Neuropsychiatric Disease and Treatment Dove

ORIGINAL RESEARCH

Establishing Patient-Centered Outcomes for
MCT8 Deficiency: Stakeholder Engagement and
Systematic Literature Review

Nina-Maria Wilpert "2, Davide Tonduti 3, Ylenia Vaia 3, Heiko Krude 4, Catherine Sarret 5,

Markus Schuelke ('%®

ICharité - Universititsmedizin Berlin, Corporate Member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, and Berlin Institute of Health
(BIH), Department of Pediatric Neurology, Berlin, Germany; 2Charité - Universitatsmedizin Berlin, Corporate Member of Freie Universitit Berlin,
Humboldt-Universitit Zu Berlin, and Berlin Institute of Health (BIH), Center for Chronically Sick Children, Berlin, Germany; 3Unit of Pediatric
Neurology, C.O.A.LA. (Center for Diagnosis and Treatment of Leukodystrophies), V. Buzzi Children’s Hospital, Universita Degli Studi Di Milano,
Milan, Italy; 4Charité - Universititsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, and Berlin Institute
of Health (BIH), Institute of Experimental Pediatric Endocrinology, Berlin, Germany; *Centre de Compétence des Leucodystrophies et
Leucoencéphalopathies de Cause Rare, Centre Hospitalier Universitaire de Clermont-Ferrand, Clermont-Ferrand, France; éCharité -
Universititsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, and Berlin Institute of Health (BIH),
NeuroCure Clinical Research Center, Berlin, Germany

Correspondence: Markus Schuelke, Charité - Universititsmedizin Berlin, Campus Virchow-Klinikum, Augustenburger Platz |, Berlin, 13353, Germany,
Tel +49 30 450566468, Email markus.schuelke@charite.de

Introduction: The SCL16A42 gene encodes the thyroid hormone (TH) transporter MCT8. Pathogenic variants result in a reduced TH
uptake into the CNS despite high serum T3 concentrations. Patients suffer from severe neurodevelopmental delay and require
multidisciplinary care. Since a first compassionate use study in 2008, the development of therapies has recently gained momentum.
Treatment strategies range from symptom-based approaches, supplementation with TH or TH-analogs, to gene therapy. All these
studies have mainly used surrogate endpoints and clinical outcomes. However, the EMA and FDA strongly encourage researchers to
involve patients and their advocacy groups in the design of clinical trials. This should strengthen the patients’ perspective and identify
clinical endpoints that are clinically relevant to their daily life.

Methods: We involved patient families to define patient-relevant outcomes for MCT8 deficiency. In close collaboration with patient
families, we designed a questionnaire asking for their five most preferred therapeutic goals, which, if achieved at least, make a difference in
their lives. In addition, we performed a systematic review according to Cochrane recommendations of the published treatment trials.
Results: We obtained results from 15 families with completed questionnaires from 14 mothers and 8 fathers. Improvement in
development, especially in gross motor skills, was most important to the parents. 59% wished for head control and 50% for sitting
ability. Another 36% wished for weight gain, 32% for improvement of expressive language skills, and 18% for a reduction of dystonia/
spasticity, less dysphagia, and reflux. Paraclinical aspects were least important (5-9%). In a treatment trial (n=46) and compassionate
use cases (n=83), the results were mainly inconclusive, partly due to a lack of predefined patient-centered clinical endpoints.
Discussion: We recommend that future trials should define a relevant improvement in “development” and/or other patient-relevant
outcomes compared to natural history as treatment goals.
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Introduction

Thyroid hormone (TH) action in the central nervous system (CNS) is essential for proper brain development and
function. While TH is released from the thyroid gland into the bloodstream, its uptake by target organs must be
facilitated by a complex array of different TH transporters. To reach neuronal cells, TH must be transported across
multiple cell membrane barriers (endothelium, pericytes, astrocytes, neurons) of the neurovascular unit that protects the
CNS cells." ™ Once in the intracellular compartment, TH binds to its nuclear receptors THRa and THRp to modify gene
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expression.” Animal models have shown that T3 (3,3’,5-triiodothyronine)-regulated genes play a critical role in
neurodevelopmental processes such as cell proliferation, cell fate decision, axonogenesis, synaptogenesis, and
myelinogenesis.® Insufficient TH supply during the first trimester of pregnancy can cause severe psychomotor retardation
as seen in children born in severely iodine-deficient regions.””® Insufficient postnatal TH production causes intellectual
and motor disability, which can be prevented in children with congenital hypothyroidism by LT4 (levothyroxine)
substitution, which should be initiated immediately after birth.'® However, under conditions of impaired TH transport
to the brain, TH cannot become active at its designated sites, leading to “local TH deficiency” before and after birth.

Consequences of inactivating mutations of only one TH transporter, the monocarboxylate transporter 8 (MCTS),
illustrate the fragility of the spatiotemporal regulation of TH action in the brain. Although the first patients with this
disease were published in 1944 by the American geneticists William Allan and Nash Herndon, and their assistant, Florence
Dudley,'' the underlying molecular causes remained obscure for a long time. In 2004, two research teams finally succeeded
in identifying X-chromosomal mutations in SLC/642 (encoding MCTS) as the cause of the Allan-Herndon-Dudley
syndrome (AHDS, OMIM #300523).'%'* Since then, only approximately 200 individuals with a variety of different
SLC1642 mutations have been identified worldwide (ultra-rare disease).'* Patients present with elevated peripheral T3
concentrations, resulting in a complex spectrum of hypo- and hyperthyroid symptoms depending on the cell- and organ-
specific TH transporter composition. The most prominent features are severe global developmental delay, chronic and
paroxysmal movement disorders (dystonia, hypo-/bradykinesia, chorea, myoclonus), spasticity, epilepsy, underweight,
tachycardia and hypertension, and early death.'*"'® The overall disease burden for children and families is high.

Since the first compassionate use trial with LT4 and PTU (propylthiouracil) in 2008," the development of therapies

for MCTS deficiency has recently gained momentum. Treatment strategies range from symptomatic interventions,'>*

1921726 and chaperone rescue®’ to gene-modifying approaches.?®° Clinical outcome measures for

replacement therapies
all these studies vary widely, often consisting of surrogate parameters. The (European Medicines Agency (EMA) and the
US Food and Drug Administration (FDA) strongly encourage researchers to involve patients and their advocacy groups
in the design of clinical trials. The aim is to strengthen patients’ perspective on their disease to identify clinical endpoints
that are clinically relevant to their daily lives. In this case, we involved patient families to define targets for therapies
against MCTS deficiency. In close collaboration with patient families, we designed a questionnaire asking for the five
most preferred therapeutic goals that, at minimum, would bring a change in their daily lives. In addition, we performed a
systematic literature review on the therapeutic options for MCT8 deficiency and evaluated treatment effects on patient-

relevant outcome parameters.

Methods

Stakeholder Engagement and Patient-Oriented Outcomes

For stakeholder engagement, we involved parents (n=4) who had already shown great interest in the current therapeutic
development for children with AHDS, had sufficient knowledge of English and were networking with other families with
affected children (self-initiated WhatsApp group). We drafted a first proposal for a patient-oriented outcome question-
naire, which was modified in two meetings with the parents. The parents distributed and collected the questionnaires
independently in their group. We interpreted the results of the survey together with the parents. Results were summarized
descriptively. Ethical approval for the study was obtained from the Institutional Review Boards of Charité¢ (EA2/026/20)
and Milano Area 1 (2019/ST/221). Written informed consent was obtained from all participants. The study was
conducted in accordance with the tenets of the Declaration of Helsinki.

