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Editorial on the Research Topic 
Prevention, diagnosis and treatment of rare disorders

We gratefully celebrate the quality and far-reaching geographical representation of the articles in this volume, “Prevention, Diagnosis and Treatment of Rare Disorders”, commissioned for Frontiers in Pharmacology. At the time of writing, 19 articles have attracted nearly 60,000 reads. The portfolio reveals an impressive commitment by more than 70 authors with diverse professional backgrounds, excluding the many dedicated reviewers who, beyond matters of validity, have together ensured freshness and originality. This is no easy matter: after centuries in obscurity, exponential investment in the field of rare diseases has attracted intense interest as well as scrutiny from many corners (Tsigkos et al., 2021). Here we briefly review the status of this now vast field and its central mission. Innumerable people are afflicted by countless rare diseases without access to expertise or effective treatments and so the humanitarian mandate remains clear. However, immense opportunities, still exist to build on the achievements of the last four decades. One key to the future will surely be imaginative exploration and diversification of funding models realistically to advance – and equitably share – the benefits that accompany the healing concept in rare diseases.
RETROSPECT
To maintain the focus on those who suffer from rare diseases, it is necessary to distinguish the enabling aspects of the legislation that has incentivized drug development, from the real world of practice. The birth of the commercial edifice is well known. Its conception, about 40 years ago, was the work of the National Organization of Rare Disorders - a loose 1970s coalition of supporters, advocates and families of patients with rare diseases in the US. The demand was for new legislation to support development of drugs for treating rare diseases–“orphan” drugs for orphan diseases – an apt, if emotional term, now largely replaced by “rare”. The Orphan Drug Act, 97/414 (ODA), was introduced by the United States Congress in 1983. Singapore followed the initiative in 1991; Japan in 1993 and Australia, in 1998. In 2000 the European Commission introduced Regulation EC 141/2000 (European Medicines Agency, 2000) for its now 28 or so constituent countries.
We now see that the ODA was a gigantic and influential capitalistic experiment! Imperfect it may be, but the concept is applied publicly and liberally in the United States, Western Europe, Australasia and parts of South America, Scandinavia and elsewhere. The intention was to bring effective treatments to patients with diseases so rare that without radical measures, there would be little or no commercial justification for the costs. Human intentions, are often expressed as hopes–perhaps, psychologically speaking, to invest them with good fortune. Such has been the pharmaceutical success of this initiative, that the marketing exclusivity, tax-breaks and other support (including support “in kind”) obviated the need for luck. The incentives proved to be real: spectacular commercial realities (profit) and translational research discoveries emerging from development of drugs and devices for rare diseases have exceeded expectations (Aartsma-Rus et al.). The market for the treatment of rare diseases was more than $144 billion in 2019 and annual growth exceeds 10%.
The iniquitous scourge of patients with rare diseases who, for one reason or another, were denied access to critical therapies should now be a matter for the past. That is, in the relatively rich developed Western-style political economies. In countries where Orphan Drug legislation is in place, the access problem based on unmet needs and drug availability, is coming to an end. Nature has indeed been “generous in her senseless experiments on mankind” (Koestler, 1941). The material and financial resources accompanying the vast present-day pantheon of Biotech, armed by the 1983 US Orphan Drug Legislation, followed by numerous international imitations - and realised by judicious investment in translational science - has radically changed perceptions and hopes for patients, companies and physicians. Elsewhere, the inequalities of access persist, indeed widen; and whole nations representing billions of people are affected. It is difficult not to feel hypocritical shame that the extremity of needs that may never be met in one region are already met in another.
It is not all gloom: the pharmaceutical revolution has brought much needed general benefits and supportive recognition for patients in this field. One of the first was Orphanet (Orphanet, 2022): established in France by the National Institute for Health and Medical Research (INSERM) in 1997 and supported by grants awarded by the European Commission, this was incorporated as a European endeavour 3 years later. The aim is to provide rigorous and comprehensive information openly on rare diseases that all stakeholders can access. Orphanet nomenclature on rare diseases (ORPHAcode) ensures visibility of rare diseases in health and research information systems. As a consortium of 40 countries, within Europe and elsewhere, this unique initiative has a wide reach (see below).
In 2002 the United States Congress passed another law, 107/280, the Rare Disease Act (RDA), that also promises lasting effects - indeed influential beyond the immediate economic reach of the health regulatory systems and economies of the West. While the ODA accelerated therapeutic development by companies, it did not generate the necessary infrastructure within clinical practice and scientific research. This is needed outside industry to coordinate research and introduce policies that would support discovery population sciences and public health measures as well as education. The RDA led to Federal establishment of the Office of Rare Diseases to recommend a national research agenda, coordinate research that supports it - and provide educational activities for researchers. To foster collaboration and data-sharing between investigators and patient support groups, substantial funds were invested in the support, under the aegis of the National Institutes of Health, a national Rare Diseases Clinical Research Network. This comprises Rare Diseases Clinical Research Centers and a Data and Technology Coordinating Center - all designed to increase collaboration and data sharing between investigators and patient support groups. The overall aim is to improve the lives of those affected and ultimately prevent or eliminate these diseases. European Reference Networks also represent an impressive initiative by which to systematize clinical practice and improve access to expert opinion.
GLOBAL PERSPECTIVE
Beyond what has been described, the pharmaceutical revolution has brought in train more nuanced and general benefits. The World Health Organization has adopted the concept though the International Classification of Disease (ICD). The latest version, endorsed by the World Health Assembly, came into effect on 1 January 2022. A further outcome is that the concept of rare disease has at least found acceptance across many countries of mixed wealth and stability and in politically divergent jurisdictions. Health statistics reported in the ICD-11 record health and health-related conditions; they ensure mutual compatibility of digital health data and comparability. In collaboration with Orphanet, WHO reviews the identity and coherence of about 5,500 rare diseases–and these activities are linked to the WHO Collaborative Global Network 4 Rare Diseases (WHO, 2022).
Increasing recognition of rare diseases worldwide and the potential consequences for expenditure on health care, disease management and diagnostic services has driven politicians to introduce new health policies. Many might suppose that this reflects the need to secure provision of expensive drugs or even highly expensive drugs. In general, however, the activity is independent of the orphan drug legislation and high-cost therapies. Adoption of specialized services does not necessarily raise demand for ultra-orphan treatments at exorbitant prices (>$100,000 annually).
With the encouragement of WHO, across the world, resource-poor, low- or middle-income countries have explored the frequency and burden of rare diseases. Widely dispersed regions with different jurisdictions and diverse health care system of provision have followed the sound principles of collecting information, securing knowledge and estimating the scale of the challenge. One should not forget that most rare diseases have a strong genetic cause and Mendelian conditions are highly overrepresented in this category. There are thus striking differences, almost unconscionable in their range, in the frequency of rare diseases between certain populations. There is a strong association with consanguinity related to cousin marriages as in parts of the Indian subcontinent, the Middle East, Arabian Peninsula, Eastern Turkey as well as North Africa (Matalonga et al., 2020). There are few glib or immediate solutions where social customs and cultural practices remain part of history and tradition but early clinical engagement with leading members of affected communities can be decisive. Naturally, given the resources required to deliver appropriate clinical and diagnostic services in widely differing jurisdictions, the pace of innovation will be heterogeneous and regionalized.
ALIGNMENT AND VARIATION
While much has changed, there is a marked lack of consistency in methodology and non-uniform definitions of rare disease prevalence. In parts of Turkey, in Iran, Egypt and several other Middle-Eastern countries, including until recently Lebanon, the aspirations and reality reflect strong efforts to adapt services to meet the requirements for specialist centre provision. Populous nations such as India and China have undertaken in-depth reviews. For the Government of India, in 2017 the Ministry of Health and Family Welfare formulated a national policy for treatment of rare diseases. Implementation faced challenges based on marked interregional differences between the States of this enormous country and as explained: ‘lack of clarity on how much Government could support in terms of tertiary care’. Given the scale of the problem, the massive size of the country and the extremes of rich and poor without an effective public system for health, very few, except those with private fortunes, obtain adequate healthcare.
In Russia (Volgina and Sokolov) and China (Liu et al.), service provision is accommodated in specialised service centres and systematic referral practices have been introduced (as reflected in several high-quality contributions to this volume). It is notable however, that globally there remains a striking lack of cohesion in perceptions about rare diseases, their frequency and, once identified, the burden that they represent. WHO defines a rare disease as a disorder with a population incidence in the range of 0.65–1%. In China, a rare disease is one with a prevalence less than 1/500,000 of the population or, in the newborn, with a frequency of less than 1/10,000. It is not difficult to imagine that even at these defining limits, millions of patients with rare diseases will live in China and the consequences for the provision of specialised medical care would present a massive challenge for public health services.
Protecting exclusivity
The issue of previously approved high-cost therapies for rare and ultra-rare diseases late in the aftermath of the Orphan Drug legislation introduces perhaps the most desirable outcome of the marketing exclusivity and ultra-high costs: the elapse of time. The period of exclusivity passes–after 7 or 10 (occasionally extended to 12) years. For exceptionally expensive orphan therapies (often molecular therapies such as recombinant proteins and monoclonal antibodies), the stimulus to develop competitors is strong where there is transformational efficacy. There are now three approved macrophage-targeted enzyme therapies for Gaucher disease. The pricing is high, very high but compared with costs of these therapies when first introduced 30 years ago, the annual cost is declining as, within limits, competition bites. However, generic recombinant proteins that are rigorously validated and safely prepared with reliable manufacturing and supply chains, are not easy to guarantee at sustainable competitive prices (Drelichman et al., 2020). Such practicalities do not always deter state-funded initiatives or even governments from breaching patents. Enzyme therapies for Gaucher disease developed in South Korea and Russia are, or have been used also in a few other countries including Iran and Mexico. Gaucher disease appears to be a special competitive case because the patent protection for the first-line oral substrate synthesis inhibitor drug approved in 2014–5 for Gaucher disease is subject to challenge in non-Western economies. Compared with small molecules that are readily synthesised and pirated, international Biotech companies generally prefer biologics since their global protection of approved Advanced Medicinal Therapies can be more readily validated - thus securing long-term marketing exclusivity.
REGIONAL MATTERS
The needs of patients remain at the heart of the powerful initiatives that brought about the rare disease legislative frameworks but as reflected in several articles in this volume, many countries have yet to adopt the initiative so that provision of healthcare does not follow the US or European models. Patients in many places cannot obtain support for effective orphan drugs approved only and available only elsewhere. Lack of conformity for the development and marketing of lucrative orphan drugs (typified by the “Western way of thinking”) includes: 1) variable definitions of rare diseases by frequency across countries; 2) methods for estimating frequency or prevalence differ widely in accuracy and records may be non-existent in some jurisdictions; 3) the burden of care related to any particular disease differs markedly between regions. Sickle cell anaemia is endemic in large regions of Africa, parts of India and the Middle-East and affects an estimated 5 million persons. However, the same disease meets the definition of rare, even ultra-rare, in much of Europe and the Americas (excluding the Caribbean). Simply considering this one disease, the healthcare needs of patients with sickle-cell disease vary from very small to a major burden on the national economy. Quite apart from the extreme divergence across populations, the actions and legal policies adopted for managing rare diseases also differ radically. As Luzzatto and Makani (Luzzatto and Makani) point out, a relatively cheap drug, hydroxyurea (hydroxycarbamide), will offer relief for most of those that receive it but it is under-used in Africa. Unlike molecular therapies and the development of corrective gene transfer procedures in late clinical development for major Western hospitals, what is needed in Africa is support for centres and education of healthcare personnel to be able to estimate demand and organize services for delivery and monitoring–for example hydroxyurea therapy.
DOES VENTURE CAPITALISM BELONG IN THE FIELD OF RARE DISEASES?
Quick profits, hard stopping points and selling on, do not seem to be a responsible way to manage a promising therapeutic programme in the face of the disadvantaged potential trial population suffering from a rare disease and with grief not far from the human surface. Politics is the art of the soluble and it is clear that for much of the world, access to highly specialised therapies through the agency of the Orphan Drug Act and follow-on legislation is inequitable. Patients denied access on financial grounds often would have been seen as placing unsustainable charges on national budgets that few systems can meet. African populations, who have endured the ravages of colonialism and European economic plunder over centuries, represent a stringent moral testing-ground for our sense of fairness (Luzzatto and Makani). The continental landmass of Africa, from the time of the slave trade, has hardly benefitted from the riches and benefits of industrialization, even though it has been plundered for raw materials and slave labour extracted from millions of its transported inhabitants. By nearly every measure, most modern African countries are grossly under-resourced for healthcare: according to international Organisation for Economic Co-operation and Development and World Bank (2021), 44 of all 54 independent African states remain in the lower middle-income category ($1,036 and $4,045 gross national income per capita); 7 are upper middle-income economies (GNI per capita between $4,046 and $12,535). Equity of access to treatment and financial restitution for those in need would help to solve the Marxian dilemma of what to do in health when capitalism fails.
At such times, the need to regulate gaming by companies and pricing beyond reasonableness within the capitalist system urgently mandates redress and action. This is now happening: venture capitalists are now more interested in licensing new technologies than for example ‘me too’ gene transfer with current vector systems. Alternative funding mechanisms for drug development and reimbursement should be agreed in advance for orphan agents - rather than allow manufacturers themselves to determine their charges. Agreed research consortia, as with the Cystic Fibrosis Foundation, that led to the identification and trial of exceptional, small molecules with excellent tolerability and striking efficacy for this scientifically challenging disease (Abdallah et al.) are the invention of resourceful charities. Even in rich countries, financial markets are now showing their displeasure at what might be seen as exploitative self-interest for high-charge therapies in financially privileged environments. Even if near-cure appears to be in reach, exorbitant costs of some molecular therapies such as the one-off and much-feted gene therapy, Zolgensma™ (onasemnogene abeparvovec-xioi) used for young children with spinal muscular atrophy, are questioned. If more patients are to benefit from the 40 years of activity since the Orphan Drug Act and 20–25 years since the Orphanet initiatives alongside the Rare Disease Act, then wider societal thinking and informed public debate is required. We need also to take stock of all drugs for a rare disease to ensure that the effectiveness of any high-cost therapy is thoroughly understood, explored - and scored according to whether it achieves clinically articulate outcomes. ‘Real-world’ evaluations that include verification of tolerability and effectiveness by the patients who receive a given agent are gaining credence. Concepts of ‘conditional regulatory approval’ and ‘payment by results’ for marketing and reimbursement are also taking hold.
We should recall that marketing exclusivity is granted not necessarily for the best drug nor necessarily what would meet the criteria for a good drug: the principal criterion is that the approval is given for the first safe drug to have any efficacy. The authors are well aware of some exorbitantly costly enzyme preparations for lysosomal diseases that are the only approved and attempted fix, but are neither life-saving nor more than minimally effective. It is as if there is a two-tier system: 1) care that constantly affects daily lives but involves stratagems which are biochemically and nutritionally straightforward and usually cheap; 2) highly specialised molecular agents, cell and gene therapies imbued with high expectation and exorbitant costs with complex delivery under specialist management. When considered against the need across populations, few drugs have yet proven to be transformational: most used for rare diseases are special diets (eg. low-protein, fructose-free, galactose-free) or require supplemental factors (eg. vitamins such as vitamin B1, biotin, pyridoxine/pyridoxal or the vitamins B12 and folic acid) and supportive care that is relatively inexpensive and affordable (Hendrickx and Dooms). A final point is that medical care for rare diseases constitutes far more than the ‘magic’ of the specific high-cost drugs: time-honored principles of clinical practice are paramount. By the same token, disease management is not the pedestrian application of “efficiency gains”. Rather it involves direct interactions with the patient and relief of symptoms specific to them and their disease. Combined with the primacy of serving as the patient’s advocate and attending to education – in part through genetic counseling – simple actions often have prodigious effects on life quality.
PROSPECTIVE
A prescription for the field itself, in many ways stimulated by the authors in this volume, is strategic discussion and dialogue with stakeholders worldwide. Rare diseases, like infectious disorders, are a collectively massive and comparable human burden. We can thus go further, perhaps best exemplified by the global action to combat HIV/AIDS. In the African region alone, this has had an immense impact and 5 years ago, patients in the Africa were able to gain access to life-saving treatments that represented more than two-thirds of the global HIV drug market. While emerging drug resistance has hampered achievement of the goal of widespread viral suppression, an internationally reinforced multifactorial approach is in the ascendant against this infection. To this, with the engagement of the Bill and Melissa Gates Foundation among other international charities, the conquest of tuberculosis has latterly been included (Bill & Melinda Gates foundation, 2022) alongside the leading WHO Global Tuberculosis Programme and End TB strategy (TDR, 2022).
Rare diseases harbor a distinct set of complexities but the crushing injustices reflected in the unequal provision of health care to treat them represent a unique challenge to the global political will. No one affected by the pressing needs of patients across all communities can afford to ignore the enormity of such disparities at a time of great social movement and revolution in the 21st century CE. It would, after all, defy the principle of ‘enlightened self-interest’ to do so.
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Provision of the latest innovative and advanced therapies for rare diseases (RDs) patients, following the international therapeutic recommendations, is crucial and necessary for both practitioners and patients. The goal is to assess the access of Bulgarian patients with the most cost-consuming RDs to medicines and to compare the pharmacotherapeutic patterns in Bulgaria and the relevant European professional associations. Pharmaco-therapeutic guidelines for treating the most cost-consuming RDs in Bulgaria were analyzed to assess their compliance with the European ones. Market entrance was evaluated through analysis of the availability of medicines in the Positive Drug List (PDL) and their date of inclusion since marketing authorization. Guidelines’ compliance index was calculated and patient access was analyzed through evaluation of the National Health Insurance Fund (NHIF) standards, which provide additional criteria for treatment initiation. The analyzed guidelines follow the adopted recommendations by the relevant European professional associations. NHIF have exclusion and inclusion criteria for initiating treatment with medicines for rare diseases and for continuation. The average time-lag between centralized procedure approval and inclusion in the Bulgarian PDL for orphan medicinal products (MPs) is 6.75 years (SD = 4.96) with the longest time observed for eptacog alfa (20 years) and the shortest for rurioctocog alfa pegol, octocog alfa and simoctocog alfa (1 year). Bulgarian patients with cystic fibrosis with pulmonary manifestation had a wait time of only 1.6 years to get access to innovative, centrally authorized medicines, whereas the period for access to acromegaly treatment was 8.2 years. The main factors influencing market entrance and patient access are the time to inclusion in the PDL and the NHIF criteria.
Keywords: rare diseases, guidelines, Bulgaria, orphan drugs, market entrance
INTRODUCTION
Pharmacotherapy and clinical practice guidelines are developed and incorporated by Professional societies in order to meet the requirements for precise and quality medical care (Field and Lohr, 1990; Heins et al., 2017). Following the latest studies, these guidelines provide evidence-based procedures regarding the diagnosis, care and available treatment and giving the possibility to practitioners to choose the appropriate and most suitable therapy for their patients (Heins et al., 2017). In this way, therapeutic outcomes could be improved by encouraging prescription of proven effective treatments and discouraging those without proven effectiveness and safety (Heins et al., 2017). Each recommendation included in the guidelines could be classified as strong or weak depending on its importance and the amount of scientific evidence behind it. The quality of the evidence used as a basis for the recommendations could be graded as high, moderate or low based on the quality of the performed studies (Australian and International Guidelines on Diabetic Foot Disease, 2016).
It should be noted that, in light of the increasing scientific progress in the medical and pharmaceutical area, and with the amount of new evidence generated, there is a risk of recommendations becoming out-of-date (Heins et al., 2017). To prevent this, expert working groups within the medical professionals’ associations regularly update these guidelines, which are then internationally and/or regionally adopted. National guidelines are mainly based on the international ones taking into consideration the existing recommendations and algorithms for treatment as well as the local practical experience. Comparing the national and international guidelines’ recommendations, we could identify the differences in the practices and analyze the reasons behind them, which in turn informs decision makers what the gaps are and how they could be remedied. On the other hand, guidelines are often used by reimbursement bodies to set criteria for initiating a patient on a specific therapy and thus, they could indirectly regulate the patient access to medicines. Some reimbursement institutions are posing additional limitations on advanced therapies prescribing with the aim of containing the probable financial impact.
Rare diseases (RDs) present a major financial concern and challenge for individual healthcare systems worldwide especially for low- and middle-income countries’ public funds and with restrictive budget policies, such as the Bulgarian one (Kamusheva et al., 2018a). Moreover, provision of the latest innovative and advanced therapies for patients with rare diseases is their human right as every other citizen’s (Human Rights Council, 2018). Development, implementation and update of pharmaco-therapeutic guidelines for RDs following the latest international therapeutic recommendations is crucial and necessary for practitioners, patients and decision makers. Clinical practice guidelines for RDs shorten the time to diagnosis, optimize the therapeutic decisions and lead to better outcomes (Wilson, 1997). Many European countries defined development of such guidelines as a main goal in their national plans on RDs (Rodwell and Aymé, 2014; Pavan et al., 2017).
Ensuring an adequate financial access to therapy through the reimbursement systems is another big challenge facing the health policies of each country. Sometimes, the access is worsened due to delay of market entrance of the products as a result of manufacturer’s marketing strategies, slow procedures or unstable legislative framework on a local level (Kamusheva et al., 2018a; Vassileva et al., 2019; Szegedi et al., 2018; NCPR, 2021). Health policy decision makers should overcome a number of barriers in order to provide high cost medicines despite the limited budgets (Wahlster et al., 2015). Therefore, the health policy should develop a country-specific set of measures for improving RDs patients’ access to innovative medicines. Such a measure would be the implementation of specific legislative requirements for clinical and economic assessment of these therapies, which take into account the international therapeutic guidelines and the best clinical practices. However, the variation of access to orphan, ultra-orphan medicines, and medicines for rare diseases could not be eliminated among the countries due to differences in reimbursement requirements and considerations (Kanters et al., 2018).
The main goal of the study is to assess guideline compliance when treating patients with RDs in Bulgaria in terms of date of market approval, inclusion in the PDL and subsequent access to orphan MPs. Objects of the study were the most cost-consuming rare diseases. Both national and guidelines issued by the relevant European professional associations concerning treatment strategies were evaluated and compared for those diseases.
MATERIALS AND METHODS
Rare Diseases Costs Paid by the National Health Insurance Fund
The most cost-consuming rare diseases in Bulgaria were defined on the basis of the official National Health Insurance Fund (NHIF) reports published in 2017 (National Health Insurance Fund Official Reports for Number of Health-Insured Patients and Reimbursed Costs, 2019). Data regarding cost paid by the NHIF and the number of health-insured people with a particular rare disease was extracted and analyzed. The costs are presented in EUR (1 EUR = 1.95583 BGN).
Evaluation of Patients’ Access to Medicines for Rare Diseases
The national pharmaco-therapeutic guidelines for treatment of the top 10 cost-consuming rare diseases were analyzed to assess their compliance with the guidelines issued by the relevant European professional associations. Guideline’s compliance index (GCI) was calculated for medicines for rare diseases available in the Positive Drug List (PDL) in Bulgaria using the following formula:
[image: image]
Compliance as a term is used to describe the level of similarity of the pharmaco-therapeutic guidelines adopted in Bulgaria and by the European professional associations regarding patterns for pharmaceutical treatment. The guidelines were also analyzed in respect to the recommended therapeutic outcomes and whether those outcomes have been used by the NHIF as criteria for patients’ inclusion on therapy.
Market entrance was evaluated through analysis of the availability of orphan medicines authorized through centralized procedure and available in the PDL and their date of inclusion since marketing authorization (MA). Early access scheme was not in the scope of the study as it requires more specific confidential information.
Patients’ access was defined as the number of reimbursed medicines included in the pharmaco-therapeutic guidelines and the time from marketing authorization to reimbursement decision by the national authorities.
Patient access was analyzed also through evaluation of the NHIF standards for OMs prescribing providing additional criteria for initiation and continuing treatment with the selected medicines. Descriptive statistics was used to calculate the average time, median and SD.
RESULTS
All rare diseases (RDs) (121 in total) prevalent in the Bulgarian population are included in a specific list issued by the Minister of Health which is regularly updated. These diseases are covered with public funds by the NHIF (Order of Minister of Health, 2015; NCPR, 2021). The NHIF covered treatment for 70 RDs in 2017 with most of them being for Congenital malformations, deformations and chromosomal abnormalities (Q00-Q99) (20 out of 70) followed by Endocrine, nutritional and metabolic diseases (E00-E90) (17 out of 70). The first 10 most expensive RDs are Hereditary factor VIII deficiency (ICD D66), Neuropathic heredofamilial amyloidosis (E85.1), other - Sphingolipidosis (Fabry, Gaucher, and Niemann-Pick) (E75.2), Defects in the complement system (D84.1), Beta thalassemia (D56.1), Acromegaly and pituitary gigantism (E22.0), Mucopolysaccharidosis, type II (E76.1), Cystic fibrosis with pulmonary manifestations (E84.0), Glycogen storage disease (E74.0) and Other forms of systemic lupus erythematosus (M32.8) (ICD-10 Version, 2016) (Figure 1).
[image: Figure 1]FIGURE 1 | NHIF costs paid for RDs in 2017. Legend: Hereditary factor VIII deficiency (ICD D66), Neuropathic heredofamilial amyloidosis (E85.1), Other sphingolipidosis (Fabry, Gaucher, Niemann-Pick) (E75.2), Defects in the complement system (D84.1), Beta thalassemia (D56.1), Acromegaly and pituitary gigantism (E22.0), Mucopolysaccharidosis, type II (E76.1), Cystic fibrosis with pulmonary manifestations (E84.0), Glycogen storage disease (E74.0), other forms of systemic lupus erythematosus (M32.8).
Table 1 presents the comparison between the Bulgarian and European guidelines regarding the respective pharmacotherapies for selected RDs, the year of their marketing authorization through centralized procedure in the European Union and the time of their inclusion in the reimbursement list in Bulgaria.
TABLE 1 | Comparison of pharmaco-therapeutic guidelines and Bulgarian patients’ access to medicines for the top 10 most expensive RDs.
[image: Table 1]The average time to access of orphan medicinal products (OMPs) in Bulgaria authorized through centralized procedure is 6.75 years (SD = 4.96). Median time is 6.5 years pointing out that the majority of orphan medicines have a time-lag between marketing authorization and reimbursement in Bulgaria. The longest time is observed for eptacog alfa (20 years); imiglucerase and agalsidase alfa (13 years); moroctocog alfa, deferiprone, deferasirox (12 years); octreotide (11 years); agalsidase beta and icatibant (10 years) and the shortest for rurioctocog alfa pegol, octocog alfa and simoctocog alfa (1 year), efmoroctocog alfa, conestat alfa, belimumab and miglustat (2 years). Bulgarian patients with cystic fibrosis with pulmonary manifestation had been waiting for only 1.6 years to get access to innovative centralized authorized medicines, whereas for patients with acromegaly, the time to adequate access to treatment was 8.2 years. Diflunisal is a nonsteroidal anti-inflammatory drug indicated for stage I and II of transthyretin familial amyloid polyneuropathy (TTR-FAP) according to the European consensus for diagnosis, management, and treatment of this disease (Adams et al., 2016). It is not included in the Bulgarian guidelines and is not marketed in the country. However, tafamidis which is currently indicated in the European Union for adult patients with TTR amyloidosis in stage I symptomatic polyneuropathy, and which could delay peripheral neurological impairment (Adams et al., 2016), is part of the national guideline for treatment of neurology disorders and paid by the NHIF (Pharmacotherapeutic guidea). Velaglucerase is approved in the EU and it is a part of the Gaucher disease therapy, but it is not available to Bulgarian patients (Biegstraaten et al., 2018). The other approved enzyme replacement therapy for patients with Gaucher disease, reimbursed in Bulgaria, is imiglucerase (Pharmacotherapeutic guideline for allergic diseases, 2019).
The national pharmaco-therapeutic guideline (Pharmacotherapeutic guideline for endocrinological diseases, 2019) is in accordance with the recommendations of the European guideline for treatment of rare factor deficiencies (Peyvandi and Menegatti, 2016) and the World Federation of Hemophilia guideline for management of hemophilia (Srivastava et al., 2013). The main treatment approach is to replace the deficient coagulation factor and to use adjunctive therapies if needed (Pharmacotherapeutic guideline for hematological diseases, 2019).
Hereditary angioedema (HAE) is a rare disorder also known as complement component 1 inhibitor deficiency. Recent international guidelines for its management include C1-esterase inhibitor (C1-INH) as an acute treatment option. C1-INH are recommended as first-line treatment for long-term prophylaxis and in case of short-term prophylaxis (Henry Li et al., 2019). Bulgarian patients with HAE are also provided with access to recombinant C1-INH formulations and plasma-derived products which are effective and well tolerated options (Pharmacotherapeutic guideline for neurological diseases, 2019).
Chelation therapy for patients with beta thalassemia is recommended by Thalassemia International Federation, United States, Canadian, United Kingdom, Italian and Australian guidelines as well as by the Bulgarian guideline for hematological diseases (Musallam et al., 2013; Pharmacotherapeutic guideline for rheumatological diseases, 2019). The initiating iron chelation therapy after particular number of transfusions or when a serum ferritin level >1,000 ng/ml. Deferasirox, deferiprone and deferoxamine are reimbursed and are available under different pharmaceutical formulations (tablets, oral solution, powder for solution for injection).
The European Society of Endocrinology Clinical Practice Guidelines for the management of aggressive pituitary tumors and carcinomas and the Bulgarian guideline for endocrinological diseases recommend first (octreotide) and second generations (pasireotide) somatostatin analogues as well as pegvisomant and dopamine agonist therapy alone or in addition to somatostatin analogue or pegvisomant (Raverot et al., 2018; Pharmacotherapeutic pneumology and physiatry guideline, 2019).
Enzyme replacement therapy (idursulfase) for patients with Hunter’s disease has been included as a main option which significantly improves somatic signs and symptoms (Whiteman and Kimura, 2017). Idursulfase has been available for Bulgarian patients and reimbursed since 2012.
Ivacaftor and combination of lumacaftor/ivacaftor are recommended for a group of cystic fibrosis patients with specific mutation both from the latest 2018 revision of European Cystic Fibrosis Society (ECFS) practice guideline and from the Bulgarian pulmonology guideline (Castellani et al., 2018; Pharmacotherapeutic pneumology and physiatry guideline, 2019). However, they still have not obtained a reimbursement status in Bulgaria.
A consensus statement regarding initiation and termination of ERT with alglucosidase alfa, available for patients with Pompe disease, was published in 2017. It is also part of the therapeutic strategy described in the Bulgarian pharmacotherapeutic neurological diseases guideline approved in 2018 (ICD-10 Version, 2016).
Belimumab is a biologic agent considered to be appropriate in case of persistently active systemic lupus erythematosus. It is included in the updated recommendations regarding the management of systemic lupus erythematosus (SLE) taking into account both scientific evidence and expert-opinion (Fanouriakis et al., 2019). Belimumab is part of the therapeutic schemes described in the Bulgarian rheumatology pharmacotherapeutic guideline (Pharmacotherapeutic guideline for rheumatological diseases, 2019).
Guideline compliance index is presented in Figure 2. It is obvious that for a great number of evaluated rare diseases almost full similarity between the number and type of medicines included in the Bulgarian and international guidelines exists. The lowest guideline compliance index, equal to 0.5, is identified for Neuropathic heredofamilial amyloidosis (E85.1) as of 2017 only 1 medicine (tafamidis) out of 2 available in the guidelines was reimbursed in the country.
[image: Figure 2]FIGURE 2 | Guidelines compliance index (GCI). Legend: CD – International Classification of Diseases, 10th revision; GCI – Guidance Compliance Index, Hereditary factor VIII deficiency (ICD D66), Neuropathic heredofamilial amyloidosis (E85.1), Other sphingolipidosis (Fabry, Gaucher, Niemann-Pick) (E75.2), Defects in the complement system (D84.1), Beta thalassemia (D56.1), Acromegaly and pituitary gigantism (E22.0), Mucopolysaccharidosis, type II (E76.1), Cystic fibrosis with pulmonary manifestations (E84.0), Glycogen storage disease (E74.0), other forms of systemic lupus erythematosus (M32.8).
Specific requirements regarding initiating and continuing of therapy with all orphan medicines or medicines for the rare diseases selected in the current study and reimbursed by the NHIF are available and applied. They are officially published and could be considered as inclusion and exclusion criteria for treatment. Patients should be strictly followed-up on a particular period of time – usually every 6 months (National Health Insurance Fund Requirements for Treatment of Rare Diseases, 2019). These criteria specify the group of patients for whom the particular therapy is most appropriate and should be reimbursed (Table 1).
The monitored therapeutic outcomes described in the national guidelines comply with those included in the European guidelines and consensuses. They are related to disease pathophysiology and patients are strictly followed-up so as to assess the level of clinical improvement (Table 2). As evident from Table 2, the national health insurance fund necessitates similar clinical evidences for therapy initiation as the European guidelines.
TABLE 2 | Assessment of the main therapeutic outcomes for observed rare diseases.
[image: Table 2]DISCUSSION
The current study revealed a significant variation in the time between market entrance and respective access to different medicines treating a particular rare disease. То some extent, it also confirms the results from a previous study, which revealed that Bulgarian patients have a relatively delayed access to innovative medicines, some of them for rare diseases (Kamusheva et al., 2018b), in comparison to other countries. The average time from MA to a reimbursement decision for orphan medicines in Italy, France and Spain is 18.6, 19.5 , and 23.0 months, respectively (Zamora et al., 2019). In Germany, reimbursement occurs immediately after marketing authorization (MA), while in England less than 50% of centrally-approved orphan medicines are funded by the National Health Service (Zamora et al., 2017). Zamora et al. discussed these differences with the early access schemes which ensure shorter time to access to orphan medicines. Such early access schemes had not been available in Bulgaria until 2019 and the implementation of a specific text in the national pharmaceutical legislation regarding the so called “compassionate use.” The effect should be examined in further studies.
Guidelines’ compliance index showed a significant overlap between the type and number of medicines included in the therapeutic schemes in Bulgaria and in Europe. All medicines for defects in the complement system, beta thalassemia, mucopolysaccharidosis type II, cystic fibrosis with pulmonary manifestations, glycogen storage disease and forms of systemic lupus erythematosus described in the European guidelines are available in the Bulgarian one and are reimbursed by the national public fund. Following and adopting the European pharmaco-therapeutic guidelines is a result of the attempts to ensure the most appropriate and innovative pharmacotherapy for the Bulgarian patients. Bulgarian guidelines are a product of joint activities between medical specialists, patient organizations and regulatory bodies. Moreover, such joint efforts could be explained with the limited number of therapeutic options which are crucial to be ensured for all indicated RDs patients.
Our study adds more information about the way of application of European guidelines for RDs therapy on a national level, more specifically, the Bulgarian guidelines and reimbursement practice. This is the first national study comparing the national and international pharmaco-therapeutic guidelines on rare diseases and their influence on the patients’ access to therapy. It shows that, at the point of the analysis, the reimbursement policy in Bulgaria is restrictive and very cautious in using clinical guidelines when admitting patients’ access to therapy. For some of the medicines the access to market is extremely delayed but majority manage to get access within 6.5 years as a result of the restrictive policy Some other factors that might affect the time to access could be the specific national legal requirements for pricing and reimbursement decisions, population of interest and manufacturers intentions to enter certain markets. (Tsekov et al., 2021).
A strong limitation of the current analysis is that the date to market entrance could not be accurately found for medicines authorized before 2007 when pharmaceutical legislation changes were implemented due to Bulgarian membership in the European Union. Another limitation and probably an object of further study is performing a more detailed analysis of the therapeutic indicators and procedures for initiation and continuing of treatment, as well as on the additional limitations for OMs prescribing to patients. What we have revealed in the current pilot analysis is a partial similarity of these indicators between Bulgaria and the adopted European recommendations and availability of strict criteria for patients’ access to innovative therapy in Bulgaria. Bulgarian clinical practice, with the assistance of health policy decision makers and expert, attempts to follow the European and international clinical and pharmacotherapeutic guidelines and to provide Bulgarian patients with RDs to innovative therapies.
To the best of our knowledge, this is one of the few studies which attempt to analyze the Bulgarian RDs patients’ access to therapy applying a set of instruments: direct comparison between the pharmacotherapeutic guidelines on national and international level; assessing the time of inclusion and receiving reimbursement status after marketing authorization in the EU; analyzing the availability of national standards for initiation and continuing of treatment. One other study has evaluated the time between market and patients’ access to breast cancer therapy and compliance with international guidelines (Dimitrova et al., 2020). The results show that most of the therapies are covered with public finances and the average time from marketing authorization to market and patients’ access is 1–2 years on average. It also showed that there is a need for stricter compliance and regular updates of national to the international guidelines (Dimitrova et al., 2020). Further studies are planned aimed at more detailed and deeper analysis and comparison covering other rare diseases.
CONCLUSION
Treatment of rare diseases in Bulgaria mostly follows the European guidelines. The main factors influencing the market entrance and patient access are the time to inclusion in the PDL and related requirements and the NHIF criteria for selection and follow-up the patients which could be considered as restrictive ones focused on those patients who most need the therapy.
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Regulatory agencies installed orphan drug regulations to stimulate research and development of new innovative treatments for life-threatening diseases with a low prevalence (rare diseases). We established a list of well-known food-related ingredients with clinical evidence for rare diseases in the open medical literature that obtained marketing authorization as an expensive “orphan drug”, protected by intellectual property (IP) rights. We show that these ingredients are part of an established practice of medicinal compounding—a form of point of care manufacturing. We argue that these ingredients should be considered as “pharmaceutical commons”, and that regulatory incentives for private companies and market protection mechanisms such as IP rights are not justified in this case.
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INTRODUCTION: ORPHAN DRUGS AND OWNERSHIP
Worldwide several so-called orphan drug regulations were installed by national agencies to promote research and development (R&D) of medicinal products and devices intended for the prevention, diagnosis and treatment of rare diseases. The European Union defines a drug as “orphan” if it is intended for the diagnosis, prevention or treatment of a life-threatening or chronically and seriously debilitating condition affecting not more than five in 10,000 persons (European Medicines Agency, 2021a). Such a condition is called a “rare disease”. About 30 million people in the EU suffer from a rare disease (Ibid.). Authorization of orphan drugs is subject to European regulation, while pricing and reimbursement is done according to national legislation in the different EU Member States.
This resulted in the authorisation of several hundreds of orphan drugs mainly thanks to the incentives given by national agencies such as market exclusivity, centralized procedure and fee reductions (Huyard, 2009; Mikami, 2017). The main aim of this article is to show that several pharmaceutical ingredients used in orphan drugs are part of an established practice of medicinal compounding and should be considered as “pharmaceutical commons”. We argue that regulatory incentives for private companies and market protection mechanisms such as intellectual property rights are not justified in this case.
There are different ways in which orphan drugs are brought to the market. Over 200 orphan drugs are registered by the European Medicines Agency (EMA) so far, for an estimated total number of between 5,000 and 8,000 rare diseases (European Commission, 2021a). The discovery and development of innovative “new molecular entities” is the least common way. More often, existing drugs are repurposed, which involves lower R&D costs while companies may still benefit from intellectual property (IP) rights. Despite analyses that show the inefficiency today of intellectual property regimes for the drug discovery and development process (Bountra et al., 2017; Lezaun and Montgomery, 2015), ownership remains an issue that pharmaceutical companies cling to, claiming that IP rights are justified in view of the high costs in the drug discovery process (and the high attrition rate), and the ‘small market’ for orphan drugs. More and more analysts now defend the principles of open science, arguing that sharing data early on in the drug discovery process will reduce the duplication of research and investments, and that it will stimulate innovation rather than sticking to a very limited number of ‘promising molecules’ or ‘high impact indications’. Varying business models are proposed, with either limited IP rights or with other forms of ownership (such as non-profit organizations as the owners, see Davies et al., 2017). Extension of the principles of open science to the clinical evaluation of drug candidates and the creation of a system of incentives that would encourage pre-competitive IP-free research was proposed for a radical reconstruction of the drug discovery ecosystem (Bountra et al., 2017; Rubinstein et al., 2020).
Some argue, however, that many practices of sharing data tend to take place amongst a limited number of companies that are motivated by the prospect of obtaining IP rights in the future. In this case, it is not open science but rather a pooling of research data among select companies (excluding other companies or research institutes) in order to make drug discovery more efficient. The final objective is to obtain ownership nonetheless (Lezaun and Montgomery, 2015). When the first orphan drug regulations were established, mainly small and medium sized enterprises created the orphan drug market (e g., Actelion, BioMarin, Genzyme, Shire, SoBi) but today big pharmaceutical industries take the lead (e g., Bayer, Glaxosmithkline, Novartis, Pfizer, Sanofi).
COMPOUNDED MEDICATION
The above analyses and debates are important, but they overlook the practice of pharmaceutical compounding and “hospital exemption” which happens in (hospital) pharmacies, based on pharmacopeial rules, practical know-how and “registries” of clinical evidence. A great many effective treatments for rare diseases exist that are not based on the industrial process of drug discovery and regimes of intellectual property rights (Dooms et al., 2013; Dooms and Carvalho, 2018). Indeed, these compounds did not go first through the EMA for approval but, as they are mentioned in the European Pharmacopoeia1, they are allowed by European legislation to be used and administered for helping patients. In some cases, hospital pharmacies also repurpose or reformulate existing drugs and dispense off-label. A number of compounds have been used by companies to obtain an EMA license, thereby turning a relatively cheap and openly available treatment into an expensive commercial product simply by registering it as an orphan drug with the EMA. (Busilvex, Chenodeoxycholic acid, Firdapse, Jorveza, Kolbam, Ledaga, Namuscla, Orphacol, Pedea, Peyona, Siklos, Trisenox, Verkazia, Wilzin). While new drugs need to show a significant benefit over existing ones, no comparisons are made with compounded medication. This problem is well-known and studies exist that compare the costs of compounding with the purchase price of registered orphan drugs (Simoens et al., 2011). When the cheaper compounded alternatives still exist, some countries (like Belgium for example) refuse to reimburse the more expensive product to patients. In other countries (like France and Germany) all medication for rare diseases is fully reimbursed (Picavet et al., 2011; Dooms et al., 2013). In both cases, the situation is not cost-effective, as reimbursement leads to unnecessary costs for public health, and non-reimbursement decreases the sales and profits for commercial products. It is interesting and necessary to look closer into the actual compounds and the practice of compounding, as this provides pathways to think differently about ownership, open science and public-private relationships.
A LIST OF COMMON INGREDIENTS: METHODS AND RESULTS
The data in Table 1 were collected through the Union Register of Orphan Medicinal Products (European Commission, 2021a), WHO Collaborating Centre for Drug Statistics Methodology (World Health Organization, 2021), Medline (2021), The Merck Index (2021), the European Public Assessment Reports (European Medicines Agency, 2021b) and the European Database on Food Additives (European Commission, 2021b).
TABLE 1 | Ingredients used in the prevention, diagnosis and treatment of diseases with a low prevalence.
[image: Table 1]Table 1 shows a list of ingredients that are traditionally not considered as medicine but used as food additives or supplements (such as amino-acids and vitamins) or hormones, and which became expensive branded products through a registry procedure with the EMA. Repurposed or repositioned drugs are also used in the treatment of rare diseases (drug repurposing is the discovery of a new use for already approved or investigational medicinal products). We have left these repositioned ingredients out of this table as they were initially intended for medical use after extensive medical research and only got a second life in rare diseases (Tambuyzer et al., 2020; Picavet et al., 2011). We have focused on traditionally ‘non-medical’ ingredients (“ingredient” in Table 1) used in the prevention, diagnosis and treatment of rare diseases that were discovered many years ago (“preparation” in Table 1), gained proven clinical benefit in the open medical literature (“evidence” in Table 1) and obtained a marketing authorization by EMA (“Marketing” in Table 1) on the basis of historical data and a limited number of clinical trials (“#Trial P” in Table 1). Several of these ingredients are allowed today as food additives or supplements (“Food” in Table 1). Ingredients without a Drug Name (NA in Table 1) are compounded by pharmacists and are not marketed (yet) in the EU.
