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1 | INTRODUCTION
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X-linked adrenoleukodystrophy (X-ALD) is an inherited, neurodegenerative rare dis-
ease that can result in devastating symptoms of blindness, gait disturbances and
spastic quadriparesis due to progressive demyelination. Typically, the disease pro-
gresses rapidly, causing death within the first decade of life. With limited treatments
available, efforts to determine an effective therapy that can alter disease progression
or mitigate symptoms have been undertaken for many years, particularly through
drug repurposing. Repurposing has generally been guided through clinical experience
and small trials. At this time, none of the drug candidates have been approved for
use, which may be due, in part, to the lack of pharmacokinetic/pharmacodynamic
information on the repurposed medications in the target patient population. Greater
consideration for the disease pathophysiology, drug pharmacology and potential
drug-target interactions, specifically at the site of action, would improve drug
repurposing and facilitate drug development. Incorporating advanced translational
and clinical pharmacological approaches in preclinical studies and early-stage clinical
trials will improve the success of repurposed drugs for X-ALD as well as other rare

diseases.
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binding cassette sub-family D member 1 (abcd1) gene on the X chromo-
some that encodes the adrenoleukodystrophy protein (ALDP), an

X-linked adrenoleukodystrophy (X-ALD) is an inherited, peroxisomal
disease characterized by the accumulation of saturated, very long-
chain fatty acids (VLCFA), specifically C26:0. When VLCFAs
accumulate in the central nervous system (CNS), this can lead to an
inflammatory condition called cerebral ALD (cALD), which occurs in
approximately 35% of boys with X-ALD. cALD is a progressive,
demyelinating condition that is usually fatal within several years of
diagnosis. This cerebral inflammation is associated with oxidative
stress and together these contribute to subsequent demyelination

and neuronal cell death.!”3 ALD is caused by mutations in the ATP-

adenosine triphosphate (ATP)-binding-cassette (ABC) transporter
located on the peroxisomal membrane. This protein, expressed in the
adrenal glands, brain, kidney, liver, lungs, placenta and testis, is
responsible for the transport of VLCFAs from the cytosol into the
peroxisome for degradation by p-oxidation.*> The genetic mutation in
ALD renders this transporter defective, leading to the accumulation of
cytosolic VLCFAs.®” Although the systemic effects of elevated
VLCFAs are not fully understood, fatty acid imbalance and mitochon-
drial impairment are known to contribute significantly to the
X-ALD.28710  The

pathophysiology  of genotype-phenotype
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relationship for X-ALD is complicated; the same mutation in the abcd1
gene is associated with different clinical presentations including pri-
mary adrenocortical insufficiency, adrenomyeloneuropathy (AMN)
and cALD. Primary adrenocortical insufficiency or Addison's Disease
can present prior to the onset of neurological symptoms in X-ALD,
occurring when the adrenal glands cannot produce cortisol and aldo-
sterone.’ AMN is the most common phenotype of X-ALD. In this
subtype, patients generally have spinal cord dysfunction that is further
categorized by the presence or absence of cerebral involvement.®
AMN symptoms include ataxia, gait disturbances and spastic para-
paresis. cALD is the more severe phenotype of X-ALD. It typically
starts with cognitive and vasomotor function impairment, before rap-
idly progressing to neurologic deficits like spastic quadriparesis, vision
loss and, eventually, death.>'! Although the peak age for onset of
symptoms in children is 7 years, cALD can also occur in adults, initially
presenting as adrenal symptoms, then progressing to AMN and even-
tually developing into cALD.'? Being an X-linked disease, males are
more frequently and severely affected than females. Thus, adrenal
insufficiency and cerebral disease are rare among female carriers;
however, over 80% of women affected will eventually develop pro-
gressive spinal cord disease.!?

Although diagnosis of X-ALD can be difficult, early identification of
the disease has become key to managing disease progression. For
instance, in a patient with cALD, the onset of the disease could be
asymptomatic, but rapidly progress to the development of brain lesions
and white matter loss resulting in the onset of neurological symptoms.
The inclusion of X-ALD in the United States Recommended Uniform
Screening Panel (RUSP) in 2016 has expanded identification of
newborns with a genetic indication for X-ALD. Screening involves a
high-throughput biochemical assay that detects the elevation of
C26:0-lysophosphatidylcholine (C26:0-LysoPC) in dried blood spot
samples.*®1* This is further confirmed by abcdl gene sequencing.
Expanding worldwide availability of newborn screening for X-ALD will
significantly aid in early diagnosis, monitoring and initiation of appropri-
ate treatment.!®> The incidence of X-ALD has been reported to be
approximately 1 in 20000 worldwide,'*"*® but data from newborn
screening may be changing that estimate. In the United States, the inci-
dence of X-ALD as determined by newborn screening differs from the
worldwide incidence and varies substantially by state, for example:
1:15000 in New York versus 1:4845 in Minnesota.’* Based on the
incidence observed in Minnesota, nearly 500 boys with X-ALD will be
born yearly in the US. The reason for this variability in incidence is not
known. Upon positive detection, physicians are notified, and families
are directed to genetic counselling. The children undergo monitoring
including periodic contrast-enhanced MRI studies to detect brain
lesions along with measurement of adrenocorticotropic hormone
(ACTH) and cortisol for adrenal insufficiency.'#*?2° Although newborn
screening has allowed early detection of the X-ALD mutation, it does
not indicate which phenotype will present. This makes management
problematic due to varied types of therapy needed, potential adverse
effects and high costs of clinical care.