Systematic Literature Review

Search Strategies Used to Identify Studies

We systematically searched PubMed, Google Scholar, and ClinicalTrials.gov up to October 17, 2022, using the following
search terms: “[(MCT8) OR (SLC16A2) OR (Allan Herndon Dudley syndrome)] AND [(therapy) OR (treatment)]”
without restrictions on publication type or language. We also searched for eligible studies by screening the reference lists
of included articles and reviews. This yielded n=2,430 publications.
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Criteria for Inclusion of Studies in This Review

From the above publications, only studies on the topic of treatment for AHDS patients published in peer-reviewed
journals and available as full-text articles in English were included. Reviews were excluded. Only male participants with
a proven pathogenic SLC/6A42 mutation were included. We assessed all studies with treatment trials regardless of
treatment strategy. We excluded articles reporting on studies in animal models and in vitro analyses. Intraindividual
comparisons of compassionate use studies, comparisons with the natural history, and placebo controls were included. We
included all studies regardless of their reported outcome parameters.

Data Collection and Analysis

A first reviewer screened the results of the above-mentioned search strategies for eligibility (see Criteria for inclusion of
studies in this review) by reading titles and abstracts. In cases of uncertainty, the reviewer read the full text of the article
and consulted a second reviewer. The study selection process was documented in a flow chart according to the
recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.>®
First, we extracted data on the favorite twelve preferred patient-oriented outcomes from the survey. We then extracted
data from full-text articles and supplementary data on patient-oriented outcome measures and outcomes. We fully
considered the data provided in the supplements. For missing data, we tried to contact the corresponding author of the
respective study or digitized data from published figures using ImageJ. Not all authors responded to our requests. The
study criteria were described, and the risk of bias of the categories “selection”, “performance”, “detection”, “attrition”,
“reporting”, and “other bias” was assessed according to the Cochrane recommendations. The arguments that led to each
assessment are listed in Table 1. The overall risk of bias was classified as “low”, “moderate”, or “high”. Due to the lack
of comprehensive data on age-related patient-oriented outcomes, the results could only be summarized descriptively

without performing a meta-analysis.

Table | Study Characteristics and Risk of Bias

Therapy strategy: Block & Replace

Weémeau et al (2008)"?

Study characteristics

Methods Compassionate use

Trial number: -

Participants Setting: international study, clinics: endocrinology, internal medicine, gastroenterology
Countries: France, the Netherlands

Size: | patient

Control: -

Recruitment period: n.r.

Baseline characteristics: SLC/6A2 mutation, sex: male, age: 16 years

Interventions | Oral PTU (8 mg/kg per day) for 5 months

Oral PTU (8 mg/kg/d) + LT4 (2 pg/kg/d) for | month
Oral PTU (8 mg/kg/d) + LT4 (3 pg/kg/d) for | month
Oral PTU (8 mg/kg/d) + LT4 (4 ug/kg/d) for 2 months

Outcomes Laboratory tests: TSH, fT4, fT3, TG, SHBG
Somatic data: BMI

Metabolism: resting energy expenditure
Cardiac diagnostics: heart rate
Neurological diagnostics: -

Imaging: thyroid volume

Notes Funding/sponsor: n.r.

(Continued)
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Table | (Continued).

Risk of bias
Bias Authors’ Support for judgment
judgment
Selection n.a. n.a., no allocation to control group
Performance | High risk No blinding
Detection High risk No blinding
Attrition High risk The intervention and outcome measures were not pre-defined. Thus, data may be missing.
Reporting High risk No pre-defined outcome reporting.
Other bias High risk Small sample size (n = 1)
Comparison to intraindividual measures, no control cohort.
No standardization of intervention and outcome assessment.
Treatment effects on other patient-relevant aspects were not assessed: eg neurodevelopment, hypo-/hyperkinetic
movement disorders, spasticity, dysphagia, hypotonia, seizures, scoliosis, hip dislocation, quality of life.

Visser et al (2013)%*

Study characteristics

Methods

Geno-, phenotyping and compassionate use study
Trial number: -

Participants

Setting: clinics: internal medicine, pediatric neurology

Country: the Netherlands

Size: 3 patients

Control: -

Recruitment period: not applicable

Baseline characteristics: all patients carried SLC/6A2 mutations, sex: male, age: n.r.

Interventions

One patient was treated orally with

MMI (30 mg/d) for 8 weeks

PTU (400 mg/d) for 10 weeks

PTU (400 mg/d) + LT4 (100 pg/d) for approx. 26 weeks
MMI (30 mg/d) + LT4 (100 pg/d) for approx. 7 weeks
PTU (400 mg/d) + LT4 (100 pg/d) for approx. | year
Dipiperon (40 mg/d)

Outcomes Laboratory tests: SHBG, B-AP, TSH, T3, fT4, rT3
Patient’s measurements: body weight
Psychological symptoms: aggression
Cardiac diagnostics: heart rate, blood pressure
Notes -
Risk of bias
Bias Authors’ Support for judgment
judgment
Selection n.a. n.a., no allocation to control group
Performance | High risk No blinding
Detection High risk No blinding
(Continued)
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Attrition High risk MMI, PTU, LT4 treatment was no explicit outcome of the study. The intervention and outcome measures were
not pre-defined. Thus, data may be missing.
Reporting High risk No pre-defined outcome reporting.
Other bias High risk Small sample size (n = 3)

Comparison to intraindividual measures, no control cohort.
No standardization of intervention and outcome assessment
Treatment effects on other patient-relevant aspects were not assessed: eg hypo-/hyperkinetic movement

disorders, spasticity, dysphagia, hypotonia, seizures, scoliosis, hip dislocation, quality of life.

Therapy strategy: LT3, LT4

Zung et al (2011)?'

Study characteristics

Methods Compassionate use
Trial number: -
Participants Setting: international study, clinics: pediatric endocrinology, internal medicine
Countries: Israel, the Netherlands
Size: | patient
Control: -
Recruitment period: n.r.
Baseline characteristics: SLC/6A2 mutation, sex: male, age: 6 months
Interventions | Oral LT4 (2.6-4.0 pg/kg/d) for 6.5 years
Wash-out period of 5 months
Oral LT3 (1.6 pg/kg/d) for 3 months
Oral LT3 (3.1 pg/kg/d) for 3 months
Outcomes Laboratory tests: TSH, fT4, T3, SHGB, AST, ALT, LDH, GGT, AP, creatinine, cholesterol, triglycerides
Patient’s measurements: body weight (percentile)
Cardiac diagnostics: heart rate, blood pressure
Neurological diagnostics: examination by pediatric neurologist
Notes -
Risk of bias
Bias Authors’ Support for judgment
judgment
Selection n.a. n.a., no allocation to control group
Performance | High risk No blinding
Detection High risk No blinding
Attrition High risk The intervention and outcome measures were not pre-defined. Thus, data may be missing.
Reporting High risk No pre-defined outcome reporting.
Other bias High risk Small sample size (n = 1)
Comparison to intraindividual measures, no control cohort.
No standardization of intervention and outcome assessment.
Treatment effects on other patient-relevant aspects were not assessed: eg hypo-/hyperkinetic movement
disorders, spasticity, dysphagia, hypotonia, seizures, scoliosis, hip dislocation, quality of life.
(Continued)
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Table | (Continued).

