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Chapter 1



Inherited metabolic diseases (IMDs) are a heterogenous group of genetic disorders
wherein metabolic pathways are disrupted. The first description of an IMD dates back
to the early 20th century, when Archibald Garrod deduced that alkaptonuria (AKU,
OMIM#203500) was the result of an inborn error in the protein metabolism.'? This
marked the beginning of a growing understanding of the metabolic defects causing
these diseases, which in turn catalyzed the development of treatment strategies.®
Given that the underlying pathophysiology of many IMDs directly impacts the body’s
ability to process certain nutrients, it is perhaps unsurprising that the first successful
treatment approaches for IMDs were nutritional interventions.*® Since then, many
targeted nutritional therapies have been implemented and remain a cornerstone of
IMD management today.

The nutritional therapy products prescribed with this purpose exist at the intersection
of food and medicine: a regulatory duality which presents significant challenges,
particularly in terms of patient access. This has a direct impact on the clinical practice of
many metabolic physicians and their patients, yet remains underexplored in the current
body of research. In order to examine the unique space where food meets medicine
in the treatment of IMDs, this introduction will provide a concise overview of IMDs and
their (nutritional) treatment, as well as present the aims and outline of this thesis.

IMDs: definition, prevalence, and clinical spectrum
IMDs include a broad range of genetic diseases that interfere with normal metabolic
processes through disrupted metabolic pathways. In recent years, the emergence of
novel diseases discovered through genetic diagnostics has resulted in some debate
on which disorders’ underlying pathophysiological mechanisms should be considered
IMDs (or even diseases at all).®>®% A widely referenced definition by Morava et al.
asserts that the “classification of a disorder as an IMD requires only that impairment
of specific enzymes or biochemical pathways is intrinsic to the pathomechanism”.?
Recent nomenclature has also moved away from using the previously widespread term
“inborn errors of metabolism” (IEMs) to describe this group of disorders, due to the
potential negative connotations associated with the word “errors”.® The term IMDs has
increasingly been adopted instead, a change that is also reflected in this thesis. At
present, various proposed classifications of IMDs have identified between 1000 and
1400 distinct disorders. &7

Individual IMDs are rare, which in the EU is defined as a prevalence <1:2000, but
collectively birth prevalences for IMDs range from 50.9 to 113 per 100,000 births."0-"?
IMDs can present at any age. While newborn screening has facilitated earlier diagnoses
for certain disorders, data from 2016 indicate that nearly half of individuals with IMDs
were diagnosed in adulthood.™ The clinical manifestations of IMDs can vary from mild
to life-threatening, with an estimated 0.4% of child deaths worldwide attributed to these
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disorders.” They can result in a wide range of symptoms depending on which metabolic
function is impaired, including developmental delays, neurological deterioration, organ
dysfunction, and acute metabolic decompensation.

The wide spectrum of symptoms and disease severity is exemplified by, for instance,
pyridox(am)ine 5’-phosphate oxidase (PNPO) deficiency (OMIM #610090), wherein an
impaired vitamin B6 metabolism results in neonatal-onset seizures. If left untreated,
this leads to fatality within the first year of life."*'® By contrast, some patients with late-
onset multiple acyl-CoA dehydrogenase deficiency (MADD, OMIM #231680), a fatty acid
oxidation disorder, may only develop symptoms in their sixties or seventies.'®* MADD
however also highlights that that phenotypic variability exists both across different
IMDs and within the same disorder: although milder presentations can emerge later
in life, more severe forms have a neonatal onset and high mortality rates in infancy.”
To effectively manage the diverse manifestations of IMDs, treatment strategies are
constantly evolving.

The current treatment landscape for IMDs

Along with broadening the perspective of what IMDs are, scientific and technological
advancements have also expanded therapeutic strategies for these disorders. The
treatment options currently available for IMDs differ per disorder, but may include (a
combination of) nutritional therapy, pharmaceutical therapies, and, in some cases,
cell or organ transplantation.’® The pharmaceutical interventions include a wide range
of therapies. Important categories are enzyme replacement or substrate reduction
therapies, which aim to replace deficient enzymes or reduce the accumulation of
toxic metabolites.’®? In addition, there are pharmacological chaperone and co-factor
therapies that improve enzymatic functioning, as well as medicines that eliminate
toxic waste products.’”® Nitrogen scavengers, for instance, bind and eliminate excess
ammonia in urea cycle disorders (UCDs), a group of IMDs wherein the body’s capacity
to process and remove ammonia is impaired.?' Most recently, the introduction of the first
cell and gene therapies for IMDs has marked a significant therapeutic advancement,
with a rapid expansion of their development and clinical application expected in the
near future.? IMD management can also include cell or organ transplantation, offering
curative potential in specific cases.?