There are few therapeutic options available for X-ALD. Current

management strategies include glucocorticoid replacement therapy
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and allogeneic hematopoietic stem cell transplantation (HSCT), the lat-
ter requiring timely initiation for effectiveness. Glucocorticoid replace-
ment therapy, typically using hydrocortisone, is prescribed for X-ALD
patients that develop primary adrenocortical insufficiency.?* HSCT is
only offered to boys who show radiological signs of cerebral disease
and may help arrest or slow down neuroinflammation in cALD, pro-
vided that the procedure is performed before neurological symptoms
occur.>?2 Depending on the onset and presentation of X-ALD, both
treatments can be effective; but in the case of HSCT, utilization may
be limited based on the specific circumstances of each patient such as
their age, degree of disease advancement and financial means. More-
over, none of the existing therapeutic options are curative, but rather
provide supportive care. Recently, gene therapy is being investigated
in X-ALD as a potential strategy by correcting the defects in the abcd1

gene in the patient's own bone marrow cells.>*”

2 | REPURPOSING DRUGS FOR X-ALD

There is a lack of effective therapies that can prevent or cure the clini-
cal aspects of X-ALD. One approach to addressing this unmet need is
drug repurposing (also called drug repositioning), which involves the
testing of approved or investigational drugs (under development for
other indications) in X-ALD.2®> The general process of drug
repurposing is as follows: (1) identification of a candidate compound
and its target; (2) acquisition of sufficient supplies of the compound
for preclinical and clinical testing; (3) conduct of required pre-clinical
and clinical studies of the compound in the new disease; and (4) appli-
cation for licensure and approval.2*?* Compared to the conventional
method of drug discovery, repurposing is potentially a relatively lower
risk, quicker approach to development.?® Existing approved medica-
tions have established safety profiles through preclinical and clinical
studies, thus eliminating/reducing the need for repeating extensive/
expensive animal and human safety and toxicology assessments.?*
This may not be the case for repurposed drugs being developed for
new patient populations such as those with rare disorders. Differ-
ences in the physiology of the target population can lead to a different
safety profile and dosing requirements.

Optimizing the dosage regimen during pre-clinical and clinical
development can eliminate or reduce the frequency of adverse effects
and increase the likelihood of successful clinical trials of the rep-
urposed drug. However, the lack of adequate clinical pharmacology
information about the drug in the relevant patient population and the
small number of patients with the rare disease limits the ability to
more efficiently carry out dose optimization research. Approved medi-
cations have well-defined therapeutic benefits and safety data within
the stipulated dosing ranges.?® However, this information may not be
applicable to the patient population with a rare disease as they may
require different dosages, formulations and/or routes of administra-
tion. Addressing these challenges can extend the cost and the time
required for development. The absence of a relevant animal model
that recapitulates a rare disease complicates repurposing as it reduces

the information available to optimally design clinical trials. Another
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challenge often encountered is a lack of validated biomarkers.
Moreover, large clinical studies in rare diseases are not feasible given
that the number of available research participants is small. In
addition, the legal difficulties in regulation of intellectual property
rights of the original drug, management of the drug's life cycle for a
new indication, and the likely low return on investment dissuades
many pharmaceutical companies from pursuing drug repurposing,
particularly for rare diseases.?”?® These limitations, notwithstanding
the immense need for new therapies for rare diseases, obligates
investigators to utilize the most efficient and effective approaches to
drug development.

Some of the challenges of drug repurposing for treatment of rare
diseases can be overcome by incorporating translational and clinical
pharmacology investigations into animal and early human studies. A
major component of this approach relies on pharmacokinetic/
pharmacodynamic (PK/PD) analyses, which describes the relationship
of drug exposure with biological or clinical responses. Characterization
of PK/PD in relevant animal models prior to the beginning of clinical
development permits a more comprehensive assessment of safety
and efficacy. The acquired data can be used to construct dose or
concentration-response models that permit simulations to guide opti-
mal trial design. Given the limited size of the target population in rare
diseases, the PK/PD component can be built into the first part of
Phase II/11l trials. These results can then be incorporated in the later

stages of such trials. By utilizing advanced translational and clinical
pharmacology approaches, drug repurposing may yield greater success
in developing new therapies for rare disorders. Regarding X-ALD, drug
repurposing has the potential to identify new therapeutic options that
either normalize VLCFA accumulation or target the associated symp-
toms. Key preclinical drug repurposing studies in X-ALD cell and
mouse models and clinical studies conducted in patients are summa-

rized in Table 1 and briefly explained below.

3 | POTENTIAL THERAPIES FOR X-LINKED
ADRENOLEUKODYSTROPHY

3.1 | Antilipaemics

3.1.1 | Bezafibrate

Bezafibrate is a peroxisome proliferator-activated receptor (PPAR)-
alpha (PPAR-a) agonist in a class of medications known as the fibrates,
clinically indicated for lowering serum triglycerides, decreasing low-
density lipoprotein (LDL) cholesterol, and increasing high-density lipo-
protein (HDL) cholesterol in primary hyperlipidaemia. It is available in
Canada and Europe, but not in the United States. The fibrates work
by activating the PPAR-a pathway that regulates lipid metabolism in

Overview of potential repurposed drugs for X-ALD. Summary of drug products studied in X-ALD that are reviewed in this article

TABLE 1
Drug candidate Drug class
Bezafibrate??-31 Fibrates
Metformin®2-3* Biguanides