Therapy strategy: Prenatal LT4

Refetoff et al (2021)¢

Study characteristics

Methods

Compassionate use

Trial number: -

Participants

Setting: international study, clinics: pediatric endocrinology and neurology, molecular metabolism and nutrition, genetics, perinatal

center, radiology, center for biomedical research
Countries: USA, Spain

Size: | pre- and postnatally treated patient (younger brother of an index patient)

Control: | prenatally untreated, postnatally treated patient (27-months older brother; index patient)

Recruitment period: not applicable

Baseline characteristics: all patients carried SLC/6A2 mutations, sex: male, age: 18th GW (younger brother), early postnatally

(older brother)

Interventions

Intra-amniotic LT4 (500 pg/w) from 18th GW — 35th GW at birth (younger brother)
PTU (dosing n.r)) + LT4 (dosing n.r.) postnatally from 7th postnatal day (both brothers)

Outcomes Laboratory tests: TSH (amniotic fluid, maternal serum), T4, fT4, T3, rT3 (serum, amniotic fluid)
Patient’s measurements: fetal weight
Cardiac diagnostics: heart rate
Neurological diagnostics: neurological examination, CAT/CLAMS neurocognitive assessment scale at ages 3| and 58 months
Imaging: prenatal ultrasonography, brain MRI at corrected 6 months
Notes The affected brother carried the same pathogenic SLC/6A2 mutation.
Information on the dosing of PTU and LT4 are missing.
Risk of bias
Bias Authors’ Support for judgment
judgment
Selection na. n.a., an older affected brother served as control
Performance | High risk No blinding, interventions were not pre-defined in a protocol
Detection High risk No blinding
Attrition Moderate risk No patient dropped out of the study.
Outcome measures were not well pre-defined.
Reporting High risk Outcome measures were not well pre-defined.
Other bias High risk Small sample size (n = 1)

Although the brothers carry the same mutation and have a related genetic background, interindividual
differences of the development of patients with the same pathogenic variant in the SLC/6A2 gene may exist.

Therapy strategy: Triac

Groeneweg et al (2019)*

Study characteristics

Methods

International, single-arm, open-label, phase 2 trial
Trial number: NCT02060474

(Continued)
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Table | (Continued).

Participants

Setting: multicenter study, || sites: academic center for thyroid disease, endocrinology, pediatric endocrinology, neurology,
pediatric neurology, genetics, internal medicine, cardiology and intensive care unit, pediatric cardiology, institute of metabolic
science, gynecology

Countries: Belgium, Czech Republic, France, Germany, Italy, the Netherlands, Romania, the UK

Size: 46 patients were enrolled, 45 received Triac and at least one follow-up

Control: -

Recruitment period: October 15, 2014 - June |, 2017

Baseline characteristics: all patients carried SLCI6A2 mutations, sex: male, median age: 7.1 years, range: 0.8-66.8 years, of those, | |
(24%) were younger than 4 years

Interventions

Facultative 4-week wash-out period

Oral Triac for 12 months

Starting dose: 350 pg, increase of dose up to goal of T3 concentrations: 1.4-2.5 nmol/l
Mean dose of 38.3 pg/kg/d (range: 6.4-84.3 pg/kg)

Outcomes

Primary outcome: T3 concentration between baseline and month 12
Co-primary outcomes: TSH, fT4, T4, rT3 between baseline and month 12
Secondary outcome:
— Laboratory tests: SHBG, cholesterol, creatinine, CK
— Patient’s measurements: body weight (z-score)
— Metabolism: Energy expenditure (DLWV)
— Cardiac diagnostics: heart rate at rest, mean heart rate (24 h), electrocardiography, blood pressure
Exploratory measures:
— Laboratory tests: TBG, Albumin, Creatinine, LDL, HDL, Triglycerides, Ferritin, Tg, Cortisol (hair), LH, FSH, Prolactin,
Testosterone, Random and hair cortisol
— Patient’s measurements: body height (z-score), BMI
— Neurological diagnostics: Bayley Scale of Infant Development Ill, Gross Motor Function Measure 88, and Vineland Adaptive
Behaviour Il, physical exam
Safety measures:
— Adverse events
— Laboratory tests: beta-CTx, B-ALP, PINP, ALT, AST, GGT, Hemoglobin, Leukocytes, Thrombocytes, Random glucose, -
Urea,Potassium, Sodium, Calcium
— Cardiac diagnostics: echocardiography, 24 h electrocardiography

— Metabolism: bone mineral density measurement

Notes

Comparison to intraindividual measures, no control cohort.

Partial comparison to retrospective natural history data (longitudinal data not reported).

“Since neuropsychological evaluations as specified in the study protocol could not be carried out in all study centers for logistic
reasons, the analyses of the changes on the measures will be limited to descriptive statistics.”

Risk of bias

Bias

Authors’ Support for judgment
judgment

Selection

n.a. n.a., no allocation to control group

Performance

High risk No blinding

Detection

High risk No blinding

Attrition

Low risk Outcome measures were well pre-defined.
Five of 46 (11%) treated patients dropped out of the study: “2 were withdrawn due to parental choice (one
because of travel time to the study center, one because of severe comorbidity [severe epileptic seizures and

hydrocephalus]), | was lost to follow-up, | developed Graves’ disease, and | patient died from sepsis.”

(Continued)
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Reporting Moderate risk Most patient-relevant outcome parameters were defined as exploratory outcomes (neurodevelopment) or
adverse events (death) only. Data on neurodevelopment were analyzed descriptively and not statistically due to
missing data: Pre-defined scales could “not be carried out in all study centers for logistic reasons”.

Other bias High risk Comparisons of outcome measures were made intraindividually. Thus, the effect of Triac treatment cannot be
discriminated to the natural development of untreated MCT8-deficient patients. Prospective longitudinal natural
history data are also lacking as control.

Data were shown in a suggestive, potentially misleading way (eg the z-scores of the bodyweight were arranged
in ascending order, suggesting an increase of the overall scores).

Treatment effects on other patient-relevant aspects were not assessed: eg hypo-/hyperkinetic movement
disorders, spasticity, dysphagia, hypotonia, seizures, scoliosis, hip dislocation, quality of life.

van Geest et al (2022)%

Study characteristics

Methods “Real-life” retrospective cohort study

Trial number: -

Participants Setting: multicenter study, clinics: academic center for thyroid disease, endocrinology, pediatric endocrinology and neurology,
internal medicine, translational medicine, genetics, chemical pathology

Countries: the Netherlands, Romania, Italy, Austria, the UK, Canada, France, Australia, USA, India, Switzerland, Poland, Germany,
Brazil, Hungary, Turkey, South Africa, Israel

Size: 67 patients

Control: -

Recruitment period: October 15, 2014 - January 1, 2021

Baseline characteristics: SLC/6A2 mutation, sex: male, median age: 4.6 years, range: 0.5-66 years, of those, 23 (34%) were younger

than 2.5 years

Interventions | Wash-out period of 2 weeks

Oral Triac

Starting dose: 175 pg < 10 kg, 350 ug = 10 kg

Maximal dose: up to T3 concentrations of 1.4-2.5 nmol/l; in children < 2.5 years, T3 concentrations < 1.4 nmol/l were allowed
Median treatment duration 2.2 years (range: 0.2-6.2 years)

“[...] were treated with Triac on an off-label use basis following our previously established dose escalation protocol, and had their
biomedical parameters measured in the central laboratory of the Erasmus MC, The Netherlands. This approach allowed for a

uniform strategy of the Triac dosing and monitoring of effects. [...]”

