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Abstract

The vast majority of drugs are not designed or developed for pediatric and infant populations.
Peptide drugs, which have become increasingly relevant in the past several decades, are no
exception. Unfortunately, nearly all of the 60+ approved peptide drugs are formulated for
injection, a particularly unfriendly mode of administration for infants. Although three peptide
drugs were recently approved for oral formulations, this major advance in peptide drug delivery
is available only for adults. In this review, we consider the current challenges and opportunities
for the oral formulation of peptide therapeutics, specifically for infant populations. We describe
the strategies that enable oral protein delivery and the potential impact of infant physiology on
those strategies. We also detail the limited but encouraging progress towards 1) adapting
conventional drug development and delivery approaches to infants and 2) designing novel infant-
centric formulations. Together, these efforts underscore the feasibility of oral peptide delivery in
infants and provide motivation to increase attention paid to this underserved area of drug
delivery and formulation.
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1 Introduction

Historically, drugs are not designed for children or infants. This is because children, as a
population, present many challenges from a drug development perspective. For example, there
are ethical concerns when testing medications in children and financial motivation is insufficient.
Furthermore, children have unique needs in terms of drug dosage forms as well as physiology
that is fundamentally different than that of adults.

These drug development challenges result in two major problems. The first is that medication
simply is not available for many infant and childhood conditions, including necrotizing
enterocolitis, childhood interstitial lung disease, and autosomal recessive polycystic kidney
disease [1-3]. This, in turn, may account for the 10-fold lower enrollment of pediatric patients in
clinical trials compared to adults [4]. The second problem is that when an appropriate medication
does exist, it is often an adult medication that has been prescribed “off-label”. Such use can
entail altering the approved dose, time period, dosage form, and/or route of administration.
Unfortunately, off-label prescriptions lead to twice as many adverse drug reactions (e.g.
vomiting, seizures) as licensed drugs [5, 6] and are associated with increased patient mortality,
given the poorly understood physiological differences between adults and children [7].
Furthermore, dose adjustments are typically performed by educated guesswork based on weight
or body surface area. Thus, there is a clear need for optimized drug formulations designed
specifically for pediatric populations.

The oral route of drug delivery is considered to be the most patient-preferred because it results in
the highest levels of compliance [8]. Oral formulations are easily administered outside of
healthcare settings, ideal for longer-term use, and can be readily discontinued in the event of
adverse reactions. Furthermore, tablets and other solid dosage forms facilitate longer shelf lives
of the active pharmaceutical ingredients (API) compared to sterile and specialty pharmaceutical
dosage forms [9]. Pediatric patients, in particular, benefit from oral medications because children
tend to be more distressed by injections than adults. Although children sometimes have difficulty
swallowing solid dosage forms, a number of antibiotics and non-steroidal anti-inflammatory
drugs have been formulated as liquids to ease administration to pediatric patients [10]. Because
very few drugs are formulated specifically for infants, pharmacists often extemporaneously
dissolve, dilute, or resuspend formulations made for adults at different concentrations or in
different media for infant use [11, 12]. This is a major safety concern, and fatal mistakes have
been made due to the complexity of altering adult formulations with no clear guidance or
standards [13].

Peptide and protein drugs are a unique and critical sector of the pharmaceutical market, with
three new peptide drugs approved in 2019-2020 and an additional 150 in active development [14,
15]. Peptide drugs have a number of key advantages over small molecule drugs, including



greater specificity and more sophisticated pharmacological mechanisms of action, which can be
exploited for treating more complex diseases. Successful peptide drugs include insulin for the
treatment of diabetes, and human growth hormone for treating growth disorders. However,
peptide therapeutics suffer from the major disadvantage that they are difficult to formulate and
deliver, particularly via the oral route, due to their physicochemical characteristics. Because
these challenges have delayed the development and market approval of peptide drugs, they have
also hindered the implementation of these drugs in pediatric populations.

In this review, we consider the current challenges and opportunities for the oral formulation of
peptide therapeutics, specifically for infant populations. Infants are defined as being between 1
and 24 months of age [16]. An alternative review is available on drug delivery for neonates,
which are babies less than one month of age [11]. In the first half of the review, we discuss the
current status of the peptide drug pipeline for infants, and the challenges and solutions for oral
formulation of peptide drugs. The second part of the review focuses on the distinct infant and
adult gastrointestinal physiology that poses unique drug delivery challenges, highlighting the
critical gaps of knowledge in this area. We also present the encouraging progress towards
adapting conventional drug development and delivery approaches to infants.

2 The current peptide drug pipeline for pediatric patients

The clinical success of peptide drugs is due to their unique advantages compared to small
molecules. These advantages include more specific interactions with their targets and biological
activity that is inherently more limited, reducing off target effects. These attributes also make
them particularly attractive for pediatric patients who are typically exposed to many medications,
increasing the risk of potential drug-drug interactions [17]. Additionally, peptide drugs have
more sophisticated pharmacological mechanisms than many small molecule drugs. As such, they
are readily prescribed for diseases such as diabetes (insulin), osteoporosis (calcitonin), and
acromegaly (octreotide), which are specifically treated in childhood.

However, of the many and diverse peptide and protein drugs currently in use, none of them are
specifically indicated for pediatric use. This is despite the fact that the WHO’s list of essential
medicines for children includes several peptide and protein drugs considered necessary for the
basic needs of a healthcare system [18]. WHO-designated essential medicines include
cyclosporine for treating organ transplant patients; several anti-cancer treatments including
asparaginase, bleomycin, and dactinomycin; filgrastim, a protein used to treat low neutrophil
count (often a result of chemotherapeutics); pancreatic enzymes for local intestinal enzyme
replacement therapy; and insulin for the management of diabetes.