Pioglitazone®®

Leriglitazone®

Mesenchymal stem cells (MSC)®7~43

a-Lipoic acid (ALA)
Vitamin C
Vitamin E810:44-46

N-acetylcysteine (NAC)10-39:46-54
Lorenzo's oil (LO)>>~¢1

Nervonic acid (NA)*+62-70
Valproic acid’*7°

Suberoylanilide Hydroxamic acid
(SAHA)7¢-82

Vitamin D83-87

Thiazolidinones

Thiazolidinones

Stem cells

Antioxidants

Mucolytics/antioxidant

Monounsaturated fatty
acids

Monounsaturated fatty
acids

Anticonvulsants

Histone deacetylase
inhibitors

Vitamins

Indication
Hyperlipidaemia
Type 2 diabetes mellitus

Type 2 diabetes mellitus

Currently no approved indication; under
development for X-ALD

Cancer
Immune-mediated diseases

Diabetic neuropathy (ALA)
Dietary supplement (vitamin C, E)
Scurvy (vitamin C)

Acetaminophen overdose antidote
Cystic fibrosis
Dietary supplement

Dietary supplement
Dietary supplement
Bipolar disorder
Epilepsy

Cutaneous T-cell lymphoma

Dietary supplement

Potential effects in X-ALD
Decrease VLCFA concentrations

Decrease VLCFA concentrations
Improve mitochondrial function

Improve mitochondrial function

Improved mitochondrial function
Promote anti-inflammatory response
Reduced axonal degeneration
Support myelinogenesis

Promote anti-inflammatory response
Promote myelin sheath repair

Arrest axonal degeneration
Prevent oxidative stress
Reduce reactive oxygen species

Promote anti-inflammatory response
Reversal of oxidative damage

Decrease VLCFA concentrations

Decrease VLCFA concentrations
Support myelinogenesis

Decrease oxidative damage
Decrease VLCFA concentrations

Decrease VLCFA concentrations
Promote anti-inflammatory response

Promote myelin sheath repair
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favour of promoting uptake, utilization and catabolism of fatty acids.
Common side effects include gastrointestinal upset and nausea that
typically occur within the first few days of therapy. Bezafibrate has
been studied for anti-inflammatory and monocyte-suppressing
effects, which may be beneficial in X-ALD.?? Engelen et al. tested
bezafibrate in human skin X-ALD fibroblasts and showed reduction in
VLCFA levels, presumably by direct inhibition of fatty acid elongation
via ELOVL1, a VLCFA-specific elongase.*° The same group conducted
a proof-of-concept clinical trial of bezafibrate in 10 male AMN
patients using a sustained-release formulation (Bezalip Retard) and
standard dosing for hyperlipidaemia (400 mg daily for 12 weeks
followed by 800 mg daily for 12 weeks) but did not find a reduction in
plasma or lymphocyte VLCFA levels at the doses tested.®! It was not
known if bezafibrate dosing for hyperlipidaemia is clinically appropri-
ate for X-ALD. This is an example where the conduct of PK studies in
relevant animal model or early patient studies could provide informa-

tion to determine dosage regimens for future clinical trials.

3.1.2 | Antidiabetics

Some antidiabetic agents can mitigate or correct dysfunctional
pathways such as the AMP-activated protein kinase (AMPK) and the
peroxisome proliferator-activated receptor-gamma  coactivator/
peroxisome proliferator-activated receptor y (PGC-1a/PPAR-y) path-
ways. On this basis, metformin and pioglitazone have been studied for
X-ALD.

Metformin

Metformin, a biguanide, inhibits the production of glucose in the liver
and increases insulin sensitivity in the body. It is one of the most widely
prescribed medications in the United States and is approved in Europe
for type 2 diabetes mellitus. Patients on metformin commonly experi-
ence side effects such as diarrhoea and nausea, but these usually sub-
side over time. Long-term use of metformin can lead to vitamin B12
deficiency, necessitating supplementation. A 2015 study by Singh et al.
documented the loss of a metabolic gene, AMP-activated protein kinase
al (AMPKal) in cALD patient-derived fibroblasts and lymphocytes,
which suggested that metformin, an AMPK activator, could be useful in
this disease.>2 Singh et al. investigated the effect of metformin in AMN
patient-derived fibroblasts and lymphocytes as well as abcd1- mice.3%3*
They observed that metformin decreased VLCFA levels, increased
mitochondrial function and increased AMPK levels.3® However, it was
noted that metformin at high doses could inhibit mitochondrial

function, indicating a narrow therapeutic window regarding X-ALD.

Pioglitazone

Pioglitazone is a PPAR-y agonist approved for use in type 2 diabetes
mellitus by lowering blood glucose levels. As a part of the class of
medications called thiazolidinones, pioglitazone can also lower blood
pressure, improve lipid metabolism and reduce insulin resistance. In
the United States, it can be used in combination with other anti-

diabetic agents such as metformin but has been withdrawn from
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France and Germany due to the risk of bladder cancer. Common side
effects of pioglitazone include oedema and weight gain. It is also con-
traindicated in patients with New York Heart Association (NYHA)
class IllI/IV heart failure. Notably, onset of blood glucose changes
occurs approximately 2 weeks after initiation of pioglitazone with the
full therapeutic effect requiring 2-3 months. Moraté et al. observed a
reduction in mitochondrial DNA and expression of mitochondrial pro-
teins cytochrome ¢, NDUFB8 and VDAC along with downregulation
of the mitochondrial biogenesis pathway driven by PGC-1a/PPAR-y
in a mouse model of X-ALD.>®> Based on these findings, they tested
oral administration of pioglitazone in abcd1- mice and saw restoration
of mitochondrial function and expression of key proteins, which
reversed major defects in energy metabolism.>> However, no signifi-
cant reduction in VLCFA levels was observed, nor were cardiovascular

adverse effects assessed.