DISCUSSION: COMMONS IN RELATION TO OPEN SCIENCE
As indicated in the first section, there are many debates going on about IP rights and alternative innovation and/or ownership models. Pleas are made to apply the principles of open science (in analogy to open software) in drug research and development. We support such pleas but we also wish to draw attention to a practice that runs parallel to the processes of industrial drug discovery and development. This practice is that of pharmaceutical compounding, where pharmacists make custom medicinal formulations to fit the needs of their patients, based on shared clinical experience, often using substances that are, strictly speaking, not even “drugs” but food additives or supplements. One angle to look at this practice is to consider it a special case of “open science”. Yet, open science is mostly used to discuss industrial drug development and innovation pathways. The case of pharmaceutical compounding with common food ingredients (additives or supplements) is not the same kind of innovation, nor the same kind of science. The relation between a community of professionals using common ingredients can be more adequately described with the historical and political notion of “the commons”. In modern times the commons were the common and natural resources accessible to all members of a society, held in common but not owned privately and managed for individual or collective benefit. Collective systems of managing common land in late medieval England is a well-known example. In the 16–18th Centuries, policies of “enclosure” gradually placed these collectively owned and exploited lands in private hands. These policies were later applied at a global scale. Posthoc rationalizations of these policies are based on the idea that the commons are untenable, because abuse and overexploitation will occur at some point (Hardin, 1968). This thesis has been disproven, and many examples of successful ‘commons’ have been analyzed by Nobel-prize winning economist Elinor Ostrom (1990). Today, there is a resurgence of the commons in areas ranging from open software to common urban spaces and the reclaiming of rights by indigenous peoples (Gutwirth, 2018). We argue in this paper that an important number of pharmaceutical ingredients should be conceived of and regulated as commons.
All of the ingredients in Table 1 were discovered many years ago (between 1868 and 1976) and gained proven clinical evidence (through experience and serendipity) for a rare disease in the open medical literature (between 1978 and 2013) before their marketing by a private sponsor as an “orphan drug”. These ingredients can be considered as res publicae or commons without any reason for market protection on the basis of historical data and a limited number of clinical trials. All the ingredients in Table 1 obtained clinical evidence in the open medical literature but got market access with incentives that did not encourage basic innovative research but rather (ab)used it.
The advantage of referring to the notion of the commons is a change in perspective—another way of approaching a particular existing practice that is driven by a different rationale than that of ‘sharing’ for the sake of innovation. An approach in terms of commons and “commoning” (as an activity) provides a better sociological description of practices of pharmaceutical compounding. A sociological description is important, because it allows emphasizing specificities of compounding that remain unnoticed and unexploited in technical debates about drug discovery, development and systems of innovation.
A first specificity to be observed is the compound itself. In the case of food ingredients, pharmacists “repurpose” a substance that is not a drug. However, in certain patients, these ingredients have clinical effects. As with food allergies, where “harmless” ingredients provoke reactions that may be life-threatening, this shows that the boundary between food and drugs is often less clear in the clinic than in the realm of law (Hendrickx, 2019). While that legal boundary exists for good reasons (such as safety), legislation also leads to absurd situations where a common ingredient may change status and become more expensive because it is recognized as a drug for a specific rare disease. Food additives and supplements are the object of separate legislation for safety aspects but this legislation is unrelated to pharmaceuticals and medicine.
A second specificity is the community in which compounding takes place. Debates on open science and innovation tend to focus on R&D structures such as public-private partnerships and specific business models. We hereby overlook the know-how and practices that take place amongst pharmacists and doctors in clinical settings: the sharing of “recipes”, evidence and experience. While hospitals are also profit-seeking structures and subject to budgetary rationalization under national health and economic policies, the medical personnel and pharmacists have a primary interest in helping or curing patients. For rare diseases, medication tailored to a patient’s unique needs is often necessary and medical compounding is a form of what is called “point of care manufacturing” (though the term is today often reserved for the medical use of 3D printing). The hospital pharmacists gain no financial benefit from the practice of pharmaceutical compounding. The commitment to sharing recipes and keeping evidence-based records of treatments is not an innovation strategy, but a logical part of a common effort to help patients with rare disorders. In her famous analysis of case studies of contemporary practices in managing common lands and resources, economist Elinor Ostrom (1990) shows that a shared responsibility fuels the commitment of individuals and groups in managing their specific commons. She disproved the thesis that collective management sooner or later leads to abuse and overexploitation. If we consider the fact that pharmaceutical compounding is a practice of shared responsibility to make good use of commonly available ingredients, then this is indeed a practice of self-governing a “pharmaceutical commons”, as termed by Lezaun and Montgomery (2015) in a different context. This poses the question whether it would not be better to invest time and resources in establishing common databases (Dooms and Carvalho, 2018), methods, and recipes instead of evaluating private reformulations of these very same and common substances by the personnel of the EMA. Though not always reimbursed by public health authorities and social security, it is today perfectly legal to file applications for molecules that are part of a pharmaceutical commons, resulting in what can be called the “enclosure” of common therapies. If this were to be prohibited, then private companies would have to go and invest where their infrastructure and know-how are more useful—the development of new innovative molecular entity drugs—and this is a domain where the challenges of open science, innovation and alternative business models and partnerships merit our full attention indeed.
CONCLUSION
Regulatory agencies installed orphan drug regulations to stimulate research and development of new innovative treatments for life-threatening diseases with a low prevalence (rare diseases). We established a list of well-known food-related ingredients with clinical evidence for rare diseases in the open medical literature that obtained marketing authorization as an expensive “orphan drug”, protected by intellectual property (IP) rights. We have argued that these ingredients are part of an established practice of medicinal compounding and should be considered as “pharmaceutical commons”, and that regulatory incentives for private companies and market protection mechanisms such as IP rights are not justified in this case. In addition, the concept of the commons brings to light the practice of medicinal compounding—a form of point of care manufacturing - which is not profit-driven, but done by a skilled community of pharmacists with proper resources and evidence-bases who seek to cure patients with rare diseases. This is often overlooked in debates about open science and innovation and it provides a welcome opportunity to shift technocratic debates about IP, regulatory incentives and innovation models to the knowledge, expertise and resources that exist within pharmaceutical communities in the face of rare diseases.
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Patients with rare diseases are often confronted with the fact that effective medicines are unavailable or simply not being developed. This situation jeopardizes the health of a large population of vulnerable patients with rare diseases. Pharmacy compounded formulations can provide a safe alternative when authorized treatments are unavailable or unsuitable. Practical guidelines on how to develop and implement pharmacy compounded formulations for patients with rare diseases are limited. The aim of this article is to provide guidance for when and how to apply pharmacy compounded formulations for patients with rare diseases. This is illustrated with two challenging examples: the development and implementation of pharmacy compounding of 1) chenodeoxycholic acid (CDCA) capsules for patients with cerebrotendinous xanthomatosis (CTX) and 2) cholic acid (CA) capsules for patients with rare bile acid synthesis defects (BASD). All critical steps of the development of CDCA and CA capsules are explained and summarized in a practical guideline.
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INTRODUCTION
Patients with rare diseases are often confronted with the fact that effective pharmacotherapeutic treatments are unavailable. For some (ultra) rare diseases, medicines are simply not developed because the number of eligible patients is too small for a financially beneficial product (Joint evaluation of Regulation (EC), 2020). This problem jeopardizes the health of patients with rare diseases. Pharmacy compounded formulations can provide an alternative route for effective and safe pharmacotherapy when authorized orphan medicines are unavailable or unsuitable (Dooms and Cavalho, 2018).
Pharmacists are healthcare professionals with knowledge on medicine compounding and by European law they are certified to compound medicines for patients with a medical need. Although pharmacy compounded formulations are often perceived as cheaper “copies” of, or of lesser quality than authorized medicines, they do have to comply with strict laws and regulations to ensure product quality and patient safety. Unfortunately, practical guidelines on how to implement pharmacy compounded formulations for patients with rare diseases are limited.
In this article we share our experiences and perspectives to provide practical guidance on the critical steps for the development and implementation of pharmacy compounded formulations for patients with rare diseases. The critical steps are illustrated by two cases we worked on in the past years: pharmacy compounding of chenodeoxycholic acid (CDCA) capsules for patients with cerebrotendinous xanthomatosis (CTX) and cholic acid (CA) capsules for patients with rare bile acid synthesis defects (BASD). For both products the assessments and conclusions for each critical steps are summarized in Table 1. Based on our experiences, we developed a flowchart to provide practical guidance for the development and implementation of pharmacy compounded medicines using starting materials (Figure 1).
TABLE 1 | Explanation and implementation of critical steps in the development process of pharmacy compounded CDCA and CA capsules.
[image: Table 1][image: Figure 1]FIGURE 1 | Flowchart for the development and implementation of a pharmacy compounded formulation.
Background of Cases: CDCA and CA
CDCA capsules were originally developed decades ago for the treatment of gallstones (Iser and Sali, 1981; Schoenfield and Lachin, 1981). It was prescribed off-label for the treatment of CTX since 1975 (Dutch National Health Care Institute, 2018). In 2017 CDCA was reintroduced in Europe (EU) as an authorized orphan medicine for the treatment of CTX (EMA, 2016; Leadiant, 2017). Although the reintroduction was not accompanied with significant pharmaceutical enhancement of the “old” formulation or extensive new research, the price increased 500 fold (Dutch National Health Care Institute, 2018). As a consequence, Dutch CTX patients were confronted with the fact that the treatment was no longer eligible for reimbursement and their treatment no longer accessible. In order to ensure accessibility of effective treatment for our own patients, we developed a pharmacy compounded formulation for CDCA capsules for Dutch CTX patients.
CA is an EU authorized treatment for BASDs due to in 3β-hydroxy-Δ5-C27-steroid oxidoreductase (3β-HSD) and Δ4-3-oxosteroid-5β-reductase (5β-reductase) deficiency (Laboratoires CTRS, 2013). However, in the Netherlands CA treatment is not considered part of standard care yet due to limited clinical evidence (Table 1). In order to study the long-term safety and efficacy, we developed CA capsules for BASD patients who participate in a clinical trial (Netherlands Trial Register, 2018, Trial NL8630).
LEGAL FRAMEWORK
There is worldwide no uniform legislation for compounding by pharmacists. For clarification, in the EU each member state formulates its own legislation for pharmacy compounding. To ensure safe and effective treatment of patients, pharmacy compounded medicines have to comply with high quality standards that are in line with national guidelines based on EU Directive 2001/83 (Directive 2001/83/EG). Therefore, pharmacists have to verify whether active ingredients and excipients comply with the European Pharmacopoeia (Ph. Eur.) and that the production facilities, qualification of personnel and documentation are in compliance with EU Directive 2001/83 (Directive 2001/83/EG). Besides the compliance of the quality control (QC) of starting materials, also the quality of the medicinal product has to comply with the specifications of the Ph. Eur. As the CA and CDCA were developed and made in the Netherlands, we worked according to the Dutch law (Dutch Medicines Act Decree).
PHARMACOTHERAPEUTIC RATIONALE FOR PHARMACY COMPOUNDING
In case a patient is likely to benefit from a pharmacotherapeutic intervention, but authorized medicines are unavailable, there is a so-called “unmet medical need”. In this situation the physician can explore other routes, e.g., off-label prescribing of an authorized medicine. When off-label use is not feasible, the physician can request a pharmacist to compound the specific medicine.
The decision to develop a pharmacy compounded formulation is preceded by a risk-benefit assessment (Resolution CM/Res, (2016), KNMP, 2016). First, the pharmacist assesses whether the requested pharmacotherapy has an added value for the patient based on expected treatment efficacy and safety, as well as the technical quality of the compounded formulation (Figure 1A). Eventually, the possibilities and uncertainties should be discussed with the prescribing physician and the patient.
Pharmacotherapeutic Rationale for CDCA Capsules
The efficacy and safety of CDCA treatment in CTX patients have been demonstrated by multiple studies since the seventies (Table 1). After years of off-label treatment, CDCA treatment finally got EU authorization for the treatment of CTX in 2017 (EMA, 2016; Leadiant, 2017). However, the EU authorized medicine Chenodeoxycholic acid Leadiant® has not been accessible for Dutch patients since April 2018 because it has been rejected for reimbursement by the Dutch health insurance due to its inexplicable high price (Dutch National Health Care Institute, 2018). This resulted in an unmet medical need for CTX patients, which could be solved by pharmacy compounding.
Pharmacotherapeutic Rationale for CA Capsules
Orphacol® is currently the only authorized CA formulation within the EU for the treatment of 3β-HSD and 5β-reductase deficiency (EMA, 2011; Laboratoires CTRS, 2013). However, the medicine is not accessible for Dutch patients because the authorization holder has not applied for reimbursement of this product, leading to an unmet medical need for Dutch patients with BASDs. Since the efficacy and safety of CA treatment for BASD has only been studied to a limited extent (Table 1), the Amsterdam UMC decided to initiate a clinical trial (Trial NL8630). In this trial the CA treatment dose is personalized based on safety- and efficacy parameters (Table 1).
Pharmacy and Technical Quality Assessment
Both CDCA and CA capsules are compounded in our hospital pharmacy. The pharmacy of the Amsterdam UMC has ample experience with formulation of oral preparations (capsules and oral liquids), as a lot of paediatric patients are treated in our hospital. Compounding is performed in accordance with the Dutch law. The Amsterdam UMC pharmacy holds a GMP license for manufacturing of investigational medicinal products (packaging, labelling and manufacturing of capsules). Both CDCA and CA are formulated in hard capsules which is a validated process in our pharmacy. Capsules are manually compounded by trained personnel with apparatus suitable for 100 or 300 capsules at a time. Based on the relatively small number of patients who are treated with CDCA or CA we concluded that preparation could be performed within our pharmacy.
SOURCING OF ACTIVE PHARMACEUTICAL INGREDIENT
The pharmacist is responsible for the quality of the compounded formulation and is therefore inherently responsible for the quality of the active pharmaceutical ingredient (API). This responsibility starts with the selection and auditing of suppliers and all involved parties (Figure 1B). In other words, the pharmacist needs to verify that each step in the supply chain meets the valid requirements for that specific part of the chain. . It must be ensured that the API is produced according to Good Manufacturing Practices (GMP) and that transport is according to Good Distribution Practices (GDP). For common APIs, the wholesaler has already performed the supplier selection and audit, and can often share required documentation with the pharmacist.
However, for the treatment of rare diseases, APIs are usually not readily available at wholesalers. Consequently, selection and qualification of an API supplier has to be performed by the pharmacist himself or it can be outsourced to a qualified third party.
Sourcing of Active Pharmaceutical Ingredients CDCA and CA
For both CDCA as CA we found Dutch API suppliers with connection to a API manufacturer. The manufacturers of both API’s are located outside the EU and were recently audited on EU-GMP by an independent party. An audit report was provided which covered all critical points ensuring API production according to GMP (Table 1). Throughout the supply chain, transport was performed under GDP conditions. The suppliers and API manufacturers were approved by the pharmacy and a quality agreement was drafted with the suppliers, after which the APIs were imported.
QUALITY CONTROL OF ACTIVE PHARMACEUTICAL INGREDIENT
APIs must comply with the general Ph. Eur. Monograph for “Substances for Pharmaceutical Use” (Ph.Eur., 2018b) (Figure 1C). Knowledge on the API synthesis route is required to determine how QC of the API should be performed. For setting up adequate QC analysis, information on the use of heavy metals, solvents and/or reagents during the API production process is required. Knowledge on the stability and decomposition profile of the API is also required as storage conditions can affect the quality of the API. The Drug Master File (DMF) of the manufacturer is the main source for information on API production, specifications, QC and stability. Eventually, the content and purity of the API should be guaranteed and possible harmful substances must be within the permitted limits or absent. The International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) has drawn up specific guidelines for related substances, metal impurities, residual solvents and microbiological quality (ICH, 2006; ICH, 2017; ICH, 2019; ICH, 2021)
When, for whatever reason, the synthesis route of the API is unknown, a broad pharmaceutical QC analysis should be set up according the general substance monographs of the Ph. Eur. and ICH guidelines, and must be in line with appropriate quality risk management principles (Ph.Eur., 2018b; ICH, 2015) If appropriate QC of the API cannot be guaranteed, then the assessment must be made that one should refrain from using the API (Figure 1B).
Quality Control of Active Pharmaceutical Ingredients CDCA and CA
Since the CDCA and CA APIs were imported from outside the EU, we subcontracted a certified EU laboratory to perform a full independent QC analysis of both APIs according to the GMP guidelines (European Commision, 2014). We requested the DMF from the manufacturers. The manufacturer of CDCA was willing to share the DMF after signing a confidentiality agreement. The manufacturer of CA was not willing to share the complete DMF, but provided information on the synthesis route and stability.
CDCA was manufactured according to the synthesis route described in the Ph. Eur. and QC could be performed according to the specific Ph. Eur. substance monograph for CDCA (Ph.Eur., 2017a) and the general monograph “Substances for Pharmaceutical Use” and ICH-GMP guidelines (Ph.Eur., 2018b, ICH, 2021; ICH, 2019; ICH, 2015; ICH, 2006; ICH, 2017).
A specific Ph. Eur. substance monograph was not available for CA. Therefore, CA API specifications were in accordance to the information obtained from the manufacturer, the Ph. Eur. substance monographs of its related compounds and the general monograph “Substances for Pharmaceutical Use” and ICH-GMP guidelines (Ph.Eur., 2018b, ICH, 2021; ICH, 2019; ICH, 2015; ICH, 2006; ICH, 2017) (Table 1).
Several batches of CDCA and CA API underwent QC analysis and met the specifications.
FORMULATION DEVELOPMENT
In some situations it is possible to adapt an authorized medicine for a pharmacy compounded formulation. For patients with rare diseases however, an authorized medicine is often unavailable and the pharmacy has to use starting materials. Either way, the chosen formulation determines the quality specifications and QC analysis of the medicinal product. The Dutch Pharmacists’ Association (KNMP) published a formulary handbook (also available in English) (Bouwman-Boer et al., 2015a) for the formulation, compounding and QC analysis of some of the most common dosage forms (i.e. orals, rectals, parentals, dermatics, oculars and nasals).
Formulation Development of CDCA and CA Capsules
Fairly simple commercial immediate release capsule formulations exist for CDCA and CA (Table 1), so we investigated capsulation of the API’s in hard capsules in our pharmacy. During the first steps of formulation development, it was obvious that both API powders had poor flow properties. The addition of colloidal silica (0.5 and 1.0% for CDCA and CA capsules respectively) resulted in major improvement in flowability. Lactose monohydrate was used as a bulking agent because of its inert characteristics. For most capsule strengths (except for the 250 mg capsule), the addition of a lactose monohydrate was required (Table 1).
There was a period during which no adequate CDCA API was available. During this time Dutch patients could temporarily get the commercial CDCA Leadiant® 250 mg. The Dutch Health insurance companies reimbursed the authorized medicine temporarily to ensure that all adult CTX patients could continue their treatment. For ten pediatric CTX patients however, deviant capsule strengths were required and a pharmacy compounded formulation was still necessary. As no adequate API was available at the time, the commercial product was diluted with filler (lactose monohydrate) and subsequently transferred into smaller capsules which were more suitable for the children.
QUALITY CONTROL OF MEDICINAL PRODUCT
The QC of a medicinal product consist of three aspects: product validation, process validation and QC analysis (Figure 1D). To set the quality parameters of the medicinal product, any interaction between API, excipients, and production steps has to be assessed during the product development (Bouwman-Boer et al., 2015b). Limits need to be specified for critical production parameters (e.g., blending, apparatus, weighing, filtration, filling, volume control) and quality parameters (e.g., appearance, content, pH, (microbiological) impurities, uniformity) to ensure the quality of the medicinal product (Bouwman-Boer et al., 2015b). During the product validation the impact of critical parameters on product quality has to be studied and it should be assessed whether the specified limits are set accordingly (Bouwman-Boer et al., 2015c).
A validated process is required to ensure that the production process is robust enough to manage critical production steps and to ensure that the medicinal product is consistently produced with the intended quality (Bouwman-Boer et al., 2015d). Whereas product validation is location independent, process validation is facility-based and so the following parameters should be taken into account: facility properties, equipment, utilities, automated systems, cleaning methods, analytical methods, and training of personnel (Bouwman-Boer et al., 2015c; Bouwman-Boer et al., 2015d).
Once all critical production- and quality parameters have been determined, a QC analysis protocol for the medicinal product can be drafted. For the most common dosage forms, the primary quality parameters and specifications are described in the Ph. Eur. There is a general monograph “Pharmaceutical Preparations” (Ph.Eur., 2013) and for the most common dosage forms a specific monograph exists. In principle, the medicinal product should comply with both monographs. There is a practical guideline for pharmacists on how to perform QC analysis on medicinal products (Bouwman-Boer et al., 2015a).
Quality Control of CDCA and CA Capsules
Specifications for the CDCA and CA capsules have been set according to general Ph. Eur. monographs “Pharmaceutical Preparations” (Ph.Eur., 2013) and “Capsules” (Ph.Eur., 2018a). For both products we performed a product validation (Table 1). In our pharmacy a product validation is required when more than 50 batches are prepared in a year and also for products used in a clinical study. As CDCA capsules are compounded for individual patients, batch sizes are small and QC is limited to non-destructive analysis (Table 1). When the capsules comply to the specifications mentioned in Table 1, they also comply to Ph. Eur. monograph Capsules (Specifications for the CDCA and CA capsules have been set according to general Ph. Eur. monographs “Pharmaceutical Preparations” (Ph.Eur., 2013) and “Capsules” (Ph.Eur., 2018a). For both products we performed a product validation (Table 1).
For the CA capsules the product specifications are closely similar to those set for the CDCA capsules. However, as CA treatment is given in a clinical study and is kept on stock, each batch is subject to independent QC analysis (European Commision, 2014) (Table 1). QC analysis is the same for each batch and not batch size dependent. At this moment stability testing of both products is ongoing. Preliminary shelf life has been set for 6 and 3 months respectively for the pharmacy compounded CDCA and CA capsules.
DISCUSSION
Pharmacy compounded medicines can provide an essential and safe option for the treatment of patients with rare diseases when authorized orphan medicines are unavailable or unsuitable for the intended use. The flowchart we developed (Figure 1) provides practical guidance for the development of pharmacy compounded formulation.
Recent evaluation of the “Orphan Regulation” (Regulation 141/2000) and the “Paediatric Regulation” (Regulation, 2006)—both adopted by the European Commission in 2000 and 2006 respectively to stimulate the development of orphan medicines and paediatric formulations—showed that the accessibility of orphan medicines varies considerably across EU member states (European Commission, 2020). Differences in national prices, reimbursement systems, prescribing behaviour, and pharmaceutical companies’ strategies, are indicated as the main causes for unequal accessibility within the EU. This is also the case for CDCA and CA treatment in the Netherlands. Reimbursement for CDCA treatment was stopped when the price increased 500 fold (Dutch National Health Care Institute, 2018). For CA, the authorization holder has not applied CA for reimbursement in the Netherlands. Pharmacy compounded CDCA and CA capsules provide a suitable and financially feasible alternative for patients. Next to this, pharmacy compounded formulations allow for more personalized treatment. In particular in the case of CA treatment, the pharmacy compounded formulations provided more flexibility in dosages, facilitating easy dose adjustments based on serum biochemical profile, liver transaminases levels and side effects (Table 1).
Pharmacy compounding especially provides improved treatment accessibility for children with rare diseases. Neither the “Orphan Regulation” nor the “Paediatric Regulation” has led to a boost in the development of innovative medicines for children with rare diseases (European Commision, 2020). Moreover, authorized medicines often have to be adjusted for children as most dosage strengths have been standardized for adults. CDCA Leadiant® for example, is authorized for the treatment of CTX patients from 1 month old, with a starting dose of 5 mg/kg/day divided over three doses (Leadiant, 2017). However, CDCA Leadiant® is only available in 250 mg capsules (Leadiant, 2017) and is therefore unsuitable for younger patients. As clinical studies show, early start of CDCA treatment is critical as it can improve disease prognosis and can reverse—or prevent—the development of neurological symptoms (Salen and Steiner, 2017; Stelten et al., 2019; Verrips et al., 2020). As rare diseases are often diagnosed in childhood, it is extremely important that peaditric formulations are made available.
There are several challenges in pharmacy compounding for rare diseases. It is increasingly difficult to source APIs that comply with EU laws and regulations as manufacturing of QPI; s has shifted to Asia, the number of API suppliers is limited and supply chains are often protected by market authorisation holders. In our opinion, pharmaceutical companies should recognize pharmacy compounded medicine as an addition to their products and not as a thread. Especially when dosage forms are needed that are not commercially available. We therefore encourage sharing of information between pharmacists, health care providers, pharmaceutical companies, health insurers and governments. Furthermore, pharmacists involved in compounding for patients with a rare disease should share information and knowledge on their developed formulations. Especially because there is no harmonized regulation worldwide for pharmacy preparations. Moreover, the costs of pharmacy compounded products will increase as sourcing of API, development of products and quality control, maintaining facilities takes more and more time and effort. Sharing this information across borders can help improve the inequality in accessibility of orphan medicines between countries.
All involved parties in the health care sector have the responsibility to keep healthcare accessible and affordable, and should support initiatives that contribute to that cause. In the Netherlands we see positive developments in the recognition of pharmacy compounded formulations in pharmacotherapeutic treatments for patients. This is important, because less pharmacists are interested in compounding as the revenues don’t compensate the necessary investments. It should be acknowledged that pharmacy compounded medication is an essential part of the treatment of patients with a rare disease.
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Background: In China, there are severe unmet medical needs of people living with rare diseases. Relatedly, there is a dearth of data to inform rare diseases policy. This is historically partially due to the lack of informatics infrastructure, including standards and terminology, data sharing mechanisms and network; and concerns over patient privacy protection.
Objective: This study aims to introduce the progress of China's rare disease informatics platform and knowledgebase, and to discuss critical enablers of rare disease informatics innovation, including: data standardization; knowledgebase construction; national policy support; and multi-stakeholder participation.
Methods: A systemic national strategy, delivered through multi-stakeholder engagement, has been implemented to create and accelerate the informatics infrastructure to support rare diseases management. This includes a disease registry system, together with more than 80 hospitals, to perform comprehensive research information collection, including clinical, genomic and bio-sample data. And a case reporting system, with a network of 324 hospitals, covering all mainland Chinese provinces, to further support reporting of rare diseases data. International standards were incorporated, and privacy issues were addressed through HIPAA compliant rules.
Results: The National Rare Diseases Registry System of China (NRDRS) now covers 166 rare diseases and more than 63,000 registered patients. The National Rare Diseases Case Reporting System of China (NRDCRS) was primarily founded on the National Network of Rare Diseases (NNRD) of 324 hospitals and focused on real-time rare diseases case reporting; more than 400,000 cases have been reported. Based on the data available in the two systems, the National Center for Health Technology Assessment (HTA) of Orphan Medicinal Products (OMP) has been established and the expert consensus on HTA of OMP was produced. The largest knowledgebase for rare disease in Chinese has also been developed.
Conclusion: A national strategy and the coordinating mechanism is the key to success in the improvement of Chinese rare disease clinical care and drug accessibility. Application of innovative informatics solutions can help accelerate the process, improve quality and increase efficiency.
Keywords: rare diseases, health informatics, patient registry, cohort study, case reporting, digital health
INTRODUCTION
Rare Diseases refer to diseases with a very low incidence, often chronic and progressive, and life-threatening (Orphanet, 2021). The rare disease database Orphanet already contains 6,172 rare diseases, of which 71.9% are genetic and 69.9% are exclusively pediatric onset (Nguengang Wakap et al., 2020). Patients with rare diseases generally need long-term or even lifelong treatment, which seriously affects the quality of life of patients. And because of the high cost of treatment, it has brought a great economic burden to individuals, families, and society.
There is no single, widely accepted definition for rare diseases. Three elements to the definition as used in various countries are as follows: the total number of people having the disease, its prevalence, non-availability of treatment for the disorder (Richter et al., 2015). In the United States, a rare disease is defined as a condition that affects fewer than 200,000 people in the US (The Genetic and Rare Diseases Information Center, 2021). The European Union considers a disease as rare when it affects less than 1 in 2,000 citizens (EURORDIS-Rare Diseases Europe, 2021). In Korea, rare diseases are defined as diseases that affect fewer than 20,000 people or diseases for which an appropriate treatment or alternative medicine has yet to be developed (Song et al., 2012). In Australia, a disease is considered rare if it affects less than 5 in 10,000 people (Australian Government Department of Health, 2020). In China, rare diseases have not been officially defined. In 2018, the Chinese government officially released its first list of rare diseases, which included 121 rare diseases (The National Health Commission, 2019). The list has served as a reference for relevant government agencies and ministries.
Rare diseases are a global public health challenge. In China, people living with rare diseases have severe unmet needs. Health for All is China’s national healthcare strategy and the improvement of clinical care and drug accessibility for rare disease patients is a key issue to meeting its target. Epidemiological and clinical data for most rare diseases, which provide a foundation for policymaking at both the regional and national level, are missing in China (He et al., 2019). This is partially due to the lack of informatics infrastructure, including standards and terminology, data sharing mechanisms and networks, and concerns over patient privacy protection.
The Healthy China 2030 Planning Outline was issued by the Communist Party of China (CPC) Central Party Committee and the State Council in 2016 (The State Council, 2016). The Outline states that national health is the fundamental purpose of building a healthy China. Since there are about 20 million patients who suffer from rare diseases in China (Lane, 2019) improving clinical care and drug accessibility for people living with rare diseases is of great significance to addressing the elements of the Outline. Furthermore, people living with rare diseases are frequently vulnerable (1). So in addition to the very significant numerical arguments to prioritize the public health importance of rare diseases, the principle of social equity is also at the forefront.
METHODS
A systemic national strategy has been implemented to build the rare diseases informatics infrastructure to inform and support patient management. With funding from the Ministry of Science and Technology, the Peking Union Medical College Hospital (PUMCH) has developed the National Rare Diseases Registry System (NRDRS, www.nrdrs.org.cn) (Feng et al., 2018). An initial collaboration of more than 20 hospitals, which has grown to 88 (as of Mar. 24, 2021) (Figure 1). The aim is to compile a comprehensive research database that includes clinical, genomic, and bio-sample data and to support cohort studies to ultimately transform rare diseases care.
[image: Figure 1]FIGURE 1 | The regional distribution map of registered hospitals from NRDRS (as of Mar. 24, 2021). (The National Rare Diseases Registry System of China, 2021).
Meanwhile, with the endorsement of the National Health Commission of China, the PUMCH serves as the national rare diseases center, which is mainly responsible for taking the lead in establishing and improving the working mechanism of the collaboration network, formulating a national plan for doctor training, and treating the most critically ill patients with rare diseases, provides planning, coordinating, management, and technical support, and coordination of a national network of 324 hospitals for conducting direct case reporting on the 121 rare diseases included in China’s First List of Rare Diseases. An online registry updated manually and available to all member hospitals, is complemented by automatic reporting by the member hospitals to integrate their electronic medical record systems with the case reporting server provided by the national center. With the coverage of 324 medical centers designated as the national (1), and regional (323) rare disease centers, the statistician inside each center report weekly all the diagnosed cases of the rare diseases included in the first list of rare diseases. The annual report of the data will be published by the national rare disease center.
International standards, including Human Phenotype Ontology (HPO) and Logistic Observation Identifiers Names and Codes (LOINC) were applied to ensure interoperability and to support future multi-national studies. Privacy issues were addressed through HIPAA compliant rules. To ensure alignment to the needs of the rare diseases community, increase coverage and population representativeness, a multi-stakeholder involvement strategy was incorporated.
RESULTS
The NRDRS now covers the registry of 166 rare diseases and 63,470 registered patients in 185 case reporting forms (CRF) (as of Mar. 24, 2021) (Figure 2). A regional distribution map of registered patients has been launched and can be updated in real time (The National Rare Diseases Registry System of China, 2021). Both structured and unstructured data are collected in the NRDRS. Due to different research purposes and disease specificities, the number of items in each CRF varies greatly, with a median of 90. For the NRDRS, there are two ways to input the data. Firstly, the researchers can input the data manually on the website. Secondly, for the existing databases managed by different researchers, an Extraction-Transformation-Loading process and the data quality assurance process will be performed. Currently, the diseases registered have been partially connected to the Chinese Human Phenotype Ontology Consortium (CHPO) and LOINC. A series of system procedures have been established, including for: application approval, CRF approval, data export, to ensure principal investigators’ professionalism and authority in the field of rare disease research, diagnosis, and treatment and high data quality and security. Elements of the regular data quality assessment includes data integrity measures, validity checks, and repeated registration, to promote the continuous improvement of data quality and platform functions. All staff exposed to patient data in the NRDRS have HIPAA certification and receive annual HIPAA training. Patients are informed when they received healthcare services in clinical sites by the providers. Some of them signed the consent form specifically designed for the NRDRS. Some signed the general consent form provided by the hospitals. If the patient refused to sign the consent, the providers will not input their data into the NRDRS. The NRDRS also provides a platform for the establishment of a multicenter rare disease research group. Researchers from different hospitals who study the same disease are able to sign a group agreement to collaborate online and share their data according to the rules of data sharing within the group (Guo Jian and Li, 2021). The establishment of research groups has facilitated the collection and sharing of data and helped bring together experts in the same disease field. The involvement of a diverse range of rare diseases and researchers allows the system to build a shared, cross-linking system, which makes collaborative disease research possible and surfaces knowledge across disease domains. The institutes included in the project play a leading role in the research, diagnosis, and treatment of rare diseases in each province. As a national information platform, the NRDRS has standardized system procedures, strict control of data quality and security, and can provide opportunities for multi-center research cooperation, which makes the number of hospitals and patients registered on the NRDRS continue to increase.
[image: Figure 2]FIGURE 2 | The regional distribution map of registered patients from NRDRS (as of Mar. 24, 2021). (The National Rare Diseases Registry System of China, 2021).
In February 2019, 324 hospitals, representing all the provinces in mainland Chinese provinces, were selected based on their capacity and experience in treating patients with rare diseases to form the National Network of Rare Diseases (NNRD) (The National Health Commission, 2019a). This collaborative network is of great significance for two-way referrals, Medical professional training, drug availability, clinical research, and case reporting of rare diseases. In November 2019, the National Rare Diseases case Reporting System of China (NRDCRS) was officially launched, mainly based on the collaborative network of these 324 hospitals and focused to real-time case reporting (The National Health Commission, 2019b9). The NRDCRS now has 324 member hospitals, and more than 400,000 cases have been reported to the national center (as of Sept. 1, 2020). On the NRDCRS, all rare diseases use the same report form, which has less than 60 items. It collects data on personal details, diagnosis and treatment, family history related to the disease, medical insurance type, medical costs, personal and family income, and follow-ups of patients with rare diseases. The data is hosted in the National Key Laboratory for Rare Diseases and Critical Care of China. The NRDCRS is a database that’s connected to the hospital information system directly, in some hospitals, or manual input in some others. The central servers are both physically in the national key lab. For DPRSRD, the main way to input the data is case-by-case collection of the data inside each regional center, following a standard form, and weekly submission of the data collection form to the national center. In the national center and some regional centers, this form can be generated by the electronic medical records system automatically. The EMR system used by these hospitals shows a report form that’s specially designed for the patients with rare diseases. In contrast to the NRDRS, the NRDCRS is a national-level policy that is enforced nationwide. The account registration of the NRDCRS is only open to designated hospital reporters, hospital administrators, provincial administrators, and national administrators, and the hospital administrator needs to review the quality of the data entered by the hospital reporter. The establishment of the NRDCRS to collect relevant data is conducive to the understanding of the current status of rare diseases’ epidemiology, clinical diagnosis and treatment, and medical security in China. It provides a scientific basis for formulating crowd intervention strategies, improving the diagnosis and treatment services system, the level of patient medical security, and drug accessibility.
Based on the data and real-world evidence available in the two systems, the National Center for Health Technology Assessment (HTA) of Orphan Medicinal Products (OMP) has been established. Members of the center are widely representative, including rare disease research experts, HTA research experts, policymakers, clinical therapists, representatives of pharmaceutical companies, payers, and patients’ rights and other stakeholders. And the expert consensus of HTA on OMP has been produced and published (China Alliance for Rare Diseases, 2019). This serves as the technical guide for the industry to perform safety, efficacy, and economic assessments of OMP and provides evidence for OMP market access approval and insurance coverage. In China, market access to OMP, and the progress in medical insurance reimbursement are still unable to meet the growing demand. For licensed OMP, the challenge lies in the lack of standardization in the evaluation of the effectiveness, safety, economy, and other aspects of OMP; therefore orphan-drug pricing and medical insurance reimbursement lack a fully developed policy basis. On the other hand, due to the characteristics of rarity and heterogeneity of rare diseases, more valid information—such as the prevalence or incidence standard of rare diseases—is necessary, especially during the early research and development stage (Nestler-Parr et al., 2018), but this information is often lacking. The development of the NRDRS and NRDCRS can serve as a reliable data ecosystem for providing the epidemiological information, diagnosis and treatment information of rare diseases, which will thereafter support the early registration of drugs and real-world evidence studies for rare diseases in China. This information could help establish an accurate estimation of benefit of new OMP in relation to costs (Pearson et al., 2018).
The largest knowledgebase for rare diseases in Chinese has also been produced, including the Diagnosis and Treatment Guidelines for 121 Rare Diseases (The National Health Commission, 2019c), Compendium of China’s First List of Rare Diseases (The Peking Union Medical College Hospital, 2018), and the translation of the HPO and GeneReviews into Chinese (The Chinese Human Phenotype Ontology Consortium, 2021), (The GeneReviews Chinese Version, 2021). The CHPO project was launched in December 2015, with more than 180 professional participants. Wiki websites and search engines have been established and are continuously optimized. The CHPO connects the Online Mendelian Inheritance in Man (OMIM) database and translates the OMIM disease directory, and maintains close cooperation with the HPO team to keep the thesaurus up to date. The CHPO has established an audit committee, which is responsible for the editing and optimization of Chinese translations and definitions of different categories of vocabulary. As of October 2016, after removing duplicate entries in the different classifications, the total number of entries reached 11,896. More than 50 institutions and project teams have applied to download the CHPO thesaurus, including multiple genetic testing institutions, hospitals, universities, and research institutions (CHPO wiki, 2021). The GeneReviews (National Library of Medicine, 2021) translation project was launched in December 2016 to connect relevant professionals to translate and publish GeneReviews. As a part of China’s rare disease knowledge base, it provides professional support for domestic genetic and rare disease diagnosis and treatment, and genetic consultation. As of August 29, 2019, 279 items have been claimed. After translation and review, 264 items have been uploaded and 70 claimants/teams verified. Website visits have increased steadily (The GeneReviews Chinese Version, 2021). Collectively, these knowledgebases provide an additional basis for continued medical education for healthcare service providers working with rare diseases.
DISCUSSION
Difficulties in the diagnosis and treatment of rare diseases and high rates of misdiagnoses and missed diagnoses are common in China (Dong et al., 2020). In addition, rare disease medicine accessibility and affordability issues are prominent, and a data basis for policy formulation is lacking. For instance, the lack of epidemiological survey data makes it challenging to arrive at a unanimous definition of rare diseases, and the development and implementation of many rare disease policies were based only on China’s First List of Rare Diseases released in 2018. However, the national coordinating strategy (Table 1) for the management of rare diseases is successful in promoting the accessibility and quality of clinical care for rare diseases patients in China. Specifically, it: ① Encourages enterprises to develop treatment for rare diseases. Due to a series of preferential policies implemented by the Chinese government for rare diseases (The Central People’s Government of the Peoples Republic of China, 2021), pharmaceutical companies have increased their enthusiasm for the development of rare disease drugs. Simultaneously, the implementation of a registration system and a direct reporting system has made it easier to recruit patients for clinical trials of rare disease drugs. ② Improves the ability of medical staff to diagnose and treat rare diseases. The NNRD was established to support the training of clinical physicians specialized in rare diseases, improve their ability to diagnose and treat rare diseases, speed up the time required to confirm a disease diagnosis, and reduce the rate of misdiagnoses and missed diagnoses. ③ Provides a data basis for rare disease policy formulation. The nationwide, compulsory implementation of NRDCRS provides epidemiological evidence, such as the number of rare disease patients, prevalence rate, incidence rate, and geographical distribution. In addition, this direct reporting system and the hospital medical insurance system in China also collect data on rare disease medical costs. Collectively, these data provide a knowledge basis for the Chinese government to formulate rare disease policies. This can serve as a model that is adaptable for other countries, especially those with large populations.
TABLE 1 | The national coordinating strategy for the management of rare diseases.
[image: Table 1]Standardization and analytics of data from different sources is difficult and implementation of the international standards is key. The development of wearable devices, cloud storage, artificial intelligence (AI), genetic sequencing, and other technologies are enabling for the collection, storage, transmission, and analysis of health data. Biomedical and clinical data are being generated by the terabyte, and even petabyte. The importance of the application of real-world evidence in medical decision-making is gaining increasing acceptance, especially for rare diseases (Food and Drug Administration, 2018; National Medical Products Administration, 2020). Worldwide data sharing and international collaboration are increasingly promoted. However, most patient data flow from heterogeneous systems for different purposes using different software, file formats, and data models (Basu et al., 2019). This has increased the demand for data standardization and quality management. Data standardization—the process of transforming data into a common format that can be understood across different tools and methodologies (He et al., 2019)—has attracted extensive attention and led to many related studies (Basu et al., 2019), (Park et al., 2019). Common data models (CDMs) are a mechanism by which raw data are standardized to a common structure, format, and terminology independent of any particular study (Cohen et al., 2020), as well as rare diseases registry (RD-Connect Project, 2021). The implementation of the international standards is helpful, such as SNOMED CT, LOINC, Orphacodes, Medical Dictionary for Regulatory Activities (MedDRA), and Unified Medical Language System (UMLS).
Phenotypic information, which is key to the accurate diagnosis of rare diseases (Baynam et al., 2015), is not routinely collected as coded or standardized terms (Mooney and Pejaver, 2018). Thus, researchers could develop their own forms for patient registration that contain many created or localized terms and, in turn, can promote the creation of localized terms (Sloboda et al., 2018). In particular, patient information differs significantly within the global community. The translation and promotion of the CHPO is helping ensure fluent culturally appropriate communication within the global community and solve related problems. The application of natural language processing technologies to extract phenotypic information from electronic medical records and terms in registry systems facilitates global communication. Besides, with the development of image extraction technology, facial image collection and analysis is also a potential method to increase diagnostic proficiency in hospitals (Hurst, 2018; Baynam et al., 2017; CLINIFACE, 2021). Facial recognition is one phenotyping technology that is increasingly being used to support rare disease diagnosis, many rare diseases have a characteristic, but often subtle, facial phenotype. Moreover, facial abnormality is likely to be unappreciated by physicians, at least by physicians with less experience. Using computer assistance will help solve this problem (Hadj-Rabia et al., 2017), (Basel-Vanagaite et al., 2016).
Solid and sustainable funding from the central government is key to the success of this registration and case reporting system. The initial funding from the Ministry of Science and Technology of China was an important stimulus for research on rare diseases (The National Science and Technology Information system, 2016). Multi-stakeholder involvement can help build a sustainable ecosystem to support long-term development that serves the needs of the rare diseases community. Patient advocacy groups (PAGs), also called patient advocacy organizations (PAOs), are of great importance in the clinical care and research of rare diseases (Koay and Sharp, 2013; Merkel et al., 2016; House et al., 2019). PAGs can be an important source of diagnostic, treatment, and follow-up data. For example, the 2019 Comprehensive Social Survey of Rare disease Patients in China, led by the China Alliance of Rare Diseases (CHARD), and implemented by the Jockey Club School of Public Health and Primary Care of the Chinese University of Hong Kong (CUHK), successfully interviewed rare disease patients scattered across China with the help of PAGs, and conducted a high-quality survey (China Alliance for Rare Diseases, 2019). Additionally, a survey of the Rare Diseases Clinical Research Network (RDCRN) also showed that PAGs could play an important role to recruit patients for RDCRN studies (Merkel et al., 2016). After the NRDCRS went online in 2019, CHARD launched the Direct Patient Reporting System of Rare Diseases (DPRSRD). As an important supplement to the NRDCRS, the DPRSRD uses a form consistent with that of the NRDCRS, to collect medical and social information on rare diseases patients. Patients or their family members can report disease information on the WeChat terminal of their mobile phone. The DPRSRD has broken through the time and geographical limitations of case reporting, and has made it easier to collect certain information, such as indirect costs and family economic status. It shows, under the strong advocacy of the PAGs, that the patients are highly motivated to report the case information and the data are relatively complete. This is encouraging, however, the accuracy of patient and family-reported data needs further consideration. The false-positive rate and the consistency of reporting between patients and doctors (Muggah et al., 2013) needs to be determined, including by comparing the data of NRDCRS and DPRSRD in future studies. The transfer of data through social media platforms such as WeChat also raises concerns over cybersecurity, privacy breaches, and discrimination that could also be assessed in further studies. As the new regulation on protection of personal information in China (The Central People’s Government of the People’s Republic of China, 2021), an information collection system directly connected with the patients, such as DPRSRD, met unique challenges, including consent, technologies to ensure the withdraw of the submitted information and so on. Finally, accommodating multiple Chinese languages, including Indigenous languages, will be important for culturally appropriate, diverse and equitable approaches (PROJECTY, 2021) to improving the lives of people living with rare diseases. The differences between NRDRS, NRDCRS, and DPRSRD are shown in Table 2.