“Food as medicine”, or nutritional therapies for IMDs were the first treatment
approach developed for these disorders, beginning in the 1950s with the formulation
of an amino acid mixture that omitted the amino acid that patients with phenylketonuria
(PKU, OMIM #261600) cannot metabolize.® Since then, this has remained a central
strategy in IMD management: in the standard textbook Inborn Metabolic Diseases:
Diagnosis and Treatment (7th edition, 2022), nearly half (46.2%) of the treatments
described were nutritional.* Nutritional therapy can involve a variety of interventions,



ranging from customized diets to single nutrients that essentially function as medicines.
Therefore, the following categorization of nutritional therapy has been proposed: 1)
specialized formulations aimed at providing the bulk of nutritional intake and designed
for specific disorders (e.g. amino acid mixtures tailored to PKU patients), 2) modified
low-protein foods, intended to adjust for a low-protein diet and 3) single nutrients or
amino acid mixtures to replace essential nutrients or support enzyme activity.?® The
single nutrients in the last category of nutritional therapy products (NTPs) especially
blur the distinction between food and medicines.

Where food meets medicine

The regulatory treatment of NTPs in IMD management highlights their dual nature: they
can be available as either (specific types of) food or authorized medicinal products,
although few have been formally authorized as the latter. In the absence of authorized
medicines, patients with IMDs frequently rely on food-grade NTPs. Their classification
as food does not always align with their therapeutic role in IMD management, which
can be critically important and comparable to medication. The amino acid citrulline, for
instance, is essential in UCD management and is even categorized as pharmacotherapy
by clinical guidelines, though it is not formally authorized as medication.?' This ambiguity
is compounded by inconsistent terminology, with different (regulatory) terms used
interchangeably in scientific literature.

Few studies have examined the impact of relying on treatment products spanning
the spectrum between food and medicine on IMD treatment access and those that have
been published primarily focus on the American regulatory system.?-?” Nevertheless,
they identify structural challenges that complicate access to NTPs, including insufficient
reimbursement and concerns regarding product quality and safety. The impact this
can have is illustrated by a documented case of severe hyperammonaemia in a
newborn with a UCD following administration of a product labelled as “99.88% pure
L-citrulline” which was later found to contain no L-citrulline at all, as well as findings
of dose inaccuracies and potentially unsafe impurities in pyridoxal-5'-phosphate (PLP)
supplements used in rare neurometabolic seizure disorders.?®?° These observations
demonstrate vulnerabilities associated with the NTPs in the grey zone between food
and medicine, which may have clinically significant consequences.

This thesis therefore seeks to address the knowledge gaps where food meets
medicine by exploring the regulatory perspective on nutritional therapy for IMD
management, as well as its implications for treatment access in clinical practice. It
aims to identify which NTPs function as medicines by analyzing the evidence base
as well as expert opinion. Lastly, it outlines pathways towards realizing authorization
as medicinal products for NTPs that function as medication, with the ultimate goal of
improving treatment access for patients with IMDs.

10
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THESIS OUTLINE

Chapter 1 introduction to the thesis

Part I. Between food and medicine: regulatory and clinical perspectives
In Chapter 2, the EU regulatory framework relevant to NTPs for IMDs is analyzed
and the implications for current clinical practice are explored. It proposes a flowchart
to help determine if a NTP functions as food or medication.
Chapter 3 examines the accessibility of UCD treatment products through a
survey of metabolic healthcare professionals, exploring how the diverse regulatory
classifications of IMD therapeutic products impact treatment access.
In Chapter 4 the constraints of relying on PLP food supplements in the treatment
of PNPO deficiency, a neurometabolic disorder of the vitamin B6 metabolism,
are documented, highlighting the difficulties posed by the absence of authorized
medicinal products.
In Chapter 5, a side effect of using a pharmacy-compounded food supplement for
acute decompensation in a fatty acid oxidation disorder is reported. Such products
may fall outside formal safety monitoring, leaving clinicians reliant on observational
data to report adverse events.

Part Il. Gathering the evidence: nutrients functioning as medicine
In Chapter 6, an evidence-based reference list of essential NTPs functioning
as medicine for IMDs is established, which is developed through international
consensus by employing a modified Delphi approach.
Chapter 7 analyzes the effectiveness and safety of the vitamin riboflavin in IMD
management in a systematic review of the literature, presenting evidence for its
optimal application in IMDs and stressing the importance of safeguarding patient
access, possibly through authorization as a medicinal product.
In Chapter 8 the effectiveness and safety of PLP, the active form of vitamin B6, in
the treatment of the neurometabolic disorder PNPO deficiency is systematically
reviewed. This chapter examines the evidence supporting this treatment as well as
potential safety concerns, underscoring the unmet need for high-quality suitable
treatment products for this ultra-rare disease.

Part Ill. Pathways from food to medicine
Chapter 9 outlines a regulatory roadmap for academics and clinical experts wanting
to improve treatment access for rare diseases, which is also applicable to NTPs in
IMDs. It outlines alternative pathways to patient access as well as the benefits of
aligning research with regulatory and reimbursement criteria.
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Chapter 10 proposes a socially responsible framework for public-private partnerships
intended to integrate academic involvement in pharmaceutical development and
stimulate successful and accessible medicine development for IMDs. This approach
may also help facilitate the authorization process for NTPs functioning as medication.
Chapter 11 provides the general discussion, reflecting on the regulatory positioning
of NTPs at the intersection of food and medicine and discussing implications for
safety monitoring, evidence generation, and patient access. It outlines potential
pathways to improve sustainable access to essential NTPs, in Europe and beyond.
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