Encouragingly, as research into novel peptide and protein therapies has accelerated, some new
peptide-based therapies for specific pediatric diseases have reached clinical trials in pediatric
patients. For example, in 2016, Fouladi and coworkers published the results of a Phase I trial
using a peptide drug to treat recurrent or progressive central nervous system tumors in pediatric
patients [19]. In 2017, Carter et al. described the results of a clinical trial of the glucagon-like
peptide 2 (GLP-2) analogue, teduglutide, which is being investigated for the treatment of short
bowel syndrome [20]. This is a life-threatening condition that affects between 0.02-1.2% of
newborns, making them reliant on total parenteral nutrition and greatly increasing mortality rates
[21]. While these drugs are still being evaluated for efficacy, they are motivating examples for
developing pediatric-specific oral formulations of peptide therapeutics. Both of the peptides
described above would require long-term usage, and, thus, oral formulations of these drugs
would improve ease of access and compliance.

Unfortunately, the inherent properties of peptide drugs, including gastric instability and poor
intestinal permeability, have prohibited their oral formulation and reduced their value for infants.
Currently, only four peptides have FDA-approved oral formulations, two of which were
approved within the last two years of this writing. These are cyclosporine, a systemic
immunosuppressant used to prevent organ rejection in transplant patients, semaglutide, a GLP-1
receptor agonist used to manage Type 2 diabetes, octreotide, a somatostatin analog for the
treatment of acromegaly, and desmopressin, a vasopressin analog for treatment of nocturia and
diabetes insipidus. Other oral peptide drugs in pre-/clinical development are summarized in
Table 1. The four FDA-approved peptide drugs have rather unique properties that make them
particularly amenable to oral formulation. These properties, and the challenges of developing
oral formulation of peptide drugs in general, are described in detail below and we further discuss
the strategies for oral peptide therapies translated to infants.

3 Challenges and solutions for oral formulation of peptide drugs

There are two key challenges that hinder the development of oral peptide drug formulations:
their instability in the gastrointestinal tract, and their limited ability to cross the intestinal
epithelium (Fig. 1). These challenges exist because the gastrointestinal tract was designed to
break down nutritional proteins into individual amino acids for absorption, not to uptake intact
protein drugs. Numerous strategies have been developed to overcome these issues, which are
described below. However, these advances have been made largely within the context of adult
physiology and require adaption for infants, as discussed in Section 4.
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Fig. 1 — The stomach and small intestine present unique biochemical and physical barriers
to the oral delivery of peptide therapeutics.

3.1 Overcoming the gastric instability of peptide drugs

Peptide and protein drugs are prone to degradation in the acidic, enzyme-rich environment of the
stomach. Specifically, peptides are highly susceptible to acid-catalyzed denaturation in the low
pH of the stomach, and their complex structures are readily digested by proteases and peptidases
in the intestinal lumen. Furthermore, their large size (generally >1 kDa) impedes uptake into the
systemic circulation in therapeutic amounts because the small intestine is absorptive only to
smaller molecules. This leads to many peptide therapeutics being categorized under the
Biopharmaceutics Classification System (BCS) as either Class III (high solubility, low
permeability) or Class IV (low solubility, low permeability) [22]. Strategies to improve stability
generally fall into one of two categories: chemical modifications to the peptide that increase its
resistance to digestive processes, and encapsulation methods that protect the drug cargo in the
stomach and enable selective release in the absorptive region of the small intestine.

3.1.1 Molecular modifications of peptide drugs enhance gastric stability

In vitro digestion studies have suggested that cleavage by proteases such as pepsin is more
problematic to peptide stability than the low pH in the stomach [23]. Thus, enhancing the
stability of peptides to evade proteolysis by modifying their chemical and structural
characteristics has been an active area of study. Several approaches have proven successful,
including the introduction of cyclic structures and polymer conjugation, which are described in
detail below.

Cyclosporine is one of the four peptide drugs with an FDA-approved oral formulation and one of
two with a native cyclic structure, the other being cyclic octapeptide octreotide. This structure
provides molecular rigidity and protection from endopeptidases, making it resistant to



degradation in the gastrointestinal (GI) tract [24]. There are over forty cyclic peptide drugs
available in parenteral formulations, with approximately one new cyclic peptide being approved
annually [25]. Although many are isolated or derived from natural sources, cyclic structures have
also been synthetically introduced into peptides that are not naturally cyclic to improve stability
[26, 27].

A new approach for identifying structurally-stable peptide drugs was taken recently by Kong and
colleagues. They used phage display technology to screen large libraries of so-called double-
bridged peptides, which have increased resistance to proteolysis by GI proteases [28]. They
identified a protease-resistant peptide that has the potential to treat inflammatory disorders of the
digestive system such as Crohn’s disease. Another type of molecular stabilization that can be
used to protect peptide drugs from proteolysis is the addition of hydrocarbon linkages or
“staples” between amino acids on alpha helices. Bird et al. used this method to stabilize
enfuvirtide, a 4.5 kDa peptide drug that can block HIV-1 entry in humans but is not widely used
because it lacks the oral bioavailability of other anti-HIV-1 therapies [29]. Polymer conjugation
is another well studied molecular approach used to increase the gastric stability of therapeutic
peptides [30]. The addition of polymers, either by covalent conjugation or electrostatic attraction,
increases stability in simulated gastric fluids as well as in animal models [31-33]. Many polymer
chemistries have been used, and they are extensively reviewed in the literature [34].

Regarding use in infants, it is important to consider that infants metabolize many chemicals and
drugs differently than adults. Altering the active pharmaceutical ingredient (API) — for example,
by introducing a cyclic structure to improve bioavailability — may change how the drug is
metabolized and excreted, which could have negative consequences. However, structurally
modifying the API could also remove the need for additional excipients such as preservatives,
which may also have undesirable effects in infants. This dilemma highlights the need for a better
understanding of how pediatric patients process and tolerate different chemicals and drugs,
which is discussed in Section 4.