TABLE 2 | The differences between NRDRS, NRDCRS and DPRSRD.
[image: Table 2]CONCLUSION
A national strategy and coordinating mechanism is key for improvement of clinical care and drug accessibility in the treatment of rare diseases in a country with a large population. The application of innovative informatics solutions can help accelerate the process, improve quality, and increase efficiency. With the registry system for scientific research, case reporting system for public health service and policymaking, direct patient and family data ascertainment and the related data-driven systems and services, China has built a data infrastructure for rare diseases research and management to address the unmet medical needs of patients with rare diseases and to achieve the national goal of Health for All.
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Background: The European Commission highlights in its Pharmaceutical Strategy the role of academic researchers in drug repurposing, especially in the development of orphan medicinal products (OMPs). This study summarizes the contribution of academia over the last 5 years to registered repurposed OMPs and describes barriers to success, based upon three real world cases.
Methods: OMPs granted marketing authorization between January 2016 and December 2020 were reviewed for repurposing and whether the idea originated from academia or industry. Three cases of drug repurposing were selected from different therapeutic areas and stages of development to identify obstacles to success.
Results: Thirteen of the 68 OMPs were the result of drug repurposing. In three OMPs, there were two developments such as both a new indication and a modified application. In total, twelve developments originated from academia and four from industry. The three cases showed as barriers to success: lack of outlook for sufficient return of investments (abatacept), lack of regulatory alignment and timing of interaction between healthcare professionals and regulators (etidronate), failure to register an old drug for a fair price, resulting in commercialization as a high priced orphan drug (mexiletine).
Conclusion: While the majority of repurposed OMPs originates in academia, a gap exists between healthcare professionals, regulators and industry. Future strategies should aim to overcome these hurdles leading to more patient benefit through sustainable access of repurposed drugs. Potential solutions include improved regulatory and reimbursement knowledge by academia and the right for regulators to integrate new effectiveness data into product labels.
Keywords: drug repurposing, mexiletine, etidronate, abatacept, orphan drugs, off-label, reimbursement, rare diseases
INTRODUCTION
Drug repurposing, or drug repositioning, is the application of an already known active substance in a new way—such as a new indication or alternative method of presentation (Langedijk et al., 2015). The major advantage of drug repurposing is the availability of clinical and regulatory knowledge on the active substance’s safety profile, pharmacokinetics, dose, quality and production process, hence typically lowering overall risk and development costs (Sardana et al., 2011; Pushpakom et al., 2018). Drug repurposing has especially been coined as a possible relevant strategy for development of medicines for rare diseases (Caban et al., 2017; Davies et al., 2017; Tambuyzer et al., 2020; Kort & Jovinge., 2021). A recent analysis showed that almost half of the drug repurposing collaborations in the Excelra database were targeted at rare diseases (Polamreddy and Gattu, 2019). However, drug repurposing often does not lead to formal regulatory approval due to a variety of legal, regulatory and market constraints, among others. First, since newly discovered treatment targets are frequently reported in literature, it may be difficult or impossible to obtain intellectual property protection. In addition, the strength of second-use patents to protect against competitors is often weak (Pushpakom et al., 2018; Verbaanderd et al., 2020). Second, additional costly clinical development investments may be needed to prove efficacy for the new indication, as well as possible additional requirements with respect to dosing and safety (Kort & Jovinge., 2021; Verbaanderd et al., 2021). These additional costs may limit the prospects for sufficient profitability, especially when low-priced generic versions of the originator are already used off-label (Breckenridge & Jacob., 2018; Verbaanderd et al., 2020). Off-label use may by itself be problematic: if the level of evidence for the new application is low, access, pharmacovigilance and reimbursement may be variable.
In November 2020, the European Commission highlighted in its Pharmaceutical Strategy for Europe the role of academic researchers and not-for-profit stakeholders to promote and develop repurposing of off-patent medicines for new therapeutic uses (European Commission, 2020). Industry engagement as part of public-private partnerships in this process is emphasized to close the loop to formal authorisation, as industry has valuable experience and knowledge about regulatory processes. However, academia may face several obstacles to successfully operate in this field: for example a lack of infrastructure, resources and expertise in regulatory affairs and academic incentives for fast publications, hampering the protection of intellectual property (Verbaanderd et al., 2020).
Because drug repurposing has the potential to deliver treatments to patients with rare diseases with an unmet medical need, it is important that such discoveries also become available and accessible for patients. In this exploratory study, we therefore addressed the following research questions: 1) What is the contribution of academia over the last 5 years regarding authorised drug repurposing for rare diseases? 2) What are the hurdles that hinder drug repurposing for rare diseases started by academia? We answer these questions by looking at the origin of drug repurposing of authorised orphan medicinal products (OMPs) and by describing three real world ongoing cases of drug repurposing by academia for rare diseases in different stages of development.
Methods
To determine the contribution of academia to drug repurposing for rare diseases, we selected all OMPs with a valid marketing authorization granted by the European Commission between January 2016 and December 2020 (68 OMPs). Data extraction was performed on December 16th, 2020 from the EMA website (EMA, 2020).
A drug was defined as “repurposed” when the active substance was either used in clinical practice for another indication, or for the same indication, but with a modified application (e.g., other formulation/mode of administration). The original indication or application should have been in place for at least 10 years before the marketing authorization of the OMP to exclude new active substances. For each OMP, PubMed was searched to retrieve published evidence of prior clinical use and analyzed whether the active substance was registered for the original indication 1) and/or for another indication 2) (“Indication”). If 1) was the case, we investigated whether there was a modified application (“Modified”). The results were grouped by anatomical therapeutic chemical classification system (ATC) code, that classifies active ingredients based on anatomic, therapeutic and pharmacologic properties (WHO Collaborating Centre for Drug Statistics Methodology, 2021).
Whether the drug repurposing originated from academia or industry was determined upon the first description of the development (Indication or Modified application) in scientific publications (PubMed) or clinicialtrials.gov. Affiliations, sponsors, acknowledgements and conflict of interest (CoI) statement were reviewed. If there was at least one commercial entity involved in one of those domains, the development was labelled as initiated by industry. If there were only academic entities involved or when the full text described the emergence of the idea in academia, the development was labelled as initiated by academia.
To identify and elaborate on hurdles for drug repurposing for rare diseases whose development starts in academia, we purposively selected three cases to show the diversity and variation of issues that hinder drug repurposing for rare diseases from academia. All cases take place in the Netherlands and came to our attention through national media or through activities for the academic platform “Medicine for Society” (www.medicijnvoordemaatschappij.nl) (Volkskrant, 2018; Volkskrant, 2019). One author (SvdB) held unstructured interviews with the involved researchers from academic medical centers, who are all physicians treating patients with the rare disease. Afterwards, the interviewees verified the findings and gave consent for publication. As the study does not fall under the definition used for medical scientific research, it has therefore not been assessed by the medical ethics committee. The three selected real life cases represent different therapeutic areas and stage of development: a case in the area of immunology, in early developmental stage with only a few published case reports, a case in the area of metabolism where clinical trials have been performed and a case in the area of neurology where an old drug was registered as an OMP.
RESULTS
Contribution of Academia to Drug Repurposing for Rare Diseases
Thirteen of 68 OMPs licensed in Europe during a 5-year period (2016–2020) were repurposed drugs (Figure 1). Three OMPs have been repurposed twice (e.g., both indication and formulation), leading to 16 developments. Twelve developments (75%) in nine OMPs started in academia and four developments (25%) in four OMPs started in industry. Ten of the 12 (83%) academia-originating developments were for a new therapeutic indication, while 75% (3/4) developments started in industry were a modified application. Table 1 presents an overview of all repurposed orphan drugs and the nature of the developments.
[image: Figure 1]FIGURE 1 | Outline of the process to identify repurposed orphan medicinal products approved by the European Medicines Agency.
TABLE 1 | Repurposed orphan medicinal products approved between January 1st, 2016 and December 16th, 2020. CoI: conflict of interest.
[image: Table 1]Most developments in repurposed OMPs are in ATC class L (5, Antineoplastic and immunomodulating agents), followed by ATC class A (3, Alimentary tract and metabolism), S (3, Sensory organs) and J (2, Anti-infectives for systemic use). Other ATC classes appear once. The majority (75%) of the innovations started in industry were in ATC class L.
Hurdles for Drug Repurposing for Rare Diseases: Three Cases
Abatacept for Cytotoxic T-Lymphocyte Antigen 4 Haploinsufficiency: Too Rare for Investment in Trials
Abatacept is a product marketed as Orencia® and available as a subcutaneous injection. It was registered in Europe in 2007 to treat rheumatoid arthritis and a number of other forms of arthritis. Abatacept is an analogue of cytotoxic T-lymphocyte antigen 4 (CTLA-4) that acts as a barrier to T-cell activation and is an important immune modulator. Since a number of years, abatacept is also used off-label to treat patients with the very rare disease CTLA-4 haploinsufficiency (prevalence <1 in 1,000,000), which causes severe immune dysregulation (Kuehn et al., 2014; Lapides & McDonald, 2020). Thus far, case reports of patients treated with abatacept reported a prompt response that resolved the inflammatory condition and substantial clinical improvements (Shields et al., 2016; Lee et al., 2016; Van Leeuwen et al., 2018; Lanz et al., 2021).
The new indication for abatacept as treatment of CTLA-4 haploinsufficiency was discovered in academia and was not included in the license by the original marketing authorization holder. The patent on the formulation of abatacept, disputed but not revoked (Holman, 2019), will expire in 2027 (US8476239B2). In the absence of involvement of the marketing authorization holder in a pivotal clinical trial meeting regulatory standards, it is very unlikely that registration for this rare indication will still occur during the patented period. And after patent expiration, the availability of a cheaper biosimilar would probably hinder a higher price, needed to recoup investments in clinical trials and registration procedures.
Reimbursement of off-label abatacept use will then only be possible on a case-by-case basis, subject to agreements with either the hospital or the individual health insurance company. This situation hampers access to patients, while there is consensus amongst doctors to use abatacept off-label and the rationale for its use based upon its pathophysiological mechanisms is clear. The costs of chronic abatacept treatment differ between patients depending on dosing, but are expected to be above €4,000 per month based on 125 mg every 2 weeks (Zorginstituut Nederland, 2021a). An alternative for national or official reimbursement is acceptance of the treatment by insurance companies as standard of care, after scrutinizing the evidence of effectiveness and safety. In the case of abatacept for CTLA-4 deficiency it may be almost impossible to collect sufficient evidence as there are only few case studies published yet and a small single-center clinical trial (funded by the National Institute of Allergy and Infectious Diseases) is not expected to finish until 2026 (Shields et al., 2016; Lee et al., 2016; Van Leeuwen et al., 2018; NCT03733067). Also, obtaining reimbursement in this case is challenging, time-consuming and procedures differ from country to country. For example in Australia, reimbursement of treatment with abatacept is not available even when genetic sequencing indicates suitability for abatacept treatment (Siggs et al., 2019). An analysis in Germany showed a success rate of 75% of acceptance for reimbursements requests for off-label dermatological indications (Seidenschnur et al., 2017). In Belgium, there is no option to get official reimbursement for off-label use, but occasionally costs are covered by the company or solidarity funds (Dooms et al., 2016).
Etidronate for Pseudoxanthoma Elasticum: No Longer Commercially Available
Etidronate is a bisphosphonate and was originally developed to prevent and treat osteoporosis. The product has been replaced by alternative bisphosphonates with a better benefit-risk profile over time (Wiesner et al., 2021). This led to the discontinuation of marketing of virtually all etidronate products in Europe (Ministerie van Volksgezondheid, Welzijn en Sport, 2018). However, drug repurposing experiments in an academic hospital had pointed towards etidronate as the bisphosphonate with the highest potential to delay ectopic mineralization given its predominant inhibition of calcium precipitation and hydroxyapatite binding instead of inhibiting osteoclasts like newer bisphosphonates do (Kranenburg et al., 2018; Bartstra et al., 2020). This investigator-initiated single-center, randomized, placebo-controlled trial with 74 patients held in 2015–2016 showed promising effects of etidronate in patients with pseudoxanthoma elasticum (PXE) (Kranenburg et al., 2018; Bartstra et al., 2020). Hence, the compound could be effective for the treatment of PXE, a rare autosomal recessive disorder (prevalence 1-9 in 100,000) (Orphanet, 2021) that leads to ectopic calcification of elastic tissues, including the arteries, skin and Bruch’s membrane (BM) in the retina. (Bartstra et al., 2020; Risseeuw et al., 2020).
The availability of etidronate has been driven essentially by the dynamics of the osteoporosis market: when better or safer alternatives entered the market, they replaced etidronate. The lack of commercially available etidronate hampered both clinical development and clinical use for the new rare indication by academics. The earlier trial was not designed for regulatory purposes and regulators may need different or additional data for the next steps to commercialization. For example, regulators may prefer other endpoints than clinical researchers or require extensive or long-term safety data. The clinician from the academic hospital who performed the trial was driven by scientific curiosity and the need to treat patients. A lack of understanding of regulatory requirements by clinicians and appropriate timing of interaction with regulators or guidance delayed the commercialization of this academic invention.
Mexiletine for Non-dystrophic Myotonia: Failure to Register an Old Drug for a Fair Price
Mexiletine is a class 1b anti-arrhythmic drug and has been on the European market since the 1970s. (Postema et al., 2020). Newer anti-arrhythmic drugs have largely replaced mexiletine, but a small group of patients have no alternative. Over time, mexiletine products have been taken off the European market and since 2004 patient access is maintained by import mainly from Japan, Canada and the United States and local pharmacy preparations (compounding). Next to its use for cardiological indications, mexiletine has been used off-label since the 1980s worldwide for the treatment of non-dystrophic myotonias (NDMs) (Pouget & Serratrice, 1983; Trip et al., 2006). NDMs are rare muscle hyperexcitability disorders and characterized by delayed muscle relaxation after voluntary contraction. This leads to symptoms of pain, fatigue, muscle stiffness and weakness (Stunnenberg et al., 2020). In December 2018, mexiletine received a European marketing authorization as a repurposed OMP for the treatment of NDM. Because it is registered as an OMP, a market exclusivity of at least 10 years apply creating a de facto monopoly. The price of the newly registered mexiletine, in the same dosage and method of administration (capsule for oral use), has been criticized heavily and rejected by some payers (Postema et al., 2020; Zorginstituut Nederland, 2021b; National Institute for Care and Health Excellence, 2021).
The orphan drug license of mexiletine for NDM is largely based on academic clinical studies and could be seen as a successful repurposing trajectory because it resulted in an officially registered OMP. However, the unexpected price increase has had an opposite effect, hampering access for both indications instead of stimulating rare disease treatment accessibility.
DISCUSSION
The data indicate that in recent years about one out of five OMPs has been repurposed. This is similar to findings by Davies et al. (2017). Langedijk et al. (2016) found, not specific for OMPs, that 13% of all approved drugs by EMA in 2014 and 2015 were repurposed. We established that developments that start in academia encompass mainly the advancement of existing drugs for new indications in a diverse set of therapeutic areas. In contrast, the developments that started in industry mostly focus on modified applications and the field of oncology. This stresses the potential of academia driven drug repurposing to benefit a broader range of patients.
However, the three cases illustrate that academia faces a diversity of hurdles in different stages of drug development. We summarized the issues by key actor involved as outlined in Table 2. The main hurdles from the side of healthcare professionals involved in drug repurposing were that they have little knowledge about regulatory and reimbursement processes and instead are focused on scientific progress and patient care. In the case of etidronate for pseudoxanthoma elasticum for example, clinicians seem to focus mainly on providing the scientific evidence in drug repurposing and due to lack of knowledge about the regulatory framework as well as restricted time in academia, ideas for drug repurposing might fail unnecessarily or are prematurely halted (Verbaanderd et al., 2020; Starokozhko et al., 2021). In addition, when a drug is available for patients and reimbursed without registration, e.g., as off-label use, they may not be motivated and incentivized to assist in steps towards commercialization. This is supported by the findings of Dooms et al. (2016). Another scenario is that they fail to create access to patients, since they are not aware that regulatory authorities and payers keep other – often higher – standards for either registration or reimbursement. Similar issues were identified for abatacept for CTLA-4 haploinsufficiency. This case, however, in addition highlights, the perceived lack of perspective of sufficient return of investments. The very small and uncertain market in combination with a product already being available for another indication may de-incentivize commercial development and reimbursement. A similar situation may have existed for mexiletine. This drug was ultimately marketed as a repurposed orphan drug for an extremely high price. No private party or academic initiative had led to a timely intervention, to secure access to patients through a formal authorization procedure. Also in this case, without the incentive of market exclusivity, investors are probably reluctant to go through the burden of compiling a dossier. However, monopolization of the market to re-introduce old drugs–as also was the case for CDCA (Sheldon, 2018)—should not be encouraged (Postema et al., 2020). In fact, the orphan drug regulation has never been set up to stimulate this kind of developments, which may even have the opposite effect: drugs become inaccessible due to the extreme price (Technopolis Group & Ecorys, 2020). This, and also the length of market exclusivity has received attention in the evaluation of the orphan drug legislation which is currently taking place (European Commission, 2021). The outcomes of the evaluation could impact drug repurposing for rare diseases as specific incentives, such as the market exclusivity, may change.
TABLE 2 | Identified hurdles in the three cases of drug repurposing for rare diseases. CTLA-4 HIS: cytotoxic T-lymphocyte antigen four haploinsufficiency. PXE: pseudoxanthoma elasticum. NDM: Non-dystrophic myotonia.
[image: Table 2]Limitations
The cases illustrate some hurdles but we certainly did not provide a structured review of all potential barriers to development of repurposed orphan drugs.
The 5-year period 2016–2020 that we investigated is the most recent period but not necessarily a good reflection of the dynamics in the OMP market. The regulation on OMPs in the European Union went into force in 2000 and until 2017, 142 OMPs were authorized (Technopolis Group & Ecorys, 2020). More than half of these OMPs were authorized between 2012 and 2017. Also, the therapeutic areas of authorized OMPs shifted over time (Technopolis Group & Ecorys, 2020). Altogether, the nature of OMPs, and also the amount of drug repurposing, may have differed in more distant time periods. Although we have shown that indeed drug repurposing by academia plays an important role for OMPs, it would also be interesting to study their contribution to development of non-orphans as a comparison.
In addition, industry may have been involved in more drug repurposing activities than we were able to trace due to publication bias or the availability of only brief abstracts. Also, for older publications the CoI statements were sometimes not included in an article where collaborations with industry may have otherwise been mentioned. Lastly, although we show that drug repurposing for rare diseases mostly starts in academia, it is unclear how the contribution of academia relates to the contribution of industry in registering an OMP. It would be interesting to investigate what activities still had to be done from the moment that industry got involved. This may help to smoothen the collaboration between academia and industry.
Recommendations and Outlook to the Future
An integrated solution for the described hurdles may require both changes in the interaction between key actors and changes in legislation. Suggestions for change have been made by Austin et al. (2021) including, amongst others, improved education, financial and regulatory incentives that create viable business cases, and reimbursement strategies for off-label use. We propose the following recommendations for changes in legislation that build on these suggestions:
First, when reality shows that some repurposed drugs are not being registered and widespread off-label use is the result, supported by scientific evidence, other options to reach long-term availability and appropriate use driven by academia could be explored (“label change last” (Austin et al., 2021)). For example, this could entail close monitoring and structured assessment of off-label use by regulators and reimbursement authorities, and providing regulators with the right to change a label or add an indication to a label as proposed by Gyawali et al. (2021). Second, society should be willing to support rare disease drug repurposing by facilitating reimbursement at a fair price. When payers pressure for the lowest possible prices for generic drugs, sustainable commercial drug repurposing is not feasible. For example, a solution could be that governments compensate companies that repurpose drugs based on costs (Van den Berg et al., 2021), or that repurposed drugs are exempted from external reference pricing policies.
Next to changes in legislation, we propose two recommendations for improved interaction between key actors:
First, healthcare professionals involved in drug repurposing should become better educated in the regulatory field and understand the advantages of a marketing authorization over off-label use. Increasing knowledge in academia about the regulatory system, perhaps centralized on a national level as well as international efforts such as the STARS initiative can increase alignment (Starokozhko et al., 2021). Second, healthcare professionals involved in drug repurposing together with private and regulatory actors will have to learn and understand each other’s drive and language. Early dialogue between healthcare professionals involved in drug repurposing, industry, payers and regulators, will help to create a common ground and clear route to long-term availability and appropriate use of a drug. Also, involvement of academia may lead to public-private partnerships in which societal values are captured, limiting the possibilities for exploitation of monopolies.
CONCLUSION
This study shows that drug repurposing for rare diseases mainly starts in academia, but there are many hurdles for these repurposed drugs to successfully reach patients. The results of our study may be used to operationalize the role of academic researchers and not-for-profit stakeholders in drug repurposing as highlighted by the European Commission (European Commission, 2020). We proposed changes in legislation or reimbursement schemes to ensure sustainable commercial drug repurposing. Yet, also the needs and skills of healthcare professionals involved in drug repurposing, industry and regulators need to become better aligned to stimulate successful marketing and reimbursement of repurposed drugs for patients with a rare disease.
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A timely diagnosis is a critical step to ensure a proper access to expert clinical management for patients. However, diagnosing rare diseases (RD) is a major challenge, as they are not only numerous but also extremely diverse in their expression and cause. This generates a long lag time between first symptoms and diagnosis, unanimously thought to be unacceptably long in many cases, and amenable to improvement. Digital technologies offer new opportunities for improving diagnosis and care in a sector with urgent needs. However, developing and testing digital solutions would only be possible for a limited number of rare diseases (RD). The approach presented here aims at proposing an objective way of defining a subset of “priority” RD to focus on for the development and test of new solutions to reduce the time to diagnosis. An approach which is relevant not only when developing and testing new digital solutions but also organizational solutions in the field of RDs. The priority RDs presented herein have been highlighted using two objective criteria: the existence of a well-defined and established standard of care management, defined as the availability of a medicinal product specifically targeting the disease; and / or the existence of authoritative clinical guidelines. Our approach, based on French data, led to the establishment of a list of 251 RD for which a delayed diagnosis would be especially detrimental for the patient. This work demonstrates the feasibility of identifying objectively a subset of RD at urgent needs for the development of solutions to reduce the delay to diagnosis, if choices have to be made, based on publicly and well-established available data. The proposed list needs to be updated and adapted to the local situation, and validated by experts to establish if the delay to diagnosis can be reduced.
Keywords: rare diseases, diagnostic delay, clinical guidelines, orphan drugs, public health, eHealth
INTRODUCTION
Diagnosing rare diseases is a major challenge. Rare diseases (RDs), whose definition is based on a prevalence notion, are not only numerous (more than 7,000 are described, mostly with a genetic origin) but also extremely diverse in their expression, cause, semiology and nosology. Many RDs share symptoms with “common” diseases, making suspicion of a RD all the more complicated for non-expert practitioners. Moreover, the diagnosis remains complicated even for the best experts, despite increasing knowledge and new imaging or biological and molecular technologies.
This generates a long lag time between first symptoms and diagnosis. A delay that has been identified as a key problem to be fixed by patient organizations (Eurordis, 2009), as a timely diagnosis is a critical step to ensure proper access to expert clinical management. However, this delay is unanimously thought to be unacceptably long, and amenable to improvement if appropriate measures are undertaken.
The reasons for such a delay are diverse and cumulative. A delayed diagnosis can occur because the symptoms are nonspecific or uncommon for the specific disease, because scientific knowledge is still limited, because of a lack of required laboratory tests, or because all investigations were performed without any conclusive result. Sequencing and bioinformatics alone are insufficient to diagnose all inherited rare diseases, for example. These delays cannot be avoided at a given time point.
In contrast, the determinants of the healthcare systems contributing to delays could be addressed. Those may include health professionals’ lack of awareness and experience with RD, difficulties in referring patients to expert centers, lack of specialized centers or too distant ones, understaffed expert centers, or limited access to genomic services. Up to now, many initiatives have addressed these issues. In Europe, Orphanet was specifically established in 1997 to disseminate the information on RDs and expert resources. In 2004, the French Government adopted the first Public Health Plan for rare diseases, including the establishment of a network of expert centers in academic hospitals and many other initiatives likely to contribute to a better diagnosis of RDs (PNMR 1, 2004). A recommendation of the Council of European Ministries was adopted in 2009, urging all European countries to set up a national plan or strategy for RDs before 2014. A recommendation followed by most countries (Official Journal of the European Union, 2009; Khosla and Valdez, 2018). With the progressive availability and affordability of Next-Generation Sequencing (NGS) technologies, the debate around solution for the diagnosis of rare diseases focused on the access to sequencing technologies and on accelerating the identification of disease-causing genes by involving all undiagnosed patients in research protocols (Gahl et al., 2016; Boycott et al., 2019).
Improving the diagnosis of RDs still remains an enormous challenge for public and private actors, as it is a polymorph phenomenon, encompassing all aspects of medicine. However, today, the development of digital technologies offers genuine opportunities for progress: for patients and their caregivers, with new tools and options for dealing with their condition; for healthcare professionals with tools supporting their daily administrative, medical and research duties; for Healthcare systems, with tools to optimize care coordination. The sector of rare diseases is at urgent needs and the community is organized and dedicated enough to quickly adopt innovations that could improve patients’ quality of life.
In this context, a group of stakeholders was invited, by Sanofi France in partnership with Orange Healthcare, to identify tangible eHealth, but also organizational, solutions to reduce diagnostic delay at different stages of the diagnostic pathway. After 30 individual interviews and three workshops, the group identified 13 obstacles, sources of diagnostic delay, and suggested 14 digital-based solutions to reduce them. The outcome of this brain storming exercise was published as a white book, in 2018 (Sanofi, 2018).
During the process of deciding about the potential solutions, the issue of ways to test these solutions, was raised. It became clear that it would only be possible for a limited number of RDs, but that the prioritization could lead to major ethical tensions.
This study was conceived to explore an objective approach to prioritize RDs, considering that a delayed diagnosis is especially detrimental when an expert management, medicinal product and/or clinical guidelines, has been already proved effective. For sure, this choice does not imply that an absence of diagnosis, or a very late diagnosis, is not detrimental in the context of other diseases. Of course, it is the case for all of them. The current approach just aims at proposing a rational way of choosing RD for developing and testing digital-based pilots or organizational solutions, assuming that most of them will have to be customized for each specific disease or group of disease and/or adapted to each medical area.
Rare cancers and Rare infectious diseases were deliberately excluded as they are not considered by national RD plans or strategies adopted by most European countries due to their specificities.
MATERIALS AND METHODS
Definitions and Sources
In an attempt to rationally define a subset of “priority” rare diseases to focus on, it was decided to concentrate on objective missed opportunities for patients, namely the availability of a medicinal product specifically targeting the disease; and/or the existence of authoritative clinical guidelines.
A targeted medicinal product was defined as a medical product with a Marketing Authorization (MA) with designation for one or more RDs (Orphan drugs and non-Orphan drugs); and products in development available as part of an Authorization for Temporary Use in France (ATU). These authorizations are given, prior to the MA granting, for the exceptional use of experimental pharmaceutical products that do not have yet MA for a targeted disease, and for patients that cannot be included in a clinical trial (ANSM, 2017a). Two open access sources of information were used: the list published by Orphanet, of Orphan (OD) and non-Orphan (NON-OD) drugs intended for RD and with a Marketing Authorization in the European Union (EU) as of July 2017 (Source #1) (Orphanet, 2017); and the list of drugs with an Authorization for Temporary Use (ATU) in France with on OD designation as of November 2017 (Source #2) (ANSM, 2017a; DGOS, 2017; EMA, 2017).
Regarding authoritative clinical guidelines, we considered the protocols elaborated either by the French National Authority for Health (Haute Autorité de Santé, HAS) or by the French Rare Disease networks (FSMR) following the methodology elaborated by the HAS. These protocols are syntheses of published good practices about a rare disease, or a group of rare diseases, followed by recommendations for follow-up and care. Their objective is to guide healthcare professionals (HCP) for an optimal diagnostic and therapeutic management. Two open access sources of information were used: the list of National Diagnosis and Care Protocols (NDCP) published by the HAS (Source #3) (World Health Organization, 2018); and the list of NDCPs written or under writing by the 23 FSMR according to their websites (Source #4) (DGOS, 2018).
Finally, the identified pathologies were matched with Orphanet nomenclature database (Source #5) (Orphanet, 2018). The detail of the information sources used in this work is available in the Supplementary Material.
Methodology
A four steps methodology was designed (Figure 1):
• #1: Identification of RDs for which a commercial drug with a MA is available,
• #2: Identification of RDs for which a drug is available as part of an ATU,
• #3: Identification of RDs with a published or under writing NDCP,
• #4: Merger, duplicates removal and mapping of pathologies with the Orphanet nomenclature.
[image: Figure 1]FIGURE 1 | Decision-tree to identify rare diseases for which a delayed diagnosis would be especially detrimental, using existing open access sources on information, in France, on drugs intended for rare diseases and on clinical management guidelines.
All of the treatments described below were performed using the Microsoft Excel Suite.
#1: Identification of RD for Which a Commercial Drug With a MA is Available
The “source #1” tables encompassed 256 drug entries: drugs with Orphan Drug (OD) designation (98 entries) and drugs without Orphan Drug (NON-OD) designation (158 entries) (Orphanet, 2017). For each drug entry, the Marketing Authorization description was manually processed to extract the names of the RD targeted, resulting in 371 “drug x RD” entries. Duplicates were removed using both Excel automatic tool then manual processing (107 duplicates merged, 264 unique RD entries remaining). Rare cancers were discarded from the final table (167 RD entries remaining–97 cancer entries discarded) as they are not considered for the production of clinical guidelines and are supported outside the rare disease networks. Conditions linked to the administration of medicinal products were also excluded: anthracycline extravasation, methotrexate toxicity and hepatitis B reinfection following liver transplantation (164 RD entries remaining–3 RD entries discarded).
#2: Identification of RD for Which a Drug is Available as Part of an ATU
To ensure an exhaustive listing of drugs with an ATU available in France as of November 2017, two sources (Ansm, 2017b; DGOS, 2017) were merged (281 drug entries remaining). Drug products for which an end-date of ATU was already ruled were discarded (224 drug entries remaining–57 drug entries discarded). The table was compared with the EMA Orphan drug designation table (EMA, 2017), which included all products with an ongoing application for the “Orphan Drug” status by the EMA. Given the difference of language between the sources, the two tables were compared based on the “Active Substance” (66 drug entries matched: 41 automatic matches +24 manual additional matches). The “Orphan Drug” designation which had a “withdrawn” or “negative” status were excluded (55 drug entries remaining–11 drug entries discarded). A search of the RD targeted by the 55 products was then carried out in the EMA Orphan drug designation table (column “Disease/condition”) (EMA, 2017). Duplicates were manually removed. Finally, rare cancer entries were excluded (68 RD entries remaining–6 cancer entries discarded).
#3: Identification of RD With a Published or Under Writing NDCP
To ensure an exhaustive listing of drugs with a NDCP, both sources (HAS, 2017; DGOS, 2018) were merged (104 NDCP entries remaining) and completed with the list of NDCP in the process of drafting and/or planned according to the FSMR websites (160 NDCP entries remaining). For each NDCP entry, the description was processed to extract the names of the targeted RD (160 RD entries).
#4: Merger, Duplicates Removal and Mapping of Pathologies With Orphanet Nomenclature
The three RD tables previously obtained were merged (336 remaining RD entries–59 duplicate entries merged). For the 336 RD entries, a search for correspondence with the Orphanet nomenclature was carried out. A confidence index was introduced to characterize the degree of certainty on the correspondence (High/Medium/Low): 248 matches with a “High” correspondence (74%), 39 matches with a “Medium” correspondence (12%) and 28 matches with a “Low” correspondence (14%) were found. The list was finally reviewed by one of the co-authors, expert on rare diseases (SA), with proposals for modification, grouping or removal of pathologies. An output table including 273 RD entries was finally produced.
Information on each RD (ORPHA number, ICD 10 code, synonyms, inheritance, age of onset and prevalence) was then collected from the Orphanet database for the purpose of producing statistics, and are thus not specific to France (all details can be found in the open-access Orphanet report series). There is a potential bias on the age of onset as the age categories used in the Orphanet database overlap. However, despite potential redundant assignments, this does not call into question the general analysis presented further in the article.
The inheritance codes were simplified in three categories: “Genetic origin” encompasses all diseases with a genetic origin whatever the mode of inheritance. “Partially genetic” includes diseases with a mix of different possible origins, some being genetic, some being acquired. “Non genetic” includes all other diseases, although some of them may have some genetic determinants as minor co-factor. The pathologies were classified by broad categories, following the logics applied in the International Classification of Diseases in its 11th edition (Organization, World Health).
The detailed list of the RDs identified in this work is available in the Supplementary Information section (Supplementary Table S2).
RESULTS
A total of 273 rare diseases, disorders and conditions were identified as satisfying the criteria of being particularly sensitive to a delayed diagnosis, by loss of opportunity to benefit from appropriate care management options. This list included some infectious diseases (11 RDs) which were not considered further, as posing very different problems. It also included isolated major malformations (9 RDs) which are quite obvious at birth, but also trisomy 21 which is now easily diagnosed, and familial patent arterial duct, which is not posing a diagnostic issue. These conditions were excluded from the analysis as irrelevant in the framework of this project, but all 273 RDs can be found in the Supplementary Material.
The final list includes 251 conditions, classified in broad categories (Table 1). Notably, most of the conditions identified benefit exclusively either from a drug (118 RDs) or clinical guidelines (94 RDs), while only 39 of them benefit from both (Figure 2). Without surprise, the largest groups are inborn errors of metabolism and multi-systemic diseases, followed by developmental disorders, hematological disorders and neurological disorders. Developmental disorders are well represented because of the large number of clinical guidelines available, despite a small number of drug therapies (Table 2). On the contrary, inborn errors of metabolism rank high because of the large number of marketed drugs, despite a small number of clinical guidelines. In all categories, the number of RDs with both a marketed drug and clinical guidelines is very small (15%).
TABLE 1 | List of rare diseases for which a delayed diagnosis would be especially detrimental, in the context of the study.
[image: Table 1][image: Figure 2]FIGURE 2 | Intersections between the criteria used to select rare diseases for which a delayed diagnosis would be especially detrimental, in the context of the study.
TABLE 2 | Distribution of care management options by broad groups of diseases.
[image: Table 2]The proportion of RDs in this list with genetic origin is 68.9%, comparable to the 75% for the whole set of RDs in the Orphanet database (Table 3). Moreover, despite a bias in the onset age entry in the Orphanet database (overlap of different entries), most of the 251 conditions are pediatric disorders (Figure 3), which is similar to what is generally described in the RD field. Finally, most of the 251 conditions are very rare (74 RD, 41.8%), or ultra-rare (58 RD, 32.7%), as displayed on the distribution of prevalence (Figure 4).
TABLE 3 | Distribution of the genetic origin or not of the diseases, by broad groups of diseases.
[image: Table 3][image: Figure 3]FIGURE 3 | Distribution of the age of onset of the rare diseases for which a delayed diagnosis would be especially detrimental, in the context of the study.
[image: Figure 4]FIGURE 4 | Distribution of the classes of prevalence of the rare diseases for which a delayed diagnosis would be especially detrimental, in the context of the study.
DISCUSSION
This work explored the feasibility of identifying a subset of RDs at urgent needs for the development of digital-based solutions to reduce the delay to diagnosis. The two proposed criteria for disease selection are based on robust public data. Their use ended in the establishment of an appropriate list of RDs, considering the intended goal. A list ready to be submitted to expert clinicians for validation, before proposing it to potential development and test of both digital and/or organizational solutions. This work could notably be supported by the use of the data from the French National RD Database (BNDMR, 2021) (BNDMR). If the time to diagnosis is deemed not acceptable, this will clearly indicate that digital and/or organizational solutions should be considered in priority for those RDs.
However, even if the study gives relevant results, these sources have de facto several limitations. They may suffer from non-completeness. In addition, the dataset is a snapshot of the situation as of January 2018, based on information sources from July 2017 to January 2018. It is representative of the situation at that time only. The proposed list will need to be updated and adapted to the local situation, for any further use.
The work is based on the situation in France, as it was as a proof of concept in the context of a national initiative to develop digital-based solutions for the diagnosis of RDs. Only French clinical guidelines were considered, as the production of these clinical guidelines was a measure of the first and second French National Plan for RDs (PNMR 1, 2004) (PNMR 2, 2010; PNMR 3, 2018). This justifies the choice of this criterion given the scope of this specific study. However, if applied in other countries, other authoritative clinical guidelines could be considered, such as the one from learned societies, national agencies (NHS, 2021) and, in Europe, European Reference Networks. An extension to medical products in clinical trials at European and/or international level could also be considered.
Although not affecting the final list, the proposed grouping of conditions can also be questioned, as the same disease can be considered from several angles, such as the main affected function, the medical specialty caring for patients, the pathophysiology at stake, the etiology, etc. (Rath et al., 2012; Pavan et al., 2017). For this project, it was decided to be as close as possible from the ICD 11 classification system, as it is the most recent attempt to establish an international consensus (Aymé et al., 2015). These choices are however disputable. For example, Neurofibromatosis type 1 is classified as a dermatological disease when it could be also in the developmental anomaly group. Turner and Klinefelter syndrome are considered here as endocrine disorders, when they could also be considered as developmental anomalies. Glucose-6-phosphate dehydrogenase deficiency is in the group of hematological conditions when it could be in the inborn errors of metabolism group. Alpha-1-antitrypsin deficiency is here as hepatological disease and could be a pneumological disease for instance.
Despite these limitations, this study comforts the choice of the two indicators (drugs/clinical guidelines) used for selecting RDs to focus on for the development of digital and/or organizational solutions to improve the time to diagnosis. The two indicators are very differently distributed among the RD groups (Table 3). Most of diseases have, in general, either a specific associated drug or clinical guidelines, while only 39 of them benefit from both (Table 2). The existence of clinical practice guidelines for RDs is, therefore, an independent criterion from the existence of a targeted new therapy, as half of the prioritized RDs in the study has been picked up due to the existence of clinical guidelines only. (Nguengang Wakap et al., 2019).
CONCLUSION
The present study aimed at describing an objective methodology to define “priority” RDs for which a delayed diagnosis would be particularly detrimental for the patient.
Identifying such a subset of “priority” RDs would be of great help if and when choices have to be made to develop and test innovative digital or organizational solutions. The proposed approach is robust as it is based on publicly available data. Clarifying choices when taking initiatives to develop solutions, in a field with so many unmet needs, is a requirement for an ethical approach.
Undoubtedly, this preliminary list is to be updated, validated by experts from ERNs for the feasibility to reduce the time to diagnosis, and adapted to local situations, before using it to make decisions.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://www.orpha.net/orphacom/cahiers/docs/GB/list_of_orphan_drugs_in_europe.pdf; https://solidarites-sante.gouv.fr/soins-et-maladies/medicaments/professionnels-de-sante/autorisation-de-mise-sur-le-marche/article/autorisations-temporaires-d-utilisation-atu; https://www.ansm.sante.fr/Activites/Autorisations-temporaires-d-utilisation-ATU/ATU-nominative-Liste-des-specialites-autorisees/(offset)/5; https://www.ema.europa.eu/en/medicines/download-medicine-data#rare-disease-(orphan)-designations-section; https://www.has-sante.fr/jcms/c_1340879/fr/protocoles-nationaux-de-diagnostic-et-de-soins-pnds; https://solidarites-sante.gouv.fr/soins-et-maladies/prises-en-charge-specialisees/maladies-rares/article/l-offre-de-soins; https://www.orpha.net/consor/cgi-bin/index.php. Extractions from the databases used, as is at the date of their extraction, can be communicated on request.
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Objectives: Cystic fibrosis transmembrane conductance regulator (CFTR) modulators, Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor), have substantially improved patients’ lives yet significantly burden healthcare budgets. This analysis aims to compare pricing and reimbursement of aforementioned cystic fibrosis medicines, across European countries.
Methods: Clinical trial registries, national databases, health technology assessment reports and grey literature of Austria, Belgium, Denmark, France, Germany, Ireland, Poland, Spain, Sweden, Switzerland, Netherlands, the United Kingdom were consulted. Publicly available prices, reimbursement statuses, economic evaluations, budget impact analyses and managed entry agreements of CFTR modulators were examined. Results: In Belgium, lowest list prices were observed for Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) at €417 per defined daily dose (DDD) and €372 per average daily dose (ADD), respectively. Whereas, Switzerland had the lowest price for Orkambi® (lumacaftor/ivacaftor) listed at €309 per DDD. Spain had the highest prices for Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) at €850 per DDD and €761 per ADD, whereas Orkambi® (lumacaftor/ivacaftor) was most expensive in Poland at €983 per DDD. However, list prices were subject to confidential discounts and likely varied from actual costs. In all countries, these treatments were deemed not to be cost-effective. The annual budget impact of the CFTR modulators varied between countries and depended on factors such as local product prices, size of target population, scope of costs and discounting. However, all modulators were fully reimbursed in ten of the evaluated countries except for Sweden and Poland that, respectively, granted reimbursement to one and none of the therapies. Managed entry agreements were confidential but commonly adopted to address financial uncertainties.
Conclusion: Discrepancies concerning prices, reimbursement and access were detected for Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) across European countries.
Keywords: cystic fibrosis, gene modulators, pricing, reimburesement, comparative analaysis
INTRODUCTION
Cystic fibrosis (CF) is a rare condition affecting more than 48,000 individuals in Europe. With an occurrence of 1 in 2000–3,000, it is also the continent with the highest incidence of CF (European Cystic Fibrosis Society, 2020) (Farrell, 2008; Bell et al., 2020). Over time, technological advancements such as preconception carrier screening have led to a decline in incidence rates in some countries or regions (Lopes-Pacheco, 2016; Bell et al., 2020). However, newborn screening, improved care and clinical awareness have contributed to decreased pediatric mortality, a stable and a continuously growing CF adult population, now exceeding the pediatric population (Burgel et al., 2015; Lopes-Pacheco, 2016; Balfour-Lynn and King, 2020; Bell et al., 2020).
Inheritance of the disease is autosomal recessive and caused by errors in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (Rafeeq and Murad, 2017; Bell et al., 2020). Over 2000 CFTR mutations have been identified and are grouped into six classes based on the protein defect (Rafeeq and Murad, 2017). Class I mutations result in no functional CFTR and include nonsense mutations, splice mutations or deletions (De Boeck et al., 2014; Rafeeq and Murad, 2017). In Class II, characterized by the most common heterozygous or homozygous F508del mutation affecting 85% of people with CF (PWCF) in Europe, the CFTR protein is misfolded and unable to reach the cell surface (De Boeck et al., 2014; Rafeeq and Murad, 2017). Gating mutations, typically describing G551D, S549R or V520F alterations that prevent opening of the CFTR channel, are categorized in Class III (De Boeck et al., 2014; Rafeeq and Murad, 2017). Class IV describes impairment of CFTR regulation by faulty channel conformation e.g. D1152H or R117H mutations (De Boeck et al., 2014; Rafeeq and Murad, 2017). Splicing mutations of Class V, such as 3,849+10 kb C → T, result in insufficient CFTR channels and Class VI mutations cause increased degradation of the unstable protein (De Boeck et al., 2014; Rafeeq and Murad, 2017).
A dysfunctional CFTR protein generates a chloride and bicarbonate ionic imbalance while increasing influx of sodium and water (Morrison et al., 2019). This disrupts the natural pH and alters the apical liquid layer of epithelial cells and digestive fluids into accumulating thick mucus or ‘mucoviscidosis’. This phenotypically manifests into persistent obstruction and inflammation of organs such as the lungs and gastrointestinal tract (NICE, 2017; Rafeeq and Murad, 2017; Morrison et al., 2019; Bell et al., 2020). Further complications can lead to deterioration of vital organs and death.