Leriglitazone

Another PPAR-y agonist that crosses the blood brain barrier (BBB)
and is a derivative of pioglitazone is leriglitazone, which is being devel-
oped for X-ALD.3¢ The most common side effects of leriglitazone are
oedema and weight gain but otherwise it is well-tolerated overall. In
abcd1- mice, Rodriguez-Pascau et al. saw that leriglitazone treatment
resulted in the reduction of pro-inflammatory cytokines in the spinal
cord after 7 days of oral twice daily treatment at 50 mg/kg/day.3¢
Similarly, reduced axonal degeneration was observed at the highest
dose of 110 mg/kg/day in abcdl-/abcd2- mice treated for
6 months.3® Further investigation demonstrated decreased tumour
necrosis factor alpha (TNF-a) expression, an inflammatory cytokine in
monocyte-derived macrophages from AMN and increased motor
function and mitochondrial survival in neuronal cultures.®
Leriglitazone also increased myelination and protected oligodendro-
cytes from cuprizone, a copper-chelating agent that causes demyelin-
ation.3¢ Leriglitazone was observed to be well-tolerated when
increasing doses were administered to healthy volunteers for 8 days
and even exerted some anti-inflammatory effects.>® However, it
should be noted that while various doses of leriglitazone were utilized
in this study, different positive outcomes were linked to more than
one dose. Careful PK/PD analysis of their results will provide valuable
information on dose selection for future human studies with
leriglitazone. There are two ongoing clinical trials with leriglitazone:
(1) a phase II/lll trial enrolling males aged 18-65 years of age with
AMN to assess the efficacy of leriglitazone using motor function tests
over 96 weeks (NCT03231878), and (2) an exploratory trial looking at
male paediatric patients with cALD to test the effect of leriglitazone
on disease progression (2019-000654-59). It is not clear whether
dose-response relationships for leriglitazone were considered for
determining doses for these studies.

Although leriglitazone, pioglitazone and metformin appear to have
beneficial effects in X-ALD mice, these studies have not established a
dose-response relationship for optimal X-ALD treatment. Continued
investigation of these drugs and other similar antidiabetic agents are
warranted based on existing literature that indicate they could regu-

late impaired pathways affected by X-ALD.
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3.2 | Stem cell transplantation

3.21 | Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent cells easily isolated
from adult tissues of animals and humans that can undergo
multilineage differentiation into adipocytes, chondrocytes, hepato-
cytes and osteocytes.®” MSCs have immunomodulatory, immunosup-
pressive and tissue-repairing properties and have been studied for
clinical uses in cancers and immune-mediated diseases like graft ver-
sus host disease (GvHD) and inflammatory bowel disease.®” "% As a
type of repurposing, MSCs are now being studied in neurodegenera-
tive diseases by enhancing neural protection and regeneration. If
successful, they could be an alternative to hematopoietic stem cells
(HSCs) that only differentiate into cells in the hematopoietic lineage
such as erythrocytes and leukocytes. HSCs are therapeutically
effective in some conditions such as X-ALD but carry significant
toxicity risks.**#1 MSCs migrate towards damaged tissue where they
promote anti-inflammation via inhibition of proliferation and activa-
tion of immune cells.*®3° However, the beneficial effects of MSCs are
offset by safety concerns with possible unwanted differentiation and
immunosuppression. As an example, MSCs in the setting of malignant
conditions have been shown to suppress anti-tumour immune
responses and initiate metastasis.®”° Furthermore, the process and
procedures of transplants incurs risks such as blood clots, excessive
bleeding and/or infection.

Multiple sclerosis (MS) is a progressive, neurodegenerative dis-
ease that shares pathophysiological aspects with X-ALD such as
demyelination, development of brain lesions and neurological decline.
In a small, open-label, proof-of-concept study, Connick et al. reported
that 10 patients with secondary MS had improvement in visual acuity
and a decrease in neural lesion volume at an MSC dose of 1.6 x 10°
cells/kg.*?> However, they also stated that there was no change in the
rate of lesion accumulation, indicating a lack of neural structural
improvement.*? In terms of safety, Connick et al. reported that two
patients developed rash and another two experienced bacterial infec-
tions post-infusion, but there was no report of other adverse events
during infusions or in the 10-month follow-up.*? Gupta et al. studied
the benefit of intrathecal MSCs in two boys, aged 5 and 7 years,
respectively, with childhood cALD. The patients were given a dose of
5 x 10° cells/kg to halt progression of hearing or vision loss, poor
coordination and seizures, but MRIs showed unchanged demyelin-
ation in both children.*® It should be noted that one boy received two
more doses than the other. The investigators commented that poten-
tially inadequate MSC doses were used.*® Also, follow-up with MRI
was varied between the two boys (2 months after a third dose for the
5-year-old and 1 month after the only dose for the 7-year-old). The
lack of perceived benefit should be considered carefully in the light of
pharmacological limitations arising from wide variation in dosing
frequency and MRI monitoring, and small sample size.** Further
research is needed to determine the appropriate MSC dose and, sub-
sequently, adequately powered clinical trials are needed to determine
what role, if any, MSCs have in X-ALD.