Outcomes Primary outcome: T3 concentration between baseline and last measurement

Secondary outcomes: change between baseline and last measurements of

Laboratory tests: TSH, fT4, T4, SHBG, creatinine, CK

Patient’s measurements: body weight, body height (kg or cm, or weight-for-age, weight-for-height, height-for-age z-scores)

Cardiac diagnostics: heart rate (bpm, heart-rate-for-age z-score)

Physical examination: tanner stage
Safety measures:

® Adverse events

Notes 27 patients had been enrolled in the Triac | trial and continued Triac on an off-label use basis.

Comparison to intraindividual measures, no control cohort.

Partial comparison to retrospective natural history data (longitudinal data not reported).

No reported outcome on neurological development “as data on neurodevelopmental outcomes had not been uniformly collect”.

Ethical statement: “Under off-label use and with retrospective collection of data that are part of routine clinical care from medical

files, no institutional board approval was needed in the majority of hub centers.”

(Continued)

2202 e Neuropsychiatric Disease and Treatment 2023:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Wilpert et al

Table | (Continued).

Risk of bias

Bias Authors’ Support for judgment

judgment

Selection na. n.a., no allocation to control group

Performance | High risk No blinding

Detection High risk No blinding

Attrition Low risk Outcome measures were well pre-defined.

Ten of 67 (15%) treated patients dropped out of the study: “in 4 cases the parents decided to discontinue due
to a lack of perceived benefit, 2 patients discontinued due to financial constraints or unavailability of Triac, and 4
patients discontinued for unknown reasons”.

Three patients died.

Handling of missing data was reported.

Reporting High risk Data on neurodevelopment were not analyzed with the explanation that “outcomes had not been uniformly
collected”. However, one would expect that a simple neurological examination on the motor, verbal, and social
milestones would have been feasible at each site.

Other bias High risk Data were presented in a suggestive, potentially misleading way (eg the z-scores of the bodyweight were

arranged in ascending order, suggesting an increase of the overall scores).

Treatment effects on other patient-relevant aspects were not assessed: eg neurodevelopment, hypo-/
hyperkinetic movement disorders, spasticity, dysphagia, hypotonia, seizures, scoliosis, hip dislocation, quality of
life.

Therapy strategy: DIPTA

Verge et al (2012)%

Study characteristics

Methods

Compassionate use
Trial number: NCT04143295

Participants

Setting: multicenter study, clinics: pediatric endocrinology, genetics

Countries: USA, Australia, Canada, Switzerland

Size: 4 patients

Control: -

Recruitment period: n.r.

Baseline characteristics: all patients carried SLC/6A2 mutations, sex: male, age range: 8.5-25 months

Interventions

Oral DIPTA for 26—40 months
Starting dose: 0.53-0.71 mg/kg/d
Maximal dose: 2.1-2.4 mg/kg/d

Outcomes Laboratory tests: DIPTA, Cholesterol, SHBG, ferritin, alkaline phosphatase, CK, osteocalcin, T4, T3, rT3, fT4, fT3, TSH, TG, blood
count, sodium, potassium, chloride, carbon dioxide, blood urea nitrogen, creatinine, bilirubin, ALT, AST, alkaline phosphatase,
lactate, ammonium
Patient’s measurements: Body weight
Cardiac diagnostics: Heart rate
Neurological diagnostics: Bayley Scale of Infant Development Il
Imaging: Two patients received a brain MRI before and after treatment
Adverse events

Notes Three children had received PTU + LT4 before being treated with DIPTA.

Funding/sponsor: n.r.
(Continued)
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Table | (Continued).

Risk of bias
Bias Authors’ Support for judgment
judgment
Selection n.a. n.a., no allocation to control group
Performance | High risk No blinding
Detection High risk No blinding
Attrition Low risk No patients dropped out of the study
Pre-defined outcome parameters were reported for all patients
Reporting Low risk Pre-defined outcome parameters were reported for all patients
Other bias High risk Small sample size (n = 4)

Comparison to intraindividual measures, no control cohort.

Treatment effects on other patient-relevant aspects were not assessed: eg hypo-/hyperkinetic movement

disorders, spasticity, dysphagia, hypotonia, seizures, scoliosis, hip dislocation, quality of life.

Therapy strategy: Levodopa/Carbidopa

Tonduti et al (2013)°

Study characteristics

Methods

Case reports and compassionate use study
Trial number: -

Participants

Setting: international study, clinics: pediatric neurology, psychiatry and neuroradiology, genetics, molecular medicine
Countries: USA, Italy

Size: 3 patients

Control: -

Recruitment period: n.r.

Baseline characteristics: all patients carried SLC/6A2 mutations, sex: male, age range: || months - 5.5 years

Interventions

One patient received oral levodopa/carbidopa
Maximal dose: 100 mg/d

Outcomes Neurological diagnostics:

® Clinical evaluation of extrapyramidal movement disorders (no standardized assessment reported)
Notes -
Risk of bias
Bias Authors’ Support for judgment

judgment
Selection n.a. n.a., no allocation to control group
Performance | High risk No blinding
Detection High risk No blinding
Attrition High risk Levodopa/carbidopa treatment effects were no explicit outcome of the study. The intervention and outcome

measures were not pre-defined. Thus, data may be missing.
Reporting High risk No pre-defined outcome reporting.
(Continued)
2204 https: Neuropsychiatric Disease and Treatment 2023:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wilpert et al

Table | (Continued).

Other bias High risk Small sample size (n = 1)
Comparison to intraindividual measures, no control cohort.

No standardization of intervention and outcome assessment.

Therapy strategy: Levodopa/Carbidopa, Botulinum toxin A

Remerand et al (2019)'®

Study characteristics

Methods Natural history and compassionate use study

Trial number: -

Participants Setting: international study, clinics: pediatric neurology, center for leukodystrophies, genetics, pathology

Countries: France, Italy

Size: 24 patients

Control: -

Recruitment period: 2013-2015

Baseline characteristics: all patients carried SLC/6A2 mutations, sex: male, median age: 7 years, || months (range: |11 months - 29

years)

Interventions | Four patients underwent treatment with oral levodopa/carbidopa
Maximal dose: 5 mg/kg/d
Three patients were treated with Botulinum neurotoxin A injections

Maximal dose: n.r.

Outcomes Neurological diagnostics:

® clinical evaluation of extrapyramidal movement disorders (no standardized assessment reported)

Notes Funding/sponsor: n.r.

Risk of bias

Bias Authors’ Support for judgment
judgment
Selection n.a. n.a., no allocation to control group
Performance | High risk No blinding
Detection High risk No blinding
Attrition High risk Treatment effects were no explicit outcome of the study. The intervention and outcome measures were not

pre-defined. Thus, data may be missing.

Reporting High risk No pre-defined outcome reporting.

Other bias High risk Small sample size (n = 4, n = 3)
Comparison to intraindividual measures, no control cohort

No standardization of intervention and outcome assessment

Notes: Studies reporting on treatment effects for MCT8-deficient patients were included in this study. Study characteristics and risk of bias were then assessed according to
the Cochrane recommendations. Bias was differentiated into six categories “selection” (allocation to intervention/control group), “performance” (knowledge of allocation
by patient/personnel), “detection” (knowledge of allocation by assessor), “attrition” (amount, nature, handling of incomplete data), “reporting” (selective outcome
reporting), “other bias”. n.a.: not applicable, n.r.: not reported, -: not assessed.