However, innovative therapies have increased life expectancy of PWCF to above 40 years (Lopes-Pacheco, 2016; Lopes-Pacheco, 2019). CFTR modulators have revolutionized the treatment of CF from symptomatic therapy, consisting of antibiotics, bronchodilators and mucolytic medicines, to mechanism-targeting therapies (Lopes-Pacheco, 2016; Cystic Fibrosis Foundation, 2021b). Currently, four modulators, developed by Vertex Pharmaceuticals, Inc., are authorized in the European Union, namely: Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor), Symkevi®/Symdeko® (tezacaftor/ivacaftor) and Kaftrio®/Trikafta® (ivacaftor/tezacaftor/elexacaftor) (European Medicines Agency, 2021b; European Medicines Agency, 2021c; European Medicines Agency, 2021d; European Medicines Agency, 2021a). Kalydeco® (ivacaftor), the first CFTR potentiator introduced in 2012, is used in infants aged 4 months or older (European Medicines Agency, 2021b). Its active substance, ivacaftor extends the opening of the CFTR channel gate and increases activity of defective protein (Rafeeq and Murad, 2017; Lopes-Pacheco, 2019). Subsequently, Orkambi® (lumacaftor/ivacaftor) was launched as a combination therapy for patients 2 years and older, with a homozygous F508del mutation, and contains both ivacaftor and lumacaftor (Lopes-Pacheco, 2016; Lopes-Pacheco, 2019; European Medicines Agency, 2021c). The latter corrects the misfolding of the CFTR protein and, in combination with potentiator Kalydeco® (ivacaftor), facilitates chloride secretion. Symkevi® (tezacaftor/ivacaftor) is indicated in patients aged 6 years and older with the F508del mutation, homozygous or heterozygous with a residual function mutation (Lopes-Pacheco, 2019; European Medicines Agency, 2021d). This therapy combines ivacaftor and tezacaftor and has clinically improved tolerability and pharmacokinetics than its predecessor Orkambi® (lumacaftor/ivacaftor). Most recently, Kaftrio® (ivacaftor/tezacaftor/elexacaftor) was approved for patients, 12 years or older homozygous or heterozygous with a minimal function mutation for the F508del mutation (Lopes-Pacheco, 2019; European Medicines Agency, 2021a). It is a triple combination therapy containing ivacaftor, tezacaftor and a third corrector, elexacaftor proven to be more efficacious than Symkevi® (tezacaftor/ivacaftor). All these therapies, except for Orkambi® (lumacaftor/ivacaftor), of which orphan designation was withdrawn at market authorization upon request of the company, are designated as orphan medicinal products (OMP). Symkevi® (tezacaftor/ivacaftor) and Kaftrio® (ivacaftor/tezacaftor/elexacaftor) are used in combination with Kalydeco® (ivacaftor) in therapy (European Medicines Agency, 2021b; European Medicines Agency, 2021d; European Medicines Agency, 2021a).
Moreover, for each indication of Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor), phase 3 clinical trials reported improved pulmonary functions, expressed in lung clearance index (LCI 2.5) and percentage predicted forced expiratory volume in one second (ppFEV1), compared to placebos (Table 1) (EU Clinical Trials Register, 2015b; EU Clinical Trials Register, 2015c; EU Clinical Trials Register, 2015a; EU Clinical Trials Register, 2017c; EU Clinical Trials Register, 2017b; EU Clinical Trials Register, 2017a; EU Clinical Trials Register, 2018). However, statistically significant difference was only achieved in 3,849 + 10 KB C→T or D1152H CFTR mutations, G551D and Non-G551D CFTR gating mutations for Kalydeco® (ivacaftor), in homozygous F508del CFTR mutations for Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) (EU Clinical Trials Register, 2015c; EU Clinical Trials Register, 2015a; EU Clinical Trials Register, 2017c; EU Clinical Trials Register, 2017b).
TABLE 1 | Description of design and efficacy results of the pivotal trials in each indication of Kalydeco®, Orkambi® and Symkevi®.
[image: Table 1]Although Orkambi® (lumacaftor/ivacaftor) and Symkevi® have, moderately, while Kalydeco® (ivacaftor) and Kaftrio® (ivacaftor/tezacaftor/elexacaftor) have, greatly, improved quality of life for many patients, access to these medicines is not always guaranteed due to their associated high cost and burden on healthcare budgets (Chevreul et al., 2016; Lopes-Pacheco, 2019). After the adoption of CFTR modulators, a significantly higher expenditure was observed in Europe: a recent study reviewed a database of PWCF and showed that only the four percent of PWCF who were on CFTR modulators caused an increase of 27.5% in CF pharmaceutical spending (Chevreul et al., 2016). This is expected to augment further as the market uptake will grow when all eligible PWCF receive CFTR protein-targeting medicines. Additionally, new CFTR-modulators from Vertex and other companies such as Abbvie and Eloxx Pharmaceuticals are in the pipeline (Cystic Fibrosis Foundation, 2021a; Lopes-Pacheco, 2019). To illustrate, Germany noted an expenditure of €159 million in 2016 and estimates this amount to triple to €594 million if all patients would receive these modulators (Frey et al., 2019).
To inform reimbursement decisions of new medicines, many European jurisdictions perform health technology assessment (HTA) (Morel et al., 2013). For rare disease therapies such as these CFTR modulators, however, high uncertainty on medicine performance exists due to the limited and genetically heterogeneous population as well as adoption of surrogate endpoints in clinical settings (Kent et al., 2014; McLeod et al., 2020). To allow market access of Vertex’ products while accounting for clinical uncertainties and high costs, some healthcare authorities closed mutual agreements with the manufacturer (Morel et al., 2013).
In this study, we aim to comparatively analyze publicly accessible list prices, reimbursement decisions, economic evaluations, budget impact analyses (BIAs), managed entry agreements (MEAs) and multinational collaborations of Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) in European countries.
METHODS
We conducted a comparative analysis of list prices, reimbursement statuses, economic evaluations, BIAs and MEAs of Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi®(tezacaftor/ivacaftor) in selected European countries. Kaftrio® (ivacaftor/tezacaftor/elexacaftor) was not included in the analysis due to limited information availability as it was recently authorized. Twelve countries were selected based on publicly accessible data and consisted of Austria, Belgium, Denmark, France, Germany, Ireland, Poland, Spain, Sweden, Switzerland, the Netherlands, the United Kingdom. If information was confidential or not available for a specific country, the country was not analyzed further.
Official list prices and reimbursement status of the CFTR modulators were recovered from public sources and grey literature, namely, medicinal products databases, formularies and/or pharmaceutical registries and government-specific healthcare or reimbursement databases. The latter comprised of Belgian National Institute for Health and Disability Insurance (NIHDI) and Belgisch Centrum voor Farmacotherapeutische Informatie (BCFI), German Gemeinsamer Bundesausschuss (G-BA) and Rote Liste, Swedish Tandvårds-och läkemedelsförmånsverket (TLV), Scottish Medicines Consortium (SMC), English National Health Service (NHS) and National Institute for Health and Care Excellence (NICE), Dutch Geneesmiddelenvergoedingssysteem (GVS), French Ministère des Affaires Sociale et de la Santé and Centre National Hospitalier d'Information sur le Médicament (CNHIM), Danish Lægemiddelstyrelsen, Austrian Österreichische Sozialversicherung (SV), Irish Health Service Executive (HSE) and Swiss Federal Office of Public Health (FOPH). Additional information on reimbursement status was collected from parliamentary reports and the company’s press releases.
To conduct a comparison between countries, we converted list prices to prices per defined daily dose (DDD) which represents the assumed average maintenance dose per day for a medicine used for its main indication in adults (World Health Organization, 2021). If no DDD of the CFTR modulator was available for a specific dose, instead, we converted list price to price per average daily dose (ADD) as indicated in the package leaflet. For Kalydeco’s® (ivacaftor) dose of 150 mg, a DDD of 0.3g was specified (WHO, 2020). Only for Orkambi’s® (lumacaftor/ivacaftor) tablet dose of 200 mg/125 mg, a DDD of four tablets was stated (WHO, 2021). For the other tablet dose of 100 mg/125 mg of Orkambi® (lumacaftor/ivacaftor), we adopted an ADD of four tablets instead (European Medicines Agency, 2015). For Symkevi® (tezacaftor/ivacaftor), no DDD was released thus the ADD was defined as one 100mg/150 mg Symkevi® (tezacaftor/ivacaftor) tablet combined with one 150 mg Kalydeco® (ivacaftor) tablet. (European Medicines Agency, 2018). List prices comprised of pharmacist fee and value added tax (VAT). If the price was listed without pharmacist fee, it was specified, or without tax, it was recalculated with the VAT rate on prescription-only medicines from the corresponding country (Bundesverband der Pharmazeutischen Industrie (BPI), 2020). Currencies were subsequently converted to 2021 € with Belgium as the target country using the ‘CCEMG - EPPI-Centre Cost Converter’ online tool (The Campbell and Cochrane Economics Methods Group and the Evidence for CCEMG, 2021). It was assumed that original data related to the year of the data source. Finally, prices were rounded to the unit.
To compare economic evaluations, we considered following design parameters; model, perspective, comparator, time horizon, costs and discounting. The incremental cost-effectiveness ratio (ICER) or cost per quality-adjusted life years (QALY) and sensitivity analyses were also included.
Furthermore, publicly available BIAs were reviewed on their design including perspective, time horizon, target population (size), costs, discounting and uncertainty. The results of BIAs were also reported. This information was gathered from reimbursement applications or health technology appraisal reports from the respective agencies.
We determined whether a financial or performance-based MEA, between the company and national healthcare payers for Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) existed for reimbursement in some European countries. Lastly, the impact of multinational collaborations on market access to PWCF was assessed by reviewing literature. To that end, Pubmed, ISPOR, national healthcare payers’ websites and the company’s official website were consulted.
RESULTS
List Prices
List prices for Kalydeco® (ivacaftor) ranged from €417 to €850 per DDD in Belgium and Spain, respectively (see Figure 1). For Orkambi® (lumacaftor/ivacaftor), the lowest price was at €309 per DDD in Switzerland and the highest price was at €983 per DDD in Poland. Symkevi® (tezacaftor/ivacaftor) prices varied between €372 per ADD in Belgium and €761 per ADD in Spain. No price for Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) was available for Poland. Except for in Denmark, Kalydeco® (ivacaftor) was considerably higher priced than Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor). Compared to Orkambi® (lumacaftor/ivacaftor), Symkevi® (tezacaftor/ivacaftor) was more expensive apart from in Belgium, Demark, Germany and France where both treatments’ prices were similar.
[image: Figure 1]FIGURE 1 | Official list prices per DDD/ADD of Kalydeco®, Orkambi® and Symkevi®. DDD, Defined Daily Dose. ADD, Average Daily Dose. *Consulted on September 22, 2021, VAT included and expressed in 2021 €. ‡10% VAT rate included manually. +Tablet form of Orkambi®: 100/125 mg instead of 200/125 mg §pharmacist fee excluded. References: Austria (Österreichische Sozialversicherung, 2021). Belgium (RIZIV, 2021a; RIZIV, 2021c; RIZIV, 2021b). Denmark (Danish Medicines Agency, 2021c; Danish Medicines Agency, 2021b; Danish Medicines Agency, 2021a). France (Theriaque CNHIM - Centre National Hospitalier d'Information sur le Médicament, 2021a; Theriaque CNHIM - Centre National Hospitalier d'Information sur le Médicament, 2021b; Thériaque CNHIM - Centre National Hospitalier d'Information sur le Médicament, 2021). Germany (Rote Liste, 2021c; Rote Liste, 2021a; Rote Liste, 2021b). Ireland (Health Service Executive (HSE), 2021). Poland (medycyna praktyczna, 2021). Spain (Vademecum, 2021a; Vademecum, 2021c; Vademecum, 2021b). Sweden (Tandvårds-och läkemedelsförmånsverket, 2021c; Tandvårds- och läkemedelsförmånsverket, 2021b; Tandvårds- och läkemedelsförmånsverket, 2021a). Switzerland (Office fédéral de la santé publique, 2021; Open Drug Database, 2021b; Open Drug Database, 2021c; Open Drug Database, 2021a). Netherlands (Zorginstituut Nederland, 2021b; Zorginstituut Nederland, 2021c; Zorginstituut Nederland, 2021d. The United Kingdom (NICE British National Formulary, 2021b; NICE British National Formulary, 2021c; NICE British National Formulary, 2021a).
Reimbursement Status
The three CFTR modulators were fully reimbursed in ten out of 12 examined countries except from Sweden and Poland (see Table 2). In France, healthcare authorities decided to officially reimburse Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) at a partial rate of 65%, however, PLWCF were exempt from any out-of-pocket costs through the long-lasting illness (ALD) scheme (Haute Autorité de Santé, 2014, Haute Autorité de Santé, 2019; Haute Autorité de Santé, 2020c, APM News, 2021; L’assurance maladie (ameli), 2021; Vaincre la mucoviscidose, 2021). A reimbursement decision for Symkevi® (tezacaftor/ivacaftor) was reached in 2021, 1 year after the positive reimbursement advice in May of 2020 (Haute Autorité de Santé HAS, 2020c; Vertex Pharmaceuticals Incorporated, 2021). Furthermore, in Switzerland, Kalydeco® (ivacaftor) reimbursement is conditioned by particular clinical modifications (Bundesamt für Gesundheit BAG, 2015). The Swedish TLV negatively decided on reimbursement of Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) (Tandvårds-och läkemedelsförmånsverket TLV, 2019). In Poland, no CFTR modulator is currently reimbursed and an official administrative decision after negative advice from the Economic Commission is awaited (Miłkowski, 2020; Munyama et al., 2020).
TABLE 2 | Reimbursement status of Kalydeco®, Orkambi® and Symkevi® in specific European countries.a
[image: Table 2]Economic Evaluations
Tables 3–5 show the company’s and/or health authorities’ economic evaluations per investigated country, in terms of design and cost-effectiveness (ICER) for Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor), respectively.
TABLE 3 | Overview of the economic evaluation of different European countries for Kalydeco® (ivacaftor).a
[image: Table 3]TABLE 4 | Overview of the economic evaluation of different European countries for Orkambi® (lumacaftor/ivacaftor).a
[image: Table 4]TABLE 5 | Overview of the economic evaluation of different European countries for Symkevi® (tezacaftor/ivacaftor).a
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For Kalydeco® (ivacaftor) an economic evaluation was provided by the company and/or the country-specific healthcare authorities in the indications of G551D in children above six, gating class III children above two and/or R117H mutations in adults over 18 (see Table 3). A patient-level micro-simulation model, payer perspective, ivacaftor plus standard of care with standard of care only comparison and a lifetime horizon were adopted in most countries. However, differences were detected for: the Netherlands where the company carried out an evaluation based on a Markov model and the health authorities adopted a societal perspective; Poland and Sweden for which, respectively, the company and health authority adopted a societal perspective next to the payer’s perspective; Scotland and Sweden, for which early ivacaftor treatment (initiated at 2 years of age) was additionally compared to standard of care and late ivacaftor treatment (initiated at 6 years of age); Wales, for which the perspective in G551D and gating class III mutations indications were not reported. Adjustments to the economic evaluation design made by local health authorities were claimed to be more adaptive to their population’s characteristics. Reported costs often included medicine costs but also direct condition-related costs and indirect non-medical costs assessed in Poland. Furthermore, a discount rate for costs and/or health outcomes and sensitivity analyses, scenario or probabilistic, were generally considered.
In all countries, Orkambi® (lumacaftor/ivacaftor) was evaluated for people homozygous for the F508del CFTR mutation (see Table 4). In every economic evaluation, a patient-level micro-simulation model, third-party payer perspective and/or societal perspective was adopted. The treatment combined with the standard of care was compared to standard of care only. A lifetime horizon and medicine costs but also direct medical costs were generally considered. Poland and the Netherlands were the sole countries to also include indirect costs in their evaluation. When reported, a discount rate was applied to costs and health outcomes.
Symkevi® (tezacaftor/ivacaftor) was evaluated in its indication either in people homozygous for the F508del mutation and/or heterozygous for the F508del mutation with residual function mutation (see Table 5). Again, third-party payer perspective and/or societal perspective was adopted while the intervention, tezacaftor/ivacaftor combination therapy with ivacaftor, plus standard of care was compared to either standard of care only or standard of care and lumacaftor in the case of Sweden. Lifetime was generally considered as a time horizon. Furthermore, medicine costs, direct medical costs, and additionally, for the Netherlands, indirect costs were integrated in the economic evaluations. A discount rate on costs and/or outcomes was also applied.
Cost-Effectiveness (Incremental Cost-Effectiveness Ratio)
Kalydeco® (Ivacaftor)
The ICERs varied greatly per indication and across the analyzed countries (see Table 3). An ICER of €1M per QALY in the G551D indication was predicted for England. The company provided ICERs for G551D, gating class III (initiated at two or 6 years of age) and R117H mutations: for Ireland these were, respectively, €500K per QALY, €487K per QALY or €666K per QALY and €463K per QALY whereas for Scotland, values were, respectively, €366K per QALY, €772K per QALY or €613K per QALY and €599K per QALY. For Sweden, in the indication of G551D, the company estimated an ICER of €361K per QALY whereas their health authority adjusted this value to an ICER ranging between €608K and €1.1M per QALY and reported an ICER between €533K and €672K per QALY in the gating class III indication. Likewise, for gating class III mutations in the Netherlands, the company provided an ICER of €192K per QALY that was adjusted by their health insurance fund to a value of €296K per QALY. The ICER values predicted by local health authorities were generally higher, more accurate and less varying. Both deterministic and probabilistic sensitivity analyses showed that ICERs were, generally, most sensitive to treatment efficacy measurements, costs of ivacaftor, discount rates, age and utility values. France, Poland and Wales did not publicly disclose their ICER estimations.
Orkambi® (Lumacaftor/Ivacaftor)
The company predicted an ICER of €483K per QALY for Belgium, €282K per QALY for England, €676K per QALY for France, €386K per QALY for Ireland, €256K per QALY for Scotland and €443K per QALY for the Netherlands (see Table 4). English and Irish health authorities corrected the company’s predicted ICER to €287K per QALY and €680K per QALY, respectively. The Swedish health authority predicted an ICER between €148K and €158K per QALY while the company’s ICER was confidential. The ICERs, after correction by health authorities were estimated to be significantly higher than the company’s predictions. For England and Ireland, this meant an ICER that was approximately €5,000 per QALY and €300,000 per QALY, respectively, higher than the company’s predicted ICERs. For countries like England, Ireland and the Netherlands, that rely on an ICER threshold for reference, Orkambi® (lumacaftor/ivacaftor) had zero percent chances of being cost-effective. In France, Orkambi® (lumacaftor/ivacaftor) had a 90% probability of being cost-effective if the willingness-to-pay would at least be €632K per QALY while the Netherlands reported that the price of Orkambi® (lumacaftor/ivacaftor) should be reduced with about 82% to be deemed cost-effective. Deterministic and probabilistic sensitivity analyses indicated that ICER values were most sensitive to medicine costs, age, time horizon, treatment outcomes, adherence, utility values and discounting. No cost-effectiveness estimate was publicly available for Poland.
Symkevi® (Tezacaftor/Ivacaftor)
The company reports an ICER for France of €980K per QALY in the heterozygous indication whereas, an ICER of €503K per QALY for homozygotes and of €431K per QALY for heterozygotes was predicted for Scotland (see Table 5). For the Netherlands, an ICER of €387K per QALY in the heterozygous indication was estimated. However, health authorities in France believed the ICER prediction of the company to be an underestimation and claimed a more accurate ICER, specific to its population characteristics, to be above €1M per QALY. For Sweden, only an ICER value estimated to be between €544K and €675K per QALY for heterozygotes was reported by their health authority. Moreover, for homozygotes, Symkevi® (tezacaftor/ivacaftor) treatment cost was valued to be approximately €34,000 more expensive than that of Orkambi® (lumacaftor/ivacaftor). ICER ranges estimated by the health authorities were generally higher and depicted a smaller variation between the values. For all listed ICERs, a deterministic analysis was performed which showed highest sensitivity for utility values, treatment effects, medicine costs, adherence and discount rates. Probabilistic sensitivity analysis for France showed that the willingness-to-pay should be set at €1.1M for Symkevi® (tezacaftor/ivacaftor) to have an 84% probability of being cost-effective. For the Netherlands a price decrease of 80% would be required as Symkevi® (tezacaftor/ivacaftor) would have zero percent chances of being cost-effective considering the current price and threshold. England, Germany, Ireland and Poland had no public data on cost-effectiveness available.
Country-Specific Outcomes
Belgium does not consider cost-effectiveness for orphan medicines (Denis et al., 2009). In their analysis for Orkambi® (lumacaftor/ivacaftor), jointly assessed with the Netherlands, the Dutch ICER threshold of €80,000 per QALY was used as a reference and Orkambi® (lumacaftor/ivacaftor) was deemed not cost-effective.
Data on economic evaluations by the French HTA Agency (CEESP) were available for Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor), although France generally does not consider cost-effectiveness for reimbursement (Denis et al., 2009; Haute Autorité de Santé HAS, 2014; Haute Autorité de Santé, 2019; Haute Autorité de Santé, 2020c). For Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor), CEESP reported significant clinical uncertainties considering long term efficacy on FEV1% and pulmonary exacerbations and required a significant reduction in price for the interventions to be deemed cost-effective.
The Dutch Healthcare Institute adopts a threshold to determine cost-effectiveness and inform their Health Minister on reimbursement (Denis et al., 2009). The price of Kalydeco® (ivacaftor) would have to be reduced by 82% for the treatment to bring the ICER below the thresholds and be deemed cost-effective. Orkambi® (lumacaftor/ivacaftor) was given negative advice for reimbursement due to failed cost-effectiveness, insufficient clinically proven effect, lack of long-term data on lung function but also a limited patient eligibility (Zorginstituut Nederland, 2016a; Zorginstituut Nederland, 2019a). Symkevi® (tezacaftor/ivacaftor) was negatively advised for heterozygotes but positively advised for homozygotes with the condition that the price would not be set higher than Orkambi® (lumacaftor/ivacaftor)’s price given that it has a similar therapeutic value (Zorginstituut Nederland, 2019b; Zorginstituut Nederland, 2020a).
In Sweden, cost-effectiveness is flexible, influenced by disease severity and usually determined based on a range of €35,000 to €100,000 per QALY (Denis et al., 2009). However, cost-effectiveness is not a primary criterium and no official threshold is defined. Kalydeco® (ivacaftor)’s and Symkevi® (tezacaftor/ivacaftor)’s costs were not deemed reasonable compared to their clinical benefit and therefore not funded for any of their indication (Tandvårds-och läkemedelsförmånsverket TLV, 2019). In contrast, Orkambi® (lumacaftor/ivacaftor) was funded with the requirement to register specific effect parameters and a reduced cost.
For England, Kalydeco® (ivacaftor) was shown not to be cost-effective unless a discount would be agreed and ICER would fall within the increased ultra-orphan medicines threshold margin of £100,000 to £300,000 per QALY (Whiting et al., 2014; NHS England, 2015; National Institute for Health and Care Excellence (NICE), 2017; Kelly et al., 2018). Orkambi® (lumacaftor/ivacaftor) had zero percent chance of being cost-effective compared to the standard of care at their official threshold of £30,000 per QALY and was given a negative recommendation.
The Scottish Medicines Consortium (SMC) does not specify a formal ICER cut off but NHS’ threshold of £20,000 per QALY is often used as a reference (Scottish Medicines Consortium, 2021a). In some cases, a higher cost per QALY may be accepted and additional factors are assessed to determine value for money (Denis et al., 2009). SMC did not advise Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) nor Symkevi® (tezacaftor/ivacaftor) for reimbursement within NHS Scotland because of insufficient justification of the cost in relation to the health benefit and a lack of robust economic and clinical analysis (Scottish Medicines Consortium (SMC), 2013; SMC, 2016a; SMC, 2016b; Kelly et al., 2018; Scottish Medicines Consortium, 2019).
Ireland considered incremental cost-effectiveness with a threshold of €45,000 per QALY in their economic evaluation (National Centre for Pharmacoeconomics (NCPE), 2017b). NCPE suggested significant price reductions for Kalydeco® (ivacaftor) and Orkambi® (lumacaftor/ivacaftor) as acquisition costs were very high; no cost-effectiveness was proven and long-term clinical data was absent (National Centre for Pharmacoeconomics (NCPE), 2013b; NCPE, 2016c). Symkevi® (tezacaftor/ivacaftor) was not subject to HTA.
In Poland, cost-effectiveness with an ICER threshold of three times their GDP per capita of that year, is considered (Kolasa et al., 2018). The Polish HTA Agency (AOTMiT) gave a negative recommendation for Kalydeco® (ivacaftor) and Orkambi® (lumacaftor/ivacaftor) because of insufficient clinical evidence, poor quality data and cost in relation to the benefit being insufficiently justified (Agencja Oceny Technologii Medycznych i Taryfikacji, 2015; Agencja Oceny Technologii Medycznych i Taryfikacji (AOTMIT), 2018). No HTA report for was currently available for Symkevi® (tezacaftor/ivacaftor) although a reimbursement application was filed in February of 2021 (Oddech Zycia, 2021).
In Wales, the English NHS threshold of £100,000 to £300,000 per QALY for the economic evaluation of ultra-orphan medicines was adopted (Denis et al., 2009; National Institute for Health and Care Excellence (NICE), 2017). Kalydeco® (ivacaftor) was negatively recommended by their health technology assessment body (AWMSGs) as issues surrounding cost-effectiveness and clinical uncertainties were defined (Drakeford, 2013; All Wales Medicines Strategy Group (AWMSG), 2019).
Budget Impact Analyses
Kalydeco® (Ivacaftor)
For most countries a BIA was provided in the indication of gating class III mutations and/or G551D mutations (see Table 6). In addition, England, Scotland and Wales also analyzed the budget impact in the indication of R117H mutations. In terms of design, payer’s perspective was adopted in all cases, except for Wales that did not report their perspective. Budget impact results were depicted over an annual, 3-year, 5-year and/or life time horizon. Population size varied per country and depending on the indication. An open population was considered in Ireland, Scotland and Wales, in the indications G551D and R117H mutations. In Scotland, market uptake of Kalydeco® (ivacaftor) for the gating class III and for G551D mutations were estimated to be 100 and 90%, respectively. For the Netherlands a market expansion with a treatment uptake of 100% was predicted. Medicine only costs were considered in Belgium, Poland, Sweden and the Netherlands, disaggregated costs were not reported for Ireland and all other countries considered costs beyond medication costs. Discount rates were generally not adopted or confidential, except for England and for Ireland in the indications of gating class III and R117H mutations. Overall, detailed information on handling uncertainty was confidential, however, England, Poland and the Netherlands performed deterministic sensitivity analyses and Wales performed a probabilistic sensitivity analysis of patient number and disease management costs. Some countries reported one gross or net budget impact per indication, while others disaggregated their estimates and stated the first and last year budget impact over the chosen horizon.
TABLE 6 | Overview of budget impact analyses of different European countries for Kalydeco®.a
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A BIA was conducted for patients homozygous for the F508del mutation in all selected countries (see Table 7). Calculations were done from the perspective of the payer and the chosen time frame differed, from a 1-year to a 3-year and a 5-year horizon, respectively in Poland, Belgium and the remaining countries. An open population was only considered in Scotland, where patient number dynamically changed with discontinuation and in England, where they accounted for adherence and a yearly incremental market uptake. Other countries considered a closed population. Additionally, Belgium and the Netherlands reported a possible larger population size, in case Orkambi® (lumacaftor/ivacaftor) would expand the current treatment market and be entirely adopted by all ages. Direct medical costs beyond medicine-associated costs, such as hospitalization and adverse events costs, were included in the analyses of England and Ireland only. No information on discount rates was publicly released. Only Poland reported on the use of sensitivity analysis and patient number influencing the potential budget impact. Belgium, the Netherlands and England disaggregated budget impact results and reported yearly amounts. In England, both budget estimates of the company and the national health service were reported, with the latter being slightly higher. One total budget impact estimation over the analyzed time horizon was reported for England, Ireland and Poland.
TABLE 7 | Overview of budget impact analyses of different European countries for Orkambi®.a
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BIAs for Symkevi® (tezacaftor/ivacaftor) were performed in the indication of homozygous F508del and/or heterozygous F508del with residual CFTR function mutation (see Table 8). For all countries the payer’s perspective was adopted to estimate the impact while time horizons included 3-year horizons for the Netherlands and Sweden, a 5-year horizon for Scotland and a lifetime horizon in the case of Sweden. An open population was considered in France and Scotland with the latter country also reporting a 100% market uptake while changes in population size incur partly due to discontinuation. Sweden and the Netherlands studied a closed population. Netherlands predicted market expansion and an alternative population size in case of full market uptake of Symkevi® (tezacaftor/ivacaftor) across all ages in the heterozygous indication. With respect to the scope of costs, medicine-only costs were generally considered while direct medical costs beyond medicine-costs, such as follow-up and maintenance costs, were reported in France only. Discount rates were generally not reported and uncertainty in the analyses for France and the Netherlands was addressed by scenarios. The latter, particularly for the Netherlands, was done by alternating treatment compliance rate. Budget impact results were generally confidential, only Sweden and the Netherlands published one total annual estimate over their respective time horizons.
TABLE 8 | Overview of budget impact analyses of different European countries for Symkevi®.a
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To have CF products reimbursed, the company and some European countries have set up a unique portfolio-deal agreement (Bruce, 2018; Vertex Pharmaceuticals Incorporated, 2018c). The concept was introduced to pay for the company’s CF products considered expensive, not cost-effective and clinically uncertain in many jurisdictions. These portfolio deals aim to facilitate entry of the company’s current products and those in the pipeline for the treatment of CF, while mitigating potential risks for their reimbursement (Rawson, 2018). To that end, a confidential discounted price based on caps, is agreed upon and, in many instances, this contract is coupled with the collection of data concerning clinical uncertainties.
The Republic of Ireland pioneered in 2017, as the first market to establish this portfolio approach for Kalydeco® (ivacaftor) and Orkambi® (lumacaftor/ivacaftor) and the company’s future CF products (Vertex Pharmaceuticals Incorporated, 2017; Vertex Pharmaceuticals Incorporated, 2018c). This agreement, with HSE, formed the blueprint for similar subsequent contracts between the company and Swedish TLV and county councils but also the Danish pharmaceutical and procurement body, Amgros (Nawrat, 2018; Vertex Pharmaceuticals Incorporated, 2018c; Vertex Pharmaceuticals Incorporated, 2018b; Vertex Pharmaceuticals Incorporated, 2018a). A recent study claims that the agreements in Sweden are mostly cost-sharing to address affordability whereas clinical uncertainties usually remain unsolved (Andersson et al., 2020). In Denmark, the price caps in the agreement are linked to the number of patients adopting the treatments (Bruce, 2018). In 2019, the company managed to bring its portfolio approach to England, Northern Ireland and Wales (Vertex Pharmaceuticals Incorporated, 2019c; National Institute for Health and Care Excellence (NICE), 2021). This agreement is performance based and supersedes any previous agreement between the company and NICE (National Institute for Health and Care Excellence (NICE), 2021). Under this deal, the company is required to deliver answers to clinical uncertainties that arose after health technology appraisal. These a priori defined elements and data are collected in the UK CF registry, that is monitored by NICE and funded by the company.
In other markets where reimbursement of the CF products exists, the company has agreed on other proposals.
Switzerland reached an agreement for the eligible population of Orkambi® (lumacaftor/ivacaftor) and Symkevi®/Symdeko® (tezacaftor/ivacaftor) along with any future extension by age for Symkevi®/Symdeko® (tezacaftor/ivacaftor) (Carvalho, 2020; Plüss, 2020; Vertex Pharmaceuticals Incorporated, 2020). These medicines were added to the Swiss medicine specialties list and are reimbursed by health insurance. This deal could also facilitate future market entry of Kaftrio®/Trikafta® (ivacaftor/tezacaftor/elexacaftor) for which an application has been filed with Swissmedic.
In Scotland, a 5-year interim deal for Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) was realized in 2019, requiring to collect real-world evidence and to resubmit the medicines to the Scottish Medicines Consortium during the contract period (Vertex Pharmaceuticals Incorporated, 2019b; Cystic Fibrosis Trust, 2019). In 2020, a deal for the triple-therapy, Kaftrio® (ivacaftor/tezacaftor/elexacaftor) was reached even before market authorization in Europe (Cystic Fibrosis Trust, 2020).
In 2016, a pay-for-performance agreement was set up between the company and NIHDI due to remaining concerns about high budget impact and effectiveness, in terms of disease progression, survival rates and hospitalization rates (Comissie voor Gezondheid en Gelijke Kansen, 2019; Comissie voor Gezondheid en Gelijke Kansen, 2021). This allowed for a 3-year temporary inclusion of Kalydeco® (ivacaftor) on the Belgian reimbursement list. In return, the company was required to collect data and resolve established clinical uncertainties (Fair Healthdata, 2015; Sectoraal Comité, 2017). To account for the budgetary risks, a yearly amount based on profits and number of treated patients was refunded to NIHDI (Rijksinstituut voor ziekte-en invaliditeitsverzekering (RIZIV, 2016a; RIZIV, 2016b). Since the end of the agreement, it has been amended, renewed and is still ongoing (Rijksinstituut voor ziekte-en invaliditeitsverzekering (RIZIV, 2019). An agreement for the reimbursement of cystic fibrosis medicines, Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor), was reached in March of 2021 (Mucovereniging, 2021; Vlaamse Radio-en Televisieomroeporganisatie (VRT), 2021). That same month, the company applied for reimbursement of their most recent innovative therapy, Kaftrio® (ivacaftor/tezacaftor/elexacaftor).
In the Netherlands, although not cost-effective, Orkambi® (lumacaftor/ivacaftor) was added to their reimbursement list (van Rijn, 2016). Currently, a confidential price-agreement with conditions is set up between the company and the government for all three modulators (Zorginstituut Nederland, 2019a; Zorginstituut Nederland, 2019b; Zorginstituut Nederland, 2021a). Likewise, for Orkambi® (lumacaftor/ivacaftor), a straight reimbursement deal was achieved in Austria but also Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) are found on their specialty list (Pinto, 2018; Rawson, 2018; Vertex Pharmaceuticals Incorporated, 2018a; Österreichische Sozialversicherung, 2020).
Both Kalydeco® (ivacaftor) and Orkambi® (lumacaftor/ivacaftor) are reimbursed in France (Vertex Pharmaceuticals Incorporated, 2019). Kalydeco® (ivacaftor) was given a positive decision after reimbursement application (Haute Autorité de Santé HAS, 2014). For 4 years, Orkambi® (lumacaftor/ivacaftor) was available to a set of patients through a temporary use authorization (ATU) until a price agreement was achieved (Association Gregory Le Marchal - Vaincre la Mucoviscidose, 2019). Recently, Symkevi® (tezacaftor/ivacaftor) price negotiations were finalized and the medicine was added to the reimbursement list (Journal Officiel de le République Française, 2021; La Voix Du Nord, 2021; Vertex Pharmaceuticals Incorporated, 2021).
Since the market authorization of the cystic fibrosis medicines by the European Commission, the modulators are available in Germany (GKV-Spitzenverband, 2012; GKV-Spitzenverband, 2015; Vertex Pharmaceuticals Incorporated, 2016; GKV-Spitzenverband, 2018a). However, a reimbursement agreement between the German National Association of Statutory Health Insurance Funds (GKV) and the company was founded on the obligation of the pharmaceutical company to automatically report the CF modulators’ price and product information through electronic data transmission, in accordance with legal Section 131 (4) SGB V (GKV-Spitzenverband, 2018b).
In Spain, managed entry of Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) in combination with Kalydeco® (ivacaftor) was obtained by establishing a mixed model of financing (Rivera, 2019). Spanish health authorities agreed on the company’s proposal for a cap on spending combined with pay-for-performance reflecting clinical uncertainty (Vertex Pharmaceuticals Incorporated, 2019a; Grubert, 2019).
International Collaborations
Several countries were hesitant to adopt Orkambi® (lumacaftor/ivacaftor) due to its high price and clinical uncertainties. To mitigate these uncertainties, Belgium and the Netherlands performed a joint price negotiation as part of the Beneluxa initiative in 2015 (O'Donnell, 2015; Paun, 2018; Rawson, 2018; Beneluxa Initiative on Pharmaceutical Policy, 2021). The negotiation was a pilot study of a larger international collaboration, additionally involving Luxembourg, Austria and Ireland, which was set up to jointly assess highly priced and innovative medicines often intended for a small population (De Block, 2015). In the case of Orkambi® (lumacaftor/ivacaftor), Belgian and Dutch negotiations resulted in a negative decision to reimburse the medicine as no agreement could be established (Allen, 2017). The Ministers of Health deemed the medicine to be overpriced and not cost-effective (van Rijn, 2016; De Block, 2017). A price reduction of 82% was requested to make Orkambi® (lumacaftor/ivacaftor) cost-effective. Ultimately, Netherlands managed to strike a deal with the company alone. Another 4 years was needed for Orkambi® (lumacaftor/ivacaftor) to be reimbursed and available in Belgium (Zorginstituut Nederland, 2017; Mucovereniging, 2021).
DISCUSSION
Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) were the first treatments authorized in the European Union to target the underlying mechanism of the dysfunctional CFTR protein in cystic fibrosis (Lopes-Pacheco, 2016; Rafeeq and Murad, 2017; Lopes-Pacheco, 2019). With these treatments and the latest Kaftrio® (ivacaftor/tezacaftor/elexacaftor), about 90% of PWCF are able to be treated, however access to these CFTR modulators in EU Member States is challenged because of the associated high costs and constricted healthcare budgets (Schneider et al., 2017; Rawson, 2018).
Prices and Efficacy
Although, prices are closely relatable in some countries, our findings show that Kalydeco® (ivacaftor) is generally the most expensive CFTR modulator, followed by Symkevi® (tezacaftor/ivacaftor) and, lastly, by Orkambi® (lumacaftor/ivacaftor). This price relation may be reflective of the effectiveness of the modulators, as Kalydeco® (ivacaftor) has proven to be of highest clinical added value. At the launch of Kalydeco® (ivacaftor) unmet medical need for PWCF was high and no alternative was available. The modulator showed significant lung improvement in gating mutations but was indicated for a small population. (Lopes-Pacheco, 2019; European Medicines Agency, 2021b). More recently, an observational study confirmed the ability of treatment with Kalydeco® (ivacaftor) to be disease modifying (Bessonova et al., 2018). With the introduction of Orkambi® (lumacaftor/ivacaftor), the most common mutation in PWCF was able to be treated and clinical studies showed moderate lung function amelioration, however the tolerability of this treatment in patients with low baseline lung function was poor and interactions with other medication had been reported. With Symkevi® (tezacaftor/ivacaftor) a more extensive population is able to be treated with comparable but fewer side effects than Orkambi® (lumacaftor/ivacaftor) (Lopes-Pacheco, 2019). Health authorities might have had greater negotiation power and might have been stricter on price depending on clinical added value and unmet medical need with the second and third generation of medicines, namely Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor).
Furthermore, our results highlight apparent intra-variability when it comes to pricing of the same medicine in different European countries. As price-setting and HTA in Europe is determined nationally by the member states, price differences are inevitable (Young et al., 2017). It should also be noted that reported list prices may differ from the actual paid price subject to a discount determined in a confidential contract with the company. This discount differs among countries and is dependent on factors such as the country’s negotiation power and use of external reference pricing (Rémuzat et al., 2015). Additionally, prices for individuals may vary from these averages, as dosage differs according to weight and age group. Underlying price differences may also be influenced by the included pharmacist fees, wholesale quotas and the national VAT on prescription-only medicines.
Economic Evaluations
Overall, Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) were considered not cost-effective in the studied countries. HTA bodies unanimously reported clinical uncertainties on long-term lung function and requested a price reduction of the modulators for the ICER to fall below the adopted threshold or comply with their cost-effectiveness requirements. Some countries (Netherlands, England, Sweden, France) questioned the accuracy of the ICER values determined by the company and requested additional data to support their outcome or delivered a recalculated ICER value showing the company’s initial ICERs to be a considerable underestimation. Apparent discrepancies between ICER values internationally could be explained by differences in methodological guidelines for economic evaluations (Hay et al., 2010). The chosen simulation model, patient-level microsimulation or Markov, but also differences in perspective, payer or society, could affect the outcome (Schuller et al., 2015). Furthermore, differing ICERs could be influenced by the source for retrieval, from clinical trial or country-specific data, of input values such as QALYs or costs, particularities in healthcare system and the applied discount rate.
Cost-effectiveness might also be influenced by the approach adopted for the assessment of these CFTR modulators. In Poland and Ireland, Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) were assessed in their general HTA process for medicines and under the same criteria and threshold as non-orphan medicines (Caban et al., 2016; National Centre for Pharmacoeconomics (NCPE), 2017b; Vaithyanathan et al., 2018; Malinowski et al., 2019). It was shown that with these conditions, orphan medicines are most likely not to be cost-effective due to typical characteristics of a small population and limited clinical data availability. Some states, such as England, Scotland and Wales, established a HTA process specific to orphan medicines and others, like Sweden and the Netherlands, rely on a process dependent on disease severity, which allowed Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) to be measured against a higher or more flexible ICER threshold (Denis et al., 2009; NHS England, 2015; National Institute for Health and Care Excellence (NICE), 2017; Kelly et al., 2018; Tandvårds-och läkemedelsförmånsverket TLV, 2019). Other countries like Belgium, France and Germany do not rely on ICER values to determine the value of (orphan) medicines (Denis et al., 2009). In Belgium, the company was exempt of delivering a cost-effectiveness analysis and only a BIA for both orphan medicines was requested. In France, the CF modulators were evaluated according to their clinical added value or service medical rendu (SMR) and similarly in Germany, the assessment was based on additional medical benefit (Denis et al., 2009; IHS Global, 2013; Gerber-Grote et al., 2014; Haute Autorité de Santé HAS, 2014; Haute Autorité de Sant é , 2019; Haute Autorité de Sant é , 2020c).
Budget Impact Analyses
Budget impacts varied amongst countries and were dependent on the country’s CF patient number, medication prices, included or excluded treatment-related costs and discounting. Comparison of budget impact between countries and interventions was complicated as results were reported over varying time horizons and numerical outcomes were not depicted in a consistent form. Some countries such as England and Germany, considered a budget impact threshold (Ollendorf et al., 2017; Institut für Qualität und Wirtschaftlichkeit im Gesundheitswesen (IQWIG), 2020; IQWIG, 2021). In England this meant that commercial discussions were mandatory for reimbursement of Kalydeco® (ivacaftor) and Orkambi® (lumacaftor/ivacaftor). Germany did not release information on their budget impact calculations, however benefit reassessment by their health authority, G-BA, meant that both orphan medicines Kalydeco® (ivacaftor) and Symkevi® (tezacaftor/ivacaftor) breached their €50 million budget impact benchmark (Institut für Qualität und Wirtschaftlichkeit im Gesundheitswesen (IQWIG), 2020; IQWIG, 2021). Overall, countries unanimously considered budget impact to be high. The accuracy of the budget estimates is not guaranteed as analyses did not always methodologically adhere to BIA guidelines, information was missing and some parameters were unspecified (Sullivan et al., 2014). Lack of transparency due to confidentiality also prevents insight into the actual budget impact. Assuring the methodological quality of future BIA could allow a more in-depth analysis and better informing of decision-makers on affordability (Abdallah et al., 2021).
Managed Entry Agreements
The reimbursement of the CF products was possible through MEAs between specific countries and the company. HTA reports emphasized not only the need to reduce prices substantially to increase affordability but also to address uncertainty around long-term clinical efficacy. To resolve uncertainties, some countries conditioned the reimbursement by requiring the company to monitor medicine administration and collect data on agreed efficacy measures in a register. Conventionally, these agreements are temporary, revised periodically and put in place for one product. In this case, the company pioneered with their portfolio-deal agreement for all their current and future CF products. The impact of this type of agreement on affordability and evidence collection is still uncertain, but arguably, agreeing to reimburse all future CF products without a rigorous HTA might have critical implications in the future.
Cross-Border Collaboration
Although the Netherlands and Belgium joined forces in price negotiations for reimbursement as a pioneer project under the Beneluxa initiative, an agreement could not be reached (Allen, 2017). To accommodate a seamless market access process for high cost and innovative medicines in the future, efforts towards information sharing and joint assessment such as done by Beneluxa and the International Horizon Scanning Initiative, should be maintained and further developed (Natsis, 2019; Beneluxa Initiative on Pharmaceutical Policy, 2021). Expansion in terms of number of countries participating in such initiatives should be further encouraged, as coalitions for negotiations with pharmaceutical companies have proven to be successful (Government of the Netherlands, 2018; Sheet, 2019). Moreover, to circumvent intricacies relating to various HTA processes amongst countries, performing assessments aggregately in an independent, joint network such as EUnetHTA could promote a more streamlined process. In turn, this could equip countries with more reliable, transparent and qualitative information to accurately perform their national HTA and increase their bargaining power with companies (O’Mahony, 2019; European Network For Health Technology Assessment, 2021).
Our study shows that despite failed cost-effectiveness, high budget impact and negative recommendations, Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) are reimbursed in the majority of analyzed countries. MEAs and portfolio deals allowed for the adoption of these CF medicines but also other decision criteria such as equity and equal access, disease severity, innovation, patients’ and clinicians’ views, patient advocacy, media attention but also prevalence seem to have played a role in final reimbursement decisions (Denis et al., 2009; Drakeford, 2013; National Institute for Health and Care Excellence (NICE), 2017; Ollendorf et al., 2017; Kelly et al., 2018; Tandvårds-och läkemedelsförmånsverket TLV, 2019; Andersson et al., 2020; Smith and Barry, 2020; Scottish Medicines Consortium, 2021b).
