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Abstract: Mucopolysaccharidosis (MPS) is a group of rare metabolic diseases associated with reduced
life expectancy and a substantial unmet medical need. Immunomodulatory drugs could be a relevant
treatment approach for MPS patients, although they are not licensed for this population. Therefore,
we aim to provide evidence justifying fast access to innovative individual treatment trials (ITTs)
with immunomodulators and a high-quality evaluation of drug effects by implementing a risk–
benefit model for MPS. The iterative methodology of our developed decision analysis framework
(DAF) consists of the following steps: (i) a comprehensive literature analysis on promising treatment
targets and immunomodulators for MPS; (ii) a quantitative risk–benefit assessment (RBA) of selected
molecules; and (iii) allocation phenotypic profiles and a quantitative assessment. These steps allow
for the personalized use of the model and are in accordance with expert and patient representatives.
The following four promising immunomodulators were identified: adalimumab, abatacept, anakinra,
and cladribine. An improvement in mobility is most likely with adalimumab, while anakinra might
be the treatment of choice for patients with neurocognitive involvement. Nevertheless, a RBA should
always be completed on an individual basis. Our evidence-based DAF model for ITTs directly
addresses the substantial unmet medical need in MPS and characterizes a first approach toward
precision medicine with immunomodulatory drugs.

Keywords: mucopolysaccharidosis; personalized medicine; individual treatment trials;
immunomodulation; risk–benefit assessment; decision analysis framework

1. Introduction

Mucopolysaccharidoses (MPSs) comprise a group of 12 lysosomal storage disorders
(LSDs) with no curative therapy [1,2]. All single diseases are rare or very rare, but the
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cumulative frequencies of all types account for 1 per 20,000 [2–5]. MPSs are associated with
a substantial disease burden and reduced life expectancy.

At the cellular level, a genetic defect affecting the function of a lysosomal enzyme
leads to an accumulation of glycosaminoglycans (GAGs) in lysosomes and the extracellular
matrix (ECM). Clinically, MPS patients face a chronic and progressive impairment of
multiple organ functions (skeleton, brain, heart, etc.), which is associated with severe
physical disabilities and reduced life expectancy [6]. The disease spectrum is broad and
ranges from mild and attenuated to severe, classical forms in each MPS type. Despite
the availability of stem-cell transplantation and enzyme replacement therapy as disease-
modifying therapies for some MPS types, almost all MPS patients suffer from substantial
unmet medical needs. Neurocognitive, skeletal, cardiac, and respiratory involvements are
the main contributors to morbidity and mortality.

Thus, therapeutic alternatives are urgently needed, and an increasingly better under-
standing of the underlying cell mechanism has revealed a number of potential treatment
targets [7–10]. The most promising ones include the Toll-like receptor (TLR) family, most
notably TLR-4, as well as the resulting transcription of pro-inflammatory proteins via NF-
κB and the final activation of the NLRP3 inflammasome [7]. Despite a limited number of
pre-clinical and small clinical studies, these approaches have not been clinically established
so far. However, drug repurposing has emerged as a rapid and effective treatment strategy
for lysosomal storage disorders and other rare diseases [11–13]. This therapeutic option to
improve cellular activities and address unmet needs is highly recommended in the scientific
community [14], as the translation of research results into clinical practice is generally more
time-consuming in rare diseases [12,15,16]. The high interindividual heterogeneity in MPS
populations adds further challenges to conventional clinical trials. Other issues include
the identification of proper study endpoints and designs to suit all patients, the difficulty
of including large sample sizes due to the rarity of the disease, and many others. Several
experts have stated that treatment effects can only be validly assessed on an individual
basis [17–19]. This demand directs us toward the use of individual treatment trials (ITTs)
and N-of-1 trials, respectively.