3.1.2 Encapsulation methods protect peptides from gastric degradation

Another approach to protect peptide drugs from the proteolytic gastric environment is drug
encapsulation with an enteric polymer that dissolves only after exiting the stomach. Several of
the peptide drugs that have reached clinical trials utilize enteric-coated capsules or tablets (Table
1). The chemistry most commonly used is a system of acrylate/methacrylate and methacrylic
acid copolymers [35, 36]. These polymers resist swelling and dissolution in the low pH
environment of the stomach and release their cargo in the higher pH environment in the intestine.
This release occurs because in pH 5-7 the carboxylic acid groups are transformed to carboxylate,
causing the coating to dissolve. Eudragit® (Evonik) is a widely used, commercially available
brand of enteric polymers, with co-polymer formulations that serve several different purposes.
Eudragit® E masks the taste of drugs and nutritional supplements such as iron that have been
encapsulated in microtablets for administration to infants and children [37]. Eudragit® E is
cationic and soluble below pH 5.5, making it useful for taste masking, and Eudragit® L and S,



which are soluble above pH 6 and 7 respectively, can be used to tailor release specifically to the
small intestine or colon [38]. Other enteric polymers have been used in oral formulations to
deliver pancrelipase to the small intestine for children cystic fibrosis, who need pancreatic
enzyme supplementation to allow nutrient absorption for proper growth and development [39].
Enteric polymers are available in several forms, including aqueous dispersions, organic
solutions, dry powder, and granules [38]. Capsugel® (Lonza) has developed capsules made out of
intrinsically enteric polymers that eliminate the need for a coating step [40].

The flexibility of encapsulation technology means that it can be modified appropriately for infant
populations. For example, drug formulations for infants are often dosed in fruit purees or yogurts
and, therefore, the enteric polymer should accommodate a fed-state pH such as Eudragit® S.
Additionally, there is an opportunity to develop pediatric-specific encapsulation polymers that
are responsive to infant gastric and intestinal pH. Overall, the flexibility of encapsulation
technologies is particularly helpful for infant-geared drug formulations, as unpleasant drug
flavors can be taste-masked and release profiles can be optimized for the best pharmacokinetic
outcome.

3.2 Enhancing peptide permeability in the intestine

In addition to degradation in the stomach, peptide drugs suffer poor oral bioavailability because
they are not efficiently absorbed in the intestine. To reach systemic circulation, where most drugs
take pharmacological effect, drugs need to first cross the mucus layer and then be absorbed
across the intestinal epithelium. There are several commonly employed techniques that have
overcome this barrier in clinical and pre-clinical studies of oral peptide formulations.



Passive absorption Active absorption

~-

[ A

Intestinal . ) .
lumen Transcellular Paracellular Transcytosis Carrier-mediated
diffusion permeability uptake
O

Intestinal mucus .O E ,. ..
5 E Y f
: C A L 0

Apical membrane X ' x ' ! ! :
? ‘ o -.

Tight ' : (| 1L
junctions i I ) .

..
(

Basolateral membrane

o4
«--
<-.
@«

Bloodsteam towards hepatic portal vein

Fig. 2 — The complex mucus matrix and the intestinal epithelium pose transport barriers to
the oral absorption of peptide therapeutics. A drug must diffuse through the intestinal
mucus and then permeate the epithelial monolayer to reach systemic circulation. Transport
across the epithelium can occur passively (via the transcellular or paracellular route) or
actively (by transcytosis or receptor-mediated uptake).

3.2.1 Evading the mucus trap

The mucus layer is a major barrier to macromolecule absorption in the intestine. Steric hindrance
and electrostatic attraction of cationic atoms to the anionic mucus mesh network trap large
molecules like proteins before they reach the absorptive surfaces of the epithelial cells [41, 42].
Many strategies have been employed to overcome the mucus barrier, including the use of
mucolytic agents such as N-acetyl cysteine and polymeric carriers that alter the charge of the
macromolecule and decrease mucus adherence [34, 42, 43]. It should be noted that infant
intestinal mucus is more permeable than adult mucus (see Section 4 for more details), and it may
be possible to take advantage of this unique physiological characteristic to avoid the use of
mucus-penetrating agents in oral macromolecular drug formulations for young patients.



3.2.2 Stimulating transcellular/receptor-mediated uptake

The apical surface of intestinal epithelial cells is covered with transporters and receptors that
facilitate drug and nutrient absorption. These have routinely been targeted to increase oral
bioavailability of drugs [44]. For example, the di- and tripeptide transporter (PepT1), which has a
broad range of specificity, was exploited to increase the absorption of peptidomimetic and pro-
drug forms of antibiotics and antivirals [45-47]. Additionally, the neonatal Fc receptor pathway
has facilitated oral peptide delivery in mice using insulin-loaded nanoparticles that were surface-
modified with Fc fragments of IgG [48]. Another pathway with potential for oral protein delivery
is the lactoferrin pathway. Lactoferrin is an iron-carrying protein, and there are receptors for its
uptake on intestinal epithelial cells that can be used for a targeted method of uptake and
transcytosis [49]. Recently, Han and coworkers formulated insulin in a zwitterionic micelle that
was absorbed via the intestinal proton-assisted amino acid transporter 1 (PAT1), resulting in
~40% oral bioavailability in rats [50]. Although transcellular approaches have been successful,
there is always a concern that the peptide drug will be degraded by intracellular peptidases if the
drug is released too early or does not successfully cross the basolateral membrane.

For infantile delivery, it may be possible to tailor receptor-mediated approaches specifically for
infant and pediatric applications due to relative expression of transporters. For example, we
know that PepT1 expression and functionality is conserved between neonates through adulthood,
and, therefore, that a PepT1-mediated uptake drug will be well absorbed in infants. Conversely,
because the sodium-dependent imino transporter 1 (SIT1) has almost no expression in the
newborn intestine, the uptake of proline and proline rich peptidomimetics is reduced compared to
adults [51].