Strengths and Limitations
Our study sheds light on the market access of CFTR modulators in European countries based on a comprehensive analysis of pricing information, economic evaluations, BIAs, MEAs and reimbursement decisions. However, our findings were limited by public availability of data and confidentiality of reports. Depicted prices are facial prices and do not reflect the actual medicine price with discount. Critical information on cost-effectiveness and budget impact was often blacked-out or assessment reports were incomplete. Thus, the selection of countries in this study was based on availability of HTA documents. Little insight of MEAs was possible, therefore, details on considered clinical uncertainties and their influence on the final agreed discount is unknown.
CONCLUSION
This study shows that the CFTR modulators Kalydeco® (ivacaftor), Orkambi® (lumacaftor/ivacaftor) and Symkevi® (tezacaftor/ivacaftor) are generally considered to be expensive, not cost-effective and with a high budget impact in selected European countries. Reimbursement of these medicines was dependent on the ability of respective countries to form an agreement with the company. Even though most analyzed countries offered full reimbursement of treatments, some only selectively reimbursed certain treatments (Sweden) or none at all (Poland). Our findings point to unequal access, differential pricing and delayed availability of cystic fibrosis modulators in Europe.
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Rare diseases continue to present numerous challenges for the medical field worldwide. Understanding innovative mechanisms of service provision for patients with rare conditions through shared communication across different healthcare systems should be encouraged. This study presents the organization of medical care for people with rare diseases in Russia, while also exploring the epidemiology of both life-threatening and chronic, progressive, rare diseases. Further, the regulation of medical care provision is examined, including the preferential provision of medicines in different Russian regions and potential role of compulsory medical insurance. The principles guiding patient referrals to appropriate specialist centres for rare diseases are outlined, including considering the increased role that public-patient organizations have in developing healthcare systems. In reviewing the specialized resources available for patients with rare diseases, medical genetics services offering diagnostics and counselling are discussed. Additionally, population-level preventive care necessitates significant investment, principally in diagnostic technology and screening programs. As seen elsewhere, these initiatives involve forming reference centres and tertiary-level pediatric departments staffed by multidisciplinary specialists in rare diseases. Numerous challenges are highlighted relating to Russian healthcare systems, including the financing of expensive treatments and ensuring equitable access to medical care for those patients with rare diseases outside of State-subsidized programs. Recommendations are made on creating international registries for knowledge sharing, quality appraisal, newborn screening, diagnostic challenges, available treatments and rehabilitation services. Given the high cost of rare diseases, cost-effective interventions are advisable, particularly developing preventive programs and targeting the most common and severe mutations in patients planning pregnancies.
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INTRODUCTION
Rare diseases, although rare individually, collectively affect a significant proportion of the population, corresponding to 263–446 million people worldwide (3.5–5.9%) (Nguengang Wakap et al., 2020). The Council of the European Union has suggested that between 6 and 8% of Europe’s population could be affected by rare diseases during their lifetime (27–36 million people) (Council of the European Union, 2009), while up to 10% of the United States population are afflicted, amounting to approximately 33 million people. (Herder, 2017). In Japan this number is about 12.5 million people. (Richter et al., 2015). Based on the presented data, it is possible to assume that in Russia rare diseases could be prevalent in about 8–11 million people. Currently it is assumed that the number of rare diseases exceeds 10,000 (Haendel et al., 2020). These diseases often present in severe and potentially life-threatening forms with a profound effect on patients’ quality of life, with 69.9% of cases noted in paediatric populations. (Nguengang Wakap et al., 2020).
The peculiarities of rare diseases make this area a major public health challenge. The limited number of patients and the lack of appropriate knowledge and experience make rare diseases a specialised and high cost field in many countries. Huge amounts of money are spent every year on hospitalization of these patients, including emergency care, medications, home care and outpatient visits, dental, palliative and rehabilitative care as well as insurance reimbursement, the allocation of assistive devices and social services (Angelis et al., 2015; Chiu et al., 2018; Friedlander et al., 2019). Today, international cooperation is required in order to promptly share scientific advances, enabling the maximisation and efficient use of resources in the management of rare diseases worldwide.
LEGISLATIVE REGULATION OF MEDICAL CARE, INCLUDING PREFERENTIAL DRUG SUPPLY TO PATIENTS WITH RARE DISEASES
Human life and health are the highest social values proclaimed in the Constitution of the Russian Federation. Legislative regulation of rare diseases started with the adoption of the Federal law from November 21, 2011 No 323-FL (article 44) (Federal Law No, 2021), according to which a rare disease is defined as a condition that affects not more than 10 people per 100 000 population. The concept of a “rare disease medication” was legally introduced in 2014. As of January 1, 2020, the total number of patients on the Federal Register was 21,594.
CURRENTLY IN RUSSIA THERE ARE THREE LISTS OF RARE DISEASES AND TWO SUBSIDIZED DRUG SUPPLY PROGRAMS FOR PATIENTS

1) The general list of rare diseases is created on the basis of their prevalence - not more than 10 cases per 100 000 people, regardless of the presence or absence of drug therapy. It includes 272 diseases (List of rare diseases from 5.11, 2020).
2) Federal list of high-cost diseases, including rare diseases (Table 1) (Federal Law No. (2021)).
TABLE 1 | Federal list of high-cost diseases, including rare diseases.
[image: Table 1]The drug supply for these patients falls under the authority of the federal executive body and is carried out at the expense of the budgetary allocations provided by the federal government. The advantages of this program include the centralized purchase of drugs, which in turn enables a reduction in prices and allows a more efficient use of allocated budgets; the possibility to redistribute drugs between subjects; ensuring equal access to the necessary treatment throughout the Russian Federation. This program was developed in 2008 to treat patients with the most financially burdening diseases and has become one of the most successful medication supply and allocation projects ever implemented by the State.
3) The regional list of life-threatening and chronic progressive rare diseases, leading to a reduction in life expectancy of citizens or their disability (hereinafter referred to as “The regional list of rare diseases”), which is approved by the Government of the Russian Federation (Herder, 2017). The list includes 17 diseases (Table 2) (Resolution of the Government of the Russian Federation of April 26, 2012).
TABLE 2 | The regional list of life-threatening and chronic progressive rare diseases, leading to a reduction in life expectancy of citizens or their disability.
[image: Table 2]The executive bodies of the regions of the Russian Federation are legally charged with the responsibility of organizing the preferential drug supply for this category of patients. Financial support for this program is provided from the budgets of the regions of the Russian Federation. As time has shown, the high cost of medications to treat rare diseases has been a significant financial burden on the budgets of the regions of the Russian Federation. This has been an obstacle to the fulfillment of the obligations imposed on them to finance the procurement of necessary medicines. There is noted to be a significant regional difference in the level of satisfaction of this group of patients when considering the provision of medications.
In 2021 a Presidential Decree on the creation of a special Fund to support children with 27 rare diseases was issued (Table 3) (Order of the President of the Russian Federation, 2021). The activities of the Fund are carried out using budgetary allocations from the federal government, voluntary contributions and donations, as well as other sources in accordance with the legislation of the Russian Federation. The funds are used to purchase medicine, equipment, rehabilitation devices and highly specialized surgeries.
TABLE 3 | The supplementary list of life-threatening and chronic progressive rare diseases, leading to a reduction in life expectancy of citizens or their disability.
[image: Table 3]Patients with rare diseases that are not included in the subsidized programs are not included in the registry. This fact significantly complicates the organization of medical care for these patients and makes budget planning exceptionally challenging. Therefore, it is extremely important to act on this issue and organize a systematic inclusion of new diseases in the subsidized lists and programs at both federal and regional levels.
EPIDEMIOLOGICAL ANALYSIS OF LIFE-THREATENING AND CHRONIC, PROGRESSIVE, RARE DISEASES THAT DISABLE OR REDUCE THE LIFE EXPECTANCY
According to the Ministry of Health of the Russian Federation, the number of people included in “The regional list of patients with rare diseases” at the beginning of 2013 was 9,278 people including 4,962 children (53.5% of total). In 2018, this number had grown to 17,015 people including 8,639 children (50.8% of total). There was an 83% growth in the number of citizens included in the Federal Register from 2013 to 2018. The largest number of patients in the Register was with disorders of aromatic amino acid metabolism (28.5%) and idiopathic thrombocytopenic purpura (24.0%) (52.5% in total) (Table 4) (Accessibility of medical care and drug supply for patients with rare diseases in the Russian Federation: realities and ways of solving problems, 2015; Annual Bulletin of the Expert Council for rare (orphan) diseases, 2019).
TABLE 4 | The distribution of patients from the “The regional list of patients with rare diseases” of the Registry as of January 1, 2018.
[image: Table 4]As of January 1, 2018, on average, the number of patients with rare diseases from the “The regional list of patients with rare diseases” was 11.6 per 100,000 people with different dynamics in the regions of the Russian Federation (2015–2018).
Registering patients with rare diseases in the regions of the Russian Federation is influenced not just by objective factors associated with the problems of the healthcare system (lack of awareness of doctors about rare diseases, lack of diagnostic capabilities in the regions), but also by the readiness of regional authorities to finance drug supply for patients with rare diseases. Challenges with the willingness of pharmaceutical companies to work with rare diseases are also noted, along with the revealing of errors in statistical data.
DISABILITY RATE
The proportion of people with disabilities has increased from 51.7% in 2013 to 56.9% in 2018 among patients from “The regional list of patients with rare diseases” (Annual Bulletin of the Ex, 2019). The highest disability rate of patients was found in branched-chain amino acid metabolism disorders (95.0%), and the lowest disability rate was in patients with complement deficiency (24.9%). As of January 1, 2018, 42.4% of adults and 50.7% of children were registered with disabilities. The federal disability rate (adults and children cumulatively, who receive financial aid for treatment from the federal budget) was 80.7%.
CASE FATALITY RATE
Comparison of case fatality rates among patients in 2013–2014 and in 2016–2017 showed that the absolute number of deaths increased 1.8-fold (from 175 to 315 people). Pediatric case fatality rates increased 1.4-fold (from 51 to 73 people), while the number of adults who died increased 1.95-fold (from 124 to 242 people).
Idiopathic thrombocytopenic purpura was the cause of the highest number of deaths in 2016–2017 (25.1% of all deaths in the “The regional list of patients with rare diseases”), pulmonary hypertension (22.5%) and unspecified aplastic anemia (21.0%, respectively). Compared to 2013–2014, the top three causes of death did not change. Among children, the proportion who died from pulmonary hypertension in 2016–2017 was 23.3%, while 9.6% of deaths were attributed to mucopolysaccharidosis type I 9.6%. Deaths from mucopolysaccharidosis type II, hemolytic-uremic syndrome, and aromatic amino acid metabolism disorders each contributed 8.2% to the total number of deaths.
The case fatality rates for different diseases from the “The regional list of patients with rare diseases” are presented in Table 5.
TABLE 5 | The case fatality rates for different diseases from the “The regional list of patients with rare diseases” in 2013–2914 and 2016–2017.
[image: Table 5]It should be emphasized that a correlation between the number of deceased patients in the regions of the Russian Federation and lack or presence of the provision of appropriate medications for rare diseases to those in need has not yet been defined (Annual Bulletin of the Ex, 2019). We believe that such factors as the severity of the disease at the start of treatment, the presence of a medical care system for children with rare pathology in the region, including dynamic monitoring of the patient’s condition, can contribute to the case fatality rate.
MEDICAL GENETICS SERVICE
Medical genetics is an important resource for development of healthcare and its transition to personalized medicine, which is based on an individual approach to disease prevention and treatment. In 2018 the President of the Russian Federation, V.V. Putin, set a task for the Government of the Russian Federation to ensure accelerated development of genetic technologies, including the development of biological products, diagnostic systems, and immunobiological agents for healthcare. The Federal Scientific and Technical Program for the Development of Genetic Technologies in 2019–2027 (hereinafter referred to as the Program) and other national projects provide a comprehensive approach to addressing this task. The development and implementation of modern molecular genetic methods for predicting, diagnosing, and monitoring the course of diseases as well as methods of personalized pharmacotherapy are among the priority areas of the Strategy for Health Development in the Russian Federation up to the year 2025 (Decree of the President of the Russian Federation, 2019). Three centers in the format of consortia of leading genetic research organizations in Russia have been organized within the framework of the national project “Science” (2018–2024) and the Program to coordinate actions of the entire community of genetics scientists.
Medical care for patients with rare diseases is organized in accordance with the procedures and standards of medical care, as well as on the basis of clinical guidelines.
Medical care for patients with congenital and inherited diseases is provided in accordance with Order No. 917n of the Russian Ministry of Health of November 15, 2012. It covers the principles of medical care, genetic consultation office operating procedures, recommended staffing levels and the necessary equipment standards.
Standards of medical care are developed on the basis of clinical recommendations and include average indicators of the frequency of healthcare delivery and use of different medical therapies and services. These include average indicators for engagement with medical services, medications, use of medical devices including implantable devices, blood components, types of therapeutic nutrition, and other potential therapies based on the characteristics of the disease. The prescription and use of medicines, medical devices and specialized therapeutic foods that are not included in the relevant standard of medical care or not provided for by the relevant clinical recommendation are allowed if medically indicated, including in cases of severe, critical situations or if individuals are intolerant of standard therapies by decision of a medical commission. Standards of medical care for diseases from the “The regional list of patients with rare diseases” are available only for individual patient modes of care, which pertains to both primary and secondary healthcare in both pediatric and adult populations. Necessary standards were developed only in 38% of pediatric cases, 15% of adult cases and 6% of combined pediatric/adult cases. Standards were missing in 41% of cases for both children and adults.
In accordance with Federal Law No. 489-FL dated December 25, 2018, accessibility and quality of medical care are ensured not only by following procedures of medical care and standards of medical care, but also using clinical guidelines approved by specialized medical professional non-profit organizations. They are available for almost all rare diseases from the “The regional list of patients with rare diseases”.
Medical care for patients with rare diseases is provided free of charge in accordance with the state territorial guarantee program (Decree of the Government of the Russian Federation, 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Principles of medical care for patients with rare diseases at the regional and federal levels in Russia.
In 2017 53.9% of patients from the “The regional list of patients with rare diseases” received specialized care in regional medical organizations (60.4% children and 46.8% adults), 6.3% in federal medical organizations located in their regions (7.4 and 5.0%, respectively), and 4.9% in federal medical organizations in other regions (8.2 and 1.3%). High-tech medical care was provided to 5.5% of patients (8.7 and 2.0%). It should be noted that only 10.4% of patients were referred to federal medical organizations, and 29.4% (15.3 and 44.9%) were not referred for specialized and high-tech medical care. It is important to emphasize that children were receiving all types of care more often than adults (84.7 vs 55.1%). A review of medical care delivery (secondary and highly specialized) to patients with rare diseases from “The regional list of patients with rare diseases” showed that there is almost no formal patient referral system in place (Komarov et al., 2019; Sokolov et al., 2019).
The principal responsibilities of genetics services are: medical-genetic counseling of families and patients with hereditary and congenital pathologies; the diagnostic process of hereditary diseases using cytogenetic, molecular-genetic and genetic-biochemical methods; mass screening of newborns for inherited metabolic disorders; selective screening of families and patients for inherited metabolic disorders; prenatal screening of pregnant women for common chromosomal abnormalities and congenital malformations; prenatal screening for common hereditary and congenital diseases; maintenance of a regional and federal register of families and patients with hereditary and congenital pathologies and monitoring their condition.
Preconception care is an effective and long-standing approach used in clinical genetics to reduce the genetic burden caused by genetic and chromosomal diseases. The possibility of its use is legislated by the Family Code of the Russian Federation (Article 15), as well as by Federal Law No. 323 from November 21, 2011 (Article 51) and it is free of charge at the place of residence (Federal Law No. (2021)).
The structure of the medical genetics service in Russia is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Medical genetics services in Russia.
Currently, 76 genetic consultation offices have been established and are functioning in 67 (out of 85) regions of the Russian Federation. There are only 340 medical geneticists and 395 genetic laboratory assistants in 79 regions of the Russian Federation that provide medical care in the field of medical genetics. At the same time, according to the regulatory documents, 3 full-time medical geneticists and 10 full-time genetic laboratory assistants are recommended per 1 million people (up to 10,000 births per year) to perform cytogenetic, molecular genetics and biochemical testing for prenatal, neonatal and selective screening.
Genetic consultation offices in 40 regions of the Russian Federation have molecular genetic laboratories, yet nevertheless, their number should be increased. In 39 regions genetic consultation offices have laboratories for selective screening for inherited metabolic disorders. There are also 84 cytogenetic laboratories performing prenatal and postnatal diagnosis of chromosomal abnormalities. Only 64% of genetic consultation offices are staffed with medical geneticists, while there is also a shortage of genetic laboratory assistants and bioinformaticians.
Identification of serum markers, expert-level fetal ultrasonography and risk calculation are carried out in medical genetic consultation offices (centers). These procedures are part of the prenatal screening of pregnant women for frequent chromosomal abnormalities and congenital fetal malformations. Screening measures are carried out in the first trimester of pregnancy in 80 regions of the Russian Federation. Thus, in 2019, 78.3% of pregnant women partook in prenatal screening.
A program of newborn mass screening (neonatal screening) for five hereditary diseases has been implemented in 80 regions of Russia. Its purpose is early diagnosis, proper treatment and the prevention of disability and development of severe clinical consequences. It includes screening for phenylketonuria (since 1985), congenital hypothyroidism (since 1993), galactosemia (since 2006), cystic fibrosis (since 2006) and adrenogenital syndrome (since 2006). National neonatal screening coverage is over 95% (Figure 3), (Demographics of Russia explained, 2021).
[image: Figure 3]FIGURE 3 | National neonatal screening coverage (2016–2020).
As shown in Figure 3, from 2016 to 2020, there was a decrease in the absolute number of children admitted under the supervision of doctors of medical organizations (including for neonatal screening), which is primarily associated with a reduction in the childbirth rate. At the same time, the coverage of neonatal screening of children from 2016 to 2019 increased from 92,7 to 94,0%, but in 2020 it was only 90,4%. It can be assumed that the decrease in this index is associated with the unfavourable epidemiological situation for Covid-19 in many Russian regions. The lowest coverage with neonatal screening in 2020 was registered in the North Caucasian Federal District—80,0% and the Far Eastern Federal District—84,4%.
Two regions perform extended neonatal screening for inherited metabolic disorders using tandem mass spectrometry. 39 diseases are screened in the Primorsky region, while the Moscow region screens for 11 diseases. Currently, the issue of expanding neonatal screening to 39 diseases is being discussed. If it is used in all regions of Russia, up to 2,000 children can be diagnosed with inherited metabolic disorders. They can be treated with treatment regimens that have been developed based on diet-mediated therapies. Neonatal screening and initiation of therapy at the preclinical stage of the disease ensures high efficiency of treatment, increased survival rate and reduced children’s disability rate. Selective screening programs are also widely implemented.
In accordance with the Program of state guarantees of free medical care for 2021 through to 2023, prenatal testing, neonatal screening and medical genetic screening shall be carried out at the expense of budgetary allocations of the Regions of the Russian Federation in the appropriate clinical setting.
Full medical genetic care is provided by two federal centers - Research Center for medical genetics (Moscow) and the Tomsk National Research Medical Center of the Russian Academy of Sciences (Tomsk).
The creation of “Centers of expertise” for rare diseases contributes to solving the complex issues of establishing a rare diagnosis, selection and initiation of lifesaving treatment, and the follow-up of patients with rare diagnoses.
Supply of medications for patients with rare diseases in the Regions of the Russian Federation.
Problems relating to patient satisfaction with the supply of medications are addressed in the document “Strategy of drug supply for the population of the Russian Federation for the period until 2025 and the plan for its implementation” (hereinafter the Strategy). The principles of openness and awareness of State policy in the sphere of medication supply are implemented through monitoring the needs of medications of the population of the Russian Federation.
According to the data presented as of January 1, 2018, an average of 58.8% of patients in the regional segments of the Federal Register needed drug therapy, of which 91.3% were provided with the necessary medications. However, the presented figures varied significantly between different Regions of the Russian Federation.
The long-term objectives of the implementation of the Strategy for patients with rare diseases is to ensure equity in access to necessary medicines, including innovative ones, as well as specialized therapeutic foods, regardless of the region of residence. Only a federal program can guarantee a successful implementation of this strategy.
FUNDING OF THE PREFERENTIAL DRUG SUPPLY FOR PATIENTS WITH RARE DISEASES: FEDERAL AND REGIONAL LEVELS
Expenditures on the subsidized supply of medications for patients from the “The regional list of patients with rare diseases” are taken from regional budgets and have increased almost fourfold over the period 2013–2018. In 2018 and 2019, the combined expenditures of the Regions of the Russian Federation (data from 68 Regions) for the subsidized supply of medications amounted to 13.2 and 11.6 billion rubles, respectively. The combined expenditures on the subsidized supply of medications for patients in the framework of “high-cost diseases program” noted in the federal budget for the same Regions were 12.0 and 20.8 billion rubles, respectively.
In 2020 the budget for rare diseases from the “The regional list of patients with rare diseases” was reduced to 10.1 billion rubles and then increased to 22.9 billion rubles in the framework of the “high-cost diseases” federal program. This was due to the fact that some diseases were transferred from regional funding to federal funding, which provided a more stable and guaranteed level of care for patients.
The treatment of each patient from the “The regional list of patients with rare diseases” in 2018 cost the regional budget on average 1 067 753 rubles, whereas the planned cost per patient included in the registry in 2020 was 807 600 rubles. An average patient of the “high-cost diseases” program in 2018 cost the federal budget 1,052,530 rubles, whereas the planned expenses in 2020 per patient included in the program registry were 1,813,274 rubles. (Krasilnikova and Smirnova, 2019).
OPPORTUNITIES OF COMPULSORY HEALTH INSURANCE IN THE SYSTEM OF MEDICAL CARE FOR CITIZENS WITH RARE DISEASES
One of the options for potentially solving the problem of the lack of financial resources in regional budgets is utilizing the funds generated from compulsory health insurance payments. It could used to finance the supply of medications while providing medical care for patients from the “The regional list of patients with rare diseases”. The provision of vital and essential medicines to these patients is guaranteed in the Federal law from November 21, 2011 No 323-FL (article 80). (Federal Law No. (2021)). This falls under the remit of program of state guarantees for the delivery of primary care in the form of day hospital care, emergency care including specialized emergency care, palliative medical care and secondary care, including high-tech care (Decree of the Government, 2020). However, of note citizens with rare diseases who are being treated solely in outpatient settings are not guaranteed to have their pharmacological treatments covered by State funding. There are exceptions for certain categories of citizens who can be provided with measures of social support from the federal or regional budget, which also includes the provision of medicines for treatment in outpatient settings.
Access to medical care and drug supply for patients with rare diseases that are not included in the preferential state programs at the federal and regional level.
Information on the territorial representation of rare diseases, which are not included in the current subsidized programs of federal and regional levels in the regions of the Russian Federation, is noted to be presented with varying levels of accuracy. Commonly, there are clinical registers, which are formed and maintained by specialized federal institutions or NGOs.
The preferential supply of medications for patients with rare diseases, which are not included in the federal and regional programs, is made possible through use of the budgets of the Regions of the Russian Federation, provided that the disability status of a patient has been established. The Regions of the Russian Federation has the authority to form their own preferential lists of diseases and medicines. Also, charitable and non-budgetary funds can also engaged by patients to fund medical care (Krasilnikova and Smirnova, 2019).
A FOLLOW UP OF PATIENTS WITH RARE PATHOLOGIES
The effectiveness of therapy and investment of financial resources in the treatment of patients with rare diseases should be evaluated by engaging a follow-up system. This is of critical importance given that 62.5% of regions have been shown to not have the presence of follow-up facilities for monitoring the health of these patients (Annual Bulletin of the Ex, 2019).
PATIENTS ORGANIZATIONS
Currently, in Russia there are dozens of non-profit public organizations (NGOs) that are divided into human rights organizations, patient support groups for those with rare diseases, funds and NGOs engaged mainly in charity as well as “umbrella” patient organizations uniting patients with different diseases and their families. The term “Public patient associations” is defined in the Federal law No. 323-FL from November 21, 2011 (Art. 28) (Federal Law No. (2021)). It describes the main operating rules of patient-orientated organizations. According to federal law, these organizations are allowed to participate in the development of norms and rules in the field of health care and to address questions related to violation of these rules.
These NGOs participate in the development and submission of proposals that help to improve regulatory frameworks that can lead to the protection of patients’ rights and the legitimate interests of patients. NGOs participate in the creation of modern mechanisms and procedures for interactions between patient associations and the government, medical organizations, businesses, international communities. They also draw the public’s attention to those problems of patients with rare diseases, as well as providing targeted financial and social support to patients (Abramov et al., 2018).
There are currently several special platforms for interaction between state authorities and public organizations: public councils on protection of patients’ rights under the Federal Health Care Oversight Service and its territorial branches; the Council of public organizations on the protection of patient’s rights under the Russian Ministry of Health; coordination councils on ensuring and protecting the rights of citizens in the compulsory health insurance system. Meanwhile, the State Duma Committee for Health Protection of Citizens with Rare Diseases expert Council was created in 2017.
DISCUSSION
It is extremely important to highlight the strengths and weaknesses of the organization of medical care for children with rare diseases in the Russian Federation.
The legal regulation of medical care for patients with rare diseases in Russia was established only 10 years ago, while it was established in the European Union (European Parliament and of the Council Regulation (EC), 2000) and the United States (Orphan drugs act of 1983, 1983) approximately 20 and 40 years ago, respectively. During this short period of time, a considerable amount of work has been completed. Firstly, a federal law was adopted, which provided normative and legal regulation in the sphere of health protection of citizens with rare diseases and guarantees of realization of these rights, as well as the creation of an official definition of rare diseases and associated medications were proposed. Further, the proposed management and referral systems for patients for receiving specialized and high-tech medical care was developed. Based on disease prevalence, a general list of rare diseases, regardless of the availability of relevant medications, consisted of 272 names of which 14 “high-cost diseases” were identified. The so-called Federal List of diseases was also established, the treatment of which is covered by the federal budget. At the same time, a “Regional List of Rare Diseases” consisting of 17 diseases was defined, the treatment of which is implemented at the expense of allocations from regional budgets. However, it can be seen that only 14 out of the 85 regions of Russia can be currently classified as performing “relatively well” in this domain. At the same time, some rare diseases on the “Regional List of Rare Diseases” have been transferred to the Federal List of Diseases, which has ensured stability for their future financing.
In 2021, a Presidential Decree was issued on the creation of a special Fund, providing allocations from the federal budget including voluntary property contributions and donations, to enable the provision of support for children with 27 other rare diseases.
It should be noted that with the improvement of diagnostics the number of citizens from the “The regional list of patients with rare diseases” has increased from 2013 to 2018 by 83.0%, totaling 21 594 by January 01, 2020.
A medical genetic service has been formed. In order to detect genetic diseases early, a program of mass screening of newborns for five hereditary diseases has been introduced in Russia. There is an ongoing discussion currently on the issue of the expansion of this program to encompass screening for 39 diseases in all regions of Russia.
A positive development is the growing number of patient organizations that unite patients with rare diseases and can influence the formation of policy in the field of rare diseases.
Despite positive developments, there is a persistent and substantial burden attributable to rare diseases. To date, Russia has not adopted a National Action Plan for patients with rare diseases. However, it is believed that perhaps multinational programs supported by general laws and cross-border agreements are likely to have a greater impact on issues faced by those patients with rare diseases than the individual programs of countries (Khosla and Valdez, 2018).
Numerous unresolved problems remain relating to the provision of drugs and specialized medical nutrition products for patients with rare diseases in several Regions of the Russian Federation. This is most evident when considering the availability of the provision of medications for patients not included in the State programs at both federal and regional levels. The shortage of regional budgetary funds makes it impossible to provide adequate drug supply to the above categories of patients. In this domain, it is not uncommon for the life and health of citizens in need of special treatment to be closely related to and even dependent upon the economic capabilities of a particular Region of the Russian Federation.
No scientific platform for the development and implementation of modern modes of diagnosis and treatment for hereditary diseases has been created. Domestic commercial production of drugs for rare diseases is underdeveloped due to a number of factors. Firstly, the low commercial incentives available to pharmaceutical companies to produce these medications and the subsequent lack of competition between manufacturers is exacerbated by the existing problem of import substitution. Further, small volumes of government procurement of drugs and government pricing policies which inevitably leads to price increases and the lack of an organizational structure for the development of these medications has further compounded matters.
There is a lack of knowledge and experience among doctors, primarily in primary care, in the early diagnosis, treatment and rehabilitation of patients with rare diseases. Issues concerning the transfer of adolescents with rare diseases from pediatric to adult settings are evidently apparent. In most Regions of the Russian Federation there are no functioning follow-up facilities for patients with rare diseases. This is therefore inhibiting physicians in acquiring and accumulating experience in managing these patients as well as patient care lacking interdisciplinary observation by specialists. Further, infrequent assessment of efficiency and quality of therapy is noteworthy, including those treatments of a high-tech nature or relating to rehabilitation. Of course, development and widespread implementation of technical support for registries of all patients with rare diseases, not only those receiving treatment, is also required.
It should be noted that there is a staff shortage of medical genetic specialists in a number of Regions, which leads to the limitation of timely diagnosis, treatment and prevention of genetic diseases. This could be contributing to why one third of patients with rare diseases are not referred to medical institutions for specialized or high-tech care. Nevertheless, the majority of children (84.7%) receive full, high-quality medical care.
Thus, the concept of the rarity of the disease should not mask the importance of existing problems. In our opinion, with limited funding, it is necessary to focus on those measures relating to the prevention of genetic diseases. A special role should be given not only to mass neonatal and selective screening, but also to screening prospective parents for the most frequent and severe mutations when they enter into legal marriage or when planning a pregnancy.
It is also important to emphasize that the use of proven methods based on evidence-based medicine with a positive therapeutic effect should be emphasized for those patients with rare diseases. Therefore, issues relating to indications for prescribing, contraindications and the cancellation of expensive drugs should be explored and established in the standards and clinical guidelines. Patients requiring ongoing monitoring, not only by regional specialists of the interdisciplinary team but also by specialists in reference centers (federal level centers) with knowledge and extensive experience in managing such patients, should be cared for while engaging greater use of telemedicine capabilities.
There is a need for changes in the organizational approach to the provision of specialized care, including high-tech care. Within the framework of programs of privileged medication provision, this will make it possible to promptly provide patients with rare diseases with necessary medications throughout the Russian Federation.
Important milestones for the improvement of medical care for the patients with rare diseases include: development of the Russian scientific platform; study of international experience and introduction of innovative technologies for the diagnostics and treatment of rare diseases; expansion of domestic production of drugs for rare diseases; centralized procurement and simplification of registration scheme in our country for new drugs produced in other countries; the training of highly qualified specialists including medical geneticists and doctors of other specialties. Solving many problems, including those relating to budgets and finances, in our opinion, is impossible without the joint activity of state authorities, compulsory medical insurance system, patient organizations and charitable foundations.
Finally, improving the quality of life of those families of children with rare diseases requires a comprehensive and strategic state policy, the improvement of mechanisms of medical care and social support, and the development of the system of social services, as well as changes in attitudes toward family values.
It also seems important to us to compare the approaches to patients with rare diseases between Russia and some European countries. Despite international initiatives for cooperation in the field of rare diseases, patient’s access to medications and medical services for rare diseases varies greatly from country to country. There are profound differences between countries in terms of the range and types of legislation, regulations and policies regarding rare disease medications (Gammie et al., 2015). When comparing access to these medications for rare diseases in Russia and some European countries, we can conclude that in such countries as the United Kingdom, France, Germany, Italy and Spain, more effective solutions are in existence. They were most accessible to all patients in Germany and France. In other European countries, 30–60% of the money spent on the purchase of medications for rare diseases is reimbursed (Package Management Orphan Drugs, 2017; Zamora et al., 2019).
Some countries, such as France, have introduced the flexibility to regulate and use imported drugs for indications that are not registered in the country. It is also proposed to introduce Early Access Programs, which will alleviate the urgent medical need for those medications for rare diseases (Czech et al., 2020).
Within the State program of Russia, 2 programs of preferential (free for patients) provision of patients with rare diseases from federal (14 diseases) and regional (17 diseases) budgets are guaranteed. Further, coverage from the Presidential Fund (27 diseases) has also been adopted, which will expand the possibilities of providing patients with rare disease medications. The use of those medications not registered in Russia for the treatment of rare diseases remains a persistent problem.
Many European countries pay great attention to neonatal screening: studies for the largest number of rare diseases are conducted in Poland (Regulation (EC), 2019) and the Netherlands (Young et al., 2017). In Russia, mass screening of newborns is performed for just five diseases, but its expansion is being discussed.
In order to develop a common Rare Disease Action Strategy, the European Council recommended in 2009 that EU member states develop and adopt a National Action Plan to ensure effective and efficient recognition, prevention, diagnosis, treatment, care and research of rare diseases in Europe (Commission of the European Communities, 2008; Rodwell and Aymé, 2015). Currently, Russia is also discussing the formation of a Strategy for Rare Diseases.
A major concern of many countries is the formation of rare disease registries, which are public, private non-profit or for-profit entities (Boulanger et al., 2020; Rare Disease Registries in Europe, 2020). Russia maintains a federal register and its regional segments is only for patients who receive drug therapy. Information on other diseases can only be obtained from patient organizations, but its reliability is questionable.
CONCLUSION
Over the past decade, Russia has achieved some success in the field of rare disease policy. Legal and regulatory frameworks of medical care have been formed, while patients now receive specialised, modern, and highly advanced treatment. Regional and federal programmes of preferential (free) drug coverage for patients (58 diseases) have also been introduced.
At the same time, some challenges remain unresolved, including the lack of timely diagnostic services relating to rare diseases and choices relating to treatment plans. The organisation of patient’s follow-up and rehabilitation services are also lacking. It is worth mentioning that the absence of a National Action Plan for Rare Diseases in Russia reflects the lack of government interest in expanding research in the field of genetic diseases. Another significant challenge for healthcare systems in Russia is the financing of treatment. It includes the high prices of medications, the purchasing of which carries out with prices 2–3 times higher than in Europe; conducting clinical trials for new medicines; the extension of mass screening of newborns; prompt provision and redistribution of orphan medications between regions as well as the production of drugs domestically.
Given the associated high costs of treatment for rare diseases, more cost-effective interventions should be engaged to allocate resources better and find ways to reduce costs to society and individual patients. An emphasis should be placed on developing and promoting preventive programs, evaluating the effectiveness of treatments, and patient’s quality of life.
It is also critically important to study the innovative experience of European countries, the United States, Japan in the field of organizing medical and psycho-social health services to people with rare diseases, participation in the creation of an international register of rare diseases, allowing getting exclusive data related to the effectiveness of performed treatment and results of innovative technology introduction into the diagnosis of orphan diseases, novel therapy methods and rehabilitation of these patients.
AUTHOR CONTRIBUTIONS
AA designed the study, participated in the data collection process and made a draft of the study. SYa conceived the initial idea and the conceptualization, participated in the data collection process and its analysis, and revised the manuscript. Authors have read and approved the final manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abramov, A. Y., Vitkovskaya, I. P., and Vitkovskaya, I. P. (2018). The Role of Public Organizations in the Organization of Medical Care: According to a Survey of Parents of Children Suffering from Orphan Diseases. Vestn. Ross. Univ. Družby nar., Ser. Med. 22, 443–449. Friendship University of Russia. Series: Medicine. Т. doi:10.22363/2313-0245-2018-22-4-443-449
 Accessibility of medical care and drug supply for patients with rare diseases in the Russian Federation: realities and ways of solving problems (2015). Results of Medical and Economic Research for the Period 2013-2015*, 147. 
 Angelis, A., Tordrup, D., and Kanavos, P. (2015). Socio-economic burden of Rare Diseases: A Systematic Review of Cost of Illness Evidence. Health Policy 119 (7), 964–979. doi:10.1016/j.healthpol.2014.12.016
 Annual Bulletin of the Expert Council for rare (orphan) diseases (2019). Annual Bulletin of the Expert Council for Rare (Orphan) Diseases/. Moscow city: D. A. Morozov. - M., 196. 
 Boulanger, V., Olivier, M., Guilbert-Savary, F., Trépanier, F., Bernier, M., and Piché, M. (2020). Establishing Patient Registries for Rare Diseases: Rationale and Challenges. Pharmaceut Med. 34 (3), 185–190. doi:10.1007/s40290-020-00332-1
 Chiu, A. T. G., Chung, C. C. Y., Wong, W. H. S., Lee, S. L., and Chung, B. H. Y. (2018). Healthcare burden of Rare Diseases in Hong Kong - Adopting ORPHAcodes in ICD-10 Based Healthcare Administrative Datasets. Orphanet J. Rare Dis. 13, 147. doi:10.1186/s13023-018-0892-5
 Commission of the European Communities. Communication from the Commission to the European Parliament, the Council, the European Economics and Social Committee and the Committee of the Regions on Rare Diseases: Europe's Challenges. (2008). Available at: http://www.europlanproject.eu/Resources/docs/ECCommunication_COM-2008-679final.pdf (accessed September 18, 2019). 
 Council of the European Union. Council Recommendation on Action in the Field of Rare Diseases — 2947th Employment, Social Policy, Health and Consumer Affairs—council Meeting. 2009. Available at: http://www.europlanproject.eu/Resources/docs/CouncilRecommendation_2009-C151-02.pdf. Accessed 15 Jan 2019. 
 Czech, M., Baran-Kooiker, A., Atikeler, K., Demirtshyan, M., Gaitova, K., Holownia-Voloskova, M., et al. (2020). A Review of Rare Disease Policies and Orphan Drug Reimbursement Systems in 12 Eurasian Countries. Front. Public Health 7, 416. doi:10.3389/fpubh.2019.00416
 Decree of the Government of the Russian Federation2020, № 2299 on the Program of State Guarantees of Free Provision of Medical Care to Citizens for 2021 and for the Planning Period of 2022 and 2023. from December 28, Available at: www.garant.ru
 Decree of the President of the Russian Federation (2019). № 254 on the Strategy for the Development of Health Care in the Russian Federation 2025. of June 6. 
 Demographics of Russia explained. 2021. Demographics of Russia Explained. Available at: https://rosstat.gov.ru/storage/mediabank/6F3rqSlB/Popul2021_Site.xls
 European Parliament and of the Council Regulation (EC) (2000). 141/2000 of 16 December 1999 on Orphan Medicinal Products. OJL 018/1, 22.01 . 
 Federal Law No (2021). 323-FL from November 21, 2011. On the Fundamentals of Public Health Protection in the Russian Federation. (with amendments from July 2, 2021). 
 Friedlander, L., Berdal, A., Boizeau, P., Licht, B. A., Manière, M. C., Picard, A., et al. (2019). Oral Health Related Quality of Life of Children and Adolescents Affected by Rare Orofacial Diseases: a Questionnaire-Based Cohort Study. Orphanet J. Rare Dis. 14 (1), 124. doi:10.1186/s13023-019-1109-2
 Gammie, T., Lu, C. Y., and Babar, Z. U. (2015). Access to Orphan Drugs: A Comprehensive Review of Legislations, Regulations and Policies in 35 Countries. PLoS ONE 10 (10), e0140002. doi:10.1371/journal.pone.0140002
 Haendel, M., Vasilevsky, N., Unni, D., Bologa, C., Harris, N., Rehm, H., et al. (2020). How many Rare Diseases Are There. Nat. Rev. Drug Discov. 19, 77–78. doi:10.1038/d41573-019-00180-у10.1038/d41573-019-00180-y
 Herder, M. (2017). What Is the Purpose of the Orphan Drug Act. Plos Med. 14, e1002191. doi:10.1371/journal.pmed.1002191
 Khosla, N., and Valdez, R. (2018). A Compilation of National Plans, Policies and Government Actions for Rare Diseases in 23 Countries. Intractable Rare Dis. Res. 7 (4), 213–222. doi:10.5582/irdr.2018.01085
 Komarov, I. A., Sokolov, A. A., and Aleksandrova, O. Yu. (2019). Problems of Providing High-Tech Medical Care to Patients Suffering from Rare Diseases. Probl. standardization Healthc. 7-8, 63–72. doi:10.26347/1607-2502201907-08063-072
 Krasilnikova, E. Y., and Smirnova, N. S. (2019). Accessibility of Medical Care and Drug Coverage for Patients with Rare Diseases Not Included in Federal and Regional Government Reimbursement Programs, 7-8, 17–27. doi:10.26347/1607-2502201907-08017-027
 List of rare diseases from 5.11.2020. List of Rare Diseases from 5.11. Available at: www.minzdrav.gov.ru
 Nguengang Wakap, S., Lambert, D. M., Olry, A., Rodwell, C., Gueydan, C., Lanneau, V., et al. (2020). Estimating Cumulative point Prevalence of Rare Diseases: Analysis of the Orphanet Database. Eur. J. Hum. Genet. 28, 165–173. doi:10.1038/s41431-019-0508-0
 Order of the President of the Russian Federation (2021). № 16 on the Creation of the Fund to Support Children with Severe Life-Threatening and Chronic Diseases, Including Rare (Orphan) Diseases. Moscow city: Circle of Kindness. of 5.01. 
 Orphan drugs act of 1983 (1983). Public Law 97-414. Washington city: 97th Congress. Jan. 4. 
 Orphanet Report Series. 2019. Prevalence of Rare Diseases: Bibliographic Data. Accessed January 2019 Number1 Available at: http://www.orpha.net/orphacom/cahiers/docs/GB/Prevalence_of_rare_diseases_by_alphabetical_list.pdf
 Package Management Orphan Drugs. (2017). Package Management Orphan Drugs. Available at: https://www.zorginstituutnederland.nl/werkagenda/publicaties/publicatie/2017/12/21/monitor-weesgeneesmiddelen-2017 (accessed September 18, 2019). 
 Rare Disease Registries in Europe. 2020. Orphanet Report Series. September 2020. 55p. Available at: www.orpha.net
 Regulation (EC)2019No 141/2000 of the European Parliament and of the Council of 16 December 1999 on Orphan Medicinal Products. Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32000R0141 (accessed September 18, 2019)
 Resolution of the Government of the Russian Federation of April 26, 2012, № 403 on the Order of Keeping the Federal Register of Patients with Life-Threatening and Chronic Progressive, Rare (Orphan) Diseases, Leading to the Reduction of Life Expectancy or Disability, and its Regional Segment (with amendments and addition of June 5, 2020). Available at: www.Base.garant.ru. 
 Richter, T., Nestler-Parr, S., Babela, R., Khan, Z. M., Tesoro, T., Molsen, E., et al. (2015). Rare Disease Terminology and Definitions-A Systematic Global Review: Report of the ISPOR Rare Disease Special Interest Group. Value Health 18 (6), 906–914. doi:10.1016/j.jval.2015.05.008
 Rodwell, C., and Aymé, S. (2015). Rare Disease Policies to Improve Care for Patients in Europe. Biochim. Biophys. Acta 1852 (10 Pt B), 2329–2335. doi:10.1016/j.bbadis.2015.02.008
 Sokolov, A. A., Volgina, S. Y., and Nagibin, O. A. (2019). Analysis of Specialized Medical Care for Patients with Rare Diseases. Probl. standardization Health Care 7-8, 51–62. doi:10.26347/1607-2502201907-08051-062
 Young, K. E., Soussi, I., Hemels, M., and Toumi, M. (2017). A Comparative Study of Orphan Drug Prices in Europe. J. Mark Access Health Pol. 5 (1), 1297886. doi:10.1080/20016689.2017.1297886
 Zamora, B., Maignen, F., O'Neill, P., Mestre-Ferrandiz, J., and Garau, M. (2019). Comparing Access to Orphan Medicinal Products in Europe. Orphanet J. Rare Dis. 14 (1), 95. doi:10.1186/s13023-019-1078-5
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Volgina and Sokolov. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		PERSPECTIVE
published: 14 December 2021
doi: 10.3389/fphar.2021.787342


[image: image2]
Crowd Funding for Orphan Drugs: The Case of Baby Pia
Wim Pinxten*
Research Group Healthcare and Ethics, Faculty of Medicine and Life Sciences, Hasselt University, Hasselt, Belgium
Edited by:
Marc Marie Dooms, University Hospitals Leuven, Belgium
Reviewed by:
Marleen Eijkholt, Leiden University Medical Center, Netherlands
Greg Moorlock, University of Warwick, United Kingdom
* Correspondence: Wim Pinxten, wim.pinxten@uhasselt.be
Specialty section: This article was submitted to Drugs Outcomes Research and Policies, a section of the journal Frontiers in Pharmacology
Received: 30 September 2021
Accepted: 03 November 2021
Published: 14 December 2021
Citation: Pinxten W (2021) Crowd Funding for Orphan Drugs: The Case of Baby Pia. Front. Pharmacol. 12:787342. doi: 10.3389/fphar.2021.787342

Medical crowdfunding is a relatively new strategy to obtain access to orphan drugs. The case of Baby Pia, a Belgian girl with SMA type 1 for whom in 2018 more than $ 2.1 million was raised to get her treated with Zolgensma®, illustrates well the potential power of medical crowdfunding. But apart from the success in raising money, the case is also of particular importance for the ethical issues it brings to the surface as related to justice, equity, power imbalances, responsibility, accountability, indebtedness and privacy.