Results

Stakeholder Engagement and Patient-Oriented Outcomes
In close collaboration with patient families, we designed a survey that included (i) a section on the patient’s clinical
phenotype to account for phenotypic heterogeneity, (ii) a list of parents’ therapy wishes, and (iii) a list of the child’s
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anticipated therapy wishes (Supplementary Figure 1). Free text was allowed in all sections. The survey was to be

completed by each parent separately. It was distributed through a German patient advocacy group and through the Italian
Leukodystrophy Center C.O.A.L.A. (Center for Diagnosis and Treatment of Leukodystrophies). We received results from
15 families completed by 14 mothers and 8 fathers.

Phenotype Spectrum of Patients
The cohort of patients (all male) ranged from infants to young adults. The median age was 10.75 years (range 2.5-19.9).
All patients had a severe developmental delay (Supplementary Figure 2). At 2.5 years of age (our youngest patient),

children are usually able to sit, walk, run, jump (gross motor skills), build towers with multiple cubes, scribble (fine
motor skills) and combine words (verbal skills). In our cohort, however, only 4/22 (18%) were able to hold the head, 1/22
(5%) were able to sit, and no patient was able to walk. 6/22 (27%) patients could grasp objects, and 1/22 (5%) could
speak words. All patients had disease-related complications: 21/22 (95%) had spasticity and/or dystonia, 21/22 (95%)
had dysphagia, 19/22 (86%) were underweight, 17/22 (77%) had gastro-esophageal reflux, and 5/22 (23%) were gastric
tube dependent.

The Achievement of Developmental Milestones Was Most Important
While all parents (100%) selected improvement in neurodevelopment (motor, verbal, or social skills) as their preferred
patient-oriented outcome (Figure 1), the achievement of gross motor milestones was prioritized by parents: 13/22 (59%)

Therapy wishes (parents)

0.0 10.0 20.0 30.0 40.0 50.0 60.0 [%]
My child is learning to hold his head. I < development
My child is learning to sit. | S - gross motor
My child is learning to walk. I
My child is learning to grasp objects. I - fine motor
My child is learning to communicate with sounds. - language (ex)

My child is learning to communicate with gestures.
My child is learning to communicate using assistive devices. IITTT—
My child is learning to speak words. /)

My child is learning to speak sentences.

My child is learning to understand simple questions (e.g., "Do you want to eat?"). - language (re)

My child learns to understand complicated questions.

My child is learning to respond positively to music. - personal/social
My child is more alert during the day.
My child falls asleep faster.
My child is learning to sleep through the night.

My child is more cheerful.

My child is learning to use the toilet.

Stiffness/cramps in my child's arms/legs are decreasing. disease-specific
My child is less likely to develop untargeted, sudden movements. - movement disorders/
pyramidal signs

] +
———
_—
__—
]
]
|
My child is learning to eat with a spoon or fork. T—/——————"7
e —————
I
I
My child learns to control the upper body better. I
]

My child is learning to swallow better.

My child is developing less heartburn/reflux. I * - gastrointestinal
My child does not need a feeding tube. I
My child is gaining weight. | +

My child has less constipation. I
My child develops fewer infections that are treated in the hospital. - infectious
My child does not develop a crooked back (scoliosis). I - orthopedic
My child's hip coverage (dislocation) is improving.
My child's heartbeat is normalizing. paraclinical aspects

My child is developing normal blood pressure.

|

My child develops normal thyroid hormone levels in the blood. I
My child is developing normal laboratory values overall. IR
|

My child has a normal MRI of the head. parents (n=22)

Figure | Family-oriented outcomes for the treatment of MCT8 deficiency. In close collaboration with the families of patients, we designed a questionnaire asking for five
most preferred therapeutic goals, which, if achieved at minimum, would make a difference in their everyday lives. We received results from |5 families (completed
questionnaires from 14 mothers and 8 fathers). The top |2 therapy goals are marked with asterisks and included mainly improvement of motor and language development
(red) and alleviation of disease-specific complications (blue) such as movement disorders/pyramidal signs and gastrointestinal problems. Paraclinical aspects (gray) were the
least important.
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wished for head control, 11/22 (50%) for the ability to sit and 6/22 (27%) for the ability to walk. Improving expressive
and receptive language skills was also important for parents with 7/22 (32%) wishing for the ability to articulate single
words, 4/22 (18%) for the ability to speak sentences, and 4/22 (18%) for the ability to understand simple questions. The
patients’ choices on relevant outcomes were anticipated by their parents (due to intellectual disability) to be motor and
language development (Figure 2).

Second, Parents Prioritized Dystonia, Spasticity, and Gastrointestinal Symptoms

Second, after developmental improvement, parents chose therapy goals that addressed gastrointestinal complications or
the movement disorders/pyramidal signs (Figure 1). 8/22 (36%) wanted weight gain, 4/22 (18%) wanted gastric tube
independence, and 4/22 (18%) wanted to reduce gastro-esophageal reflux. Reduction of dystonia/spasticity (4/22, 18%)
and associated dysphagia (6/22, 27%) was also very important.

Other Outcomes
Other outcomes, such as a reduction in infectious or orthopedic complications, were considered relevant in <15% of
patients. Paraclinical aspects, such as laboratory values or imaging results, were least important (5-9%).

Gender Differences of Patient-Oriented Outcomes
Interestingly, patient-oriented outcome choices differed significantly between mothers and fathers (Supplementary
Figure 3). While fathers clearly prioritized improvement of gross and fine motor skills, mothers prioritized improvement

Therapy wishes (child)

0.00 10.00 20.00 30.00 40.00 50.00 [%]

o

My child is learning to hold his head.
My child is learning to sit.

My child is learning to walk.

development
- gross motor

My child is learning to grasp objects.

- fine motor

My child is learning to communicate with sounds.

My child is learning to communicate with gestures.

My child is learning to communicate using assistive devices.
My child is learning to speak words.

My child is learning to speak sentences.

- language (ex)

My child is learning to understand simple questions (e.g., "Do you want to eat?").

My child learns to understand complicated questions.

- language (re)

My child is learning to respond positively to music.

My child is more alert during the day.

My child falls asleep faster.

My child is learning to sleep through the night.
My child is more cheerful.

My child is learning to eat with a spoon or fork.

My child is learning to use the toilet.

- personal/social

Stiffness/cramps in my child's arms/legs are decreasing.
My child is less likely to develop untargeted, sudden movements.
My child learns to control the upper body better.

My child is learning to swallow better.

disease-specific
- movement disorders/
pyramidal signs

My child is developing less heartburn/reflux.
My child does not need a feeding tube.
My child is gaining weight.

My child has less constipation.

- gastrointestinal

My child develops fewer infections that are treated in the hospital.

- infectious

My child does not develop a crooked back (scoliosis).

My child's hip coverage (dislocation) is improving.

- orthopedic

My child's heartbeat is normalizing.

My child is developing normal blood pressure.

My child develops normal thyroid hormone levels in the blood.

My child is developing normal laboratory values overall.