ITTs have lower generalizability compared to conventional clinical trials, but they can
overcome the above-described dilemma to some extent. In fact, ITTs are a valid and time-
and cost-efficient way to close the gap between evidence and practice [20] and facilitate
personalized medicine [21], which is particularly valuable for MPS and other rare diseases
with high unmet clinical needs and unsatisfying treatment options. Nevertheless, the
literature on ITTs for MPS is scarce. We conducted a survey on the awareness of and
utilization of ITTs among MPS experts and found that most professionals knew about
ITTs as an option to improve the treatability of MPS, but very few ever made use of them.
The main obstacles were a lack of know-how and resources for systematic risk–benefit
assessments (RBAs) of the experimental therapy and for the design and conduct of ITTs. A
putative tool that facilitates systematic evidence-based RBAs was expected to overcome
these barriers by the majority of MPS experts [22].

Thus, we developed an evidence-based decision model to support clinicians in their
personalized decisions on the planning and conduct of ITTs with immunomodulatory
drugs for their MPS patients. For that purpose, we (i) conducted a comprehensive literature
review; (ii) established an expert focus group that included patient representatives; and
(iii) adapted and applied the benefit and risk assessment for off-label use (BRAvO) frame-
work to build a decision model. Decision analysis frameworks (DAFs) are semi-quantitative,
structured instruments that are widely used by medical authorities for systematic RBAs.
The BRAvO DAF was developed specifically for pediatric off-label use. Normally, DAFs
such as BRAvO focus on the risks and benefits for an entire patient population, e.g., prema-
ture births or patients with a defined disease. In contrast, our model integrates individual
patient factors into decision-making for the purpose of personalization. Thus, our model
combines a comprehensive analysis of the current literature, a consensus of leading MPS
experts and other specialists, and a patient perspective. Additionally, it utilizes the ap-
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proved DAF methodology for semi-quantitative RBAs and can be applied in a personalized
manner. We expect that the model will substantially facilitate the use of ITTs with im-
munomodulatory drugs to improve the treatability of MPS.

To our knowledge, this approach combining different approved methods from evidence-
based medicine, qualitative research, and medical regulations has not been used before.
The decision model provided in this manuscript may facilitate ITTs for MPS. Further, we
describe the methodology applied for the model’s development, which can be transferred
to other situations with unmet clinical needs that may be addressed with ITTs.

2. Materials and Methods
2.1. Three-Step Development Process

The key feature of our model is that rational decision-making is facilitated by a
quantitative RBA. The RBA is based on the following: (i) the effect sizes and probabilities
of the benefits and risks, which are extracted from the literature and are based on an expert
consensus; and (ii) the weighing of the risks and benefits via a patient and expert consensus.

For this purpose, in brief, the following steps were taken to develop the decision model:
Firstly, a comprehensive literature review identified the most promising treatment targets
(the TLR4 cascade with the NLRP3 inflammasome) [7] and immunomodulatory drugs
that target these. Secondly, a quantitative RBA of the most relevant drugs was performed
following the DAF methodology, which will be described in the remainder of the methods
section. This step provided a quantitative risk–benefit model for four drugs. Thirdly, the
quantitative risk–benefit model was applied to three different phenotypic profiles, and the
probability of the most important five beneficial effects was quantitatively estimated for
each single drug, which allowed for the personalized use of the model.

The model was developed by our expert board, which comprised MPS, neuroimmunol-
ogy, cardiology, pharmacology, pharmacy, and biostatistics experts and patient representatives.

2.2. DAF Framing

The first step of the RBA using DAF methodology was framing the context of the
disease and treatment of interest. This means defining all aspects that have to be included
in the RBA. The framework BRAvO and its foundation, PrOACT-URL [23], define eight
aspects that have to be considered. BRAvO further provides key questions for each aspect
that assure a structured and comprehensive analysis of the benefits and risks related to
efficacy, safety, and dosage [23]. We adapted these questions to fit the use of ITTs for MPS
(Table 1).

Table 1. Framing in eight stages using the BRAvO framework as a template for repurposing im-
munomodulatory drugs in MPS.