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INTRODUCTION
Rare diseases are life threatening or chronically debilitating diseases with a prevalence that is equal to or lower than five in 10,000 persons. Due to the small number of potential users -often combined with the need for complicated research-the commercial interest in developing drugs to treat rare diseases tends to be low, unless incentives are provided.
In Europe, specific regulations have been issued to encourage the development of “orphan drugs” for the diagnosis, prevention and treatment of rare diseases. (Regulation (EC), 2000; Commission Regulation (EC), 2000). Although these regulations have been successful in stimulating the development of new therapeutic options for patients with a rare disease, they did not resolve all problems. Many patients still face problems in getting access to orphan drugs, as reimbursement may not be arranged and prices are often much higher than what an individual can reasonably be expected to afford. A striking example is Zolgensma®, a single dose gene therapy to treat Spinal Muscular Atrophy (SMA), which comes at a price tag of $ 2.1 million. An amount that clearly exceeds the financial capacity of most families, and probably also goes beyond what can be raised through charity in local networks and communities.
Crowdfunding offers new opportunities to extend the reach and power of fundraising. It aims at collecting small amounts from a large group of donors, who jointly enable projects that would otherwise not be financially viable. Given that individual donations are small, the threshold to join in is low. Several platforms facilitate crowdfunding in return for a commission and/or fee, and some are also open to individuals. The largest platform for personal crowdfunding is gofundme.com, which has been used by more than 50 million donors to aggregately donate over 5 billion dollar.
Crowdfunding is increasingly deployed for medical reasons, (Sisler, 2012; Snyder et al., 2016; Berliner and Kenworthy, 2017; Renwick and Mossialos, 2017; Palad and Snyder, 2019; Fong et al., 2020), including purchasing expensive orphan drugs for patients with a rare disease. At the time of writing this paper, gofundme.com revealed 1398 fundraisers when using the search term “Spinal Muscular Atrophy”, and 569 when using the search term “Zolgensma”.
The potential power of medical crowdfunding has been demonstrated by the case of Baby Pia, a Belgian girl with SMA type 1 for whom more than $ 2.1 million was raised to get her treated with Zolgensma®. To our knowledge, this is the most successful medical fundraising so far. But apart from the success in raising money, the case is also of particular importance for the ethical issues it brings to the surface. In this case report, the case description will be followed by an exploration of ethical issues involved.
THE CASE OF BABY PIA
Baby Pia was born in November 2018. The pregnancy had been uncomplicated, and initially there seemed nothing special to worry about. When she was about 3 months old, however, her mother noticed that she didn’t roll on her tummy or tilt her head. And when she held the baby of a friend, she felt a strength in the other child that Pia didn’t have. Following the advice of a friend, she made an appointment with an osteopath to check things out. In the meantime, she also discussed her observations during a routine developmental follow up visit with a pediatrician, where she was reassured that there was nothing really to worry about, as “all babies develop at their own pace”.
When visiting the osteopath a few weeks later, he refers the parents to a neurologist after having done a few tests. At the first consultation, blood is drawn for DNA-analysis, an MRI and EMG scan are scheduled. While the MRI is normal, the EMG appears to be alarming and the potential diagnosis of SMA is brought up, although confirmation by DNA-test still needs to be awaited. Never having heard of this disease, the parents google, get to the Wikipedia page and are confronted with a stated life expectancy of about 18 months.
In a follow up consultation, the neurologist refers the parents to an academic hospital that can provide specialized care and to a pediatric palliative service. The palliative team comes by to discuss mechanical ventilation and end of life issues, which is very disturbing and leaves the parents in despair. Meanwhile, the parents keep struggling to find the best care for Pia. With the help of a patient association for muscular diseases, they find an academic hospital that can provide adequate medical follow up closer to their home. There, treatment with Spinraza®, the first approved treatment for SMA, is initiated immediately. The neurologist also brings up a European clinical trial of Zolgensma®, a single dose gene therapy that is already approved in the United States but not yet in Europe, but states it is unlikely that Pia will be able to enroll in this study.
The treatment with Spinraza® brings new hope, and Pia is making some progress. When getting the news that Pia won’t be able to join the trial of Zolgensma ®, however, the parents are left with the uneasy feeling that more health gain might be possible. On Facebook, they have seen impressive results obtained in children with SMA that have been treated with Zolgensma ® at 4 months of age, and also good results in children that were treated later. This makes them eager to look for alternative options to access Zolgensma®. They find that there is a Named Patient Program (NPP) that would enable Pia to get Zolgensma® in the United States. While the NPP bypasses the problem that Zolgensma® is still awaiting European approval, the parents now face a second hurdle: the costs of treatment are not reimbursed and thus to be paid out of pocket by the patient. All efforts to lower the bill fail. There is no clinical trial abroad in which Pia can participate. An application for the Belgian “unmet medical need” program is rejected, because the program only reimburses promising innovative treatments if no alternative treatment is available, and for SMA Spinraza® is already being reimbursed. The Ministry of Health does not react to the numerous calls to facilitate. And finally, it appears impossible to negotiate a discount with Novartis. The only option left is to raise $ 2.1 million.
Having nothing to lose, the parents start looking for options to raise funds. They get well-organized from the start: they do not raise money on their own account, but through a newly established non-profit organization that aims to provide adequate support for Pia and others in a similar situation: “TeamPia”. To coordinate action, they bring together friends and people they know who appear to have very useful expertise and connections. Together, they organize several fund raising initiatives (ranging from selling keyholders and wine, over setting up a gofundme-page, to a fundraiser event) and compose a marketing and communication team to disseminate news about Pia in a consistent way. They spread a call to join “TeamPia” through a website and social media, and efforts are made to attract the attention of regional and national media. As a last strategy, they play Euromillions, because you never know…
The approach of TeamPia turns out to be successful: more and more people start to donate. In less than 2 months, about 100.000 euro is raised. Despite being an impressive amount, however, this only accounts for 5% of the bill. Additional ways to get people donating are being explored, among which donation via text-messages (a common practice in bigger fundraising events organized by national media). They get in touch with the only company that facilitates this technology in Belgium, and learn that they can make use of the services, be it at a service cost of about 30 percent of the amount raised. As the text messages are only considered to be an add-on on the other ongoing fundraising strategies and TeamPia has a poor position in the negotiation, these conditions are accepted. From now on, people can donate 2 euro to TeamPia by sending a text message with “Pia” to dedicated number 4666. In reply, they get a text message stating “Welcome to TeamPia”.
Soon, the texting strategy appears to be promising: during the first weekend, about 20.000 text messages come in. TeamPia keeps on exploring how to get bigger exposure and attempts through indirect network contacts to convince celebrities and influencers to share the call to join TeamPia by sending a text message and donating 2 euro. When world renown DJs, football internationals, singers and many others start sharing the message, the number of incoming text messages increases exponentially within hours. In response, national media starts covering the story and provides the public at large updates on how much money has been raised so far. An ever bigger crowd joins TeamPia. When people inform on social media whether their donation goes entirely to TeamPia, the high commission of telecom providers raises public indignation. In response, all providers agree to skip their commission, which brings TeamPia another step closer to the goal. In the meantime, the number of text messages keeps on booming, and 2 days later 930.000 text messages have come in and sufficient money had been raised to pay for Zolgensma®.
In October 2019, Pia got an injection with Zolgensma®, and tolerates the treatment well. In the following months, she reaches new milestones: she starts rolling, sitting, talking. She increases the stability of her head, improves motor control in the arms, and also makes some progress in the legs. Today, Pia goes to school and the prefix “baby” no longer holds.
One element that has not been highlighted in our account of Baby Pia’s story so far, is newborn screening for SMA. When Pia was born, newborn screening for SMA was not available in Flanders, the region where Pia lives. If it would have been, the diagnosis would have come sooner, Pia might have had better chances to join the European trial of Zolgensma®, and the treatment (with Spinraza®) might have been initiated sooner with better results. To date, TeamPia advocates to adopt SMA in the newborn screening.
ETHICAL ISSUES
There is more to the story of Pia than successful fundraising. The case is also a story of how patients who do not suffer from common health problems often struggle for care, also in countries with extensive public health insurance. A story of power imbalances and communication difficulties between patients and governments and pharmaceutical companies. And of the hidden cost of crowdfunding. As such, the case brings several important ethical issues to the surface.
Justice, Equity and Power imbalances
Facilitating access to an expensive drug for one child while not being accessible for others in the same condition creates obvious inequalities. However, it is one thing to argue that justice requires that all children with a similar health condition and comparable medical needs in the same public health system have the right to the same treatment, it is quite another to argue that it would be unjust for parents to pursue the best possible care for their children. Doing so does not equal being insensitive to the needs of others or taking away resources or opportunities from others. The crowdfunding for baby Pia did not directly drain resources away from other children in need, as it didn’t interfere with public healthcare funding at all. If it did so indirectly -by encouraging people to donate for this action and hereby potentially drafting attention away from fundraisers for others in need-, this reflects a dynamic that is inherent to all charity.
As a Named Patient Program was already existing, the drug was open to European users, and the parents did not bypass the European approval process in an unjustified way.
Arguments that the impressive amount of money could be used in a different way so that more people get help or more health gain is obtained may be relevant to public health insurance, but cannot be translated to private initiatives in which people are free to use their private financial resources for the ends they personally prefer. Individual patients who receive donations as a form of charitable support to their personal needs, need not to have a responsibility in allocating budgets fairly. Moreover, the idea of allocating a budget is not applicable to most medical crowdfunding, as most people are not looking for a budget to spend according to their preferences, but seek to overcome a lacuna in public health insurance. For them, money is just the vehicle to their ultimate end: getting a treatment.
Another justice-related issue are power imbalances. Patients who cannot afford a treatment without the help of a crowd are in a vulnerable position. Their calls for help can remain unanswered as they can easily be ignored by policy and industry. They have a poor position in negotiating with pharmaceutical companies, the government, and fundraising platforms. They don’t have the power to speed up processes, while the regular pace of policy might be too slow to bring timely relief. These power imbalances also make that patients are very uncertain about the effectiveness of their efforts. They have to take the risk of not getting anything useful back for the time and effort they invest in trying to get better care.
Responsibility, Accountability, Indebtedness
Shared decision making has become a creed of contemporary medical practice. When pursuing new treatments that are not yet approved and/or reimbursed, however, patients tend to fall back on their own. There is hardly any support in finding out what you can do and how you can get organized. Furthermore, essential decisions are no longer backed by policy makers (who have already decided for you that your treatment is offered as a standard treatment) or by a medical team (that considers such standard treatment to be medically indicated). This attributes a bigger responsibility to patients than would be the case for a reimbursed standard treatment.
Next to responsibility, medical crowdfunding also brings in accountability. Accountability for not misleading potential donors, while the only way to reach them is by mobilizing media that has more interests in clear headlines and public indignation than in scientific nuance. Media that strongly edit stories to make them fit their purpose, and hereby sometimes violate reality. Telling your story in all complexity and honesty does not preclude this from happening, and it may not be practically feasible to correct all misinformation. In addition, patients or their parents are held accountable for how donations are being used. What if insufficient amounts are being raised and the treatment remains out of reach (which is not unlikely at all for a treatment as expensive as Zolgensma®)? How is the money to be spend there is still left after costs have been paid?
Finally, getting $2.1 from the crowd is not likely to end up in a one way story, as patients or their parents can feel indebted to the donors. This kind of reciprocity is less present in anonymous reimbursement by public health insurance, and can have a significant impact on the lives of the beneficiaries. How do you deal with potential disappointment about the outcome? How do you deal with the persistent feeling of having to do something back, by communicating updates, giving interviews and lectures, and helping others who face the same troubles?
Privacy
Another important downside of crowdfunding is the loss of privacy. (Palad and Snyder, 2019). To mobilize the crowd, you need to share your story, often up to a level that strongly invades with privacy. It entails the sharing of information about the life and health status of a minor who cannot consent to this. In addition, it requires the investment of a significant amount of time in communicating with the media and the public at large, often at inconvenient times and in the middle of health and family crises. At the same time, you are exposed to the comments of complete strangers, some of which feel free to share rude comments and insults. Such comments, however small their share among the many positive notes, can be impactful and even violent.
DISCUSSION
Medical crowdfunding is a relatively new strategy to obtain access to orphan drugs. Despite its potential for being successful in collecting the required amounts of money, it must be emphasized that medical crowdfunding also comes with a considerable hidden cost, related to justice, equity, power imbalances, responsibility, accountability, indebtedness and privacy as well as practical issues such as time and effort. Also other ethical issues have been described elsewhere. (Snyder, 2016; Snyder et al., 2016; Snyder et al., 2017; Kubheka, 2020). Finally, crowdfunding makes patients heavily dependent on skills, networks, public appeal and even luck. This also reflects in the case of Baby Pia. While it is impossible to reliably explain for the success, there are a few factors that are likely to have played an important role. The story has a strong appeal, concerning a baby with an incurable condition, a limited life expectancy in absence of treatment, and an existing but unaffordable drug. The parents and their friends were believers, who did everything in their power to give her a future as open as could be. TeamPia was driven by a carefully composed team with essential expertise and access to important contacts. It had a well thought out communication strategy, which truly mobilized the crowd, and not just addressed a local community. By joining TeamPia, also people who were completely disconnected from the family or community could sign up for something big, which allowed people to be proud for being committed to the common goal of beating injustice and making the seemingly impossible happen. And finally, probably also luck played a role: there were for example no important events that would compete for media attention, and the story was picked up by important influencers.
The case of Baby Pia does not reveal a magic formula for getting orphan drugs funded. In absence of such formula, however, there is no equity in chances to benefit from medical crowd funding. By contrast, medical crowd funding entails a high risk of being unsuccessful, while inducing a considerable moral and practical burden.
To be more fair, the access to orphan drugs should not be dependent on the success of crowdfunding. While we may see no fundamental objections to parents striving for the best for their children, as a society we need to approach the problem of expensive orphan drugs differently. We need to secure solidarity, also in absence of the empathy of the crowd, so that all people alike get similar chances. Public health insurance is the platform where this can best be achieved. We need to address power imbalances, preferably with joint forces crossing national borders. And finally, we need to better consider time, as waiting for diagnosis, approval and reimbursement should not take longer than needed.
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Today policy makers face the challenge to devise a policy framework that improves orphan medicinal product (OMP) development by creating incentives to deliver treatments where there are none and to authorize innovative and transformative treatments where treatments already exist. The European Expert Group on Orphan Drug Incentives (hereafter, OD Expert Group) came together in 2020 to develop policy proposals to facilitate EU policy makers to meet this challenge. The group brings together representatives of the broad rare disease community, including researchers, academia, patient representatives, members of the investor community, rare disease companies and trade associations. The group’s work builds on the recognition that only an ambitious policy agenda developed in a multi-stakeholder setting can bring about the quantum leap needed to address unmet needs of rare disease patients today. Along the OMP development path, the OD Expert Group has identified four main needs that a policy revision should address: 1) Need to improve the R&D ecosystem for basic research and company take-up of development. 2) Need to improve the system of financial incentives and rewards. 3) Need to improve the flexibility, predictability and speed of the regulatory pathway. 4) Need to improve the coherence and predictability of demand and pricing for OMPs. This article presents the results of the OD Expert Group work as a set of guiding principles that the revision of the policy framework should follow and a set of 14 policy proposals that address the main needs of OMP development in Europe today.
Keywords: orphan medicine, orphan drug, rare disease, incentives, unmet need, OMP regulation
INTRODUCTION
Rare diseases are diseases with a particularly low prevalence. In the European Union 2000 (EU), a disease is considered rare when it affects less than 5 per 10,000 people (European Commission 2020a, 5).
While the number of persons suffering from an individual rare disease is small, overall, rare diseases affect many Europeans. Currently, we know of over 6,000 rare diseases affecting approximately 30 million Europeans, i.e., 6% of the European population (Wakap et al., 2020). In addition, 80% of rare diseases are of genetic origin and are chronic and life-threatening. For most rare diseases there is no authorised treatment available (Tambuyzer et al., 2020).
In and by itself, the process for developing and bringing medicines to the market is complex, costly, and requires the collaboration of many stakeholders (researchers, industry, patients, medical professionals, investors, funding bodies and regulators).
While any medicinal development path is costly and failure-ridden, the complexities are even higher for orphan medicinal products (OMPs). The small number of patients affected by a given rare disease may mean that it attracts relatively less attention and funding in the research community, makes research and clinical trial studies more difficult and riskier, makes regulatory approval more difficult to achieve and, overall, makes the investment case less attractive for OMP developers. For example, small clinical trials means it is more risky to predict the effect on a larger number of patients outside of the inclusion criteria. As real world efficacy is difficult to predict regulatory approval and marketing are more challenging.
Given these features, incentivising the development of medicinal products to address rare diseases OMPs) is not an easy task. We define an incentive in this context as any measure meant to promote the development of medicines to treat rare diseases (European Commission 2020a). Various types of incentives are available to policy makers to increase research in and the development of OMPs, see Figure 1.
[image: Figure 1]FIGURE 1 | Incentives for OMP development. Source: The OD Expert Group
Against that background, the EU OMP Regulation, introduced in 2000, aimed at ensuring higher availability of OMPs through a specific set of incentives (European Commission 1999, European Commission 2000): a 10-year market exclusivity period for designated OMPs, protocol assistance from the European Medicines Agency (EMA), fee reductions during the approval process, and EU-funded research for OMP development aimed at increasing research in rare diseases. The OMP Regulation also invited Member States to provide national incentives, such as tax benefits.
Next to the OMP Regulation, the wider regulatory landscape, including for instance the EU Clinical Trials Directive (European Commission 2001) and national pricing and reimbursement procedures, influences development incentives for OMPs.
The advent of the OMP Regulation, in combination with EU driven funding1 and reimbursement at the Member State level, has greatly increased the number of OMPs authorised in Europe and has made OMPs a cornerstone of pharmaceutical markets. Since the year 2000, when the OMP Regulation came into force, the number of annual designation applications has nearly tripled and the number of annual OMP authorisations has increased from only 3 in 2001 to 22 in 2018, see Figure 2.
[image: Figure 2]FIGURE 2 | Applications submitted, designations granted and authorised OMPs by year. Source: European Commission (2020a) and European Medicines Agency (2020). These also contain applications and OMP that have been withdrawn.
Between 2000 and 2019, 3,443 OMP applications were submitted and 169 OMPs were authorised, see Figure 3 (Dolon 2020). Not all of these authorised OMPs can be attributed to the OMP Regulation, but recent estimates indicate that up to 74% of the OMPs authorised between 2000–2017 were developed as a result of the OMP Regulation (Dolon 2020).
[image: Figure 3]FIGURE 3 | Applications submitted, designations granted and authorised OMPs cumulative. Note: These numbers include applications and authorised OMPs that have been withdrawn. Source: European Commission (2020a) and European Medicines Agency (2020).
Despite the significant increase in authorised OMPs, empirical evidence demonstrates that OMPs continue to represent only a small fraction of EU Member State pharmaceutical budgets - approximately 7% on average. A recent study (Mestre-Ferrandiz et al., 2019) showed that annual per patient treatment costs of OMPs can range anywhere between EUR 755 to over EUR 1 million in the EU. However, approximately 24% of OMPs have an annual cost less than EUR 10,000 and only 18% had an annual cost greater than EUR 100,000—with 58% of OMPs falling between these two thresholds (Onakpoya et al., 2015).
Despite the increase in authorised OMPs, the OMP Regulation has not achieved consistent investment in and development of OMPs. In fact, the needs of rare disease patients in the EU are far from being met.
First, approximately 95% of rare diseases remain without authorised treatment.2 In fact, the lack of authorised treatments in rare diseases is broader today than what it was 20 years ago due to the unprecedented rate of newly emerging diseases (European Commission 2020a). It is important to note that this 95% figure does not translate to an equal share of rare disease patients without authorised treatment, as the lack of treatments is particularly eminent for the rarest diseases. Actually, 98% of the rare disease population have a rare disease that is among the 390 most prevalent diseases (affecting 0.1–5 people per 10,000 people) (Wakap et al., 2020). Given the extremely low incidence of some of these diseases it will be impossible to research perform regionally, and globally collaborative efforts are needed (e.g., https://webgate.ec.europa.eu/ern/).
Second, for the 5% of rare disease for which an authorised treatment is available, the treatment is not necessarily transformative, i.e., yielding full or partial disease stabilisation, or curative, i.e., requiring no further treatment for a period of years (Faulkner et al., 2018).
These outcomes reflect a pattern in OMP development. In the past 20 years, most of the research in rare diseases built on advances in science and on the understanding of diseases. This brings valuable new options, but also leads to clustering of OMPs in certain conditions for which an authorised treatment already exists: of all authorised OMPs between 2000 and 2017, 72% target diseases that have at least one other authorised treatment available. Conversely, only 28% of authorised OMPs target rare diseases for which there is no authorised treatment (European Commission 2020a, 40). The clustering in certain disease areas is not necessarily a problematic development: more innovation and the emergence of multiple treatment options in a specific disease area can benefit patients and meet their therapeutic needs. It also gives healthcare professionals and health authorities larger choice and increases competition in those disease areas. Nevertheless, research and development (R & D) also needs to be directed into those areas where there are no authorised treatments at all.
Understanding this group of diseases with significant lack of treatment, is key to understanding where the challenges with OMP development lie today.
A first look at these diseases (see Figure 4) imposes three preliminary impressions: children with rare diseases have benefitted significantly less from OMP development than adults, OMP development has so far focused on the least rare of the rare diseases, and certain therapeutic areas, such as sensory organs and the respiratory system, have received little attention in R&D so far.
[image: Figure 4]FIGURE 4 | Which areas are concerned by a lack of authorised treatments? Note: 1) Based on authorisations between 2000 and 2017. 2) Based on orphan designations between 2000 and 2019. Source: 1) European Commission (2020, 40). 2) European Medicines Agency (2020, 6). 3) European Medicines Agency (2020, 5). 4) European Medicines Agency (2020, 13–14) and Wakap et al., 2020).
Policy makers’ challenge today is to better understand those areas and to devise a policy framework that delivers continuous innovation in the rare disease space to deliver on patients’ needs for treatment where there is none and for better treatment where treatment already exists.
THE ORPHAN DRUG EXPERT GROUP AND ITS GUIDING PRINCIPLES
Improving the OMP policy framework to address unmet needs is not an easy task as the rare disease environment is both complex and heterogeneous. To manage this complexity, the orphan drug (OD) Expert Group was established in 2020, containing representatives from stakeholders involved in rare diseases drug development, approval and access. The goal of the OD Expert Group was to identify challenges and bottlenecks in the European OMP field and to provide potential solutions. For more detailed information we refer the reader to http://od-expertgroup.eu.
The OD Expert Group worked with sets out four guiding principles that policy makers should follow such that the revision of the policy framework ultimately benefits rare disease patients. These principles have also informed the development of policy proposals by the OD Expert Group itself.
Conceive a Holistic Policy Framework for the OMP Development Path
Developing OMPs and bringing them to the market is a long path with many stages, from basic research over clinical development to regulatory approval and market access and patient delivery. The development of OMPs can take up to 10–15 years (European Commission 2020a, 13) and challenges with and barriers to OMP development appear throughout the entire OMP pathway.
The current OMP Regulation focuses in on a narrow set of incentives at specific stages of the OMP pathway, particularly clinical development, regulatory approval, and the marketing phase. This creates two challenges.
First, the current Regulation does not provide incentives at all stages where they are needed along the OMP lifecycle. For instance, it provides incentives for the development phase but is not fit to address the lack of basic research that entirely prevents OMP development for some rare diseases. Similarly, the OMP Regulation uses market exclusivity as a main incentive while the main hurdle for many OMPs (especially those indicated for extremely rare diseases) is not the threat of competition on the market but making it to the market at a price that recovers the investment cost and risk.
The second challenge from this narrow focus is that incentives along the OMP development path are not fully aligned and sometimes even work against each other. For instance, existing basic research may not be development ready due to insufficient guidance of researchers.
Against this background, it is key for EU policy makers to take a holistic look at the entire OMP development path and to design a consistent policy framework that improves incentives for and reduces barriers to OMP development overall.
This will require wider policy changes beyond the remit of the OMP Regulation and further initiatives under the umbrella of the EU pharmaceutical strategy. The OD Expert Group therefore makes concrete proposals for changes that should be achieved in the current OMP revision and changes that are more long-term in nature (see Figure 5).
[image: Figure 5]FIGURE 5 | Main needs and policy proposals. Source: The OD Expert Group
Lead the Revision From a Multi-Stakeholder Perspective
The OMP development path involves many actors: from researchers and clinicians, over pharma companies and funders, to regulators and payers. Most importantly, the path involves rare disease patients and their families who are not only the ultimate recipients of innovative OMPs but also play a role in their pathway through patient advocacy, raising funding for research and participating in clinical trials and other studies.
While all these actors pursue the goal of developing treatments to improve rare disease patients’ lives, they do not collaborate optimally today and lack a strong, unified R&D ecosystem to operate in. One example is in basic research, where collaboration among researchers and between researchers and companies takes place within many, sometimes ad-hoc initiatives. Another example is that HTA bodies, regulators and OMP developers do not coordinate and align sufficiently early enough in the development of OMPs, causing unnecessary delays and uncertainty at later stages. Therefore, an improved OMP policy should strive to strengthen the R&D ecosystem for rare diseases on the one hand and to improve trust and collaboration between the actors on the other. Moreover, any revision should keep in mind the importance of equity and fairness in the treatment of different groups of rare disease patients. To do that, policy makers should adopt a multi-stakeholder perspective in the revision of the policy framework.
Think About Policy Changes From an Investment Perspective
The EU innovation model builds on a market logic where companies drive OMP development while interacting with all actors in the OMP development landscape: researchers, patients, medical professionals, investors, funders, and regulators. The case for companies to invest in the development of OMPs is, as such, weak due to the high cost and risk in development relative to the low number of patients that OMP developers can achieve revenues on. Companies only engage in OMP development projects if the expected return compensates them for the costs, time and risks incurred in development. Therefore, it is useful to think about changes in the policy framework in terms of their ability to improve investment incentives, see Supplementary Box 1.
The current OMP Regulation aims to improve incentives by fostering basic research (funding), making OMP development less costly and complex (fee reductions, protocol assistance) and allowing for sales revenues with a lower risk of competition (market exclusivity). While those incentives, together with member state commitment to pay for OMPs have increased expected return on investment of OMP development projects, they have not spurred development across all rare disease areas. Therefore, the challenge for the current policy framework is two-fold: first, design the OMP pathway in a way that strengthens investment incentives overall and, second, adopt a modulated approach to incentives with a policy that moves away from one-size fits all to providing a level of incentives that is just enough to make different OMP development projects (with different investment cases) sufficiently profitable, see Figure 6.
[image: Figure 6]FIGURE 6 | Illustration of how modulated incentives can make OMPs financially viable from an investor perspective. The current OMP Regulation aims to improve incentives by fostering basic research (funding), making OMP development less costly and complex (fee reductions, protocol assistance) and allowing for sales revenues with a lower risk of competition (market exclusivity). In that way, the set of incentives currently included in the OMP Regulation paired with a willingness to pay for OMPs at the Member State level has increased the expected return on investment of OMP development projects, as illustrated by the dark blue bars. However, the lack of approved treatment for many rare diseases shows that there is still a need to strengthen incentives for investing in areas where rare disease patients’ needs are still unmet. To respond to this issue, policies can be designed to improve investment incentives overall. The expected return on investment can be increased through measures that reduce costs along the OMP path, reduce the time it takes for an OMP to go from the basic research stage to market access, increase revenues or set other financial rewards for bringing an OMP to the market. Return on investment can also be improved by reducing the risk of failure throughout the regulatory process and increasing the certainty of market access conditions. Implementing such measures will improve investment incentives overall, i.e., it will expand the yellow box. The current policies provide one-size fits all incentives across OMPs and insufficiently incentivises certain types of projects for which investment incentives are particularly weak. A modulated approach to OMP incentives can provide a level of incentives that is just enough to make different OMP development projects (with different investment cases) sufficiently profitable. On the one hand, the current Regulation leaves disease areas where investment projects are not currently carried out. These are all projects to the right hand-side of the vertical dotted line. These are cases where the expected return is below what investors can get elsewhere, i.e., the projects for which the dark blue bar is below the threshold of market required return on investment (ROI). There can be diverse causes for an expected return that is too low even at the current policy incentives, such as an extremely small market size or the lack of basic research which makes the project too costly and risky. To address this, the revised OMP Regulation and a revised overall incentive framework (which may include policies beyond the current scope of the OMP Regulation) can strengthen the incentives for as many projects as possible given the political cost-benefit trade-off. These incentives will further increase the ex-ante return on investment reaching the level required by the market, as shown by the light blue bars. Financial incentives or incentives of another nature could be set to target specific categories of OMPs for which the investment case is particularly weak. These could be, for instance, funding for research dedicated to specific diseases with unmet needs or additional years of market exclusivity for specific OMPs. On the other hand, the current Regulation may apply to some OMP projects for which investment incentives are already stronger today than they were 20 years ago thanks to an increase in knowledge in these areas, the existence of both a strong research base and a market for these medicines. For these OMPs (often labelled “crowded areas”) investment incentives are stronger and may even resemble those for non-OMPs (the projects to the left of the dotted-line yellow box). For instance, these could be rare diseases that are close to the prevalence threshold or where the existence of a large body of research and knowledge facilitates OMP development. In these cases, policy makers should find a balance between providing sufficient incentives to ensure continued development of better treatments and softening incentives where they are not necessarily required. Note: Illustrated example. Source: Copenhagen Economics and the OD Expert Group.
Ensure a Competitive EU Policy Framework
The EU policy framework for OMPs does not exist in a vacuum but determines the EU’s perceived attractiveness for funding, developing and launching orphan medicines.
Firstly, to attract OMP funding and investment, the EU needs to provide a competitive policy framework that sets incentives and provides an ecosystem on par with other regions of the world. Currently, this is not the case. The larger number of OMPs brought to the market in the US shows that it is far more attractive to develop and bring OMPs to the market there. For example, between the years 2016 and 2019, there were more than twice as many unique OMPs in the development pipeline in the US than in the EU.3 Moreover, most of the investments in gene & cell therapies, the most innovative and promising treatments in the rare disease field, are made in the US.4
Secondly, the more aligned the EU regulatory framework is with that of other regions, and in particular, with that of the US, the better the incentives are to register OMPs already registered in those regions in Europe. Recognising that most OMPs are first launched in the US which is the most attractive market in terms of pricing, alignment of EU-US regulations is key. More alignment with the US system, e.g., in clinical trials procedures, will therefore increase the likelihood of OMPs already launched in the reaching European patients more swiftly.
Therefore, even though the OD Expert Group’s recommendations for policy improvements focus on Europe, the importance of the international context must not be forgotten.
THE POLICY PROPOSALS
Four Needs for the EU OMP Incentive Framework
From discussion sessions amongst the members, it became clear to the OD Expert Group that the barriers to and challenges with OMP development appear throughout the OMP development path. Based on the experts’ experiences with different stages of the OMP development path, the OD Expert Group identified four broad needs for OMP development in the EU today:
1) The need to improve the R&D ecosystem for OMPs to increase the scale and scope of basic research and company take-up of clinical development.
2) The need to improve the system of financial incentives and rewards to improve the investment case for developing OMPs in priority disease areas, such as disease areas without authorised treatments.
3) The need to review and improve the flexibility, predictability and speed of the regulatory pathway for OMPs to better accommodate for the unique needs of rare disease development projects.
4) The need to improve the coherence and predictability of demand and pricing of OMPs to integrate and align demand-side incentives with the overall OMP incentive framework.
Delivering against the four needs will lead to an improvement of the incentives for OMP development in general and for areas without authorised treatment in particular.
As a potential solution, the OD Expert Group makes 14 policy proposals that allow to serve those needs. The proposals aim at improving incentives for OMP development overall by removing barriers in the current policy framework or by making better use of current initiatives and expertise. Therefore, the proposals build as much as possible on existing policies, structures and initiatives in the EU OMP space.
Moreover, the proposals follow the idea of a more modulated approach to OMP development reflecting the heterogeneity of the rare disease landscape.
Modulation means offering tailored incentives to reflect the investment case for different OMPs and requires a differentiated understanding of the investment case for different sub-groups of OMPs. Modulation to meet unmet needs requires setting additional incentives for specific groups of OMPs where, currently, insufficient incentives exist. While the identification of a modulation mechanism is beyond the scope of this report, we refer the reader to Box 2 for a more in depth discussion.
Together, the set of policy proposals jointly optimise development incentives along the OMP drug development path, thereby allowing for more OMPs to be developed faster across the EU. The proposals both aim to improve the incentives for developing more effective treatments and developing treatments where none exist today, see Figure 5.
Need 1. Improving the R&D Ecosystem for Basic Research and Company Take-Up of Development
Basic research by academics and clinical development by companies are the backbone of OMP development. All drug development relies on basic research, as without understanding of underlying disease mechanisms, biomarkers and targets, it is impossible to develop responsive treatments. In recent years, innovative research methods have led to successes in offering better, quicker and easier identification of, for instance, the genetic origins or rare diseases. Examples of this are whole-exome sequencing (WES) and whole-genome sequencing (WGS) (Liu et al., 2019; Posey 2019), which have led to great success in the speed and precision of which a range of genetic rare diseases are diagnosed.
However, the lack of treatments is also broader today than what it was 20 years ago, due partly to better identification and sub-grouping of known rare diseases and treatments, but also due to the emergence of new diseases (European Commission 2020a). Hence, notwithstanding the successes of OMP development in the last 20 years, many rare diseases today continue to lack very basic research and understanding of underlying disease mechanisms. In other words, for many rare diseases, the scientific base from which drug development can depart from is either non-existent or insufficient.
There are four main reasons behind the shortage of research and company take-up of clinical development in the rare disease space. First, the 6,000–8,000 known rare diseases cover a broad plethora of syndromes, but with many commonalities. This leads to delays and difficulties in diagnosis, and often culminates in misdiagnosis. Without timely and accurate diagnosis, it can be difficult to collect patients for studies. It takes on average 8 years (EURORDIS 2021a) to diagnose rare disease patients, during which time the patient and societal burden grows to be significant.
Second, the patient populations for individual rare diseases are small and geographically dispersed - particularly among the rarest diseases. This means that it is not only difficult to identify and diagnose patients but also to study rare diseases in pre-clinical and clinical settings, and any available knowledge and data is typically held by a few and geographically dispersed specialists and research institutions. This knowledge is not effectively clustered because researchers, companies, patient groups and clinicians do not collaborate sufficiently across the rare disease space, leading to insufficient scale in research.
Third, although a substantial amount of research is already happening in Europe, it is often not mature enough for drug discovery and further development, i.e., it is not translational research.
Fourth, it is difficult to find and secure funding for not only the basic research itself, but also for translating it into development-ready research. The challenges lie in the level and the cohesion of European rare disease funding efforts—where, in addition to the funding coordinated by the European Joint Programme for Rare Diseases (EJP RD), further financing is required to truly scale up the European R&D ecosystem for rare diseases.
If the R&D ecosystem is not improved, existing research may continue to remain unexploited for drug development - because opportunities for scale are missed or because data and knowledge are not transmitted between different stakeholders.
These challenges impose a clear need to improve the R&D ecosystem for basic research and company take up of clinical development. The European R&D ecosystem needs better financing and collaboration infrastructures, geared towards pursuing the unique challenges and policy goals of conducting research in rare diseases—and particularly in areas where no or little research exists. Moreover, the R&D ecosystem should be easy for researchers, OMP developers and funders to navigate, such that resources are findable, accessible, interoperable and reusable (FAIR) across different rare disease projects (Wilkinson et al., 2016).
To improve the R&D ecosystem, the OD Expert Group makes four policy proposals. These four proposals are designed on the basis of existing initiatives in rare disease research and should therefore seek to connect and build upon the existing work.
Proposal 1. Form an EU Rare Disease Hub for Large-Scale Collaboration, Sharing and Generation of Data, and Diagnosis
Since the first European Reference Networks (ERN) were launched in 2017, the EU has taken great steps in improving the exchange of information and expertise in rare diseases. However, today, scientific knowledge on rare diseases is still scattered across different European institutions and initiatives, and unavailable to many important actors. In a fragmented ecosystem, the full potential of the existing and potential European research efforts is not reaped. A crucial step in unifying rare disease R&D is therefore to establish a collaborative EU rare disease hub, which builds upon the ERN infrastructure, as a one stop-shop for collaboration between all actors in the sharing of knowledge, generation of new evidence, and in diagnosis. The hub will become the central infrastructure connecting all scientific knowledge on rare diseases in Europe serving two main purposes (Figure 7).
[image: Figure 7]FIGURE 7 | Eu rare disease hub. Source: The OD Expert Group.
First, the hub provides for greater and more consistent, systematic collaboration between researchers, companies, clinicians, patient groups and other actors in R&D—both within and outside of Europe. By bringing rare disease basic research, much of which currently exists in silos, to a single platform, the hub enables the actors involved in rare disease R&D to gain an overview of areas in which research is taking place, identify areas of collaboration and also determine areas which remain entirely unaddressed. Thereby, the hub will.
• Enable coordination of research efforts and a more optimal use of resources through grouping diseases
• Enable faster and broader take-up of clinical development through signalling areas of development-ready research to companies and investors
• Allow basic research to be better aligned with clinical development and patient needs early on.
As a coordinating body, the hub can also facilitate collaboration in both the mapping of patient populations and in the diagnosis of rare diseases. Collective, coordinated mapping of patient populations is a precondition for improving our understanding of the incidence of rare diseases across Europe. Similarly, harmonised diagnosis is more effective than current national diagnosing practices, as it harnesses existing and scattered expertise in a more coordinated manner, and thereby create more scale in diagnosing patients.
One initiative that the hub could coordinate is Newborn Screening (NBS), which is (for various rare diseases) currently performed nationally across the EU. The hub could facilitate harmonised NBS programmes across Europe, following EURORDIS’ Key Principles for Newborn Screening (EURORDIS 2021b).
Second, the hub will enable better exploitation of existing rare disease data through a common data infrastructure, where the generation, sharing and use of key data, including traditional clinical and preclinical data and real-world evidence (RWE), between stakeholders can take place. With current data existing largely in scattered databases in different formats, a main advantage of the hub is the centralisation and standardisation of data to make existing and new data more findable, accessible, interoperable and reusable across different rare disease projects. This would enable wider and quicker access to important data for all stakeholder groups and facilitate the collection of treatment candidates from existing research, thereby de-risking and speeding up OMP development.
A common data infrastructure will also facilitate the exploitation of existing knowledge and the adoption of new, advanced digital data technologies, including Artificial Intelligence (AI). This will allow, for instance, for existing innovative diagnostic methods to be repurposed and improved. It will also enable scale in diagnosis and in grouping of diseases, thereby enabling a basis for prioritisation and potential modulation of incentives (see Figure 5). This is of particular importance for very rare diseases, where innovative diagnosis can identify patient populations more effectively and disease grouping will facilitate knowledge sharing among researchers and clinicians.
The hub can connect and build on many existing EU-wide R&D initiatives and structures in place today. The efforts of the hub can exist under the umbrella of EJP RD, which is already leading European initiatives for large-scale collaboration and data sharing. Notably, the hub should connect, and build on, the structures and expertise within the 24 existing rare disease ERNs (Heon-Klin 2017). The hub can also build on the RD Connect project5, the EJP Virtual Platform6 led by the EJP RD, and the EU RD Platform7, created by the Commission’s Joint Research Centre, by making the data accessible to all stakeholders.
To be feasible, the EU rare disease research hub will need to be accompanied by incentives for the sharing of data. For instance, rare disease funding could be made conditional on data-sharing or open-source publication.
Proposal 2. Provide Guidance and Incentives for the Translation of Basic Research
Where rare disease basic research is taking place in Europe, it is often not developed enough to enter the clinical development stage. Preclinical studies, such as proof of safety, are crucial in determining whether a drug will proceed to human studies and how subsequent trials should be designed. Therefore, the produced research needs to be translational, i.e., enable industry to translate the basic research into treatments for patients without incurring a prohibitive level of uncertainty or delay.
This requires common guidelines for how translational research and a framework with appropriate incentives for producing development-ready research should look. Guidance on clinical preparedness can come, for instance, from the Orphan Drug Development Guide prepared by the International Rare Diseases Research Consortium (IRDiRC), an organisation that has already taken multiple actions to support translational research in the rare disease space (Jonker et al., 2020).
Making research funding conditional on producing development-ready research could be an effective incentive for researchers. This will make the generation of development-ready research a standard procedure for the rare disease basic research community, but also ensure the relevance and usability of the knowledge along the innovation cycle.
Proposal 3. Form a Rare Disease PPP Fund for Basic Research and Early Development
Today, EJP RD leads the most systematic and coordinated funding efforts for rare disease basic research in Europe. However, generating sufficient research to address unmet needs requires the EU to increase the scale and continuity of funding for basic research and early development above and beyond the duration of the EJP RD.
A way forward is to establish a singular financial entity, a basic research private-public partnership (PPP) fund, where the financial responsibility of serving more rare disease patients with effective treatments is mutually shared by public and private financing sources. Such a fund will improve the financing infrastructure for OMPs at large by generating 1) more funding and 2) more directed and conditional funding.
First, more funding can be achieved by incorporating more actors in the financing structure.
Alongside EU and national-level funding programmes (financed by tax revenues), the public funding side of such a fund should incorporate for instance the European Investment Bank (EIB), which is already investing in the rare disease space and other important health initiatives, such as Global Fund (Dorozynksi 2003).
In order to sustain the sustainability of public budgets, pharmaceutical industry actors (both OMP and non-OMP developers) need to be integrated in the coordinated funding structure as a key financing source. Contributing industry actors should not be eligible for funding, but rather, would benefit indirectly from collaborating in the projects, e.g., via in-kind contributions and for contributing to project descriptions. In this way, the capacity of smaller actors, such as SMEs, can be increased to undertake R&D in rare diseases, while the (larger) industry actors are still incentivised to contribute.
In addition, the Rare Diseases PPP fund could coordinate with European life sciences-focused Venture Capital (VC) in an effort to attract VC presence in rare disease research and facilitate early-stage development. However, this should include measures that incentivise the investment of VC firms in riskier early-stage projects. The PPP fund should provide transparency and trust in potential long-term growth, e.g., with dedicated investment specialists possessing required scientific knowledge.
Second, more directed and conditional funding can be steered by an appointed governing board, which would be responsible for ensuring that the strategic goals and research objectives of the fund are aligned with the unmet needs of patients. The governing board could be jointly coordinated by EJP RD, the European Commission (EC), EMA as well as industry organisations (European Federation of Pharmaceutical Industries and Associations (EFPIA) and European Confederation of Pharmaceutical Entrepreneurs (EUCOPE)), in order to ensure both balanced representation and rare disease knowledge.
The advantage of such a coordinated, top-down setup is that it can efficiently direct funding towards selected avenues, such as specific disease areas. This can offer diseases without sufficient patient group support, such as many of the rarest diseases, a more equal chance of being picked up for research and development. In addition, this setup can also impose certain conditionality on funding, in particular regarding the quality and outcome of the research.
For example, funding could be conditional on producing development-ready research and on sharing data with the wider OMP research community.
A broader operating framework needs to be established for the fund, e.g., by the EC, including specifications on the level of freedom and constraints that different funders can operate with, the financing terms, overall governance and use of resources. The governing board could act as a scrutiny board, assessing and providing guidance on budget use and procedures, thereby ensuring that funds are allocated efficiently and effectively.
Lastly, the Rare diseases PPP fund should operate closely with the proposed EU Rare disease Research Hub in order to ensure funding is directed towards the needs of patients and the seamless transferability of knowledge and data between the two bodies.
Proposal 4. Establish a Coherent Policy Framework for the Use of RWE
RWE is evidence on the usage and potential benefits or risks of a medical product derived from analysis of (real-world) data. RWE is particularly relevant for the OMP development pathway due to the higher hurdles OMP developers face in collecting sufficient evidence in more standard clinical trial settings. RWE can therefore be an important input into R&D, regulatory approval and decision-making on pricing and reimbursement at the market access stage.
However, today, the potential of RWE at all stages of the development path is underexploited because they are not integrated and recognised in regulatory decision making and because the lack of harmonised standards and guidelines results in mistrust towards such evidence, see Supplementary Box 1.