3.2.3 Enhancing intestinal permeability by the paracellular route

The paracellular route of transepithelial transport is regulated by a series of complex protein
networks called tight junctions (Fig. 2) [52]. These limit the dilation of the paracellular space to
prevent translocation of xenobiotics and, as such, hinder the absorption of larger peptide drugs.
Many intestinal permeation enhancers take effect by transiently disrupting this network directly
or indirectly through membrane fluidization, enabling drugs to be absorbed [53, 54]. Enhancers
fall into classes such as: ionic and nonionic surfactants, bile salts, fatty acids, toxins, and other
small molecules like heterocyclic amines [55-57]. Permeation enhancers have been extensively
reviewed in the literature, but we will briefly present an overview of clinically successful
enhancers as well as novel chemicals in pre-clinical development that have promise for oral
delivery to infants [8, 58, 59]. Although we do not directly describe permeation enhancer
mechanisms here, interested readers can refer to two recent reviews on this topic [60, 61].

Sodium caprate (C) is perhaps the permeation enhancer with the most thoroughly investigated
mechanism of action. Originally identified as a component of goat milk, C,, is a medium chain
fatty acid that is an effective permeation enhancer in the small intestine with remarkably low



toxicity compared to equally effective enhancers [53, 62-64]. C,( is the primary permeation
enhancer used in GIPET® technology which was licensed by Novo Nordisk from Merrion
Pharmaceuticals for use in an oral insulin formulation [65]. In addition to clinical trials for
peptide oral delivery, Cy, has also been investigated for the oral delivery of nucleotide-based
drugs, increasing the available literature on its tolerability in humans [66]. Medium chain fatty
acids, including C,, are the main fatty acid component of the solubilizing/permeation enhancing
excipient Labrasol® from Gattefosse, along with triglycerides and PEGylated fatty acids [67, 68].
Chiasma’s oral formulation of octreotide (MYCAPPSA®) in an oily-suspension containing
medium chain fatty acids (caprylate but not caprate) that act as intestinal permeation enhancers
was approved by the FDA in 2020 [69, 70].

Another enhancer that has received significant attention is the medium chain fatty acid
derivative, salcaprozate sodium (SNAC) [61]. Novo Nordisk developed an oral formulation of
semaglutide using Eligen® Technology that includes SNAC as a stabilization agent and gastric
permeation enhancer [71]. Fattah and colleagues have also shown that SNAC successfully
improves the intestinal permeability of octreotide in isolated human intestinal tissue ex vivo [72].
Additionally, Peptelligence Technology developed by Enteris Biopharma uses citric acid (as a
peptidase inhibitor) and acyl carnitine permeation enhancers in their in their delivery
formulations of leuprolide and octreotide [73].

Chemical permeation enhancers are likely to be ubiquitous in oral peptide drug formulations
going forward, based on the current status of marketed oral peptides as well as those in clinical
trials. Fortunately, there are no data thus far that suggest that approved permeation enhancers
pose significant physiological or toxicological effects in adults. Because it is unclear whether
safety profiles will extend to infant and pediatric populations, chronic dosing will be required
specifically in these populations prior to approval [74].

4 Infant and adult gastrointestinal physiology considerations for oral delivery

In the most basic terms, the barriers to oral drug delivery are the drug’s solubility and stability,
and the absorptive capacity of the gastrointestinal tract. In pharmaceutics, there are standardized
models for these processes based on research in adult subjects; however, the anatomy and
physiology of infants and pediatric populations vary greatly from adults. Pharmacokinetic
profiles are often extrapolated to children, but this is can be an oversimplification, as infants are
not small adults from an adsorption, distribution, metabolism, and excretion (ADME)
perspective. Here, we discuss the relevant physiological differences between infants (2 - 24
months of age) and adults (Fig. 3), and their implications for the oral delivery of peptide drugs.
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Fig. 3 — The physiological barriers to delivering oral macromolecular drugs in infants differ
from adults.

4.1 Oral cavity and swallowing reflexes

Although the oral/buccal cavity is not a prominent barrier to oral drug delivery in adults [8],
infants are different. Research has found that 25 — 45% of normally developing infants
experience feeding difficulties [75]. In infants with cerebral palsy and dysphagia, this number
climbs to 57 — 92%, making it a formidable barrier for oral drug delivery [76]. Infants initially
develop the ability to swallow thin viscosity purees (4 — 6 months) and progress to more viscous
foods with lumps or inconsistent texture (6 — 12 months) [77, 78]. Therefore, it is essential that
delivery systems for younger infants are delivered in breastmilk, formulae, or a liquid of similar
consistency to prevent swallowing difficulties [79]. Liquid dosage forms of vitamin and mineral
supplements are used in 25% of infants [80]. Solid chewable or semi-solid gummy multivitamins
are recommended only for children 2 years or older [81]. Such dosage forms are inappropriate
for infants due to the risk of choking on small pieces while swallowing.

4.2 Gastric environment and transit time

The GI tract is a major biological barrier to oral drug delivery due to the harsh acidic environment
and enzyme activity. Adults and infants differ in their gastric environment in that the pH of the
infant stomach is higher than that of adults. In infants, gastric pH in the fed state is more readily
buffered to higher pH (~ 6) than in adults (4 — 6) [82, 83], which is attributed to the high buffering



capacity of breastmilk and formulae [84]. Another key attribute that affects oral delivery is gastric
volume. The normalized gastric volume in fasted adults is ~ 0.3 ml/kg, while in infants it is slightly
higher at 0.3 — 0.7 ml/kg [85, 86].

These physiological differences affect drug classifications, which serve as guides during the drug
formulation process. Traditionally, the biopharmaceutical classification system (BCS) is used to
categorize a drug based on the solubility in simulated gastric and intestinal fluids based on adult
values. As such, the discrepancies between adults and infants have motivated the development of
a harmonized pediatric BCS (pBCS). Recently, del Moral-Sanchez and colleagues utilized the
WHO’s Essential Medicine List for children to map the pBCS and noted that almost a quarter of
the drugs would switch from high to low solubility due to pediatric parameters [87]. The
differences in gastric pH and volume can clearly impact the solubility of a drug and thereby the
formulation approach should reply on the pBCS. Fortunately, infants and adults have similar
gastric emptying rates and small intestine transit times [88, 89]. These factors are not expected to
impact the translation of oral dosage forms from adults to infants.