Problem

Define the unmet medical need. Is there neurocognitive involvement?
As a general rule, the decision problem is defined as whether intended off-label use is rational based
on the available scientific evidence complemented with expert opinion and clinical practice,
preferably in a multidisciplinary group of MPS clinicians and experts.

Alternatives What are the alternative treatment options (label and off-label), and why are they unsuitable?

Objectives: Efficacy, Safety

What do you need to know before you can decide on the immunomodulatory drug repurposing use?
The efficacy of off-label use in the intended population is established or is plausible based on
extrapolation from other populations. Risks are acceptable after mitigation measures have been
installed. Appropriate dosing to attain efficacy in the intended population is known.
What clinical parameters and cut-offs define sufficient efficacy and unacceptable risk?
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Table 1. Cont.

Consequences
Summary of information on what you needed to know and identification of benefits and risks.The
consequences provide an explicit overview of what you need to know and specify the identified
benefits and risks as a result of the objectives.

Trade Offs Assess the balance between benefits and risks.

Uncertainty

Recognize what you do not know for sure and how it affects the benefit–risk balance.
Report the uncertainty associated with the favorable and unfavorable effects. Reports on the level of
evidence indicate the extent to which one can be confident that off-label use will do more good than
harm. The assessment should review the quality of the studies, the consistency of the results across
the studies, and the applicability to the population of interest (“directness”).
Consider how the balance between favorable and unfavorable effects is affected by uncertainty.
If the evidence is weak, why are the benefits and risks assumed to be acceptable for this population?

Risk Tolerance

Complement the balance with a transparent consensus and expert opinion.
Judge the relative importance of the decision-maker’s risk attitude for immunomodulatory drug
repurposing.
How does the risk tolerance of team members affect the balance?

Linked Decisions
Reflect on the impact of the decision on future decisions or on its consistency with previous decisions.
The outcome of the RBA triggers subsequent decisions and recommended actions (informed consent,
dissemination of knowledge).

2.3. DAF—Data Collection and Processing

The next step in the DAF-driven RBA was answering all of the key questions and
analyzing all safety and efficacy data quantitatively based on a comprehensive literature
analysis. Similar to meta-analyses, the process of data collection and processing must
follow a detailed protocol.

Our literature analysis included all of the clinical studies and case series describing
the use of one of the four immunomodulatory drugs of interest in MPS patients. Where
such publications were not available, we also included clinical trials with other study
populations with at least 12 weeks of treatment duration (mainly for a safety assessment).

For the documentation and analysis of the review results, we applied the method
described by Nixon et al. [24], which is as follows: First, the identified and selected
publications were documented in flow charts. Second, the results reported in these were
retrieved in tables. Third, efficacy data was taken from one key publication per drug, which
had the highest external validity. Additionally, for the safety analysis, the cumulative
frequency of specific adverse effects was calculated. To achieve comparability between
different publications, the specific treatment effects were rated in relation to a maximum
potential effect (100%) and no effect (0%); for example, a normalization of a symptom
was rated as 100% and a half-normalization as 50%. The probability of adverse events
was expressed as frequency over placebo, as described by Nixon. Fourth, to allow for
a comparison of the different drugs in the sense of a quantitative RBA, the effects were
expressed in relation to the placebo. For example, a double frequency of the adverse effects
compared to the placebo equaled a factor of 2. Equally, a factor for the intended effects was
deducted from the effect sizes compared to the placebo. Thus, the risk–benefit ratio was
quantified based on these factors.

The results of these calculations (Supplements S1 and S2) were used within the weigh-
ing process (see below) by our expert board.

2.4. DAF—Subjective Data and RBA

Based on comprehensive data extraction and processing, in the next step, the importance
of each outcome measure was weighted. This importance rating is independent of the effect
estimates. Next to the probability of an outcome, its importance needs to be considered in
the decision-making process. For example, how important is it to prevent the progression of
cognitive decline compared to the improvement of joint range of motion (ROM)?
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Our board weighed the most relevant identified risks and benefits by importance
using the visualization of a 0–100 scale, with 0 representing the conceivably least important
outcome and 100 representing the most important outcome, e.g., full recovery, which is so
far unrealistic. The final ratings were defined by an expert consensus.