I 1 || ||\

paraclinical aspects

My child has a normal MRI of the head. parents (n=21)

Figure 2 Anticipated patient-oriented outcomes for the treatment of MCT8 deficiency. In close collaboration with patient families, we designed a questionnaire asking for
the three most preferred therapeutic goals, which were assumed to be the child’s wishes. We received results from 14 families (completed questionnaires from |3 mothers
and 8 fathers). Parents mainly anticipated improved motor and verbal development (red) to be the child’s wish. Relief from disease-specific complications (blue) and
paraclinical aspects (gray) were considered less important.
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of motor development as well, but the choices were more dispersed across the categories. Only mothers selected
paraclinical treatment goals. Mothers were more ambitious at 5/14 (36%) versus 1/8 (13%) who wanted the child to
learn walking.

Systematic Literature Review

We then performed a systematic literature review to search for available treatment trials for MCTS8 deficiency. After
searching the PubMed and Google Scholar databases, we identified a total 2,430 publications (Figure 3). We removed
150 duplicates and excluded an additional 2,204 studies after screening their titles and abstracts that did not address
therapeutic strategies for MCTS deficiency. We read 76 full-text articles from peer-reviewed journals and assessed their
eligibility for inclusion in the systematic review. We excluded commentaries (n=3), basic research articles (n=6), natural
history studies (n=15), in vitro therapeutic trials (n=8), and animal model studies (n=12). After exclusion of 23 reviews,

15:19-26 remained.

n=9 original articles
Study Characteristics and Risk of Bias

We summarized the study characteristics and the risk of bias of the nine included studies according to the Cochrane
recommendations (Table 1).'>'"72¢ Overall, the studies were highly heterogenous in design, patient numbers, treatment
duration and outcomes. Most studies were compassionate use or natural history studies (total of n=1-4 patients). Only the
Triac treatment was tested in a total of n=113 patients. The following treatment strategies were identified:

(1) Block & Replace: The first treatment strategy for MCT8 deficiency in n=1 patient comprised PTU (“block™) plus
LT4 substitution (“replace™) for a total of 9 months.'” LT4 was given to saturate the TH transport despite the MCTS
transporter defect and PTU to block the extrathyroidal conversion of T4 to T3 by deiodinases and endogenous TH
synthesis with the rational of reducing peripheral elevated T3 concentrations but increasing serum T4 as the major TH
supply to the brain.! Another compassionate use study of n=1 patient was published five years later with the addition of
MMI (methimazole) for approximately 2 years, which is a thyrostatic medication that blocks TH synthesis only.>*

(i) LT4 and LT3 (liothyronine) substitution: Long-term treatment with LT4 for 6.5 years and short-term treatment
with LT3 for 6 months was tested to saturate TH transport in n=1 patient.?!

(iii) Prenatal use of LT4: The only prenatal approach was performed in an index family, in which a mother was
pregnant with a second affected child.?® The male fetus was treated with intra-amniotic LT4 from the 18th week of

Identification of studies via databases Identification of studies via other methods
Records identified from Records removed before screened Records identified (n=0)
Google scholar (n=2,280) Duplicate records removed (n=150)

PubMed (n=150)

Records screened (n=2,280) Records excluded (n=2,204)
Reports sought for retrieval (n=76) Reports not retreived (n=0)
Reports assessed for eligibility (n=76) Reportes excluded:

Reviews (n=23)

Comments (n=3)

Basic research (n=6)

Natural history study (n=15)

Therapy development in-vitro (n=8)

Therapy development in animal models (n=12)

Studies included in review (n=9)

Figure 3 PRISMA flowchart for systematic literature review. We searched PubMed, Google Scholar and ClinicalTrials.gov for “[(MCT8) OR (SLC16A2) OR (Allan Herndon
Dudley syndrome)] AND [(therapy) OR (treatment)]” until October 17, 2022. We included studies on the topic of treatment of AHDS patients from peer-reviewed journals
that were published as full-text articles and in the English language. Reviews (n=23) were excluded. We considered all studies with treatment trials regardless of treatment
strategy. Articles with studies in animal models (n=12) or in vitro (n=8) analyses were excluded. Studies were included irrespective of their control group or reported
outcome parameters. Finally, nine studies were included in the systematic review,'*19-2¢

2208 e Neuropsychiatric Disease and Treatment 2023:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wilpert et al

gestation and postnatally with LT4 and PTU as described above. Therapeutic responses were then compared with the
older brother who was treated postnatally only.

(iv) Triac (3,3’,5-triiodothyroacetic acid): By far, the most extensive therapy studies have been conducted with the TH
analogue Triac. Triac can cross cell membranes independently of the MCT8 transporter, bind to TH receptors and induce
TH action.’' In an international open-label phase 2 trial (TRIAC I), n=46 patients with MCT8 deficiency were enrolled
and treated with Triac for 12 months.* In a subsequent “real-life” follow-up, another n=67 patients received Triac on an
off-label basis for 0.2-6.2 years. Results were reported from a retrospective survey.”

(v) DIPTA (3,5-diiodothyropropionic acid): A compassionate use study with n=4 participants was conducted with
DIPTA, another TH derivative.>> Patients were treated for 26-40 months.

(vi) Levodopa/Carbidopa: The use of Levodopa/Carbidopa, as standard of care to reduce dystonia and facilitate the
development of voluntary movements, was only briefly mentioned in two natural history studies as an adjunctive therapy
in a total of n=5 patients.'>*’

(vii) Botulinum toxin A: Botulinum toxin is a potent inhibitor of the peripheral neuromuscular transmission and can
reduce spasticity or dystonia, allowing for more purposeful movement. Botulinum toxin A was injected in n=3 AHDS
patients, described in a natural history study.'’

Treatment Effects on Development
Improvement in neuromotor development was rarely defined as a primary outcome, and investigators assessed it using
different scales: GMFMS8, Bayley III, VABS II, CAT/CLAMS, and clinical neurological examination (Table 2). The

Table 2 Treatment Effects on TOP |2 Family-Oriented Outcome Measures

Outcome Therapy Strategy Study Effect N of Risk of
Patients | Bias
Development Block & Replace Wémeau et al (2008)"? - I High
- motor
Visser et al (2013)%* No intraindividual improvement | High

(neurological examination)

LT3, LT4 Zung et al (2011)?' No intraindividual improvement I High

(neurological examination)

Prenatal LT4 Refetoff et al (2021)% Improvement in A4-5 CAT/CLAMS | High
developmental quotient® in
comparison to effected older
brother

Triac Groeneweg et al (20I9)22 Intraindividual improvement in AO- | 46 Moderate
15% GMFM88 in seven 1.5-3.5-
year-old patients, no control

No improvement in patients 24

years
van Geest et al (2022)% = 67 High
DIPTA Verge et al (ZOIZ)25 No intraindividual improvement 4 Moderate
(Bayley IlI)
Levodopa/ Tonduti et at. (2013)° “Transient [intraindividual] | High
Carbidopa improvement (better head control,
spontaneous movements)”
Remerand et al (2019)'® - 4 High
Botulinum toxin A | Remerand et al (2019)'° n.a. 3 High
(Continued)
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Table 2 (Continued).