4.3 Mucus composition and intestinal permeability

One of the first physical barriers that an orally delivered peptide drug must overcome is the
intestinal mucus mesh. Small intestinal mucus is composed of water (~90%), electrolytes, lipids
(1 — 2%), and mucin proteins (1 — 5%) [90]. Membrane bound mucin proteins form a densely
packed network that anchors the secretory mucin-rich mucus to the epithelium [91]. This acts as
both a steric and chemical barrier to the passage of particulates and macromolecules [42]. Goblet
cells are “activated” after birth when they exposed to human milk bacteria and milk
oligosaccharides initiating a life-long mucus barrier [92]. To our knowledge, although there are no
studies on the compositional differences between human adult and infant mucus, there are some
publications in pigs. The mucus in the piglet small intestine ex vivo is significantly less viscous
than that of mature pigs, increasing its permeability to large objects (1 um latex beads) [93]. This
suggests that delivery vehicles and strategies that fail in adults due to mucoadhesion issues may
still be a viable option for infants. Unfortunately, because the differences between human infant
and adult mucus are unknown, fundamental studies on the properties of infant mucus are clearly
needed to better understand this barrier.

The intestine is still developing when a newborn is delivered at full term. The intestinal epithelium
is hyper-permeable in the first days of a neonate’s life to enable the translocation of colostral
immunoglobulins such as IgA and IgM to develop the immune system [94]. Gut closure is believed
to be initiated by growth factors in colostrum within the first 72 hours after birth in humans [95],
which restricts the permeability of very large molecules (>150 kDa), while leaving it permeable to
smaller molecules. There is an inverse relationship between age and permeability: human neonates
have the highest intestinal permeability when using the oral lactulose:mannitol test (0.56 — 2.1),
which drops two orders of magnitude as they enter infanthood (0.065 — 0.38) and another order of
magnitude as they reach adulthood (0.013— 0.058) [96-102]. Similarly, we recently reported the



increased oral absorption of insulin and lactoferrin in infant mice compared to adults resulted in
pharmacodynamics effects of insulin without the aid of a permeation enhancer [103].
Unfortunately, it is unclear how this gradual change in mouse intestinal permeability relates to the
passage of larger molecules such as peptide therapeutics in human infants.

The underlying mechanism of the enhanced permeability during infancy is likely related to altered
expression of tight junction proteins, which are key regulators of the paracellular pathway in the
intestinal epithelium [104]. As it is unethical to obtain biopsies from healthy infants, the expression
profile of tight junctions is currently unknown. However, in rodent and porcine models, there is a
clear correlation between maturation and barrier function relating to tight junction expression [105,
106]. Additionally, the morphology of the crypt-villus axis in infant intestinal physiology is
dramatically different from adults. Infants have fewer villi, which are shorter and ridge-shaped,
and elongated, deeper crypts (Fig. 3) than adults [107, 108]. It is possible that the immature
intestinal villi in infants and the lower surface/volume ratio could lead to reduced drug absorption
[109].

As with intestinal permeability in infants, there is also limited oral pharmacokinetic data available
in infants. There have been a few studies on the pharmacokinetics of furosemide (330 Da), a
commonly orally prescribed small molecule antidiuretic drug in pediatrics, which is absorbed in
part paracellularly [109, 110]. When delivered to neonates, the oral bioavailability was 84%, but
this dropped significantly when administered to children (56 + 31%) and adults (49 + 16) [111,
112]. However, in this study, the children were 2 to 15 years of age and this may overlook the
enhanced permeability in infant-aged children. There are also bioavailability data in children of
cyclosporine (1.2 kDa), an FDA- and EMEA-approved cyclic peptide immunosuppressant drug
administered orally in pediatric populations. The oral bioavailability of cyclosporine in pediatric
patients for heart and kidney transplant was equivalent to adults (24.7 + 8%) [113]. Although there
is a lack of substantive evidence, it is apparent that the intestinal barrier in healthy infants is more
permeable than in adults. This provides an opportunity for the oral delivery of medications in this
population but with the caveat that predicting the absorbed fraction is inherently more difficult.

4.4 Drug metabolism and clearance

Infants have increased drug metabolism and clearance. Intestinal and liver cytochrome P450
(CYPs) enzymes are the main drug metabolism enzymes. They are responsible for clearance of
both small molecule drugs and peptide drugs after absorption, which limits their bioavailability
[114]. Elevated duodenal CYP3A4 and CYP3AS is reported in infants (0 — 12 months) and
decreases as a function of age to mature levels after one year post birth [115, 116]. However, the
degree to which expression reflects activity is unclear [117]. Instead, accelerated drug clearance
in infants has been suggested to be due to the increased liver blood flow and larger ratio of liver
to body mass in infants and young children [118]. Accordingly, there is a move towards



allometric scaling for predicting drug dose administration in infants, which accounts for size and
surface area differences. Tegenge ef al. developed two different exponent models to better
predict drug clearance in neonates and infants than previous more simplistic allometric
approaches [119]. As more pharmacokinetic data become available for infant populations, these
models will become even more robust and practical for dose selection.

There is a critical gap in our knowledge regarding appropriate dosing and pharmacokinetic
profiling of drugs formulated for adults when used in infants. For example, oral administration of
the anti-epileptic drug topiramate results in wildly different profiles for Cy.x (1.8 vs 14.5 pg/ml)
and ty; (41 vs 10 hours) in adults and infants respectively [120, 121]. Topiramate (marketed as
TOPAMAX®) is noted by the FDA as having a 50% higher clearance rate in pediatric patients.
What little data is available for drug clearance in infant populations is mostly restricted to small
molecule drugs, which makes it challenging to predict the needs of a drug delivery system for
peptide drugs. However, studies of injectable insulin in pediatric patients do highlight some
additional challenges; for example, infants have less subcutaneous fat than adults, which will
increase absorption [122]. Studies with cyclosporine are performed only in infants with severe
organ failure, making it difficult to extend the data to predict absorption and clearance in the
healthy infant population. Again, better predictive studies and appropriate models are needed for
designing drug delivery systems specifically for infant and pediatric populations.