2.5. Integration of Patient Characteristics to Allow Personalizability

To further develop the available DAF methodology toward a personalizable decision
model for ITTs (Figure 1), we added two more innovative steps. Firstly, we applied
our DAF to three different phenotypic profiles. The definition of the three profiles was
based on the expectation that the response to a specific drug is dependent on several
patient characteristics, such as main accumulated GAG, main organ involvement, severity
of clinical course, putative vulnerability to specific adverse drug effects, etc. Based on
general aspects, including the level of evidence, the severity and frequency of the expected
adverse effects of each drug, and the above-mentioned patient characteristics, the first and
second drug choices were defined for each phenotypic profile. To allow for an even more
personalized use of the decision model, the probability of the five most important beneficial
effects was quantitatively estimated for each single drug. With that, the leading organ
manifestation of each individual patient was taken into account.
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Figure 1. Iterative process of our DAF model development. The literature research laid the foundation
for the subsequent personalizable quantitative risk–benefit model, which is based on expert and
patient consensus and finally led to DAF-supported ITTs. The DAF model will be assessed and
further improved by new publications, ITT results, and patient opinions.

3. Results

Our DAF model was implemented in several steps, and each achievement with our
expert panel and patient representatives was described in detail.

3.1. Beneficial and Adverse Effects of the Most Relevant Immunomodulatory Drugs

A comprehensive literature review on the inflammation-driven cell pathology in
MPS [7] identified two main targets for intervening in the viscous circle of inflammation
in MPS, namely (i) the TLR4 receptor and cytokine/chemokine upregulation and (ii) the
activation of the inflammasome NLRP3. This led us to the following nine promising
molecules: adalimumab, anakinra, alemtuzumab, pentosan poylsulfat (PPS), ataluren,
genistein, cladribine, and odiparcil.

Afterward, a database search using Medline and others (ClinicalTrials, Clarivate, and
SpringerLink) was performed for each drug using the same search strategy with a defined
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strict procedure. We searched for English-language reports of (i) studies on MPS (regardless
of the study type and design), (ii) MPS case reports, and (iii) phase III or IV randomized
placebo-controlled pediatric clinical trials with at least 12 weeks of treatment duration.
This led us to exclude four drugs (ataluren, genistein, odiparcil, and PPS) due to (i) an
unexplained mechanism of action and (ii) a low level of evidence compared to the other
molecules. Genistein was excluded despite a relatively high number of published studies
(324 reports) due to its repeatedly reported low efficacy, even in higher doses [25,26].

Consequently, the remaining five molecules (alemtuzumab, anakinra, adalimumab,
abatacept, and cladribine) were further assessed using a structured, quantitative RBA,
which is also used by regulatory authorities [27,28]. The results of this assessment led the
expert board to exclude alemtuzumab due to safety issues [29–48].

Consequently, the four top candidates were identified from 18 selected publications
out of 2270 publications (Supplement S1). Three (adalimumab, abatacept, and anakinra)
of the four immunomodulatory drugs had already been clinically studied in MPS [49–51];
NCT01917708. Oral cladribine, an immunodepleting agent approved for the treatment of
multiple sclerosis (MS), was also considered due to its non-invasive application and its
overall good risk–benefit profile among MS patients [52]. Moreover, as a small molecule,
it can cross the blood–brain barrier to reach the tissues of interest in MPS patients with
CNS involvement [53]. Lastly, short-therapy cycles induce long-lasting anti-inflammatory
effects, making it a convenient treatment option [54,55].