In particular, the role of RWE can be enhanced at three stages of the development path: the R&D stage, the regulatory approval stage and the market access stage.
Enhancing Access and Standardising RWE to Facilitate Rare Disease Research
Systematic collection of and infrastructure for sharing RWE between stakeholders can facilitate research on rare diseases. This can be part of a larger effort to better exploit existing data and more effectively generate new knowledge in the proposed EU Rare disease Research Hub.
Better use of RWE to Improve the Evidence Base at the Regulatory Approval Stage
RWE improves the chances of regulatory success of OMPs by bridging the gap between evidence collected through clinical data and regulatory requirements. Establishing a consistent framework for the utilisation of RWE will maximise its role across the various stages of regulatory development for OMPs, thus derisking the development without lowering the evidentiary standard.
Better use of RWE to Improve the Evidence Base at the Market Access Stage
OMP developers often struggle to gather enough traditional clinical evidence to prove the relative therapeutic value of an OMP at the market access stage. While there may be sufficient data from the clinical trials to support a positive benefit-risk assessment and a full, or conditional, marketing authorisation, there may be a lack of data to support clinical effectiveness in the stringent value assessments of payers and health technology assessment (HTA) bodies. Failure at the market access stage is in fact often linked to perceived deficiencies in the evidence collected on safety, efficacy and additional benefit compared to existing treatments. Structured presentation RWE should therefore serve and be recognised as a complementary form of evidence in those assessments.
Need 2. Improving the System of Financial Incentives and Rewards
Financial incentives and rewards are monetary benefits offered to encourage behaviour or actions which otherwise would not take place. Next to the price offered at the market access stage, financial incentives are the most direct way of incentivising OMP development. In practice, financial incentives can act both on the cost-side, reducing costs for OMP developers, or on the revenue-side, allowing OMP developers a sufficient return on their investments.
Currently, the OMP Regulation foresees two types of financial incentives: 1) fee reductions in the regulatory phase to reduce OMP developers’ overall costs in bringing OMPs to the market and 2) a 10-year period of market exclusivity at the time of receiving marketing authorisation, which protects OMP developers from competition from similar medicines thus ensuring a sufficiently high level of revenues to recoup investments and remunerate the risk taken.
The fact that 95% of rare diseases remain without authorised treatment suggests that the current financial incentives are not sufficient to steer development into areas of unmet need. In particular in disease areas with a very limited number of patients, protection from competition of similar drugs may not act as a strong incentive, because competition is not the main concern for OMP developers. Instead, the concern not to get market access at a sufficient scale and price may deter OMP developers from investing.
A well-designed set of targeted financial incentives will work in conjunction with the improved R&D development ecosystem to encourage development to address specific (priority) diseases. The new or improved financial incentives can be modulated in such a way that they encourage investment in priority diseases, while still incentivising continued research across all rare disease areas.
The OD Expert Group identifies two financial incentives, which can be used as tools to improve the investment case for areas of greatest unmet need.
Proposal 5. Modulate Market Exclusivity Based on Agreed Criteria
Market exclusivity is an important incentive of the OMP Regulation that delays the permission for other companies to produce generic drugs with the same mechanism of action for the same indication. This allows an OMP developer to generate revenues and recover investments in a market free from competition from similar drugs (with similar indications). However, market exclusivity does not preclude developers from developing other drugs for the same indication. As a way to bring more aligned incentives into a heterogeneous market, the OMP Regulation can use market exclusivity as a modulation tool to attract development into priority disease areas, while keeping incentives for developing OMPs in other areas equal at the margin. In practice this means that market exclusivity for OMPs addressing defined priority diseases would be extended beyond the standard period of 10 years. A longer exclusivity period offers an opportunity to generate higher revenues for a longer period, which can be particularly useful for very rare and slowly progressing diseases where more patients can be covered during the period. Conversely, as a way of balancing incentives, the market exclusivity could also be shortened as a way to soften policy incentives in areas where development incentives are already strong.
The exact design for how to modulate market exclusivity requires a thorough, and separate, assessment, in order to ensure that incentives are fair and yield optimal outcomes across OMP projects. In addition, such modulation would require a consistent framework for the identification of “priority diseases”.
Alternatively, market exclusivity can be used to incentivise behaviours which benefit the EU rare disease R&D ecosystem. For instance, the generation and sharing of (commercially valuable) data, such as RWE, could be rewarded through an extended exclusivity period. This would ensure that there is an incentive to share important data across the rare disease R&D community, thereby facilitating knowledge sharing and the development of effective therapies.
Proposal 6. Introduce Novel Financial Incentives, Such as a Transferable Voucher or Tax Credits for Drug Development
Additional financial incentives are a useful way of steering development into priority areas provided that they are carefully designed to achieve favourable outcomes for society at large. For the incentives to be relevant for OMP developers, they should either decrease costs during the investment phase or increase rewards at the time of market access, see Figure 8.
[image: Figure 8]FIGURE 8 | Improving the OMP investment case through targeted financial incentives. Note: Illustrated example. Source: Copenhagen Economics and the OD Expert Group.
The OD Expert Group offers two examples of financial incentives that can be devised to steer R&D into specific rare diseases by increasing market phase rewards or decreasing costs for OMP developers: 1) a transferable voucher and 2) fiscal incentives for drug development. The detailed design and introduction of these exemplary financial incentives should be supported and preceded by an impact assessment.
Example 1: A transferable voucher
A transferable voucher can be used as a targeted market-driven incentive for directing investments into priority diseases. The innovation behind a transferable voucher is that it awards the developer of a new medicine in a specific priority disease with a voucher for some additional rewards for a future (orphan or possible non-orphan) medicine in their portfolio, or to be sold on the market to other medicine developers.
The transferability of the voucher ensures that it is an incentive not only for larger OMP developers with both rare disease and blockbuster medicines, but for smaller rare disease-focused companies, foundations and academic institutions that can sell their priority vouchers to fund additional research in the rare disease field. This ensures allocative efficiency, resulting in a more dynamic and efficient secondary market for OMP development.
There are three primary design considerations that need to be taken into account in order to ensure feasibility and effective and efficient outcomes.
First, a primary consideration is who should be eligible for the vouchers. The recipients should be those that have the scientific expertise and capability to develop OMPs for specific rare diseases, but otherwise lack the financial means or commercial viability to do so. The mechanism for selecting voucher recipients, as well as diseases to be prioritised, should be established by a governing body, e.g., through the EMA, and could take inspiration from the US voucher system.
Second, there are several ways in which a voucher can reward OMP development. For example, the EU could consider any of the following rewards:
• Accelerated regulatory review (similar to US Rare Paediatric Voucher), awarding the selected portfolio drug with quicker regulatory process and market access. It is important to note, however, that such a reward may direct finite regulatory resources away from processing the applications of more important drugs in the future, such as OMPs, to the detriment of patients with potentially no treatment options (Mezher et al., 2020).
• Extension of market exclusivity, delaying generic competition for any future portfolio drug. This would improve the potential returns that the voucher holder could achieve on the market, without requiring as many regulatory resources from the EMA. However, this reward should entail certain monetary and time caps, as to ensure fairness to generic manufacturers and national health budgets (Outterson and McDonnell 2016).
• Automatic access to the PRIME8 scheme, awarding a future drug with all PRIME scheme benefits. This requires that the future drug, OMP or non-OMP, is eligible for PRIME scheme, but it also ensures that future regulatory resources are more efficiently spent on more critical treatments than, for example, blockbuster drugs.
Third, the voucher holder should be obliged to market the OMP for which the voucher is awarded for. This would require that any transferability is not possible until the OMP is authorised (or marketed in at least one Member State). The EMA should hold full rights to reclaim the voucher, should the original voucher holder fail to market the OMP.
Example 2: Tax credits for drug development
Reducing development costs will improve the investment case for OMP development. Fiscal incentives, such as tax credits, allow OMP developers to save costs as a result of intense R&D activity. In the US the Orphan Drug Tax Credit (ODTC) is designed to promote research spending on OMP development, granting developers a 50% tax credit of clinical trial costs for OMPs.
Since clinical trial costs alone are a large part of the overall drug development costs, this instrument would increase the likelihood of more OMPs advancing from basic research to clinical development in Europe. Similarly, as this would lower the cost barrier to conduct clinical trials in Europe, we could see a more equal share of clinical trials being conducted in Europe and the US, thereby creating a more vibrant R&D ecosystem for OMPs. A 2015 study on the US incentive estimates that approximately one third of drug development investment in the US is attributable to the ODTC (NORD 2015, 22).
Direct application of tax credits to Europe might pose some challenges as taxes are a national competence. However, it is possible to mimic similar incentives by creating a designated European fund to be shared between companies that conduct research for OMP development in Europe. The feasibility of such an initiative is outside the scope of this exercise and should be further investigated in a separate study.
Need 3. Increasing the Flexibility and Predictability of the OMP Regulatory Pathway
The term “regulatory pathway” refers to the set of steps required for the regulatory approval of OMPs. The characteristics of the regulatory pathway influence costs, time to market and risk of OMP development projects. As a result, they influence the number of OMPs that reach patients and the speed with which they do so. A regulatory pathway that is not sufficiently flexible or predictable results in costlier, more time consuming and riskier OMP development projects.
One of the problems concerning OMPs is the high rate of attrition along the development path. Only around 17% of OMPs reach market approval and even fewer succeed in pricing and reimbursement negotiations, see Figure 9. A well-designed regulatory pathway that addresses the specific challenges of OMP development can, in combination with other measures, contribute to a lower attrition rate. Therefore, EU policy makers should shape the regulatory pathway to ensure high flexibility and predictability of OMP development.
[image: Figure 9]FIGURE 9 | From pipeline to orphan drugs accessible to patients, number of OMPs. Source: Copenhagen Economics based on EMA data (European Medicines Agency 2020).
Firstly, the regulatory pathway needs to be sufficiently flexible both in terms of ways in which OMP developers can meet the standards of evidence and in relation to the interaction between parties involved. OMP developers may have difficulty in producing sufficient evidence in the traditional clinical trial setting. This is due to small and dispersed patient populations and slowly progressing rare diseases, making the use of conventional clinical endpoints not always possible or efficient (McCune 2017). A regulatory pathway that is flexible to different types of evidence, without lowering the evidentiary standards, will contribute to reducing the costs, risks and time to market for OMPs.
The interactions between OMP developers and regulatory bodies could also benefit from additional flexibility. For instance, the standard advice framework with the EMA may appear rigid in some instances, with limited opportunity for flexible dialogue. This leads to a situation where OMP developers may not receive support and guidance when they most need it. More flexible interactions ensure timely guidance, and in turn, faster, less risky and possibly less costly OMP development, provided that the advice is implemented in the development plans. Flexibility is not only useful in improving the regulatory pathway for all OMPs but also for accommodating the specific needs of sub-groups of OMPs. Certain sub-groups of OMPs face additional challenges across the development path. For different reasons, the regulatory process becomes slower, more costly and riskier. A flexible pathway that can be tailored towards the specific needs of these sub-groups will improve the investment case for these OMPs.
Secondly, predictability is essential to maximise the benefits of the incentives provided by the OMP Regulation. Currently, certain aspects of the regulatory pathway are not sufficiently predictable, thereby adding unnecessary risk to OMP development. This largely stems from the fact that OMP developers face overlapping and inconsistent requirements from the different authorities (the EMA, HTA bodies and payers) across the development path. For example, although legislative provisions provide examples (European Commission 2000; European Medicines Agency 2009), there is still high uncertainty on the type and level of evidence required by the Committee for Orphan Medicinal products (COMP) in proving significant benefit to obtain and maintain orphan drug designation (ODD).
This problem is particularly pronounced at the time of confirming ODD when indirect comparisons must be made (in the absence of clinical evidence), for which there is currently no agreed standard methodology (Fregonese et al., 2018; Nicolodi 2019). In addition, confirmation of ODD is required when the therapeutic indication is significantly broadened and may also be required 5 years after obtaining the market authorisation. Each time the ODD requires confirmation, newly approved products are taken into account in proving significant benefit, increasing uncertainty.
A further example is that of conditional marketing authorisation, where the lack of data is accepted at the regulatory approval stage but often leads to difficulties in negotiating pricing and reimbursement at the market access stage (Malinowski et al., 2018).
Increasing certainty and consistency of processes across the development path will reduce the perceived risk, cost and time and improve the ex-ante investment case for investing in developing OMPs, maximising the potential of the incentives provided by the OMP Regulation. This requires that there is alignment between the different authorities, such that consistency can be achieved also beyond the regulatory stage.
The OD Expert Group puts forth four policy proposals for improving the flexibility and predictability of the regulatory pathway for OMPs. These proposals are designed with the challenges associated with the processes and requirements for obtaining regulatory approval for OMPs.
Proposal 7. Strengthen EMA’s Role in Advising OMP Developers Through the OMP Pathway
The EMA is an important actor for European OMP developers and oversees the regulatory pathway for the entire lifecycle of an OMP, from initial orphan designation through marketing authorisation to post-licensing. The EMA provides guidance and opportunities for interaction in the development phase as well as guidance and timelines for each step of the regulatory pathway. However, the current collaboration model between EMA and OMP developers is perceived as rigid, with limited opportunities for dialogue and underutilisation of the guidance that the EMA can offer. Strengthening EMA’s role as an advisory body for OMP developers and thereby improving cooperation is a way to flexibly adjusting the regulatory pathway to the needs of individual OMP development projects and to ensure that the EMA is best equipped to guide OMPs towards regulatory approval. Two steps are needed to achieve this goal:
The first step is to establish an iterative advice framework, for both regulatory and scientific advice, where OMP developers can receive the EMA’s advice and guidance on a more consistent and less formal basis—both in the approval process and early on in parallel to drug development. Implementing this will likely require additional resource for the EMA. In practice, an iterative advice framework could supplement the existing PRIME scheme9, which is in place for selected priority medicines, by increasing the coverage and frequency of advice to all rare disease projects.
The second step is to strengthen the COMP and improving alignment between the COMP and the Committee for Human Medicinal Products (CHMP). The role of the COMP is crucial because it is the body within the EMA that better grasps the hurdles of OMP development. Therefore, the COMP should be endowed with sufficient resources and experts to ensure that the regulatory pathway is best suited to guide OMP developers. The role of the COMP should also be strengthened within the EMA such that it can follow OMPs throughout all the stages of the regulatory pathway. Finally, ensuring alignment between the COMP and the CHMP throughout the different stages will reduce the risk of frictions and enhance predictability. For instance, ensuring alignment between the guidance provided by COMP and the scientific advice provided by the CHMP will improve predictability.
Proposal 8. Increase the Legal Certainty Around the Concept of Significant Benefit
Significant benefit plays a role at two stages in the regulatory process: the initial stage is when a medicine developer submits an application for orphan designation early on in a medicine’s development, Significant Benefit is then often assessed based on assumptions since most products at the time of ODD will be at preclinical or early clinical stage of development.
Subsequently, Significant Benefit needs to be confirmed at the time of marketing authorisation based on a thorough comparison with all OMPs approved up to that moment in time. In addition, Significant Benefit has to be demonstrated at the time of marketing authorisation (MA) irrespective of the type of MA (e.g., there are no special provisions for a “conditional” Significant Benefit in cases when the product receives a conditional MA). While the concept of Significant Benefit ensures continuous innovation to the benefit of patients, it lacks legal certainty and predictability that introduces unnecessary risk in the OMP development path.
Firstly, the concepts and scientific contents of Significant Benefit and the type and level of evidence required for its demonstration are not sufficiently clear, especially when only indirect comparisons are available.
In addition, the current regulatory framework is inconsistent as it provides for the possibility of a conditional MA in advance of providing full evidence but still requires full proof of significant benefit. In situations where an OMP developer is unable to provide comprehensive safety and efficacy data at the time of MA, and is therefore granted a conditional MA, the level of evidence is unlikely to be enough for the Significant Benefit assessment. This means that an OMP may be granted conditional marketing authorisation but may lose the Significant Benefit status and the ODD, thereby causing high uncertainty on future revenues.
Therefore, there needs to be more alignment in the evidentiary standards required for the Significant Benefit assessment and for MA—ideally by a “conditional” Significant Benefit status, where evidence for proving significant benefit would continue to be provided post-MA. The application and feasibility of this should be explored further, as it is outside the scope of this report.
Secondly, OMP developers may have considerable difficulty demonstrating Significant Benefit compared to OMPs that obtained MA close in time to the re-assessment. This may create uncontrollable risk in the OMP development pathway.
Thirdly, the recognition of Significant Benefit at the regulatory approval stage does not necessarily carry over into the value assessment at market access stage. This brings uncertainty on market access conditions and duplication of costs and time at the market access stage.
These challenges call for an improvement of legal certainty and predictability of the Significant Benefit concept. Three concrete steps can help achieve this goal:
First, the concept of Significant Benefit can benefit from clearer and more transparent guidance, particularly in the case of indirect comparisons. A higher level of certainty can be achieved through 1) clearer and more transparent guidelines and 2) closer cooperation on a case-by-case basis between the OMP developer and the COMP in defining the data requirements early on. Enhancing the role and use of the existing scientific advice framework can be a step in this direction and this is an example of where the iterative advice framework with the EMA will be beneficial. Clearer guidance should also align the concept of Significant Benefit with that of conditional marketing authorisation.
Second, the risk of companies’ failure to prove Significant Benefit at the approval stage can be significantly reduced by restricting the comparator treatments to those OMPs with a marketing authorisation granted at least 1 year prior to filing the marketing authorisation application for the non-similar OMP. This will ensure that OMP developers know in advance which products will be considered and have sufficient time to collect the required data to meet the evidentiary standard.
Third, where Significant Benefit is recognised at the regulatory approval stage, it should be recognised as an ‘added value’ of the OMP in question at the market access stage. The European Commission decision certifying the presence of Significant Benefit compared to other approved treatments provides useful information for the national value assessment of the OMP. In practice, national HTA bodies and payers should recognise the European Commission’s decision and reflect the presence of Significant Benefit in determining the value of OMPs and in market access conditions, specifically with reference to price benchmarking with comparators, see Supplementary Box 3.
Recognising the assessment of Significant Benefit at the regulatory stage in the value assessment at.
The market access stage will bring certainty and reduce duplication of costs and time spent. It will also create a continuum in the value assessment and perception along the OMP development path.
In addition to these proposals, the OD Expert Group urges EU policy makers to take stock in 10 years’ time of the advantages and draw-backs of the Significant Benefit concept and to re-assess its usefulness as part of the regulatory framework.
Proposal 9. Adopt Guidelines on the Use of Alternative Treatments (e.g., Off-Label and Pharmacy Compounding Preparations) in the Presence of Approved OMPs
OMP developers expect that after maintaining the ODD at the time of marketing authorisation.
They will benefit from 10 years of protection from competition from similar products (for the same indication). Challenges to the market exclusivity cause uncertainty and increase the risk associated with OMP development. Such challenges currently come from unclear rules around the off-label use of medicines, hospital exemptions and pharmacy compounding.
Off-label use of medicines is widespread in rare diseases (Dooms et al., 2018), and while it is a useful way to serve unmet needs and drug shortages, it entails risks and uncertainties for patients and prescribers. Similarly, hospital exemptions and pharmacy compounding of approved OMPs serve the crucial purpose of meeting the needs of specific patients that cannot be met through approved and available OMPs (Dooms and Carvalho 2018).
However, when the off-label use of medicines and pharmacy compounding or hospital exemptions in the presence of an approved OMP go beyond serving the needs of individual patients, they create uncertainty for OMP developers around the validity of their market exclusivity or whether a large part of the market might be served by these medicines. In addition, they entail risks and uncertainties for patients and prescribers in relation to safety and efficacy.
To increase legal certainty and establish the validity of the 10-years ME incentive, the EMA and other national regulatory bodies should adopt EU-wide Good off label use guidelines and Guidelines clarifying the role of hospital exemption and pharmacy compounding. This will support healthcare practitioners in ensuring safe drug therapy when licensed medicines do not meet the needs of the individual patient, while making sure that public health remains a priority and is not undermined by solely cost containment considerations. Stakeholders have already identified a set of principles promoting good practices for the off-label use of medicines which should be used as a starting point for such guidelines by the EMA and other national regulatory bodies (Dooms et al., 2018).
Proposal 10. Adapt the Regulatory Pathway to the Specificities of OMP Groups With Additional Challenges
Given the heterogeneity of rare diseases and the OMP landscape, the regulatory pathway for OMPs can benefit from flexibility to accommodate for the specific challenges faced by certain groups of OMP development projects, two examples of which are OMPs indicated for extremely rare diseases and OMPs with multiple indications.
Example 1: OMPs indicated for extremely rare diseases could benefit from a tailored regulatory pathway. This is because the (even) smaller patient populations impose additional hurdles across the development path for these OMPs. In particular, conducting clinical trials and collecting sufficient evidence on safety and efficacy is more challenging with extremely rare diseases due to very small patient populations, imposing high risk and increased time to market for these OMPs. A way to adapt the regulatory pathway to the unique challenges of these OMPs would be to recognise extremely rare diseases as a part of a bigger group of similar diseases, building and expanding on the PRIME scheme and disease grouping done by e.g., the Rare disease Research Hub and ERNs. Essentially, this means that the EMA would accept a wider (yet still very applicable) scope of evidence in assessing safety and efficacy, and thereby reduce the hurdles of extremely small patient populations.
Example 2: The registration of multi-indication
OMPs could benefit from additional flexibility. Currently, the regulatory pathway does not take full advantage of the fact that a single active pharmaceutical ingredient can have the potential to treat multiple conditions. Differently from non-OMPs, OMP developers cannot freely extend an existing marketing authorisation to include a new indication. Each orphan indication can, under the current rules, only be included in the original marketing authorisation when it has an orphan designation and that designation is maintained at the time of approval of the new indication. This creates significant uncertainty for OMP developers and hinders the development of new (orphan) indications. It also implies a risk that when for a second indication the orphan designation is not maintained at the time of approval, the developer has to waive the orphan status of the initial indication so as not to delay the approval of the new indication. This undermines the objectives of the OMP Regulation.
The historical reason for this rule was to avoid confusion about the scope of the market exclusivities. This rationale has however disappeared as the Commission now operates a detailed public Union Register of centrally approved medicines, which provides full transparency on market exclusivity rights. Therefore, there can be no drawback to allowing for one marketing authorisation to contain orphan and non-orphan indications.
Based on these two examples, EU policy makers should investigate the need for and implement additional regulatory flexibility for specific groups of OMPs. While a flexible pathway decreases the burden in OMP development it may also increase complexity for regulators, ultimately leading to a more cumbersome system. Therefore, policy makers have the challenging task of striking a balance between flexibility and complexity.
Need 4. Improving the Coherence and Predictability of Demand and Pricing for OMPs
Demand in the pharmaceutical sector involves many actors: patients have needs to be met, prescribers (mostly) choose the treatment plan for their patients, payers (i.e., health insurance companies, national healthcare systems) pay for the treatments that patients receive but also decide which treatments are available in their Member State and at which conditions.
After obtaining central marketing authorisation, OMP developers need to seek market access in each Member State where they intend to market their medicine. Based on the Member State’s specific procedures and requirements, each HTA body assesses the evidence available on efficacy of the OMP and forms an opinion on its relative value. The HTA assessment is then used to determine the level of reimbursement and is one of the core elements used by payers in price negotiations with OMP developers. The heterogeneous national process and procedures contribute to heterogeneous access to OMPs across EU Member States, see Figure 10.
[image: Figure 10]FIGURE 10 | Share of reimbursed OMPs in selected EU Member States, by type of disease. Note: Between January 1995 and May 2000. Source: Copenhagen Economics based on historical average success rates from EMA data (European Medicines Agency 2020). Download medicine data. https://www.ema.europa.eu/en/medicines/download-medicine-data [Accessed april 21, 2021]).
Market access conditions are crucial incentives for the development of OMPs as they determine the level of revenue that each OMP will generate. Neglecting the complex and critical role of demand-side conditions in the OMP incentive framework will lead to suboptimal outcomes. This is because uncertainty concerning demand, the final price level and the size of the accessible market are crucial factors in the investment case for OMP development. Currently, the OMP Regulation provides supply-side incentives, such as protocol assistance and administrative and procedural guidance for SMEs, which are important elements in the overall OMP incentive framework. However, their potential can be maximised if aligned with the incentives on the demand side.
Today, market access in the EU Is characterised by two challenges in relation to development incentives.
First, the lack of alignment between payers, prescribers and patients’ needs creates uncertainty on the willingness to pay for OMPs. This uncertainty increases the perceived risk, thereby worsening the investment case for OMP development. This problem is especially pronounced in the case of innovative treatments with high prices. This is because payers’ willingness to pay is confronted with finite health care budgets put under strain by the growing number of innovative and high-price medicines. In addition, OMP developers often face challenges with having the value of their innovative treatments recognised by payers, despite having obtained a marketing authorisation. This is because the framework for value assessment is not suited to cater for the level/type of evidence of efficacy that the OMP environment allows to collect.
Second, the lack of alignment on the framework for conducting HTA assessments across Member States creates uncertainty on the size of the population that OMP developers will be able to access, on the access conditions and on the price levels achievable in different Member States. Moreover, the separate and different procedures create duplication of efforts and additional costs for both OMP developers and society at large.
To mitigate these challenges, policy makers at EU and national levels need to see market access as a crucial element in the OMP incentive framework and to seek ways to align demand-side incentives and procedures with the OMP development pathway. Improving the coherence and predictability of demand and pricing for OMPs will create an environment where incentives carry through the development path and where additional uncertainties for OMP development coming from the demand side are eliminated.
Next to these proposals, more wide-spread use of outcome-based pricing models in combination with a coherent RWE framework would further contribute to reducing uncertainties in pricing and reimbursement (P&R) negotiations, see Supplementary Box 4.
The OD Expert Group makes four policy proposals for improving the coherence and predictability of demand and pricing for OMPs, with present-day challenges in mind.
Proposal 11. Establish an Iterative Early Dialogue for EMA-HTA Bodies and OMP Developers
Currently, OMP developers have very little interaction with HTA bodies pre-authorisation. There exists no widely used formal process where OMP developers can discuss the clinical development of OMPs with HTA bodies and EMA. Early, more frequent and more efficient collaboration between OMP developers and HTA bodies would reduce uncertainty and increase efficiency of the regulatory process, market access and OMP development at large. For instance, early alignment on the evidence requirements for the value assessment of a specific OMP would reduce the uncertainty on whether the evidence produced at the development stage will also allow an effective value assessment at the market access stage.
In practice, this would mean establishing a framework where delegates from HTA bodies accompany OMP developers throughout the regulatory process, together with the EMA (as proposed under proposal 7). Building on the joint EMA-EUnetHTA (European Network for HTA) Scientific Advice framework10, this earlier involvement of HTA bodies would provide much needed early guidance on the type and amount of evidence required to assess the value of treatments with a high level of certainty. More seamless coordination between HTA bodies and OMP developers ultimately means that OMPs will reach the market quicker and will be accessible to a larger share of EU patients.
Proposal 12. Create a Common EU Value Assessment for OMPs
Today, requirements and assessment frameworks of HTA bodies diverge (at times considerably) across Member States, making market access an uncertain process with multiple, overlapping assessments. Harmonising the way in which HTA assessments are conducted will improve both patients’ access to treatment and certainty of market outcomes for OMP developers. This can be achieved by ensuring effective transnational cooperation in the form of a common EU framework for value assessment or ideally, an EU-wide HTA process for OMPs.
The European Commission proposal for an EU HTA regulation currently discussed by the Parliament and the Council could play a role in this recommendation, provided the adopted text ensures a sufficient level of flexibility to manage evidential uncertainty in specific cases, such as for OMPs. Managing evidential uncertainly means, inter alia, that the guidance developed for the joint clinical assessment of OMPs under the EU HTA Regulation should be “progressive” i.e., inclusive of sources of evidence beyond randomised clinical trials. On this point we refer to our proposal 4 on establishing a coherent policy framework for the use of RWE.
A common value assessment framework, building on the EU HTA Regulation, would explicitly define how clinical value is determined, what evidence is required and how evidence is used in the value assessment. It will also have to build upon and inform the early dialogue between HTAs and OMP developers (see policy proposal 11). This process should be aligned with the previous stages of the regulatory pathway, such that evidence requirements and evidence assessments are consistent.
In particular, the EU value assessment should incorporate the European Commission’s decision on assessment of Significant Benefit at the time of marketing authorisation.
Importantly, a future common EU value assessment framework for OMPs should be designed to fit the specificities of rare diseases. This is currently not the case in most EU member states. On the contrary, the traditional cost-effectiveness (CE) assessments that are usually applied to OMPs systematically generate unfavourable outcomes for rare conditions. This is because traditional CE frameworks focus on incremental CE ratios, often expressed as cost per quality-adjusted life year gained as a measure of cost per patient. By definition, this ratio cancels out the size of the numerator and the denominator, and hence any differences grounded in the prevalence or rarity of a disorder. However, evidence shows that citizens place value on living in a society that does not leave behind its weakest members, such patients suffering from rare diseases (Schlander et al., 2014; Richardson and Schlander 2019). Such a social preference may be captured by measures of the “social willingness-to-pay” of citizens for the availability of ODs to patients in need. This makes the case for reconsidering traditional value frameworks for ODs and for giving more prominence to the (limited) budget impact of ODs as opposed to the cost per patient in cost value analyses (Schlander et al., 2018).
A common EU value assessment could be established through the existing EUnetHTA, which already supports HTA cooperation within the EU. An EU-wide HTA process would take this a step forward by not only building a common framework and cooperation but actually conducting one unique assessment recognised across Member States.
A joint assessment of the value of OMPs will be a crucial prerequisite for a common access pathway (see policy proposal 13). In fact, the proposed common access pathway would not be feasible without a joint assessment that is binding on all participating Member States and forms the basis of discussions on pricing. It is important to note, however, that a common EU value assessment, which provides the basis for P&R negotiations, comes with clear challenges: there are still significant differences between national health systems in terms of clinical practice, patterns of medicine usage, as well as affordability. Therefore, when deciding on the suitability of joint efforts, legal, political and economic challenges need to be taken into account when choosing the most appropriate tools to foster access to medicines.
In the future: link the need for strong demand-side incentives with the EU’s goal to foster wider and more equal access to OMPs.
The OD Expert Group did not set out to develop proposals on the goal of wider and more equal access for patients to OMPs across the EU. Nevertheless, OMP development incentives on the demand-side and the breadth of market access are linked. For instance, centralised market access procedures at the EU level can mean more predictability of demand and larger markets for OMP developers while also ensuring more equal access conditions for patients.
While centralised market access for OMPs may not be possible under the current distribution of EU competences and its crucial pre-conditions (e.g., a common EU value assessment) are not yet in place, the OD Expert Group urges policy makers to already now study its feasibility and, where possible, test it in pilots. Therefore, the OD Expert Group makes two further proposals.
In this context, it is however important to note that access inequalities will not be solved solely by changes to the OMP incentive framework. In parallel, many issues with and barriers to access need addressing, taking into account specific national policies and circumstances (EFPIA 2020).
Proposal 13. Pilot a Common EU Access Pathway for “Priority” (e.g., Extremely Rare) OMPs
Decentralised and de-harmonised pricing negotiations, as they currently exist in Europe, do not only increase uncertainty for OMP developers, but they also affect patient access. A common EU access pathway for OMPs across Europe would be a transformative step in strengthening payers’ ability to reap value from improved OMP incentives and to simplify and equalise access conditions. Such a common EU access pathway, comprising of joint price negotiations, could be applicable for OMPs addressing extremely rare diseases—for which access conditions are even more difficult.
Any joint price negotiations by Member States or led by the European Commission must build on a joint assessment of the value of the product, which is binding to all participating Member States, and needs to be the basis of any pricing discussions. Moreover, any joint negotiation effort has to take account of the unique legal, political and economic challenges it brings about owing to the differences between national health systems in terms of policy goals, clinical practice, patterns of medicine usage, as well as medicine pricing and reimbursement.
Considering all caveats and preconditions, a common EU negotiation alliance could be a useful forum to develop ways to overcome the challenges that market access poses to very specific groups of OMPs. For instance, common negotiation could be tested as a pilot in the context of specific extremely rare diseases, where EU Member States could procure medicines based on a common fund that aims at achieving market access for all known patients across the EU.
Proposal 14. Facilitate Homogeneous Access to OMPs Across EU Member States
A further way to grant more equal access for patients across the EU could be to create an incentive-based Special Access Program for OMPs. OMP developers would have the opportunity to sign up to the program which would require them to market their OMP in a selected number of countries in return for defined rewards. These rewards could for instance be an additional year of exclusivity, either as an addition to OMP market exclusivity or as an extension of the supplementary protection certificate, 5 years after market access in the first Member State.
The Special Access Program would operate under minimum transaction costs with fixed low OMP prices for eligible countries to be defined by the European Commission.
Prior to implementing any such program, a thorough impact assessment must be carried.
Out, which also acknowledges potential unintended consequences. For instance, countries’ use of external reference pricing and these consequences could be a result of non-eligible so-called parallel imports exploiting the opportunities of the Single Market.
The Special Access Program would introduce a radically different commitment by all stakeholders to work for more equal access across the EU. The programme can only be successful if designed in union between the EU, industry and potentially eligible Member States.
CONCLUSION
The 14 policy proposals are a further step towards achieving the goal that EU policy makers set for themselves 20 years ago: achieve the same quality of treatment for rare disease patients as other patients within the European Union. Today, the proposals also align with the policy ambitions of an improved R&D ecosystem and new incentive models for OMPs that the European Commission has set out in the EU Pharmaceutical Strategy.
Such a commitment should take the form of a Commission communication accompanying the OMP Regulation, which outlines the ambitions and policy action the EU pursues to improve the OMP development framework in Europe. Only an ambitious policy agenda can bring about the quantum leap needed to address unmet needs of rare disease patients today.
The OD Expert Group calls upon EU policy makers to endorse and commit to a wider, ambitious policy agenda for OMP development that includes the remainder of the proposals. The OD Expert Group is aware that additional topics will need to be discussed, such as in depth discussions on the level of real world evidence needed, the ethical implications of our proposals with regards e.g., to intellectual property rights and extended market exclusivity, and the involvement of private partners or venture capital firms in drug development. These are beyond the scope of this work, but we hope the work will form a basis to initiate these further discussions.
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2Note that there may be treatments available for some of the 95% of rare diseases without an authorised OMP such as off-label prescriptions (see e.g., https://www.medicinesforchildren.org.uk/unlicensed-medicines)
3According to GlobalData Pharma Intelligence data, between the years 2016–2019, there were 1,039 unique OMPs in the development pipeline (in pre-clinical, clinical IND/CTA, and pre-registration stages) in the US compared to only 483 in Europe
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EU European Union
EUCOPE The European Confederation of Pharmaceutical Entrepreneurs
EUnetHTA European Network for Health Technology Assessment
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HTA Health Technology Assessment
IRDiRC International Rare Diseases Research Consortium
MA Marketing Authorisation
NBS OD Newborn screening Orphan Drug
ODD Orphan Drug Designation
OMP Orphan medicinal product
ODTC Orphan Drug Tax Credit
PPP Private-Public Partnership
P&R Pricing and reimbursement
RWE Real-world evidence
R&D Research and development
SME Small and medium-sized enterprise
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Rare diseases are life-threatening or chronically debilitating low-prevalent disorders caused by pathogenic mutations or particular environmental insults. Due to their high complexity and low frequency, important gaps still exist in their prevention, diagnosis, and treatment. Since new drug discovery is a very costly and time-consuming process, leading pharmaceutical companies show relatively low interest in orphan drug research and development due to the high cost of investments compared to the low market return of the product. Drug repurposing–based approaches appear then as cost- and time-saving strategies for the development of therapeutic opportunities for rare diseases. In this article, we discuss the scientific, regulatory, and economic aspects of the development of repurposed drugs for the treatment of rare neurodegenerative disorders with a particular focus on Huntington’s disease, Friedreich’s ataxia, Wolfram syndrome, and amyotrophic lateral sclerosis. The role of academia, pharmaceutical companies, patient associations, and foundations in the identification of candidate compounds and their preclinical and clinical evaluation will also be discussed.
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INTRODUCTION
Rare Neurodegenerative Diseases
Rare neurodegenerative diseases are low-prevalent, life-threatening, or chronically debilitating disorders, caused by pathogenic mutations in a single gene or by particular environmental insults (e.g., pesticides, metals, air pollution, endotoxins, and prions, among others), triggering progressive neuronal dysfunction and loss of specific groups of neurons (Matilla-Duenas et al., 2017). Depending on the disease etiology, distinct parts of the central nervous system may be affected, resulting in impaired motor and cognitive function with a significant impact on the quality of life of the affected individuals (Matilla-Duenas et al., 2017). The prevalence threshold defining a disease as rare largely varies between countries, but disorders with a prevalence of five cases or less per 10,000 individuals according to the European Union (EU) are designated as such (Nguengang Wakap et al., 2020). In the last few years, the advances in next-generation sequencing (NGS) have importantly accelerated the identification of disease-causing genes. Indeed, the Online Mendelian Inheritance in Man database (https://omim.org/statistics/geneMap) of July 2021 reports 4473 genes with phenotype-causing mutations resulting in neurological and non-neurological disorders. Despite the advances in next generation sequencing (NGS), data analysis, and other technologies that importantly contribute to identify the mutated genes and understand the biology of rare diseases and their underlying pathogenic mechanisms, the diagnosis, treatment, and availability of therapeutics for these pathologies are still very limited (Fernandez-Marmiesse et al., 2018; Pogue et al., 2018). Due to their high complexity and low frequency, important gaps still exist in their prevention, diagnosis, and treatment. Most of the patients with rare diseases receive treatments intended to alleviate the disease-derived complications and improve their quality of life, but without tackling the underlying disease cause. Indeed, for most rare pathologies, including the neurodegenerative ones, there is no treatment to prevent, delay, or cure the disease (Kaufmann et al., 2018), in particular in children (Raïs Ali and Tubeuf, 2019). There is then an urgent necessity to find therapeutic opportunities to fulfill these unmet needs. Recently, gene therapies were authorized for the treatment of neurodegenerative disorders. This is the case of onasemnogene abeparvovec (Zolgensma®), which, if administered early in life seems to cure spinal muscular atrophy (Hoy, 2019). However, these technologies, even if very promising, might be very costly and time-consuming in some cases. Because of that, leading pharmaceutical companies show relatively low interest in orphan drug research and development due to the high investment compared to the low market return that may get from the developed product (Pogue et al., 2018). According to the EU, 10% of orphan drug designations have a neurological indication (Morel et al., 2016). Drug repurposing–based approaches appear then as cost- and time-saving strategies for the development of therapeutic opportunities for rare diseases (Pushpakom et al., 2019). In this article, we discuss the scientific, regulatory, and economic aspects of the repurposed drugs proposed for the treatment of rare neurodegenerative disorders using as example the approaches taken for the treatment of Huntington’s disease, Friedreich’s ataxia, Wolfram syndrome, and amyotrophic lateral sclerosis, four rare neurodegenerative disorders (Matilla-Duenas et al., 2017). The role of academia, pharmaceutical companies, patient associations, and foundations in the identification of candidate compounds and their preclinical and clinical evaluation is also discussed.
Drug Repurposing
Drug repurposing or repositioning implies the use of approved drugs or previously evaluated but unapproved active pharmaceutical compounds for the treatment of diseases or conditions different from their original medical indication (Pushpakom et al., 2019; Fetro and Scherman, 2020). In the past, this approach was only based on serendipitous findings in which a drug was found to have an additional on-target or off-target effect that could be eventually exploited for the treatment of other diseases (Ashburn and Thor, 2004). In recent years, the identification of repurposed drug candidates is based on systematic, computational, and/or experimental (patient-centered or drug-centered) approaches based on understanding the underlying pathophysiological disease mechanisms or having a better knowledge on the mechanism of the action of a given drug (Park, 2019; Pushpakom et al., 2019). The different strategies currently used for the identification of new therapeutic indications for existing drugs have been extensively reviewed by Pushpakom et al., 2019.
Compared to “de novo” drug discovery, drug repurposing constitutes a very attractive option to save time and money and reduce the risk of failure. Indeed, while some estimates find that the development of new drugs might take around 13–15 years with an overall investment of around US$ 1.3–3 billion to bring one drug to the market, it has been proposed that drug repurposing might allow to save 5–7 years, reduce the cost to around US$ 300 million per molecule, and the risk of failure from more than 95% for newly-designed drugs to around 45% for a repurposed one (Ashburn and Thor, 2004; Nosengo, 2016; Cha et al., 2018; Wouters et al., 2020). This is because the repurposed drugs have already passed preclinical testing, safety, and pharmacokinetic profiles from early-stage clinical trials, and often their formulation has already been developed (Ashburn and Thor, 2004; Nosengo, 2016; Cha et al., 2018). However, if the route of administration is changed, early phase I clinical trials need to be performed. The regulatory and phase III costs, however, are about the same as for newly developed drugs (Pushpakom et al., 2019). Even if drug repurposing offers very good advantages for the treatment of rare diseases, this approach does not always succeed. Indeed, the risk of late-stage failure is analogous to the one-off newly developed drugs, and sometimes the need for drug reformulations may be as costly as that for de novo drug development (Pushpakom et al., 2019; Fetro and Scherman, 2020).
In many European countries, the “off-label” use of repurposed drugs for rare diseases is relatively common, mostly in pediatric patients. This practice has some negative points; one is related with the liability with respect to the administration of medicinal products, since the marketing authorization holder is responsible for the adverse effects arising from the approved indication but not in the case of off-label use. In addition, the off-label administration of repurposed drugs prevents a proper documentation of their effects and safety. Therefore, it is much more advantageous and safer if the “off-label use” occurs within a clinical protocol as part of the repurposing process that will allow safe patient monitoring and a systematic data collection and analysis. For a good overview about the benefits and risks of the off-label use of repurposed medicinal products along with potential solutions to tackle the last issue, we suggest reading the study by Verbaanderd et al. (2019). According to the EU, the repurposing approval is frequently provided through a much simpler process than an initial marketing authorization. Indeed, a marketing authorization holder can apply for a type II variation of its authorized product for the addition of a new therapeutic indication under the same marketing approval (Verbaanderd et al., 2019). However, this fast procedure is only possible if no changes to the pharmaceutical form, strength, or route of the administration of the medicinal product were made. If alterations in one or more of the latter points are introduced, the marketing authorization of the repurposed drug will be considered an extension of the initial marketing authorization (Verbaanderd et al., 2019). In this case, the approval procedure will be the same as the one for newly designed drugs, and the market access for the new indication will be granted only if regulatory evidence of quality, efficacy, and safety is proven, and if the national criteria for coverage/reimbursement and pricing are satisfied (Fetro and Scherman, 2020). Regulatory approval is normally a requirement for inclusion in clinical guidelines and for reimbursement.
Additionally, even if one may think that repurposed drugs are cheaper (Chong and Sullivan, 2007), several repurposed medicinal products authorized by the European Medicines Agency (EMA) as orphan drugs are, for one reason or another, much more expensive than the original product for which the market price covered the cost for research and development. One example is mexiletine. Its price skyrocketed after receiving the European marketing authorization for the treatment of myotonia in patients with non-dystrophic myotonic disorders by the EMA. Naturally, this is only one example, and it does not imply that all drugs tend to follow the same price evolution. In fact, as described in more detail in the section “Incentives for R&D and new drug development for rare diseases”, there are several examples of drugs with a much cheaper price.
Collaborative Models: The Role of Academia, Industry, and Patient Organizations in Drug Repurposing for Rare Diseases
Academic research importantly contributes to the first steps of the discovery of “de novo” or repurposed drugs by elucidating underlying disease mechanisms and identifying therapeutic targets (Stevens et al., 2011). Indeed, a report aiming to evaluate the role of academia on the identification and development of “de novo” or repurposed transformative drugs with groundbreaking effects on patient care pointed to a key role of academic medical centers, often funded by the government and/or by patient associations or foundations, in conceptualizing therapeutic approaches based on preclinical research disease mechanisms, and providing the proof of concept for the utilization of a given molecule for a particular disease (Kesselheim et al., 2015). This study also highlighted the importance of collaborations between academia and pharmaceutical industries to perform the follow-up steps of drug development to ensure further clinical testing and formulation of the newly discovered or repurposed drug (Kesselheim et al., 2015). Besides the individual efforts taken by academic institutions or pharmaceutical companies, public–private collaborative initiatives also exist to promote the discovery of new indications for existing drugs, for example, the Medical Research Council (MRC)–AstraZeneca compound collaboration in United Kingdom (https://mrc.ukri.org/funding/browse/mrc-az-cld/mrc-astrazeneca-centre-for-lead-discovery/mrc-az-centre-for-lead-discovery-cld-faqs/), and “Discovering New Therapeutic Uses for Existing Molecules (New therapeutic uses)” program from the National Center for Advancing Translational Sciences (NCATS) of the National Institutes of Health (NIH) in the United States (https://ncats.nih.gov/ntu/about). In both models, the MRC or the NIH provide funds to academic scientists to perform research in different disease areas, including rare disorders, and pharmaceutical companies such as AstraZeneca and NIH-industry partners grant access to their compound library, and their state-of-the-art high-throughput screening facilities (Rees et al., 2016). These public–private partnerships combining biological knowledge, financial support, and screening expertise contribute to accelerate the discovery of novel targets in a collaborative setting (Simpson and Reichman, 2014; Reichman and Simpson, 2016).