5 Adapting adult oral delivery approaches for infants

Given that infants pose unique physiological considerations when developing drug formulations
and delivery strategies, conventional approaches need to be adapted to meet the needs of this
population. This includes modifying formulation approaches and delivery devices and
developing infant-relevant models for testing. Here, we highlight progress in these areas.

5.1 Formulation approaches for oral infant delivery

Liquid dosage forms offer a high degree of dose flexibility and ease of swallowing for infant
patients. However, there are a number of fundamental limitations of liquid products, including
palatability (children have a low tolerance for disagreeable taste and texture), lack of controlled
release, dosage measurement accuracy and total volume, and peptide stability in solutions. The
most appropriate vehicles to carry liquid dosage forms in infants are breastmilk, reconstituted
milk formulae, and cow’s milk, due to their viscosity and improved palatability [79, 123].
However, when using milk as a vehicle, osmolality must be considered. The American Academy
of Pediatrics recommended an osmolality limit of 400 mOsm kg-! H,O for milk products for
infants [124], and one study found that the addition of vitamin drops to human breastmilk
doubled the osmolality to ~600 mOsm [125]. However, while osmolality is important for infants
with gastrointestinal disorders due to the risk of perforation, it is not an issue for drug
formulations for infants with healthy GI tracts. Infants who are > 6 months can be given liquid



dosage forms that do not use milk as a carrier, and this has been successful for paracetamol (i.e.
acetaminophen) and ibuprofen administration [126].

Peptide therapeutics are not as stable as small molecule drugs in liquid dosage forms and may
require the addition of stabilizing excipients. Unfortunately, many preservatives and stabilizing
agents that are safe or well-tolerated in adults are contraindicated for use in pediatric patients
[127]. For example, sodium benzoate (a paraben preservative) causes hyperbilirubinemia in
infants less than two months old, and other members of the paraben family have been reported to
disrupt endocrine system development, causing the EMA to recommend that they be avoided in
pediatric formulations [128, 129]. Polyethylene glycol is a commonly used drug solubilizer and
is also approved as a safe treatment for constipation in children. However, its laxative effects are
cause for concern in infants with healthy bowel movements [130].

Novartis’ oral cyclosporine solution NEORAL® is a combination of corn oil triglycerides
(solubilizer), polyoxyl 40 stearate (surfactant and emulsifier), DL-a tocopherol (anti-oxidant),
and propylene glycol (solvent). It is unclear if these excipients have negative effects, but as the
patients require solid organ transplantation, it is expected that the therapeutic benefits far
outweigh the concerns of excipient-induced toxicity. Research into safe excipients and their
ability to stabilize oral liquid drugs for infants is ongoing, and it is likely that any given
macromolecular drug will require specific formulation development [131]. There is evidence that
several excipients are poor choices for inclusion in infant formulations. For example, sodium
benzoate, which is often used in liquid dosage forms, can impair neonatal and infant
development. To avoid these potentially harmful excipients, Binson et al. showed that the
excipient-free compounding agent Syrspend® SF PH4 Dry successfully resuspended small
molecule APIs such as dexamethasone [131]. Additionally, ethanol and propylene glycol are
both excipient solvents that are considered harmful to pediatric populations and need to be
avoided when formulating a liquid dosage form. It is clear that there is still much work to be
done in the development of formulation solutions for an often-overlooked population.

The desire to avoid preservative use in infant formulations has led to a shift in focus to single-use
solid oral dosage forms for pediatric patients. Solid dosage forms also overcome many of the
concerns associated with delivering peptides in liquid form. For example, lyophilization is an
effective stabilization strategy for peptide drugs and nanoformulations, especially when the
cryoprotectant trehalose is used [132]. Trehalose is a naturally occurring D-glucose disaccharide
with a history of use in humans and is considered a safe and appropriate excipient for infant
formulations [133]. Lyophilization with trehalose is a simple way to turn a peptide drug into a
powder that can then be processed into one of the many solid dosage forms currently being
developed specifically for use in infants.

Some of the most promising of these solid dosage forms for peptide drug delivery in infants
older than 6 months include mini-tablets and microparticle “sprinkles”/powders that can be
added to age-appropriate semi-solid foods, and orodispersible tablets that disintegrate rapidly in
the mouth [134]. Orbis Bioscience’s Optimpm® technology enables controlled release of peptide
drugs and is available as a microparticle powder designed to enable food-mixing for pediatric
drug delivery. Takeda Pharmaceutical’s SoluTab™ is an orodispersible tablet of lansoprazole



prescribed for acid reflux in infants. Although used for local delivery, McNeil’s Pancrease MT®
is an enteric-coated mini-tablet formulation of pancreatic enzymes for the treatment of chronic
pancreatitis and cystic fibrosis. Overall, mini-tablets appear to be the most effective method to
deliver an appropriate dose to an infant or younger child.

It is likely that permeation enhancers would be necessary to effectively deliver peptide drugs
orally in infants. However, it may be possible to decrease their dose because of the increased
intestinal permeability in infants, as discussed above. This could make peptide delivery easier
from a safety standpoint, as the literature generally cautions against the overuse of permeation
enhancers [74]. Permeation enhancers that are considered viable candidates for use in infants
would be those derived either from components native to the gastrointestinal tract (bile salts) or
components found in their diet (sodium caprylate and sodium caprate) [135]. However, the lack
of physiologically-relevant models to study enhancers, excipients, and formulations in infants is
one of the biggest barriers to development in the field (see Section 5.3).

5.2 Engineering devices for peptide delivery in infants

There are several drug delivery devices that have been specifically engineered for infants, and
they are likely appropriate for protein and peptide drugs. JustMilk has developed a disposable
silicone Nipple Shield Delivery System (NSDS) that can be loaded with an appropriate
dispersible solid dosage form. The NSDS is placed on the breast, and the flow of milk solubilizes
the drug, which is then consumed by the infant [136, 137]. The developers of the technology
have formed focus groups to assess the use of the NSDS for anti-retroviral drug administration to
infants in Kenya [138]. However, this technology is adapted specifically for breastfeeding
infants, which accounts for only ~50% of infants and typically infants <6 months of age [139].