To gain an overview of the potential benefits and risks of each drug, the external
validity of the reported safety and efficacy data was classified (clinical vs. pre-clinical and
by study population) and taken into account with the spectrum and frequency of adverse
effects and the delivery route (Table 2).

Table 2. Comparison of the level of evidence available and key characteristics of the immunomod-
ulatory drugs of interest (blank means no data or no data available). * evidence of increased risk,
especially leukemia and lymphoma; ** in combination with HSCT (hematopoietic stem-cell trans-
plantation) in children with MPS and other non-malignant diseases.

Drug

PRO CON

MPS Clinical
Data

MPS Pre-Clinical
Data

Pediatric Data
beyond MPS Malignancy * Infection Low CNS

Bioavailability
Renal

Impair-ment
Hepatic

Impair-ment
Cardiac

Involve-ment Invasive

adalimumab
X

MPS I n = 1,
MPS II n = 1

X X X
3.2/100 PY X X X (sc)

abatacept X
MPS I ** X X X

1.3/100 PY X X (iv/sc)

anakinra X
MPS III n = 7 X X

5.4/100 PY X X X (sc)

cladribine X (X) X
0.9/100 PY X X X

3.2. Drug Selection for Defined Phenotypic Groups

To enable the identification of the best candidate drug for specific patients, firstly,
three phenotypic groups were built. These groups took into account that the CNS and
bones are particularly hard to reach as targets and that accumulation of heparan sulfate
(HS) induces inflammation mainly via the TLR-4 response, whereas dermatan sulfate (DS),
keratan sulfate (KS), and chondroitin sulfate (CS) mainly act via other cascades [7]. Conse-
quently, phenotypic group one was characterized by an HS-accumulation-induced CNS
pathology, such as in MPS types I, II, III, and VII. Phenotypic group two was character-
ized by HS-induced effects outside of the brain, such as in the attenuated forms of MPS I
and MPS II. Phenotypic group three included MPS forms that showed DS-, KS-, and/or
CS-accumulation-induced inflammation, such as in MPS IV and MPS VI (Figure 2).
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For example, in neuronopathic patients with HS accumulation, anakinra was favored

over adalimumab due to its proven CNS effects, despite higher infection rates. Furthermore,
increasing evidence in support of a causative relationship between chronic inflammation
and CNS-related disorders emphasizes the potential for targeting the IL-1β (interleukin-1β)
pathways in the brain with anakinra as a promising strategy [56,57]. Cladribine had not
been studied for MPS patients. Nevertheless, it was chosen as the second-choice drug
for neuronopathic MPS patients because of the above-mentioned reasons and because it
additionally targets the inflammasome NLRP3 [58].

Adalimumab, a TNF-α (tumor necrosis factor-α) inhibitor, was favored for the second
and third phenotypic groups without CNS involvement, as TNF-α is associated with pain
and physical disabilities despite treatment with ERT (enzyme replacement therapy) and/or
HSCT (hematopoietic stem-cell transplantation) [59]. Moreover, animal models and case
reports of MPS have revealed joint abnormalities similar to those seen in inflammatory
joint disease and improvements in inflammation, joint pathology, and physical function
when treated with TNF-α inhibition [60–62].

3.3. Value Tree

In addition to the BRAvO methodology and in line with the BRAT framework [63], we
generated a value tree of the most important treatment effects. This step primarily served
as a visualization of the identified key benefits and risks and provided a precise definition
of each efficacy and safety outcome and a measurement scale, respectively.

The core idea of developing a value tree was to find simplicity and structure by defining
and organizing the most important benefits and risks, which are driving the benefit–risk
balance [24]. Our value tree (Figure 3) lists the most important five potential risks and benefits
of the selected immunomodulatory candidates. These risks and benefits are substantiated
and further characterized for each candidate by the published evidence (e.g., seriousness,
frequency, preventability, and reversibility of adverse events) and by an expert and patient
representative consensus (e.g., probability and effect size of the potential benefits).RETRACTED
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Figure 3. Our value tree for MPS treatment consists of five potential benefits (marked in green) and
five potential risks (marked in red), with the associated measured scales behind; CTCAE = common
terminology criteria for adverse events.