Outcome Therapy Strategy Study Effect N of Risk of
Patients | Bias
- language Block & Replace Weémeau et al (2008)'° - I High
Visser et al (2013)** No intraindividual improvement | High
(neurological examination)
LT3, LT4 Zung et al (2011)*' No intraindividual improvement | High
(neurological examination)
Prenatal LT4 Refetoff et al (2021)% Improvement in A3.3 CAT/CLAMS | High
developmental quotient® in
comparison to effected older
brother
Triac Groeneweg et al (2019)* No individual, age-related data 46 Moderate
(Bayley Ill, VABS II)
van Geest et al (2022)% - 67 High
DIPTA Verge et al (2012)* No intraindividual improvement 4 Moderate
(Bayley IlI)
Levodopa/ Tonduti et at. (2013)*° na. I High
Carbidopa
Remerand et al (2019)"° na. 4 High
Botulinum toxin A | Remerand et al (2019)"° na. 3 High
Disease-specific Block & Replace Weémeau et al (2008)'° = I High
- movement
disorders/pyramidal
signs
Visser et al (2013)** - I High
LT3, LT4 Zung et al (2011)%' = I High
Prenatal LT4 Refetoff et al (202I)26 Milder spasticity in comparison to | High
affected older brother
Triac Groeneweg et al (20I9)22 Defined as exploratory outcome 46 Moderate
No intraindividual/natural history
comparison
van Geest et al (2022)% 8 67 High
DIPTA Verge et al (2012)% - 4 Moderate
Levodopa/ Tonduti et at. (2013)%° “Transient [intraindividual] | High
Carbidopa improvement (better head control,
spontaneous movements)”
Remerand et al (2019)'° “Poor efficacy outcomes” 4 High
Botulinum toxin A | Remerand et al (2019)'® “Some [intraindividual] benefit on 3 High
spasticity”
- dysphagia All all - na. na.
- gastro-esophageal All all - na. na.
reflux
- need of feeding tube | All all - na. na.
(Continued)
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Table 2 (Continued).

Outcome Therapy Strategy Study Effect N of Risk of
Patients | Bias

- underweight Block & Replace Wémeau et al (2008)'° Intraindividual “weight gain 3 kg/ | High
year vs 0.2 kg/year with
conventional oral overfeeding”,
increase of BMI from 1.3 to 12.4
kg/m?

Visser et al (2013)%* “Feeding via the gastric catheter | High
was required, body weight
increased 5 kg”

LT3, LT4 Zung et al (2011)?' Intraindividual bodyweight increased | | High
from z-score —3.3 to —2.9

Prenatal LT4 Refetoff et al (2021)% Intraindividual fetal weight gain from | | High
64 to 68% for age

Triac Groeneweg et al (2019)* Intraindividual “increase in 46 Moderate
bodyweight z-scores (mean
difference 0.27 SD, p=0.0235); by
contrast, in natural history controls,
bodyweight z-scores progressively
reduced over time”

Mean increase in bodyweight of 2.7
kg (p<0.0001)

van Geest et al (2022)* “Bodyweight z-scores exceeded 67 High
natural history controls (mean
difference 0.72 SD, p=0.0002)”

DIPTA Verge et al (2012)* “No weight loss but weight gain in | 4 Moderate
two patients” from z-scores —3.1,
-33to-27,-13
Levodopa/ Tonduti et at. (2013)*° - I High
Carbidopa
Remerand et al (2019)'° - 4 High
Botulinum toxin A | Remerand et al (2019)"° - 3 High

Notes: Data on reported treatment effects of different therapy strategies addressing TOP |2 family-oriented outcome measures (Figure 1) were summarized in red, blue
and gray. The risk of bias was assessed elsewhere (Table 1). -: not assessed, n.a.: not applicable, *functional developmental age divided by chronological age.

most promising results were achieved in the pre- and postnatally treated 31-month-old patient, who reached more
advanced motor and language milestones compared to the affected 58-month-old brother: eg, 12 versus 1 month
equivalent for gross motor functions and 25 versus 7 months equivalent for receptive language.*®

The effect of Triac on development was tested as an exploratory endpoint in the Triac I study.*” The investigators
found no intra-individual improvement in GMFMS88 scores in patients >4 years of age (n=7). However, in patients <3.5
years-of-age (n=7), they found an increase of up to A15% in gross motor function scores. However, children did not
achieve significantly higher scores than 20% of age-corrected values. When we compared the GMFM88 scores of Triac-
treated patients with a natural history cohort,'* we found no relevant improvement with treatment (Supplementary figure

4). Age-related data for precise quantitative comparison were unfortunately not provided by the corresponding authors
upon written request. In the “real-life” retrospective follow-up assessment, neurological data were not reported due to a
lack of data, although n=23 patients (34%) belonged to the cohort of children who were younger than 2.5 years at

treatment initiation, who may be responsive to early treatment.*”
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Treatment with Levodopa/Carbidopa resulted in a transient improvement in head control and spontaneous
movements.”’ However, there are insufficient data. No improvement in development has been reported with DIPTA,*
Block—and—Replace,19’24 or LT4, LT3 substitution.>!

Treatment Effects in Dystonia and Spasticity

Hyperkinetic movement disorders (dystonia) or pyramidal signs (spasticity) have rarely been evaluated in treatment trials and
potential effects have not been adequately tested (Table 2). After prenatal LT4 therapy, one patient had milder spasticity
(neurological examination, no quantification) compared with the affected older brother.”® While Levodopa/Carbidopa
produced a transient improvement in spontaneous movements, possibly due to reduced involuntary movements or muscle
tone in the n=1 child, another n=4 patients had “poor efficacy” (not further specified) under treatment.'>° Botulinum toxin A
injections have been reported to have “some benefit on spasticity” in n=3 treated patients."

Treatment Effects on Underweight

With respect to patient underweight, intra-individual increases in body weight (z-scores) have been reported with Triac
treatment (mean A0.27-0.72 SD),”*** DIPTA treatment (A0.4-2.0 SD),*> prenatal LT4 (A4% for age),”® and TH
substitution (A0.4 SD)*' (Table 2). In comparison, the body weight z-scores progressively decreased over time in a
natural history cohort compared with normal controls.'* Other studies did not report body weight or did not relate the
body weight to age (z-score).

Treatment Effects on Dysphagia, Need for Gastric Tube, and Gastro-Esophageal Reflux
Other TOP 12 patient-oriented outcomes such as dysphagia, gastro-esophageal reflux, or the need for a gastric tube were
not adequately assessed in either study (Table 2).

Treatment Effects on Mortality Rate

Mortality was not part of the family survey, but can be considered an important overall and relevant outcome measure.
The number of age-related deaths was reported only in one natural history study (15% deaths in patients aged 10-18
years)'* and in the “real-life” Triac compassionate use observation (20% deaths in patients aged 10-18 years).”

Discussion

Patients with MCT8 deficiency suffer from a complex spectrum of hypo- and hyperthyroid symptoms with severe
neurological impairment (global developmental delay, axial hypotonia, movement disorders, spasticity, epilepsy, dyspha-
gia), gastro-esophageal reflux, reduced body weight, infectious (recurrent infections), and orthopedic complications
(scoliosis, contractures). Over the past 15 years, therapies ranging from symptomatic (Levodopa/Carbidopa, Botulinum
toxin A),">?°

Replace)'”' 2% have been developed and tested in patients. Gene-modifying approaches have recently been tested in
28,29

to TH replacement therapies (Triac, DIPTA, prenatal LT4, postnatal TH supplementation, Block &

mouse models.

To identify patient-relevant outcome measures for these multimorbid children, we conducted a stakeholder engage-
ment and collected surveys from 15 affected families. Improvement in their children’s motor and language skills was by
far the most important outcome for families (Figure 1). In addition, parents wished for weight gain and for reduced
dystonia/spasticity, dysphagia, gastro-esophageal reflux and the removal of the gastric tube.

