i) predicting population variability in drug disposition processes remains
challenging; (ii) initial evaluation of the predictive performance is difficult in populations (e.g., neonates) where

limited clinical data have been collected, especially for first-in-class compounds.

When no or limited clinical data are available for model verification, building a PBPK model for a corresponding
animal model carries the potential to indirectly inform (and improve) the desired PBPK model in the human target
population. This strategy has, for instance, been applied to determine an adequate IV dosing regimen for
oseltamivir in neonates and infants. In this case, the availability of plasma and liver PK data obtained after oral and
IV administration in newborn and adult marmosets was instrumental in establishing and verifying neonate/adult
PBPK models for oseltamivir in this species. Moreover, confidence in the ultimate human neonatal PBPK models
was achieved by input from both the newborn marmoset PBPK model (in terms of immaturity) and from the adult

human PBPK model (more in terms of incorporation of drug-specific data).

It is anticipated that also in (neonatal and juvenile) pigs, PBPK models will be increasingly used to enhance the
chance for successful development of PBPK models in equivalent human populations. Consistently, best practice
guidelines for building PBPK models for ‘novel’ species (such as minipig) have very recently been proposed 22,
Specifically, for supporting the development of (mini)pig PBPK models, it is critical that the relevant physiological
descriptors are available in sufficient detail. For the adult Géttingen Minipig, Suenderhauf and Parrott 22 were the
first to publish a compilation of gastrointestinal pH values and transit times, along with organ sizes and blood
perfusion rates. The Advanced Compartmental and Transit (ACAT) concept was used to describe the drug
absorption processes. The PBPK model implementation of these physiological data was verified with moxifloxaxin
and griseofulvin, both after IV and oral administration. In a follow-up study 129, the same research group explored
gastric emptying times (GET) in minipigs using paracetamol as a model drug. Their findings demonstrated high
variability in GET values that also turned out to be higher as compared to humans. Another absorption-related
application of PBPK modelling included the development of modified release formulation for a compound with

region-dependent absorption 19 Furthermore, using both slowly eliminated and rapidly cleared model
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compounds, the utility of PBPK modelling to extrapolate PK profiles in minipigs to the human situation has been
illustrated 192, More recently, predictions of the volume of distribution in minipigs (Vd,ss) based on tissue
compositions (e.g., relative amounts of neutral lipids, phospholipids and intra/extracellular water) have been
implemented, thereby making a major step in the further refinement of a Géttingen Minipig PBPK concept 1931, To
support establishing minipig PBPK models for the younger age groups, we previously reported organ weights and
Gl pH values of Géttingen Minipigs between the fetal stage and 5 months of age as a first step 2. Several critical
data, such as liver blood flow, abundance and activity of drug transporters, scaling factors, etc. are still missing, but
with the increasing availability of ontogeny data for both phase | and phase Il biotransformation pathways, the

pieces of the puzzle to build a neonatal Géttingen Minipig PBPK model are falling into place.

Ultimately, development of PBPK models for human neonates with a specific disease is also expected to benefit
from the learnings obtained when developing PBPK models in the corresponding neonatal animal model. As
recently proposed by our group 28 the goal to establish both a Géttingen Minipig and human neonatal PBPK
model is expected to prove uniquely instrumental in predicting the influence of therapeutic hypothermia on PK of
key drugs used in asphyxiated neonates. The advantage of incorporating a PBPK platform in such an endeavour
lays in the possibility to deconvolute the distinct influences of disease severity, therapeutic options and
maturational physiology on PK. Importantly, this latter project will also require tailored in vitro studies—for instance,
to study the influence of temperature on intrinsic enzyme-mediated clearance—to be used as input data for the
PBPK models. For the purpose of this project, the proposed workflow for the development of PBPK models will be
as follows: (i) build healthy neonatal pig PBPK model; (i) modify the PBPK model to reflect hypotheses regarding
the impact of asphyxia and/or hypothermia on physiology and PK pathways; (iii) iterative evaluation and
improvement of PBPK-based predictions against PK observations obtained in neonatal pigs; (iv) establish a
healthy neonatal human PBPK model; (v) build a human neonatal PBPK model for asphyxiated neonates,
implementing the verified hypotheses regarding disease impact as evaluated in the corresponding Goéttingen
Minipig disease model.
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