For the adverse events, the common terminology criteria for adverse events (CTCAE)
were utilized, and the expected occurrence rate (%) during a fictitious ITT of 4 months
was provided.

3.4. Weighing Potential Risks and Benefits

For personalized, informed, and rational decision-making in the sense of evidence-
based practice, the probability and effect size of the intended and adverse treatment effects
have to be weighed, taking the medical condition, personal situation, and values into
consideration. For example, improvement in communication and behavior may be of the
highest importance in a severely affected neuronopathic patient, whereas improvement in
joint flexibility may be more important in a mildly cognitively impaired patient. Thus, to
include the individual patient situation in our decision tool, we weighed the importance of
the intended and adverse effects using expert and patient consensus. This was implemented
as a two-step approach. Firstly, the rating of the potential benefits and risks was completed
separately. Secondly, the weighing of the most important intended and adverse treatment
effects was completed.

For this purpose, we used a scale from 0 (lowest importance) to 100 (highest impor-
tance). For example, the rare adverse reaction of a “severe blood and lymphatic event”
with some immunomodulators was defined as the worst possible scenario, while an im-
provement in cognition and communication was defined as the putative effect (Figure 4).
By using this quasi-quantitative approach, the relative importance of both intended and
adverse effects could be judged.RETRACTED
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Figure 4. Weighing of potential benefits (green items) and risks (red items) on a number scale
via expert and patient consensus (demonstrated with examples of neuronopathic MPS I, II, III, or
VII patients).

Finally, the best-case scenario, improvement in cognition and communication, and the
worst-case scenario, severe blood and lymphatic events, were compared with each other.
Overall, five MPS patients or parents participated and made an assessment by defining
percentages for both outcomes, with the following mean results:

- Best-case scenario: 60%
- Worst-case scenario: 40%

For now, this evaluation of the importance of single effects is provided in a sen-
tinel manner, but at the next level, the tool will allow for weighing by the individual
patients/parents that consider an ITT.

3.5. Assessing the Chance of Improvement

The efficacy of our top immunomodulatory drugs was evaluated according to the
identified beneficial outcomes—mobility, quality of life (QoL), behavior, cognition, commu-
nication, and, lastly, range of motion (ROM). The mean percentage chance of improvement
was calculated for all four drugs, which resulted from literature research, relevant efficacy
trials, expert consensus, and personal assessment (Table 3). Overall, an improvement in
mobility and ROM was most likely with adalimumab, abatacept, and cladribine as therapy,
while anakinra or cladribine were the treatment choices for cognition, communication,
behavior, and QoL.

Overall, our decision framework comprises the best available evidence on immunomod-
ulation in MPS patients, as appraised by experts and patients/representatives. It takes into
consideration the importance and probability of intended and adverse effects and, thus,
provides an ideal foundation for an evidence-based, personalized decision-making process
with regard to ITTs. These advantages of the DAF are summarized in Table 4.RETRACTED
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Table 3. Probability of the most important beneficial outcomes (QoL, behavior, cognition, communi-
cation, and ROM) using literature research, clinical trials (MPS and beyond), expert consensus, and
patient assessments.

Mobility QoL Behavior Cogn/Comm ROM

Value of Importance 33% 66% 80% 90% 33%
Chance of Improvement

Anakinra
Drug Expert consensus 5% 80% 80% 40% 5%

Polgreen 2022,
NCT04018755 60% 60% 60%

Schnaberg 2020,
NCT03265132 90% 90% 70%

mean 48% 77% 70% 50% 38%

Placebo Polgreen 2022,
NCT04018755 20% 5% 5% 5%

Schnaberg 2020,
NCT03265132 20% 20% 20%

mean 20% 13% 5% 5% 20%
Adalimumab

Drug Expert consensus 80% 40% 20% 20% 80%
Polgreen 2017, PMID:

28119823 40% 30% 50% 90%

Burgos-Vargas 2015, PMID:
26223543, NCT01166282 70% 90%

mean 63% 53% 35% 20% 85%

Placebo Polgreen 2017, PMID:
28119823 5% 5% 5% 5% 20%

Burgos-Vargas 2015, PMID:
26223543, NCT01166282 40% 40%

mean 23% 23% 5% 5% 20%
Abatacept

Drug Expert consensus 60% 60% 5% 5% 60%
Ruperto 2008, PMID:

18632147, PMID: 20597110,
NCT00095173

60% 40% 50%

Lovell 2015, PMID:
26097215 80% 5% 5%

mean 67% 50% 5% 5% 55%

Placebo
Ruperto 2008, PMID:

18632147, PMID: 20597110,
NCT00095173

20% 20% 20%

Lovell 2015, PMID:
26097215 20% 5% 5%

mean 20% 20% 5% 5% 20%
Cladribine

Drug Expert consensus 60% 60% 60% 40% 60%
Dhall 2008, PMID:

17455311 90% 70% 70% 90%

Stine 2004, PMID: 15170896 90% 90% 90% 90%
Giovannoni 2010, PMID:

20089960 30% 80% 80% 80% 30%

mean 68% 70% 75% 70% 68%

Placebo Giovannoni 2010, PMID:
20089960 20% 20% 5% 5% 20%

mean 20% 20% 5% 5% 20%

Table 4. Comparison of the important steps in the decision-making process and conduct of ITTs with
and without DAF [64]; three key steps for DAF-based ITT: literature research (L), expert consensus
(E), and patient perspective (P).

ITT without DAF DAF-Based ITT

pre-appraised from 2270 publications L by expert E and
patient/parent P consensus

Identification of best drugs from primary literature 4 top candidates identified from 18 selected publications out of
2270 L by expert consensus E

Assessment of putative beneficial and adverse
treatment effects from primary literature quantitatively pre-appraised for all candidates L,ERETRACTED
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Table 4. Cont.

ITT without DAF DAF-Based ITT

Estimation of putative effect size and probability from primary literature quasi-quantitative consensus L,E for 3 phenotypic groups

Identification of patient factors, which predispose
for beneficial/adverse response single expert opinion quasi-quantitative consensus L,E for 3 phenotypic groups

Discussion with peer and/or
interdisciplinary/interprofessional experts (e.g.,

scientist, pharmacist etc.)
dependent on personal network expert consensus for all assessments L,E

Assessment of patient/parent values individual sentinel P plus individual patient perspective

Weighing of pros and cons based on clinical experience expert and sentinel patient consensus E,P

Informed consent/board and/or
payers approval individual preparation use of prepared literature appraisal for justification

Treatment and assessment plan based on clinical experience expert and sentinel patient consensus E,P to be individualized

Learning from ITT experience single center experience
possibly publication of case report

integration into and availability to public by DAF and mutual
publications

4. Discussion

Systematic integration of bioinformatics into clinical decision-making has previously
been established to facilitate personalized patient care [65]. We developed a strategy by
modifying the DAF methodology, which is broadly used by medical agencies [66], and
combining it with an evidence-based, patient-centered expert consensus process. Therewith,
we identified first- and second-line drugs, including anakinra, cladribine, abatacept, and
adalimumab, for three defined phenotypic groups that facilitate decision-making with
respect to ITTs. Moreover, our innovative approach may be applied to other rare diseases
and repurposing candidates.