In addition, we performed a systematic literature review to collect data on therapy effects on patient-relevant
outcomes of available treatment strategies and included n=9 studies (Figure 3). Most of the studies defined paraclinical
endpoints as primary goals of therapy (Table 1). Although the majority of patients present with elevated serum T3

concentrations, increased heart rate, arterial hypertension, and abnormal MRI,"*

these endpoints were the least important
to parents. In future studies, we suggest including the TOP 12 patient-oriented treatment goals (Figure 1) as outcome
measures in addition to paraclinical aspects.

To date, the most convincing evidence of language and motor improvement with therapy has been achieved by
prenatal LT4 treatment of n=1 affected male fetus (Table 2).2° However, this approach is only feasible in index families

and does not represent a solution for most patients. The ongoing TRIAC II trial (NCT02396459) is currently testing

2212 hees Neuropsychiatric Disease and Treatment 2023:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wilpert et al

whether early initiation of Triac treatment before the age of 2.5 years may have a beneficial effect. In this trial, the
primary outcome measure is development as assessed by GMFM88 and Bayley III.

Of note, many genetic disorders manifest in early childhood, and pediatric patients may continue to developmental
milestones, albeit at a slower rate than healthy children. This apparent developmental progress may be misinterpreted as a
treatment effect, if not compared to a natural history cohort or placebo group. Furthermore, outcome assessment is
complicated by the heterogeneous clinical phenotype of AHDS patients, some of whom (8/24, 33%) are even able to
walk as reported by Remerand and colleagues,'® whereas in our cohort no patient could walk and the majority of patients
did not even reach early milestones of motor function, such as head control and anti-gravity movements. Therefore, it is
necessary to establish control groups. The use of placebo controls as the gold standard in controlled trials may raise
ethical concerns in severely affected children, especially when the timing of initiation of therapy needs to be as early as
possible. This challenge can be addressed by using cross-over designs. As a minimum, the natural history of matched
patients should be used for comparison. Describing the natural history of a disease is not trivial and needs to be done by a
standardized longitudinal deep phenotyping approach. For ultra-rare diseases, international networks will be necessary to
increase case numbers, facilitate data sharing and strengthen the validity of the studies. The omission of a control group
may only be reasonable for compassionate off-label use or for drugs with a strong treatment effect as recently seen in

gene therapy trials of spinal muscular atrophy (SMA) or aromatic L-amino acid decarboxylase (AADC) deﬁciency.”*35

Compassionate off-label use studies justified for individual patient benefit, but hinder knowledge gain.*

Parents prioritized weight gain as an important therapeutic goal because AHDS patients suffer from severe and
progressive underweight, which is per se associated with higher mortality rates.'* All replacement therapies lead to an
increase of body weight z-scores.”' 2> Whether the reported increase is clinically relevant (eg, lower mortality rate, the
gastric tube removal, fewer infections) needs to be addressed in future studies, ideally reporting the coexistence of a
gastric tube, the weight, and the BMI (body mass index) z-scores compared to natural history controls. Further
investigation is needed to determine whether the underweight of these patients is solely due to peripheral thyrotoxicity,
as suggested by most authors, or whether the increased muscle tone due to spasticity and dystonia in association with oral
dyskinesia/dysphagia may also play a role. In parallel, children with cerebral palsy, a phenotype similar to patients with
MCT8 deficiency but without peripheral thyrotoxicity, suffer of comparable underweight also associated with an
increased mortality risk.*’

Movement disorders and spasticity as described in AHDS patients'® can cause pain, impair the development of
voluntary and targeted movements, affect speech and swallowing, and significantly reduce overall quality of life. To date,
movement disorders and spasticity have not been adequately assessed as outcome parameters, and we suggest that this be
done in future studies.

Concluding considerations for development of therapies for MCTS deficiency:

(i) The full downstream effects of SLC1642 mutations are not yet fully understood. T3 regulates over 1000 genes in
the mouse cortex with multiple effects on the developing brain.® The transmembrane protein MCT8 may even have an
unknown function beyond TH transport. This may hamper the therapeutic effects of downstream therapies (TH
replacement therapies) and may be more broadly addressed by upstream approaches (eg gene therapies).

(i1) Species differences in TH transporter expression are known and led to the development of an MCT8-deficient
mouse model that had a double knock-out of Mct8 and Oatplcl (organic anion transporterl C1),*® which is another TH
transporter expressed in the murine but not in the human blood-brain barrier. These Mct8/Oatplcl double knock-out
mice show neuropathological alterations (reduced gray matter, cerebellar thickness, impaired myelination and functional
connectivity, fewer interneurons) and impaired locomotion (Rotarod, hanging wire performance),*® both of which can be
improved by Triac treatment.**** Whether the successful treatment of mice with respect to neurodevelopment would be
transferable to human patients may be answered by the ongoing TRIAC II trial (NCT02396459). In general, it is a well-
known phenomenon that mouse models often do not resemble pediatric neurological diseases, leading to the development
of mammalian models that are evolutionarily closer to humans, as has been done for Duchenne muscular dystrophy,*'
which could also be considered for MCT8 deficiency.

(iii) Immunohistological studies of human and mouse tissues indicate that MCTS is not ubiquitously expressed, but is
organ- and cell-specific. Therefore, mechanisms should be carefully selected to target specific organs and cells, and

Neuropsychiatric Disease and Treatment 2023:19 hetps: 2213

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wilpert et al Dove

overtreatment with potentially harmful effects should be avoided.** This is especially important for therapeutic strategies
with systemic approaches (eg by TH replacement or gene replacement therapies).

(iv) Comparisons with other hypothyroid conditions (iodine deficiency, congenital hypothyroidism) highlight the fact
that the timing of treatment is of paramount importance. While the timing of postnatal diagnosis has shifted to younger
ages due to low-threshold whole exome sequencing, prenatal diagnosis is still a rarity and only applies to families with an
index patient. Nevertheless, the postnatal time window of opportunity should be defined in future studies.

We would like to emphasize that our work was the first to involve stakeholders to identify patient-oriented outcomes for
children with AHDS (strength of this study). Parents of affected children expressed that especially an improvement of the
neurological phenotype, including accelerated development to promote participation/independence and reduction of muscle
tone (movement disorders, spasticity) and its consequences (dysphagia, underweight), would improve the quality of life of
their children. Inclusion of these patient-oriented therapeutic goals in future therapeutic trials may facilitate therapy devel-
opment and reduce research costs. In addition, we recommend that patients be seen regularly in interdisciplinary centers
(neuropediatrics, orthopedics, radiology, physiotherapy, speech therapy, occupational therapy) to address the above outcomes
with standard of care. Another strength of the study is the systematic approach of the literature review and the targeted
evaluation of previously published studies with a focus on patient-oriented outcomes. However, the analysis was limited by a
lack of age-specific, comparable data on patient-oriented outcomes (limitation of this study).

In conclusion, we suggest defining improvement in neurodevelopment as the primary outcome measure and
prioritizing other patient-oriented outcomes (body weight, movement disorders/spasticity, dysphagia, gastro-esophageal
reflux) in future studies. Larger data with sufficient longitudinal natural history controls will be needed to finally evaluate
the efficacy of treatment options for MCT8 deficiency.
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