3.2.2 | Antioxidants

Antioxidants are substances that counteract oxidative stress, a chemi-
cal reaction that can result in cellular damage due to production and
accumulation of reactive oxygen species (ROS).** There are several
antioxidants available for clinical use including vitamin C, vitamin E,
a-lipoic acid (ALA), and N-acetylcysteine (NAC). They have a variety
of indications such as scurvy (vitamin C), dietary supplementation
(vitamin C, vitamin E), diabetic neuropathy (ALA) and acetaminophen
(also known as paracetamol) poisoning (NAC). Some are approved for
use in the US and Europe, while others are not. Several studies have
demonstrated the role of oxidative stress in X-ALD wherein excessive
VLCFA accumulation leads to increased ROS and mitochondrial dys-
function. Consequently, the effects of antioxidants on X-ALD have
been investigated in pre-clinical and clinical studies.®1%% Lépez-
Erauskin et al. dosed abcd1- mice that exhibited the AMN-like pheno-
type with a cocktail consisting of ALA, NAC and vitamin E.*® They
observed that this mixture arrested locomotor deficits, normalized
ROS levels and reduced axonal damage. This study provided a ratio-
nale for the investigation of antioxidants in diseases such as
Alzheimer's disease, Parkinson's disease and X-ALD, in which
oxidative damage is a key component. However, optimal dosages and,
ideally, plasma concentrations, of the individual antioxidants in the
cocktail need be determined as higher than standard doses routinely
used for dietary supplementation may be needed to exert clinical ben-
efit. Further, the contributions of each drug in the antioxidant cocktail
and whether the overall clinical effect is synergistic or additive should

be considered.

3.2.3 | N-acetylcysteine

N-acetylcysteine is a well-recognized antioxidant that is FDA-
approved as a prescription medication for use as a mucolytic and an
antidote for paracetamol overdose. It is also available as an over-the-
counter dietary supplement. NAC has multiple mechanisms of action:
anti-inflammatory, antioxidant effect, free radical scavenging activity,
glutamate modulation and chaperon action have been studied in dif-
ferent disease conditions.*”~>! Depending on the route of administra-
tion, NAC either acts by releasing bound cysteine in blood or by
providing cysteine through deacetylation. Regardless of the pathway,
the increased availability of cysteine contributes to glutathione
synthesis.

Evidence indicates that oxidative stress and neuroinflammation
play a role in X-ALD pathophysiology and disease progression,
suggesting that NAC, an anti-inflammatory agent, may be useful in its
management.’®%? Further, HSCT, the standard of care for cALD,
involves total or partial myeloablation using chemotherapy that results
in oxidative stress. In addition, infectious complications or graft-vs-host
disease can further contribute to increased inflammation. Tolar et al.
demonstrated improved cumulative survival 8-11 months following
HSCT using NAC infusions in the peri-transplant period in boys with
advanced cerebral disease as defined by cognitive score (PIQ) and
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imaging-based severity score, Loes (PIQ < 80 and Loes score > 14)
compared to 8 boys in a comparison group with similar advanced
disease, all of whom died within 1 year following the HSCT despite full
donor engraftment (Figure 1).>2 Similarly, Orchard et al. reported statis-
tically significant improvement (p = 0.02) in cumulative survival for
patients with a baseline Loes score of >10 who received a reduced
intensity preparatory regimen in addition to NAC infusions compared
to those with similar disease stage at pre-transplant who received the

t.>% However,

fully ablative preparatory regimen, but no NAC treatmen
many questions regarding the optimum NAC dosage regimen and the
duration of treatment remain to be answered. To determine whether
NAC disposition changes following HSCT, and thus potentially war-
rants an NAC dose change, we recently completed an analysis utilizing
rich PK data from 18 paediatric patients with inherited metabolic disor-
ders undergoing HSCT. We observed that the primary PK parameters,
namely clearance and volume of distribution, were largely unaffected,
indicating that any alteration in the NAC dose relative to the time after
transplant is most likely not warranted.>*

Additionally, Lépez-Erauskin et al. and Casasnovas et al. have
studied NAC as part of an antioxidant cocktail, which included vitamin
E and ALA in pre-clinical investigations to test whether various combi-
nations of antioxidants could decrease oxidative stress and axonal
degeneration in Abcd1- mice and in AMN patients.**>° In their mice
studies, they reported that the cocktail reversed oxidative stress and
the lesions to proteins, and halted axonal degeneration and locomotor
impairment assessed using various immunological and functional
tests. ¢

Taken together the research, which indicates that NAC, alone or
in combination with other antioxidants, may improve outcomes in X-
ALD, warrants additional clinical studies, especially in the early stages
of X-ALD.

1. + + +
0 N=3, with NAC
0.8
©
2
<
2 0.64
)
2
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S 0.4
£
3 N=8, without NAC
0.2
0.0 T T T T T 1
0 2 4 6 8 10 12
Months
FIGURE 1 Improved survival in X-ALD patients following

addition of NAC to the HSCT preparatory regimen. Plot compares
cumulative survival rates 8-11 months after HSCT in patients with
similar disease severity. This figure is adapted from Tolar et al., Bone
Marrow Transplantation, PMID: 17290278, DOI: 10.1038/sj.bmt.
1705571.52 p-value is calculated using log-rank test for the equality
of the survival distributions
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3.3 | Dietary fatty acids