Despite seven market-approved medicines for the treatment of MPS, the majority of
patients suffer from a substantial burden of disease and reduced life expectancy. Therefore,
additional treatment approaches are urgently needed. Key drivers of chronical progression,
even in ERT-treated patients, are GAG-storage-induced inflammatory processes [7]. This
renders immunomodulation a promising alternative or supportive therapy option [7].
However, clinical drug development is particularly time-consuming for rare diseases
such as MPS [15,67]. As many immunomodulatory drugs are market-approved for other
indications, ITTs combined with these are an obvious and time-efficient option to improve
the treatability of MPS [20,21]. Drug repurposing is an EMA-recommended [27], highly
personalizable [68] option to improve treatability in rare disorders [11–13], which is still
underutilized, and only a few MPS centers make use of this, as shown by us previously [22].

Key hurdles, expressed by experts in our survey, included time and other efforts
needed to plan and conduct the trials, as well as a lack of training in ITTs [22]. This is in line
with other work that has shown that the know-how and efforts associated with profound
RBAs needed to justify and plan ITTs are also key barriers in other fields [69].

For evidence-based RBAs, medical agencies have been using the DAF as the gold
standard methodology for many years [66]. Recently, the BRAvO framework [23], which
is founded on established DAFs [70], has been developed for off-label use in children.
To facilitate personalized decisions for ITTs in MPS, we added a patient-centered expert
consensus process to define archetypic phenotype groups and prioritize candidate im-
munomodulatory drugs for each group. This prioritization process included a quantitative
weighing of potential benefits and risks and the external validity of the underlying evidence.
The defined phenotypic groups differed in their main symptoms (CNS vs. tendon and
bone pathology) and the inflammatory pathways involved (IL-1β vs. TNF-α). Therefore,
the bioavailability of the immunomodulatory drugs and the mode of action both need
to be taken into consideration. The quantitative assessment of the importance of specific
potential treatment effects and the probability of adverse and intended effects allowed
for personalized decisions beyond the three phenotypic groups based on the individual
symptoms, needs, and values of patients interested in an ITT. Thus, our model provides an
expert-appraised, patient-centered overview of the current evidence on the most relevant

RETRACTED
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four immunomodulatory drugs for ITTs in MPS, namely anakinra, cladribine, abatacept,
and adalimumab. In addition to a literature review [7], it also includes a DAF-based
quantitative RBA that consists of a patient-centered weighing of risk–benefit profiles. The
model can, therefore, substantially reduce the efforts involved in clinical decision-making
in favor of or against an ITT in MPS. Moreover, the patient-centered expert consensus
provides a valuable foundation for the justification of drug repurposing toward payers or
other relevant stakeholders. Additionally, our board defined a standard for a treatment
assessment and a template for informed consents to adapt to the local situation of the
respective centers. In comparison to the standard situation before a potential ITT, our work
can save clinicians significant time and effort. It provides a high level of evidence and
quality to secure a good decision, including the option to personalize a decision toward a
specific patient (Table 4).

Areas of limitation in our RBA approach include the non-consideration of MPS X [1]
and MPS plus syndrome [71], which have recently been identified, as well as MPS IX [72],
with only four cases reported so far. Furthermore, exceptions have to be made for potential
patients for gene therapy, which is considered more promising. As minimum criteria,
we defined available (pre-) clinical data in MPS or clinical data in pediatric populations;
therefore, we may have missed potential molecules that do not fulfill our criteria for
integration in this model. However, this is a necessary concession to safety evidence.

The model and associated documents will be provided to interested MPS centers and
are expected to increase the quality and utilization of ITTs with immunomodulatory drugs
in MPS. The results of the ITTs should be fed back into our model as an important current
source of evidence. Thus, the model is not intended to be fully finished yet but rather
subject to work in progress, and future versions and modifications will be provided to
expert centers continuously.

5. Conclusions

This is the first evidence-based, personalizable, quantitative DAF model for MPS profession-
als, which provides a transparent, rational, and consistent approach to RBAs and communication
of treatment (side) effects and immunomodulatory drug selection in order to enhance the fre-
quency and possibility of ITT implementation in MPS. The adaptation of a validated framework,
an international and interdisciplinary expert panel, and systematic literature research laid the
foundations for evidence-based ITTs using immunomodulatory drugs.
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