DS Technology’s XStraw™ meets the drug delivery needs of older infants and children with a
pre-dosed straw. The granulated medication is pre-filled in the straw, and when the child drinks
through the straw, it solubilizes the drug for easy oral administration. This type of technology is
already on the market for flavored milks under “Milk Magic” and “Quick Milk,” and this
similarity to novelty food products could improve compliance with children. Although not a
device, 3D printing technology offers flexibility to produce small and intricately-designed
delivery vehicles in a range of materials. A focus group of healthcare professionals was
optimistic about the use of 3D printing for pediatric drug delivery, specifically for personalized
doses and dosage forms [140]. Scoutaris et al. 3D-printed indomethacin in a polyethylene glycol
and hypromellose acetate succinate matrix to imitate the popular Starmix® gummies, and this
technology platform could be adapted for infant specific formulations [141].-Overall, these
engineering applications are good examples of designing patient-focused delivery devices rather
than forcing adult devices to work for infants and young children.



5.3 Models for predicting oral absorption in infants

One of the greatest difficulties in designing and adapting medications for children and infants is
the lack of appropriate drug absorption models. Pediatric patients are enrolled in 10-times fewer
trials that adults and notably in fewer drug trials compared to adults (48.7% vs. 65.8%), while
they have higher enrollment in dietary supplement (5.3% vs. 2.7%) and biological therapies
(15.4% vs. 6.1%) [4]. It appears that the adoption of an alternative formulation approach (oral vs.
injectable) is uncommon in pediatric clinical trials, with some notable exceptions. For example,
the Global Platform for the Prevention of Autoimmune Diabetes Primary Oral Insulin Trail
(GPPAD-POInT) enrolled infants 4 to 7 months old who were at high risk of developing type 1
diabetes to receive oral insulin therapy and enrolled the first patient in 2018 [142].

The classic cellular model used in drug absorption studies is the Caco-2 cell model. This colonic
adenocarcinoma cell line grows as a monolayer of polarized columnar epithelium and is easily
adapted for paracellular and transcellular permeation studies [143]. Unfortunately, the cells are
known for their heterogeneity in transporter expression and their poor in vitro-in vivo correlation
[144]. In standard absorption studies, drug formulations are applied directly to the cell
monolayer, which oversimplifies the complexity of the barriers for drug absorption in the
intestine. A number of approaches have been taken to improve the physiological relevance of
this model using mucus and altered tissue sources [145]. For example, co-cultures of Caco-2
cells and mucus producing HT29-MTX-E12 cells produce a more physiologically relevant model
but still fail to mimic in vivo conditions [146]. Additionally, biosimilar mucus has been
developed that reflects the steric and rheological properties of adult porcine mucus [147, 148].
Because it is likely that human infant mucus differs significantly from adult [93], there is a need
to develop biosimilar mucus to reflect the rheological properties of infant mucus.

There are several models that recapitulate the infant intestine more faithfully than Caco-2
models. For example, the neonatal porcine jejunal IPEC-J2 cell line and intestinal organoids
better reflect more permeable intestinal tissues [149, 150]. The developmental pathway involved
in differentiating stem cells into intestinal organoids yields tissue that is similar to fetal intestinal
tissue [151]. Additionally, the expression and function of uptake and efflux transporters in
intestinal organoids are more reflective of in vivo biology [152]. Further investigation is needed
to determine whether these systems are appropriate models to predict intestinal drug absorption
in infant populations.

Unfortunately, animal models are also lacking in their prediction of drug absorption in infants.
Drug absorption studies are commonly carried out on ex vivo tissue samples, with single pass
intestinal perfusion/intestinal instillations, or via oral gavage in rodents [47, 67, 153]. Rodent
intestinal development differs from human physiology; there is a lag in gut closure, and it is
difficult to map infant mice or rats onto human infants. Researchers have calculated the relative



infant development age in human years for mice (56 days = 1% human year) and rats (42 days =
1%t human year) [154, 155]. Therefore, to conduct infant-relevant studies in rodents, the animals
should be used before they are weaned from the dam at ~21 days [103]. Pigs and dogs are better
predictors of human oral bioavailability, but there are considerable cost and logistical difficulties
associated with these more advanced preclinical models [156]. In particular, the Gottingen
Minipig model (3 to 6 weeks old) has a very similar gastrointestinal profile to human infants
[157].

There is a critical need to understand the permeability and pharmacokinetics of various drug
types in these infant models. This opinion has been reinforced by the European network on
understanding gastrointestinal absorption-related processes (UNGAP). It has stated that the
pediatric-specific gastrointestinal physiology has been overlooked during oral drug development,
which has then made the prediction of absorption more difficult [158]. It is our opinion that
improved in vitro models (organoid models) combined with in silico models will improve
pediatric formulation design. For example, pediatric predictive absorption models using
Certara’s Symcyp" and Simulation Plus’ GastroPlus® have been successfully used for pediatric
drug screening [159, 160].

6 Concluding opinions on the opportunities in infant oral drug delivery

Peptide therapeutics have revolutionized patient care since the discovery and isolation of insulin
in the 1920s. Unfortunately, the majority of the 60+ approved peptide drugs and 150 peptides in
active development are formulated as injectables [15]. Oral delivery of peptide drugs has been a
consistent area of academic and industrial research that has yielded recent FDA approval for
Novo Nordisk’s semaglutide, Chiasma’s octreotide, and Novartis’ cyclosporine, all of which are
on the market as capsule formulations for use in adult patients. While there are limited data on
oral peptide therapeutics in infants, some clinical trials have been carried out in infants including
insulin (NCT01093638 [terminated 2016], and NCT03364868 [recruiting 2020]) and the
cyclohexapeptide nepadutant for treatment of colic (NCT00655083 — completed 2011). The
GPPAD-POInNT trial (NCT03364868) is exciting, as it is one of the first trials that will provide
insights into the efficacy of orally delivered peptides to infants, however, this trial is not due to
complete until 2025. This trial, along with the approval of multiple oral peptide drugs, are reason
for optimism when considering the future of oral peptide therapies for infants.