3.3.1 | Lorenzo'soil

Lorenzo's oil (LO) is a 4:1 mixture of oleic acid (C18:1 or OA) and
erucic acid (C22:1 or EA), which are long-chain, monounsaturated
fatty acids found in sphingolipids that are the essential constituents of
brain white matter.>®>” It has been used as a dietary supplement for
X-ALD but is not approved for this indication in either the US or
Europe.56 Both OA and EA can reduce saturated VLCFAs in AMN
patients, but EA is considered the more potent active ingredient of
LO.>® However, EA is associated with mild transaminase elevations,
reversible platelet count reduction and rare instances of development
of cardiac steatosis or fibrosis.>®~¢° There is a relatively low incidence
of these adverse effects.’®>®¢C Although several animal and human
studies have been conducted, the pharmacological basis for the dos-
age regimen is not well established as the PK/PD of EA and other
monounsaturated VLCFAs remains poorly understood. As an example
of the application of clinical pharmacology approaches, our group
used modelling and simulation to characterize the relationship
between EA and C26:0 in 104 boys with asymptomatic X-ALD who
received a dose of 2-3 mg/kg/day over a mean duration of 4.8
+2.76 years.® Analysis of plasma C26:0 and EA concentrations
showed a significant inverse relationship, as shown in Figure 2.60-%2
This exposure-response relationship may be beneficial in guiding the
design of future clinical trials using C26:0 as a biomarker. One other
observation arising from this study was that as the boys grew older,
the volume of the weight-based LO doses increased, with many
patients finding the amount and taste disagreeable, that resulted in
poor compliance.® Future research should be undertaken to better
define LO pharmacology, drug-drug interactions, an improved drug

formulation, and to assess safety and efficacy.

3.3.2 | Nervonic acid

Nervonic acid (C24:1 or NA) is also a long-chain, monounsaturated
fatty acid that is the immediate elongation product of OA.6%7%% It is
primarily derived from olive oil in the human diet. NA is the most
abundant VLCFA in sphingomyelins, an important component of mye-
lin.%* Several studies have suggested that NA is involved in the devel-
opment and maintenance of brain function as it is one of the fatty
acids that rapidly increases during myelinogenesis in infants.%¢” Fur-
thermore, NA has been found to be deficient in the brains of X-ALD
patients.*>%8 Like EA and OA, NA is not approved for treatment of
any disease, but is used as a dietary supplement and is generally well-
tolerated.®*%® Monounsaturated VLCFAs such as NA are ELOVL1
substrates that competitively inhibit C24:0 elongation, thereby
preventing the generation and accumulation of C26:0.5° NA supple-
mentation has been proposed for X-ALD as a safer alternative to LO
in reducing saturated VLCFAs, supporting normal synthesis of myelin
and improving cognitive function.®°>=%87%71 Hence, we conducted a

preliminary study to compare the effect of increasing concentrations
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(5-50 pM) of EA and NA on C26:0 in X-ALD patient-derived
fibroblasts. We observed that, like EA, NA can significantly decrease
accumulation of saturated VLCFA in free and complex lipids in a
concentration-dependent manner (manuscript under revision). Fur-
ther, NA protected these cells from oxidant stimuli, presumably by
increasing ATP production. These results indicate that in vivo drug
development studies in both animals and humans are warranted to
determine if adequate tissue distribution of NA occurs and thus will

be useful in the management of X-ALD.

3.3.3 | Antiseizure agents

Valproic acid

Valproic acid (VPA) is a widely used antiseizure medication with his-
tone deacetylase inhibitor properties that could potentially be utilized
to reduce VLCFA levels.”? In a study using patient-derived fibroblasts,
abcd1- mice, and patients with X-ALD, VPA induced the expression of
a functionally overlapping ATP-binding cassette sub-family D member
2 (abcd2), a peroxisomal transporter similar to Abcd1 that encodes a
transporter protein involved in moving fatty acids into peroxisomes
for degradation.72 In patients, over a 6-month period, VPA dosing
resulted in a reversal of oxidative damage and decreased levels of
monounsaturated VLCFAs: C26:1 by 40% without a change in
C26:0.7? The overexpression alone was able to prevent oxidative
lesions in proteins in abcd1- mice and peripheral blood mononuclear
cells.”? Some X-ALD patients can exhibit seizures and altered psychi-
atric behavior.”®>”4 There are two case reports describing use of VPA
in cALD patients to treat these symptoms.”>”® Salsano et al. reported
that VPA 1000 mg twice daily over 6 months resulted in improvement
in behaviour (reduced irritability, restlessness, distractibility and poor

impulse control) and neurological function (less gait instability, gaze

Post—tréatment

FIGURE 2 Effect of erucic acid (active
ingredient of Lorenzo's oil) on C26:0. The figure
is generated based on the data provided in table
1 by Ahmed et al., British Journal of Clinical
Pharmacology, PMID: 26836218, DOI: 10.1111/
bcp.12897.%° Note that there are two Y axes
corresponding to the plasma concentration of
C26:0 (navy) and erucic acid (maroon)
respectively. The coloured bars indicate the
median of data (n = 97). The dashed line
indicates the mean normal C26:0 levels and the
solid lines are the deviations from the mean®%¢2
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evoked nystagmus, arm tremors) in a 24-year-old male with cALD.”®
Brownstone et al. treated a 50-year-old male with cALD and tonic-
clonic seizures with VPA at a dose of 2400 mg/day with favorable
response.”® The authors noted that since recurring seizures in adult-
onset cerebral X-ALD are usually followed by neurological decline,
prevention of these episodes with an antiseizure medications such as
VPA should be considered.

These in vitro and in vivo studies involving mice and humans
indicate that VPA may be useful in mitigating oxidative damage and
managing neuropsychiatric symptoms often associated with X-ALD.
Further preclinical and clinical investigations are needed to establish
optimal dosing regimens focused on frequency and timing for this

patient population.

3.34 | Anticancer agents

Suberoylanilide hydroxamic acid (SAHA)

Suberoylanilide hydroxamic acid (SAHA) (also known as vorinostat), is a
histone deacetylase inhibitor used to promote cancer cell apoptosis. It
is indicated for progressive or recurrent cutaneous T-cell
lymphoma.”””® There are concerns of thrombocytopaenia and
neutropaenia at higher doses but otherwise SAHA is generally well-
tolerated.”” SAHA has been considered in neurodegenerative diseases
such as multiple sclerosis (MS), Huntington's Disease and X-ALD due
to its neuroprotective properties, which include minimizing axonal
damage, reducing demyelination and inducing neuronal survival
factors.”? Singh et al. reported that SAHA at varying doses (up to
5 uM) over a 72-hour treatment duration normalized the levels of
saturated and monounsaturated VLCFAs in human-derived fibroblasts
from patients with AMN and downregulated the expression of pro-

inflammatory cytokines in astrocytes where abcd1/2 expression was
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silenced.®® SAHA also upregulated abcd2 expression in a dose- and
time-dependent manner, leading to reduction in VLCFA levels.2° These
investigators also found that SAHA inhibits VLCFA-induced
proapoptotic signalling mechanisms and proinflammatory responses in
abcd1- cells.2* Given the positive in vitro results, the investigators con-
ducted a proof-of-principle study in abcd1- mice given 50 mg/kg/day
of SAHA for 62 days. They reported a reduction of VLCFA and
maintenance of mitochondrial homeostasis through abcd2 upregulation
and ELOVL1 inhibition.8* More recently, Baarine et al. treated abcd1-
human astrocytes cells and rat oligodendrocytes with SAHA at 5 pM/
daily for 72 hours which resulted in increased mitochondrial antioxi-
dant activity and ATP levels.8? This observation indicates that SAHA
could target several pathophysiological pathways of X-ALD. Zierfuss
et al. studied SAHA pharmacology using monocyte-derived macro-
phages from seven adults with AMN.2% They incubated the samples
with SAHA for 5 days at doses of 1, 2.5 and 5 uM. They found that the
drug lowered secretion of proinflammatory cytokines by correcting
interleukin 12B (IL12B) expression, reduced VLCFA levels, stimulating
peroxisomal B-oxidation, and upregulated abcd2 expression.8® Based
on these findings, Zierfuss et al. treated three boys with cALD who
were not eligible for HSCT. The patients were given 100-400 mg/day
of SAHA for up to 80 days.2® The disease progressed in all three boys
with expansion of brain lesions, but the investigators noted that C26:0
decreased shortly after initiation of therapy and normalized the albu-
min and immunoglobulin CSF to serum ratios.2® It should be mentioned
that all patients experienced thrombocytopaenia, causing two patients
to permanently withdraw from the study. This highlights the need for
use of modelling approaches to determine a target dose that has fewer
risks and greater efficacy.® These in vitro and in vivo studies provide
evidence that SAHA may have therapeutic potential for X-ALD by
reducing VLCFA levels and correcting mitochondrial dysfunction. The
in vitro exposure-response relationship reported by Zierfuss et al.
provides valuable information that can be leveraged when designing
studies in X-ALD patients. In the future, clinical studies in humans using
doses that optimize exposure would be necessary to assess safety and
efficacy.

3.3.5 | VitaminD

Vitamin D (also known as calciferol) is a fat-soluble vitamin that is nat-
urally available in food such as milk and salmon, and endogenously
produced from sunlight exposure.2* It is commonly indicated as die-
tary supplementation for vitamin D deficiency (VDD).8> The role of
vitamin D involves maintaining calcium and phosphate homeostasis as
well as normal bone growth and mineralization.2*8> Moreover, vita-
min D has been suggested to possess immunomodulatory effects on
macrophages and T-lymphocytes in neurodegenerative diseases since
it has been observed that patients with high levels of vitamin D had a
lower risk of developing MS.84887 |n one study, Haren et al.
measured vitamin D levels in 16 boys (eight boys with cALD and eight
boys without) and reported that the former group who later devel-

oped cerebral demyelination had statistically significant lower levels
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of vitamin D.88 Given the potential of vitamin D in X-ALD, Haren
et al. have undertaken a pilot study involving 21 participants with
X-ALD whose primary aim is to establish a safe dose of vitamin D sup-
plementation using two high-dose regimens (1000 or 2000 interna-
tional units [IU] daily for 6 months, followed by increases to 2000,
3000 or 4000 IU daily thereafter if vitamin D levels have not achieved
a target threshold over a 12-month period). The investigators define
the target threshold as vitamin D levels within the range of 40-80 ng/
mL (NCT02595489). As a secondary aim, the investigators are mea-
suring markers of oxidative stress and inflammation in the blood and
brain. The information derived from this trial will inform the design of
future, larger clinical trials to determine whether vitamin D
supplementation can reduce the risk of developing the cerebral demy-
elinating form of ALD.

4 | THE ROLE OF TRANSLATIONAL AND
CLINICAL PHARMACOLOGY

Repurposing of approved drugs for rare diseases can shorten the drug
development timeline by reducing or eliminating certain pre-clinical
studies and improving the probability of successful clinical trials. How-
ever, with some exceptions, most of the studies summarized in this
review do not provide sufficient translational and clinical pharmacol-
ogy information needed to guide design of Phase II/Ill type safety and
efficacy trials of re-purposed drugs for cALD. There is a general lack
of information such as disease natural history, optimum dose,
responsive biomarkers, duration of treatment and optimal time to
initiate therapy to arrest or reverse pathophysiological manifestations.
The absence of such information hinders drug development. The use
of advanced translational and clinical pharmacology tools and consid-
eration of all available information about a drug can help address this
problem.8?