From a formulation and dosage-form perspective, significant progress has been made in terms of
infant drug delivery. Anecdotally, giving an infant a liquid dosage form is a struggle for parents
and healthcare providers, and the whole dose is rarely administered with ease. Mini-tablet and
sprinkle formulations can enable mixing of the dosage form within food for older infants without
the concern of choking. Age-appropriate devices have been designed to meet the needs of oral



dosage in infants rather than attempting to adapt adult formulations. The rapid evolution of 3D
printed technologies and their applicability in pharmacy and hospital settings will vastly improve
our ability to adapt dosage forms for infants. We will be able to ad-hoc adapt the design, matrix,
and dose in 3D printed solids, chewables, or thin-films to truly revolutionize patient-centric
dosage forms. The most substantial remaining challenge is the access to appropriate absorption
models for predictive pharmacokinetic profiling in infants.

Although the progress towards improving child-sized medicines is slow-moving, we are
confident that the peptide therapeutic pipeline and advances in patient-centric delivery devices
will improve the eventual translation of therapies to infants. Better incentives, either at the basic
research level and/or for clinical translation, should be put in place by funding agencies and
industry to catalyze progress. We believe that it is within the collective power of academia,
industry, and healthcare to reduce off-label prescribing for infants by devoting more time and
energy to the development of pediatric-appropriate drug formulations. As Nelson Mandela said,
“There can be no keener revelation of a society’s soul than the way in which it treats its
children”.



Table 1 —Peptide therapeutics in clinical trials or on the market

Administration, Ltd

a branched
polysaccharide and a
suspension of insulin,
proinsulin, and C-peptide
in a mixture of oils

Biocon

Tregopil (IN-105)

Insulin analogue with
covalent PEG
modification for stability
and solubility in the GI
tract

FDA Phase 1 trial paused in 2018;
Phase 2 and 3 trials ongoing in
India

Peptide Molecular Indication Manufacturer Drug Name Oral Delivery Trial Status Relevancy to Pediatric
Weight (Da) Technology Medicine
Cyclosporin 1202.6 Immunosuppress | Novartis Neoral (previous Cyclic peptide, FDA-Approved Yes, studied in pediatric
ant (systemic) form: spontaneous transplant patients aged
Sandimmune) microemulsion 0.6-16 yrs (FDA doc)
AbbVie Inc Gengraf Sold as capsules or FDA-Approved
solution that contain the
microemulsion
Exenatide 4186.6 Glucagon-like Oramed ORMD 0901 Protein Oral Delivery Preclinical/Investigational New Trials for treatment of
peptide-1 Pharmaceuticals, Inc. (POD) technology: Drug (Phase 1B); extreme obesity in older
analogue for coated capsule, protease pharmacokinetic study completed | children (12-18)
T2D inhibitors, absorption in T2D patients, further
enhancer (unspecified) bioavailability studies planned for
2020
Octreotide 1019.2 Synthetic Chiasma Mycappsa Transient Permeation FDA-Approved Case reports of
somatostatin (formerly Enhancer (TPE): multiple treatment of GI
analog for Octreolin) excipients create a bleeding,
treatment of lipophilic suspension of hyperinsulinism,
acromegaly hydrophilic particles in hypothalamic obesity
hydrophobic medium
Semaglutide 4113.6 GLP-1 receptor Novo Nordisk Rybelsus Eligen Technology FDA-Approved Investigated for weight
agonist for T2D licensed from Emisphere management in obese
Technologies, Inc.: adolescents
SNAC as a permeation
enhancer
Insulin 5808.0 Regulate blood Oramed ORMD-0801 POD technology Phase 2 trials in progress for both | T1D prevalence rate is
sugar for T1/T2 T1D and T2D patients 0.3% among children 0-
diabetes Novo Nordisk 0OI338GT Gastro-Intestinal Phase 2 trials completed, but 19 years; insulin is
(license acquired Permeation Enhancement | product development was standard treatment
from Merrion Technology (GIPET): discontinued due to high doses
Pharmaceuticals) coated capsule with making it not commercially viable
sodium caprate as a
permeation enhancer
Oshadi Drug Oshadi Icp Silica nanoparticles with Phase 1 and 2 completed




Diasome Oral-HDV insulin | Hepatic delivery vesicles Phase 2b trial in progress
(HDV): phospholipid
nanocarriers with surface-
bound insulin and
specific hepatocyte
targeting molecules
Salmon 3431.9 Hormone that R-Pharm JSC TBRIA Peptelligence (Enteris Phase 3 trial completed Has been used in
calcitonin reduces blood Biopharm) technology: pediatric patients to
calcium for citric acid treat hypercalcemia, but
treatment of very rarely
Paget’s disease, Nordic Biosciences SMCCO021 Eligen Technology from Phase 3 trial did not achieve
osteoporosis, Emisphere Technologies, | primary endpoint of decreased
hypercalcemia Inc.: 5-CNAC as a incidence of bone fractures
permeation enhancer
Leuprolide 1209.4 Hormone used to | Enteris Biopharma Ovarest Peptelligence (Enteris Phase 2 trial completed Premature puberty

treat

Biopharm) technology:

affects 1 in 5-10,000

endometriosis, surfactant permeation children and is often
prostate cancer, enhancer and citric acid treated with injected
premature hormones

puberty

Abbreviations: FDA — US Food and Drug Administration, GI — gastrointestinal tract, GIPET — gastrointestinal permeation enhancing technology, PEG — Polyetholene glycol, POD™ — Protein Oral
Delivery, SNAC — salcaprozate sodium, T1D — Type 1 diabetes, T2D — Type 2 diabetes, 5-CNAC - 8-(N-2-hydroxy-5-chloro-benzoyl)-amino-caprylic acid.
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