Dosing requirements for optimal benefit in a rare disease can
differ from the FDA-approved dosing recommendations given the var-
jation in drug PK and PD in a rare disease population. For example,
when the highest dose for an approved indication is tested, it may
only show no or marginal efficacy in X-ALD owing to a multitude of
factors including differences in the patient population such as age or
weight; differences in plasma protein binding, biotransformation,
hepatic or renal insufficiency, fluid overload; differences in the
intended clinical benefit; or what constitutes an acceptable vs unac-
ceptable adverse event from the perspective of the patient. Another
example that can affect study outcomes can be the lack of formula-
tions suitable for the rare disease population, which are most often
young children. This may result in poor adherence and/or bioavailabil-
ity. Failure to deliver an adequate amount of drug to the site of action
due to altered absorption, distribution or elimination, or the formation
of toxic metabolites, can easily lead to the perception of treatment
failure. The unfortunate result is that the development of a potentially
promising drug is abandoned.

Another important component of drug development often lacking

in rare diseases is the identification and validation of relevant
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biomarkers. An ideal biomarker is one that is responsive to the
treatment, lies in the pathway being modulated by the drug under
investigation and is a representation of how patients function or feel.
Development of such a biomarker needs a clear understanding of the
pathophysiologic mechanisms in both pre-clinical and clinical settings;
something that is, at best, poorly understood in most rare diseases,
including X-ALD. For example, elevated VLCFA levels have been mea-
sured in these patients and have been used as a reasonable first target
in developing new therapies. However, reducing elevated VLCFAs
may not be enough to modify disease progression, especially if other
disease manifestations have occurred. Notably, X-ALD mouse models
used in several of the summarized studies show the VLCFA accumula-
tion but do not capture the cerebral aspects of the disease. The lack
of the inflammatory components in the animal model can limit the
identification and development of repurposed drugs that may be
effective for AMN but not cALD. Several repurposed drugs normalize
VLCFA p-oxidation and VLCFA levels in X-ALD but have not been
found to be predictive of response in the clinical trials. Recently, neu-
rofilament light chain (NfL) was demonstrated to be a biomarker of
spinal cord degeneration in X-ALD and has shown promise as an early

predictor of cerebral disease development in individuals with AMN as

Basic Science Research
» Knowledge of the disease
» Knowledge of the drug
» Knowledge of population

AN

@>

NfL reflects the inflammatory activity.”®°! Future studies should con-
firm these findings in a larger cohort. Availability of such validated bio-
markers will be extremely helpful in the identification of drugs that
can arrest or delay disease progression.

Several other factors complicate the development of drugs to
treat rare diseases such as X-ALD. These include lack of genotype-
phenotype correlation, heterogeneity in disease presentation and
progression, small number of potential study participants, and the
challenges of conducting studies in children.”?>?2 These factors make
designing studies more difficult in terms of inclusion and exclusion
criteria, outcome measures, determination of sample size and
recruitment. For instance, the small patient populations available to
participate in rare disease clinical studies increases the risk of type Il
errors. Additionally, many rare diseases including X-ALD dispropor-
tionately affect children. Paediatric studies are challenging because of
developmental factors (cognition, emotion, physical), familial consent
and ethical considerations.

As shown in Figure 3, utilizing modelling and simulation tools
to improve our understanding of target site engagements, target
protein modulation, downstream signalling cascades, clinical

response and adverse events can address some of the current

Real World Evidence/
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FIGURE 3 Approaches to translational and clinical pharmacology. Clinical pharmacology and computational tools as strategic enabler of
repurposing. With multiple data sources ranging from basic science to real-world evidence, repurposing relies on quantitative integration of this
information by multiple advanced computational tools to innovatively support forward and reverse translation (shown as bi-directional arrows)
with a focus on building confidence in assessed target, biomarker, patient population and safe and effective dosage
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challenges in repurposing drugs for rare diseases. Currently, there
are no examples of model-informed drug repurposing for the treat-
ment of X-ALD, although the potential for its use is clear. For
example, a variety of modelling techniques have been utilized in
the successful search for repurposed COVID-19 therapies. Extrapo-
lating that experience to X-ALD can speed up the development of
already available drugs for treatment of this disorder. Similarly,
artificial intelligence (Al) combined with the ever-growing under-
standing of the underlying pathophysiology of X-ALD could be
used to extract valuable information from radiology images such as
MRIs and omics-based data obtained from X-ALD patients to find
opportunities to generate new hypotheses that can be experimen-
tally tested. Mechanistic approaches such as quantitative system
pharmacology (QSP) can help with mechanism elucidations, rational
dose selection, etc. Taken together, Al and QSP hold the promise
of identifying potential X-ALD therapies, including drugs that can
modify disease progression.

5 | CONCLUDING REMARKS

An incomplete understanding of the PK/PD properties of candidate
drugs for repurposing prevents the full utilization of potential thera-
pies in rare diseases such as X-ALD. The result is missed opportunities
to develop effective therapies for many conditions that have few or
no proven treatments. Scientifically guided drug repurposing holds
the promise of increasing the number of safe and effective treatments
for rare diseases. Incorporating into the drug development process
translational and clinical pharmacology approaches including
pharmacometrics modelling, simulation and data mining using big data
available as real-world evidence can facilitate drug repurposing for
rare diseases and increase the likelihood of successfully repurposing

drugs for X-ALD and other rare disorders.
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