The Critical Path Institute (C-Path) is a non-profit, public-private partnership organization which has been working closely with experts from the pharmaceutical industry, academia, and the FDA in the context of collaborative approaches, where both sharing of data and expertise take place. Various programs are being conducted under the C-Path which include but are not limited to Critical Path to Therapeutics for Ataxia (CPTA), Huntington’s Disease Regulatory Science Consortium (HD-RSC), Critical Path for Alzheimer’s disease (CPAD), Critical Path for Parkinson’s (CPP), and Friedreich’s Ataxia-Integrated Clinical database (FA-ICD). In 2020, a public–private partnership dedicated to advance drug repurposing – CURE Drug Repurposing Collaboratory (CDRC, https://c-path.org/programs/cdrc) has been initiated by the C-Path and the FDA in collaboration with the NCATS. The goal of this collaborative initiative is to generate a platform where all the real-world clinical outcome data are open-sourced at one place and from which knowledge can be gained to enhance drug repurposing through the identification of lead candidates. Also, the platform will provide information about unmet medical needs for diseases, assistance in regulatory roadmaps, and during clinical trials to identify safe and effective drugs for new indications.
The importance of patient associations and advocacy groups in the development of therapeutic approaches has been recognized in the last years in all disease areas, including rare diseases. These organizations are now considered an integral part in the research process, since they foster collaborations between academia, pharmaceutical companies, and clinicians and act as a link between the patients and the researchers providing useful information about patient’s expectations and needs. They are also actively involved in shaping Consortia’s research agendas and help ensure the feasibility and success of research protocols by assisting with study design and patient recruitment. In addition, besides organizing educational programs, facilitating networking amongst patient groups, and providing patient services, they also raise funds to finance academic research preclinical projects and clinical trials (Merkel et al., 2016). One example is the International Rare Diseases Research Consortium (IRDiRC) which ‘unites national and international governmental and non-profit funding bodies, companies (including pharmaceutical and biotech enterprises), umbrella patient advocacy organizations, and scientific researchers to promote international collaboration and advance rare diseases research worldwide’ (https://irdirc.org/about-us/).
Most individual patient associations or foundations are, in general, part of bigger non-profit patient organizations such as the National Organization for Rare Disorders (Nord) (https://rarediseases.org/), EURORDIS (European Organization for Rare diseases, https://www.eurordis.org) or Findacure https://www.findacure.org.uk/. The Orphanet database (https://www.orpha.net/consor/cgi-bin/index.php) provides compiled information about rare diseases and patients’ organizations registered in Europe.
Concerning rare neurodegenerative diseases, the European Reference Network for Rare Neurological Disorders (ERN-RND) http://www.ern-rnd.eu/, established by the EU supports patients and families affected by rare neurological diseases and facilitates the participation of patients in clinical trials with repurposed medicinal products. The neurodegenerative rare diseases covered by this network include several ataxias and Huntington’s disease.
Cures Within Reach (https://www.cureswithinreach.org) is another philanthropic organization dedicated to fund research projects related with drug, device, and nutraceutical repurposing to provide fast and safe treatments for unmet clinical needs in different common and rare diseases. Healx, the only commercial company with this type of model (https://healx.io/), combines artificial intelligence and collaborates with academic institutions, biotech, pharma, and patient groups to identify and progress novel therapies. Currently, Healx has 18 therapies listed in the pipeline.
Incentives for R&D and New Drug Development for Rare Diseases
Understanding the drivers of pharmaceutical research and development (R&D) is important to foster innovation in the pharmaceutical market. The pharmaceutical industry is responsive to the potential market size: when it increases, the entry of new non-generic drugs and new molecular entities (i.e., those more profitable) also increases (Acemoglu and Linn, 2004). This constitutes an issue in the case of rare diseases. In fact, the interest of pharmaceutical companies in orphan drug development is traditionally low due to the relatively high cost of investment compared to the low market return of the product, precisely because of the small market size (https://www.eurordis.org/IMG/pdf/princeps document-EN.pdf). Given the lack of competition, therapy products for rare diseases have a commercial potential, namely, when their market price is extremely high. For instance, gene therapy onasemnogene abeparvovec (Zolgensma®) has a market price of more than €2m. The justification for setting a high market price is the high costs of R&D, manufacturing and distribution, and the small market size. But by setting such a high price, potentially lifesaving therapies are prohibitive for most patients and, in practice, patients cannot have access to these medicinal products (Fischer et al., 2019).
Nevertheless, the price of drugs to treat rare diseases varies considerably. If we consider the case of repurposed drugs for Huntington’s disease currently available in Belgium, the average price is €1,280, with the cheapest drug listing a public price of €11,09 and the most expensive one listing a price equal to €4,982.
Verifying the veracity of high development costs is generally difficult. As a matter of fact, it is challenging to estimate the costs of drug development, namely, because pharmaceutical companies do not generally make the costs of drug development publicly available. Nevertheless, Dimasi et al., 2016 found that it can be more than $2b, while Wouters et al., (2020) estimated a mean of approximately $1.3b, with the latter including a large sample of orphan drugs. Jayasundara et al., (2019) found a higher clinical cost of drug development for non-orphan drugs with respect to orphan drugs. Despite the evidence of lower costs for developing orphan drugs, there is a lack of drugs to treat rare diseases.
Additionally, pharmaceutical companies might take into consideration potential competition from drugs previously adopted in the market with the same active ingredient but approved for other authorized indication or patient groups. In this situation, the drug might have a lower price or can even face competition from a generic drug. Therefore, companies could be discouraged from trying to repurpose the drug as they would pay for the research and development, while the company which has the older product in the market would take the profits. In order to quantify the extent to which this situation impacts the decision of pharmaceutical companies to try to repurpose drugs, one would need to know how many of the repurposed drugs actually have a generic competitor, for how long, and how many patients would be treated by the older drug in order to estimate potential foregone profits. In the examples considered in this article, this is almost never the case. Due to the recognition of a need to foster the development of medicinal products to treat rare diseases, different economic and regulatory incentives have been provided to the sponsors of orphan products worldwide. The first specific regulation, the Orphan Drug Act (ODA), was approved by the US in 1983, and its incentives include 1) 7 years of market exclusivity to sponsors of approved orphan products; 2) tax credits; and 3) research grants. In Europe, the regulation on orphan medicinal products (Regulation (EC) No 141/2000) provides different incentives to sponsors, such as a) scientific advice on study protocols provided by the EMA (protocol assistance); b) 10 years of market exclusivity, which can be extended by 2 years for pediatric investigation; and c) reduced fees for regulatory activities. These incentives have attracted small and medium enterprises (SMEs), academia, pharmaceutical companies, public–private partnerships, and patient advocacy groups to work in rare diseases.
In spite of these incentives, according to the EU in 2020, there were over 2,380 medicines with orphan designation but, as of August 2021, only a few more than 200 drugs had marketing authorization (https://www.ema.europa.eu/en/documents/report/annual-report-use-special-contribution-orphan-medicinal-products-2020_en.pdf). Therefore, rare diseases are still underserved in terms of drug development in comparison with non-rare diseases. Considering the need of addressing unmet needs of rare diseases’ patients, the European Commission launched an initiative which aims at revising the legislation to incentivize the development of medicines for rare diseases and children (Commission, 2021). The objective is to provide solutions to possible shortcomings of the current legislation and take into account the exclusive role of member states in crucial areas such as pricing and reimbursement of medicines. This will also be addressed within the Pharmaceutical Strategy for Europe, which has a broader set of objectives, including fostering healthcare and pharmaceutical innovation (Commission, 2020). The low number of orphan drugs authorized with respect to the large number of orphan designations is explained by the high investment needed for new drug development, and the long duration of the process that is accompanied by the regulatory hurdles and organizational issues faced while performing clinical trials in rare diseases (Ashburn and Thor, 2004; Wastfelt et al., 2006). Indeed, despite the availability of original safety data on the previous approved indication, to receive marketing authorization, the repurposed drugs need to be tested for their efficacy, safety, and tolerability in clinical trials. These clinical studies conducted to provide the benefit/risk data are expensive and complex due to the frequent complexity of the diseases, the low number of patients affected, and their wide geographical distribution (Ashburn and Thor, 2004; Wastfelt et al., 2006). Additionally, within rare diseases, pharmaceutical companies tend to target more profitable areas. In fact, R&D is higher for diseases with an older average age at death (i.e., in adulthood instead of infancy or childhood), which provides additional evidence that R&D is concentrated in more profitable areas; and in rare diseases in high-prevalence categories, which corroborates evidence that market share is a driver of R&D (Raïs Ali and Tubeuf, 2019).
Business Models for Drug Repurposing
Traditionally, the business model of leading pharmaceutical companies consisted in in-house drug development, from R&D until commercialization, and a general focus on blockbuster drugs. However, this is changing for several reasons, such as rising development costs, competition from generics, and end of patents of some blockbuster drugs (Phillips, 2013). The industry is facing an increasing productivity gap because the cost per new drug is growing while the number of new drug introductions is not accompanying this increase (Grabowski, 2004).
Drug repurposing, namely, for rare diseases can be an interesting business for pharmaceutical companies and has been considered a possible response to the productivity gap (Boguski et al., 2009). In the last 20–25 years, a number of companies and non-profit organizations devoted to drug repurposing have emerged, with a reduced number of failures (Naylor et al., 2015). Meanwhile, some of these companies were acquired by larger ones, and some leading pharmaceutical companies have created departments devoted to repurposing (Sleigh S. H. and Barton C. L., 2010). More recently, several drugs repositioned for COVID-19 are being considered, which has increased the interest in drug repurposing.
As mentioned before, from a business perspective, drug repurposing in rare diseases can be attractive, namely, because of its reduced costs compared to de novo drug development, potentially diminished risk of failure, reduced time required for approval, and higher pricing. However, a significant proportion of rare diseases affect children, which represents a challenge since in most cases the clinical trials conducted for the drugs to be repurposed only included adults. Despite drug repurposing being a viable strategy to find treatments for some rare diseases, new business models are needed to foster this approach. This includes collaborative strategies combining the strength of different agents, such as pharmaceutical and biotechnology companies, venture capitalists, and academia (Pushpakom et al., 2019). Cha et al. (2018) identified three key players in the market, each one with a different business model: academia/research institutes, repurposing technology companies, and pharmaceutical companies. The former, that usually sponsors a significant proportion of phase I and phase II trials for repurposed drugs, faces lower economic or commercial constraints while being more dependent on public funding. The repurposing technology companies are bound by their business model, which includes consulting services, offering drugs databases, and drug pipelines (Sleigh SH. and Barton CL., 2010; Sleigh S. H. and Barton C. L., 2010; Naylor et al., 2015). Some of these companies collaborate with leading pharmaceutical companies. Pharmaceutical companies have a more prominent role in drug discovery and development and tend to be profit seekers. A few might have some ethical concerns or embrace, for example, corporate social responsibility. Overall, there is no unique or widely adopted business model used by pharmaceutical companies for drug repurposing, but three business models frequently used have been identified (Naylor et al., 2015): the in-house model, in which the pharmaceutical companies have their own department or resources devoted to drug repurposing (this model has already been abandoned by some companies); the out-licensing model, in which pharmaceutical companies provide access to their compounds on an out-licensing basis (this limits exposure to risk and additional costs for the corresponding compound); and the extended profiling model, in which a drug candidate starts being evaluated for new indications immediately after a successful first-in-human study.
DRUG REPURPOSING FOR RARE NEURODEGENERATIVE DISEASES
Huntington’s Disease
Clinical Features and Genetic Cause
Huntington’s disease (HD) is the most common rare neurodegenerative disorder with an estimated prevalence of 1/20,000 to 1/10,000 in the Caucasian population. It was discovered by George Huntington in 1872. The disease is characterized by a triad of motor, cognitive, and psychiatric manifestations (Ghosh and Tabrizi, 2018). Motor features include involuntary choreatic movements, dystonia, and rigidity, while the behavioral and psychiatric disorders include depression, anxiety, apathy, irritability aggression, and dementia among others. The clinical manifestations usually appear during the third decade of life and become fatal after 15–20 years due to progressive neuronal dysfunction and ultimate neuronal death (Ghosh and Tabrizi, 2018). The diagnosis of this disease is usually performed by molecular genetic testing followed by computerized tomography scanning, magnetic resonance imaging (MRI), and electroencephalography. HD is an autosomal dominant disorder caused by an unstable 36–70 CAG trinucleotide expansion in exon 1 on the Huntington gene (HTT) (Snell et al., 1993) (Figure 1). The onset and the severity of the disease is dependent on the length of the CAG repeat, with longer repeats being associated with more severe phenotypes (Nance, 2017; Caron et al., 2018).
[image: Figure 1]FIGURE 1 | Clinical manifestations and molecular disease mechanisms in Huntington’s disease. This pathology is caused by CAG repeat expansions in the first exon of the HTT gene which result in the accumulation of mutant Huntington protein (mHTT) within the cells which causes a wide variety of cellular alterations leading to neuronal dysfunction and death. Repurposed drugs with and without orphan designation for Huntington’s disease are highlighted in blue along with the cellular dysfunctions or clinical manifestations that they tackle. Ex: exon.
Molecular Phenotype
The HTT gene encodes for a large 350-kDa protein, also called HTT, which is ubiquitously expressed but enriched in the brain (Aronin et al., 1995; Trottier et al., 1995). The normal function of HTT is currently unknown. HTT is folded in a super helical structure containing a hydrophobic core. In the mutated HTT (mHTT), the CAG expansion results in a polyglutamine (polyQ) tract starting in residue 18 of the polypeptide. This expanded polyQ region may be proteolytically cleaved, and it has been proposed that the mHTT fragments generated may induce neurodegeneration (Halliday et al., 1998; Barbaro et al., 2015; Ghosh and Tabrizi, 2018). In addition, it was shown that the mHTT protein is highly aggregation-prone, resulting in intranuclear and intracytoplasmic inclusions throughout the brain (Difiglia et al., 1997). Many studies report that mHTT aggregates can be either toxic or protective depending on the disease stage, their subcellular localization, and their association with other partners or organelles (Saudou et al., 1998; Slow et al., 2003; Slow et al., 2005; Leitman et al., 2013). When present in the nucleus, these aggregates sequester transcription factors resulting in gene expression alterations (Labbadia and Morimoto, 2013), while when present in the cytosol, they may bind to diverse proteins resulting in an altered autophagy-lysosome pathway, reduced protein translation, synaptic dysfunction, reduced axonal transport, mitochondrial toxicity, and energy imbalance among others (Labbadia and Morimoto, 2013; McColgan and Tabrizi, 2018) (Figure 1). There is currently no treatment to prevent or delay the progression of HD; however, some pharmaceutical and non-pharmaceutical interventions (physiotherapists, psychologists, and social workers) aiming to relieve the multiple symptomatic manifestations of the disease are beneficial for some patients and contribute to improve their quality of life (Frank, 2014). Within the pharmaceutical approaches, some neuroleptics with anti-dopaminergic activity or acting as selective serotonin reuptake inhibitors (SSRIs) may be used in the management of psychosis-associated symptoms in HD-like anxiety, depression, and irritability (Mittal and Eddy, 2013; Unti et al., 2017).
Approved and Non-Approved Orphan-Designated Repurposed Drugs for Huntington’s Disease
Tetrabenazine (Xenazine®), originally indicated as an anti-psychotic drug, is a repurposed molecule approved in 2008 by the U.S. Food and Drug Administration (FDA) for the treatment of chorea in HD (Jankovic and Clarence-Smith, 2011). This authorization was based on the positive results of four controlled clinical trials performed in the United States with HD patients (Huntington Study, 2006; Frank et al., 2008; Frank, 2009). Tetrabenazine is a reversible vesicular monoamine transporter 2 (VMAT2) inhibitor which blocks the uptake of cytosolic monoamines and prevents dopamine release from synaptic vesicles (Login et al., 1982). An extensive review on the mechanism of action, pharmacodynamics, pharmacokinetics, and metabolism of this drug can be found in the study by Jankovic and Clarence-Smith, (2011). Following the positive results from a randomized double-blind, placebo-controlled trial, in April 2017, the FDA also approved AUSTEDO (deutetrabenazine), another molecule with VMAT2 inhibitor activity, to treat chorea in HD (Huntington Study et al., 2016).
Some repurposed medicinal products have received the orphan designation by the EMA for the treatment of Huntington’s disease but have not been authorized yet: for example, cysteamine bitartrate (https://www.ema.europa.eu/en/medicines/human/orphan-designations/eu3141306) and lithium citrate tetrahydrate (https://www.ema.europa.eu/en/medicines/human/orphan-designations/eu309706). In the EU, cysteamine bitartrate is used under the name of Cystagon® and Procysbi® for the treatment of nephropathic cystinosis. In HD, this drug was shown to be neuroprotective in several mouse models by improving weight loss and motor abnormalities and prolonging animal survival. It has been proposed that the drug may reduce nerve damage and improve motor function by blocking the activity of the enzyme transglutaminase, shown to be increased in HD patients and involved in nerve injury, by increasing the secretion of the brain-derived neurotrophic factor (BDNF) that improves neuron survival and function, and by other still unidentified mechanisms (Dedeoglu et al., 2002; Karpuj et al., 2002; Van Raamsdonk et al., 2005; Bailey and Johnson, 2006; Borrell-Pages et al., 2006; Arbez et al., 2019). A randomized, double-blind, placebo-controlled trial with cysteamine bitartrate showed that the drug is safe and well tolerated by HD patients, but failed to demonstrate efficacy in the full-patient cohort (Verny et al., 2017). A post hoc analysis in which patients were stratified by disease severity based on their initial motor scores suggested that the drug reduced the progression of the disease in patients with the most severe motor impairment. Further clinical studies are needed to prove the efficacy of the drug. Lithium is an inhibitor of glycogen synthase kinase-3 and inositol monophosphatase that have been used as mood stabilizers for several decades (Yatham et al., 2018). Recent studies performed in several preclinical HD models suggest that this molecule is able to increase the clearance of intracellular protein aggregates, to confer neuroprotection, and to improve motor dysfunction and coordination (Scheuing et al., 2014). Several blind and unblind clinical studies using lithium for short periods of time in HD patients showed improvement in choreatic movements, motor function, and mood stabilization in some but not all patients (Anden et al., 1973; Dalen, 1973; Mattsson, 1973; Aminoff and Marshall, 1974; Danivas et al., 2013; Raja et al., 2013). Further blinded trials with larger patient cohorts are needed to determine the effectiveness of this drug. Table 1 provides further information about the aforementioned drugs, including pharmaceutical companies or academic institutions involved in designing and running the clinical trials, whether the drugs received orphan designation from the EMA and/or the FDA, and the sponsors that made the orphan designation request.
TABLE 1 | List of the repurposed drugs, with and without orphan designation or drug marketing authorization for Huntington’s disease (HD) mentioned in this article. The sponsors (entities involved in making the orphan designation request to the EMA or the FDA), and the public or private organizations involved in designing and running the clinical trials are detailed. N/A = non-applicable.
[image: Table 1]Additional new and repurposed drugs that received orphan designation for HD but are not yet approved for its treatment can be found in the Orphanet portal (https://www.orpha.net/consor/cgi-bin/index.php).
Additional Drug Repurposing–Based Therapeutic Strategies Under Investigation (Non-Orphan Designated Drugs)
Without being an exhaustive list, here we will provide some examples of current drug repurposing–based approaches for HD at different stages of development (Table 1). A detailed review about all ongoing “de novo” or repurposing-based strategies for HD treatment can be found in the study by Caron et al., (2018).
As mentioned above, mHTT aggregates may compromise autophagic clearance by perturbing cargo recognition and autophagosome motility which results in cell death (Martinez-Vicente et al., 2010; Zatyka et al., 2020). In fly and mouse models of HD, rapamycin-mediated mTOR inhibition enhanced the autophagic flux and clearance of unfolded mHTT resulting in reduced toxicity (Ravikumar et al., 2002; Ravikumar et al., 2004; Sarkar et al., 2005; Sarkar et al., 2007a; Sarkar et al., 2007b). Since rapamycin has numerous side effects, Williams et al. (2008) screened a library of FDA-approved drugs looking for autophagic enhancers with mTOR-independent activity. This screening identified clonidine, verapamil, loperamide, nimodipine, and minoxidil among others as drugs with autophagic enhancing activity. In vitro assays showed that all of them were able to reduce mHTT aggregation and toxicity in neuroblastoma cells (Williams et al., 2008). The authors also showed that calpain inhibition reduced mHTT aggregation and toxicity. Similarly, the antihypertensive drug (L-type calcium channel blocker) felodipine was shown to induce autophagy and clear mHTT in a mouse model of HD (Siddiqi et al., 2019).
Abnormal immune activation and inflammatory processes resulting from the central nervous system (CNS) and peripheral immune cell dysfunction have also been highlighted as important contributors to the pathophysiology of HD (Bjorkqvist et al., 2008). Laquinimod is an immunomodulatory drug developed for the treatment of multiple sclerosis. In the context of HD, it was shown that in vitro, this molecule reduces apoptosis in primary neurons derived from YAC128 mice, a HD model (Garcia-Miralles et al., 2016). Moreover, chronic laquinimod administration in these animals improved white matter integrity, motor and psychiatric phenotypes, and reduced IL-6 serum levels (Garcia-Miralles et al., 2016). A 12-month phase II clinical trial for HD with this molecule showed no effect on the motor score but revealed a significant reduction in caudate atrophy that was more evident in patients with early HD (Caron et al., 2018), pointing to a promising role of immunomodulators for the treatment of HD. Further clinical studies are required to support the neuroprotective effect of all these drugs in HD patients.
Cures Within Reach is currently funding two clinical trials in HD with repurposed drugs. One of them, led by Dr. Anderson from the Georgetown University, will study the safety and tolerability of nilotinib, a FDA-approved cancer drug for the treatment of chronic myeloid leukemia, in 10 HD patients with early-to-moderate HD. Based on previous findings from clinical trials with nilotinib in Parkinson’s disease (Pagan et al., 2016; Pagan et al., 2020; Pagan et al., 2021) they hypothesize that this drug may contribute to reduce the accumulation of toxic mHTT and have protective brain effects in HD. The second trial is led by Dr. Furr-Stimming from the University of Texas and aims to study the safety and tolerability of Neudexta, a drug currently used for the treatment of the pseudobulbar effect. This drug was shown to importantly ameliorate agitation in patients with Alzheimer’s disease (Cummings et al., 2015). Based on that, it was hypothesized that it may be useful to treat irritability in HD.
Huntington’s Disease Patient Associations and Foundations
The International Huntington’s Disease Association http://huntington-disease.org/is a multinational federation created in 1979 that resembles 32 different Huntington’s disease societies from all over the world. The member societies promote medical professional education; provide individual and family support; and fund psychosocial, clinical, and biomedical research related with Huntington’s disease in their respective countries.
In addition, the Huntington’s disease coalition for the patient engagement (HD-COPE) is a global Huntington’s disease patient advocacy organization working in collaboration with the European Huntington’s Association (EHA), Huntington’s Disease Society of America (HDSA), and Huntington’s Society of Canada (HSC) formed in September 2017 to give patients’ voice in the clinical trials (https://hdsa.org/news/global-huntingtons-disease-patient-advocacy-organizations-unite-to-form-huntingtons-disease-coalition-for-patient-engagement-hd-cope/).
Friedreich’s Ataxia
Clinical Features and Genetic Cause
Friedreich’s ataxia (FRDA) is an autosomal recessive rare neurodegenerative disease mainly present within Caucasians. In this population, its prevalence ranges from 1/20,000 to 1/50,000, but large regional differences have been reported in Europe (Campuzano et al., 1996; Vankan, 2013). The disease is rare in sub-Saharan populations and very rare in the Far East (Vankan, 2013). The clinical manifestations include progressive limb incoordination (ataxia), gait instability, impaired vision, hearing and speech, and scoliosis and muscle weakness as a consequence of the progressive degeneration of the dorsal root ganglia neurons followed by neuronal loss in the cerebellar dentate nucleus and spinocerebellar tract degeneration (Koeppen et al., 2007; Marmolino, 2011; Koeppen et al., 2016; Selvadurai et al., 2018). In addition, as the disease progresses, non-neurological features appear, such as hypertrophic cardiomyopathy, that is the underlying cause for premature death (Harding, 1981; Pandolfo, 2009; Raman et al., 2011; Payne and Wagner, 2012; Parkinson et al., 2013), and diabetes that occurs in 30% of the patients as a result of increased pancreatic β-cell dysfunction and death in the context of insulin resistance (Finocchiaro et al., 1988; Schoenle et al., 1989; Cnop et al., 2012; Cnop et al., 2013; Igoillo-Esteve et al., 2015). In 96% of the patients, the disease is caused by homozygous trinucleotide GAA repeat expansions (from 70 to around 1700 triplets) in the first intron of the frataxin gene (FXN), while the remaining 4% have FXN point mutations (Campuzano et al., 1996; McCormack et al., 2000). The GAA repeat expansions interfere with transcription by heterochromatin silencing (Campuzano et al., 1996; Saveliev et al., 2003; Herman et al., 2006; Silva et al., 2015). The length of the GAA repeat is not identical in both alleles, and the allele with the shortest expansion size determines the residual FXN levels. Longer GAA repeats result in a more severe reduction in FXN expression (65–95% decrease with respect to healthy controls) and are associated with early disease onset and greater disease severity (Campuzano et al., 1996; Al-Mahdawi et al., 2008; Koeppen, 2011) (Figure 2).
[image: Figure 2]FIGURE 2 | Clinical manifestations and molecular disease mechanisms in Friedreich’s ataxia. This pathology is caused by GAA repeat expansions in the first intron of the FXN gene. This results in reduced frataxin protein expression which causes a wide variety of cellular alterations leading to cell dysfunction and death. Repurposed drugs with and without orphan designation for Friedreich’s ataxia are highlighted in blue along with the cellular dysfunctions or clinical manifestations that they tackle. Ex: exon.
Molecular Phenotype
FXN encodes for a 210-amino acid mitochondrial protein called frataxin that regulates iron homeostasis by modulating iron storage, iron–sulfur cluster (Fe–S), and heme biosynthesis and iron carriage (Adamec et al., 2000; Emond et al., 2000; Schulz et al., 2000; Adinolfi et al., 2002; Becker et al., 2002; Gerber et al., 2003; Yoon and Cowan, 2003; 2004; Adinolfi et al., 2009; Paupe et al., 2009; Condo et al., 2010; Tsai and Barondeau, 2010). Accordingly, it was shown that reduced frataxin expression results in impaired function and/or expression of FeS-containing enzymes, such as catalase, and several respiratory chain proteins resulting in iron accumulation in the mitochondrial matrix, mitochondrial dysfunction, and oxidative stress (Babcock et al., 1997; Rotig et al., 1997; Puccio et al., 2001). In several FRDA models, frataxin deficiency has been associated with reduced NRF2 (nuclear factor (erythroid-derived 2) 2–like transcription factor) levels (Paupe et al., 2009; D’oria et al., 2013; Shan et al., 2013). NRF2 exhibits antioxidant properties by regulating the expression of antioxidant and cytoprotective genes (Kim et al., 2001). It also reduces inflammation, improves mitochondrial function, and maintains protein homeostasis (Dinkova-Kostova et al., 2018). Therefore, reduced NRF2 expression or activity importantly contributes to frataxin deficiency–induced cytotoxicity in FRDA (Figure 2). There is currently no approved therapy to prevent, delay, or revert the manifestations of the disease; however, the beneficial effect of many molecules targeting different aspects of the FRDA pathophysiology has been tested or is currently under study. In the beginning, the therapeutic approaches for FRDA were mostly focused on treating the downstream effects of frataxin deficiency, namely, improving iron homeostasis and mitochondrial function or reducing oxidative stress. In recent years, many of the approaches under study are centered on the upregulation of frataxin protein expression to restore frataxin levels. Indeed, increasing frataxin protein expression in FRDA patients to the levels found in carrier individuals that are asymptomatic is expected to provide a cure for the disease and stabilize disease progression. Compiling expert information on previous and current research studies for the treatment of FRDA can be found in the study by Clay et al., (2019).
Approved and Non-Approved Orphan-Designated Repurposed Drugs for Friedreich Ataxia
As mentioned above, there are currently no approved drugs for the treatment of FRDA, but several repurposed medicinal products have received orphan designation for the treatment of this disease. Deferiprone (orphan-designated by the FDA) and idebenone, omaveloxolone, alpha-tocotrienol quinone, leriglitazone, and interferon gamma (orphan-designated by both the EMA and FDA) are only some examples (https://www.orpha.net/consor/cgi-bin/index.php).
Deferiprone is a permeable iron chelator that alleviates mitochondrial iron overload and is indicated for the treatment of sickle cell disease (Pandolfo and Hausmann, 2013). Based on this feature, it was proposed that it could be beneficial for FRDA individuals. A 6-month double-blind placebo-controlled study with this molecule in pediatric and adult FRDA patients showed that deferiprone is relatively safe at the lower doses tested (20 mg/kg/day) and contributes to reduce cardiac hypertrophy. However, patients receiving higher deferiprone doses (40–60 mg/kg/day) presented worsening in their ataxic phenotype (Pandolfo et al., 2014). In this trial, the lack of deterioration in the placebo group did not allow for detection of any potential protective effect of deferiprone on the neurological manifestations of the disease. However, a post hoc subgroup analysis suggested that 20 mg/kg/day deferiprone may reduce disease progression in patients with less severe disease symptoms, pointing to the need of further clinical trials with selected patient populations to confirm or rule this beneficial effect.
The potential therapeutic benefits of idebenone, an antioxidant drug initially developed by Takeda Pharmaceutical for the treatment of Alzheimer’s disease and other cognitive defects, and currently approved to treat visual impairment in adolescents and adults with Leber’s hereditary optic neuropathy (Lyseng-Williamson, 2016), have been largely studied in preclinical models of FRDA, where it reduced apoptosis and showed cardioprotective effects (Jauslin et al., 2002; Seznec et al., 2004). Initial clinical studies suggested that this drug may have some cardioprotective effects in FRDA patients (Rustin et al., 1999; Hausse et al., 2002; Mariotti et al., 2003), but follow-up trials showed no cardioprotection (Lagedrost et al., 2011; Cook et al., 2019). In addition, these and other clinical studies (Rustin et al., 1999; Hausse et al., 2002; Buyse et al., 2003; Mariotti et al., 2003; Rustin et al., 2004; Rinaldi et al., 2009; Lynch et al., 2010) showed no neuroprotective effects. Only one open-label trial showed some neurological improvement in pediatric FRDA patients treated with this drug (Meier et al., 2012). Despite the potential cardioprotective effects of the molecule, the lack of neuroprotective properties seen in most of the studies makes this drug less attractive for FRDA treatment.
As mentioned above, frataxin depletion may cause NRF2 inactivation contributing to cell death. Enhancement of NRF2 expression or activity is considered a potential therapeutic approach to prevent neurodegeneration in FRDA (Petrillo et al., 2017). In addition, it was recently found that the FXN gene contains three antioxidant-responsive element (ARE) sites in its promoter region (Sahdeo et al., 2014), suggesting that NRF2 may modulate frataxin expression by binding to these ARE elements. In line with that, several compounds with NRF2-inducing activity, such as sulforaphane, the anti-epileptic drug dyclonine, DMF, N-acetyl cysteine, and omaveloxolone among others, showed beneficial effects and frataxin-inducing activity in different models of FRDA (Petrillo et al., 2017; Clay et al., 2019; Petrillo et al., 2019). In addition, omaveloxolone was tested in a phase II clinical trial with 69 FRDA patients. In this study, the drug was overall well tolerated, but it did not change the primary outcome of the trial that is, peak workload in maximal exercise. However, it improved the modified Friedreich’s Ataxia Rating Scale (mFARS) that involves the examination of the neurological signs of the disease (Lynch et al., 2019a). In a follow-up double-blind, randomized, placebo-controlled, parallel-group, phase II trial performed with 103 FRDA patients from 11 institutions of the United States, Europe, and Australia (Trial number: NCT02255435, https://clinicaltrials.gov/ct2/show/NCT02255435), omaveloxolone significantly improved the neurological function of the FRDA patients compared to the placebo and was safe and well tolerated (Lynch et al., 2021), pointing to this drug as a potential therapeutic agent for FRDA.
Alpha-tocotrienol quinone (also known as Epi-743 or vatiquinone) is a molecule that blocks the activity of 15-lipoxygenase, an important oxidoreductase that regulates oxidative stress and neuroinflammation. Epi-743 received orphan drug designation for the treatment of mitochondrial epilepsy and other mitochondrial genetic diseases such as Leigh disease and Rett syndrome (Enns et al., 2012; Kahn-Kirby et al., 2019). Its safety and efficacy in improving visual and neurological functions in FRDA patients were also evaluated in a 6-month, double-blind, placebo-controlled, phase II clinical trial followed by 18 extra months of the open-label phase (Zesiewicz et al., 2018). In this study, the drug was shown to be safe and well tolerated by FRDA patients, but failed to improve key end points during the placebo phase. However, at the end of the 24-month intervention, EPI-743 significantly improved the neurological function and disease progression of the patients (Zesiewicz et al., 2018). In November 2020, PTC therapeutics launched MOVE-FA (Trial number: NCT04577352, https://clinicaltrials.gov/ct2/show/NCT04577352) a phase II/III double-blind, placebo-controlled trial with a follow-up open-label phase in children and adult FRDA patients from the United States, Canada, Europe, Australia, and Latin America to assess the efficacy and safety of vatiquinone. The study is currently ongoing. A total of 126 patients will be recruited.
Leriglitazone is the hydrochloride salt of the active metabolite M4 of pioglitazone. It is indicated to control glycemia in patients with type 2 diabetes. Leriglitazone, a PPAR-γ agonist with good brain penetration, is found to rescue neurodegeneration due to frataxin deficiency in the dorsal root ganglion neurons through restoration of mitochondrial membrane potential and improved mitochondrial function and calcium homeostasis (Rodriguez-Pascau et al., 2021). The drug also improved motor function in a mouse model of FRDA (Rodriguez-Pascau et al., 2021). In March 2019, leriglitazone received orphan designation from the EMA and the FDA for FRDA treatment. A phase II, randomized, double-blind, placebo-controlled clinical study called FRAMES (Trial number: NCT03917225, https://clinicaltrials.gov/ct2/show/NCT03917225?term=MIN102) has been launched to assess the efficacy and safety of leriglitazone in 36 FRDA patients. The trial is currently ongoing.
Interferon gamma is a drug currently approved in the United States for the treatment of chronic granulomatous disease and malignant osteoporosis (Britti et al., 2018). In the context of FRDA, this molecule increased frataxin expression in in vitro and in vivo models of the disease and enhanced motor function in mice (Wells et al., 2015). An initial pilot clinical trial with a small number of FRDA patients failed to detect an increase in frataxin expression but reported an improvement in the neurological outcome of the patients (Seyer et al., 2015). Nevertheless, a follow-up, double-blind, placebo-controlled study of interferon gamma performed in the US failed to replicate these findings since no difference in mFARS and frataxin levels was detected between the interferon gamma and the placebo groups (Lynch et al., 2019b).
Histone deacetylase inhibitors (HDACi) are anticancer agents that play important roles in epigenetic and non-epigenetic gene regulation. In the context of FRDA, preclinical in vitro and in vivo experiments provided proof of concept that these molecules can induce frataxin expression in different models of FRDA (Herman et al., 2006; Chan et al., 2013; Soragni et al., 2014). An initial exploratory, open-label, dose-escalation study with nicotinamide, a class III HDACi in FRDA patients, showed that the drug was safe and well tolerated. The study also showed a dose-dependent increase in frataxin mRNA expression in peripheral blood cells, together with a decrease in heterochromatin formation in the frataxin locus during the 8 weeks of daily nicotinamide dosing (Libri et al., 2014). In addition, a phase Ib clinical trial was performed with the HDACi 109/RG2833. In this study, the drug was safe and relatively well tolerated and induced a moderate increase in frataxin mRNA expression in peripheral blood cells (Soragni et al., 2014; Soragni and Gottesfeld, 2016). However, this HDAC inhibitor has poor brain penetration, and the active molecule is converted into inactive and potentially toxic metabolic products, pointing to the need of pharmacologic optimization to improve efficacy and reduce toxicity before embarking in prolonged clinical trials (Soragni and Gottesfeld, 2016).
The screening of a chemical library of 2000 FDA-approved compounds identified resveratrol, a naturally occurring antioxidant (Li et al., 2013), as a frataxin-inducing molecule with therapeutic potential for FRDA. In this study, HeLa cells expressing FXN-EGFP were used to identify molecules that are able to induce frataxin expression (Li et al., 2013). Among the 18 compounds identified as positive hits, resveratrol was the one with the best frataxin-inducing capacity in fibroblasts and lymphoblasts from FRDA patients, and the one having lesser toxic cell effects (Li et al., 2013). An open-label, non-randomized, phase I clinical trial with resveratrol failed to increase frataxin levels in FRDA patients; however, high doses of resveratrol were associated with positive clinical outcomes (Yiu et al., 2015). In May 2019, a double-blind, placebo-controlled, 2-period crossover phase 2 trial with micronized resveratrol (Trial number: NCT03933163, https://clinicaltrials.gov/ct2/show/NCT03933163) was launched to measure the neurological impact of this drug. The trial is still ongoing.
Table 2 provides additional information about the aforementioned drugs, including pharmaceutical companies or academic institutions involved in designing and running the clinical trials, and whether the drugs received orphan designation from the EMA and/or the FDA, and the sponsors that made the orphan designation request.
TABLE 2 | List of the repurposed drugs, with and without orphan designation or drug marketing authorization for Friedreich’s ataxia (FRDA) mentioned in this article. The sponsors (entities involved in making the orphan designation request to EMA or the FDA), and the public or private organizations involved in designing and running the clinical trials are detailed. N/A = non-applicable.
[image: Table 2]Additional Drug Repurposing–Based Therapeutic Strategies Under Investigation
Etravirine, an antiviral drug currently in use as an anti-human immunodeficiency virus therapy, was identified as a potential frataxin-inducing molecule during the screening of a library of 853 US FDA–approved compounds using a high-throughput cell-based reporter assay to monitor variations in frataxin levels (Alfedi et al., 2019). Of the 853 compounds examined, 19 were able to promote at least 2-fold increase in frataxin levels. From those, etravirine was the most potent frataxin inducer in cells derived from FRDA patients (Alfedi et al., 2019). Indeed, this molecule was able to importantly induce frataxin precursor levels by selectively enhancing the translation efficiency of frataxin transcripts by promoting a shift of frataxin mRNA from silent isolated ribosomes toward translationally active polysomal subsets. This resulted in an increase in the frataxin levels to the ones present in unaffected carriers and restoration of aconitase activity (Alfedi et al., 2019). Based on these promising results, in September 2020, a phase II clinical study had been launched (Trial Number: NCT04273165, https://clinicaltrials.gov/ct2/show/NCT04273165) to evaluate the safety and efficacy of etravirine in FRDA patients.
Glucagon-like peptide 1 (GLP-1) analogs are drugs currently used for the treatment of type 2 diabetes (Vilsboll and Knop, 2008). They stimulate cAMP formation by binding to G protein-coupled receptors resulting in the activation of intracellular signaling pathways. In pancreatic β-cells, these drugs improve insulin synthesis and secretion and prevent apoptosis (Drucker et al., 1987; Yusta et al., 2006; Cunha et al., 2009). Besides being present in β-cells, GLP-1 receptors are also expressed in the heart and brain (Campbell and Drucker, 2013), and it was shown that GLP-1 analogs have cardiovascular (Ban et al., 2008) and neuroprotective actions (McClean et al., 2011). In the context of FRDA, the cAMP inducer forskolin and the GLP-1 analog exenatide were shown to reduce apoptosis in frataxin-deficient β-cells and neurons by decreasing oxidative stress and inhibiting the mitochondrial pathway of apoptosis (Cnop et al., 2012; Igoillo-Esteve et al., 2015). Besides having this protective effect, it was recently demonstrated that GLP-1 analogs and cAMP inducers also improve the functionality of pancreatic β-cells and reduce mitochondrial dysfunction in patient-derived sensory neurons (Igoillo-Esteve et al., 2019). In addition, it was demonstrated that GLP-1 analogs and cAMP inducers enhance frataxin protein expression in in vitro and in vivo FRDA models and in a pilot study with FRDA patients (Igoillo-Esteve et al., 2019). Altogether these data provide a strong rationale for the design of a long-term clinical trial to assess the disease-modifying effect of GLP-1 analogs in FRDA patients. The characteristics of these drugs have been summarized in Table 2.
Friedreich Ataxia Patient Associations and Foundations
The Friedreich’s Ataxia Research Alliance (FARA, https://www.curefa.org) is a non-profit, voluntary organization that partners with government agencies, corporations, and advocacy groups to support scientific research focused on the development of therapeutic strategies to stop the advancement of or cure FRDA.
Wolfram Syndrome
Clinical Features and Genetic Cause
Wolfram syndrome is a rare autosomal life-threatening disease with a frequency of 1/160,000 to 1/770,000 individuals in the United States and United Kingdom, respectively (Fraser and Gunn, 1977; Barrett et al., 1995). Two types of Wolfram syndrome exist that share a large number of clinical manifestations: Wolfram syndrome 1 and Wolfram syndrome 2 (Rigoli and Di Bella, 2012). The former is the most common. The majority of Wolfram syndrome 1 patients have biallelic homozygous or compound heterozygous mutations in the WFS1 gene (Inoue et al., 1998; Hardy et al., 1999; Gomez-Zaera et al., 2001; Khanim et al., 2001; Cryns et al., 2003; Hansen et al., 2005); however, autosomal dominant inherited or de novo mutations in the same gene have also been reported in some individuals (Bespalova et al., 2001; Eiberg et al., 2006; Hogewind et al., 2010; Bonnycastle et al., 2013; De Franco et al., 2017). Wolfram syndrome 2 is caused by mutations in the CISD2 gene (Rigoli and Di Bella, 2012; Mozzillo et al., 2014). Wolfram syndrome 1, also known as DIDMOAD, is characterized by non-autoimmune juvenile diabetes mellitus, diabetes insipidus, optic nerve atrophy, hearing loss, urinary tract problems, and progressive neurodegeneration that manifests principally as cerebellar ataxia, gait abnormalities, memory loss, dysphagia, speech difficulties, anxiety, and depression (Rando et al., 1992; Barrett et al., 1995; Kinsley et al., 1995; Marshall et al., 2013). Wolfram syndrome 2 patients have similar clinical manifestations with the exception that they do not develop diabetes insipidus, and they have stomach and intestine ulcers, defective platelet aggregation, and excessive bleeding (El-Shanti et al., 2000; Rigoli and Di Bella, 2012; Mozzillo et al., 2014; Rondinelli et al., 2015). Both forms of Wolfram syndrome have poor prognosis, and the patients die prematurely at a median age of 30 years due to progressive severe neurological dysfunction and respiratory failure resulting from brain stem atrophy (Urano, 2016). Both forms of the disease are progressive and exhibit a clear chronology of clinical manifestations (Figure 3).
[image: Figure 3]FIGURE 3 | Clinical manifestations and molecular disease mechanisms in Wolfram syndrome. Wolfram syndrome 1 is caused by homozygous or heterozygous mutations in the WFS1 gene, while wolfram syndrome 2 is caused by mutations in the CISD2 gene. This results in reduced WFS1 or CISD2 protein expression, which causes several cell defects leading to cell dysfunction and apoptosis which result in the clinical manifestations of the disease. Repurposed drugs with and without orphan designation for Wolfram syndrome are highlighted in blue along with the cellular dysfunctions or clinical manifestations that they tackle. ER- endoplasmic reticulum, GLP-1- glucagon-like peptide-1.
Molecular Phenotype
The WFS1 gene encodes an endoplasmic reticulum (ER) transmembrane protein called wolframin or WFS1 that is highly expressed in the brain, pancreas, heart, lungs, liver, and kidneys (Yamada et al., 2006). The ER is an essential organelle for secretory cells, such as pancreatic β-cells and neurons, since most secretory proteins are synthesized, folded, and modified within the ER before being transported into the Golgi for secretion (Schwarz and Blower, 2016). It has been demonstrated that WFS1 deficiency causes ER stress in pancreatic β-cells, neurons, retinal ganglion cells, and oligodendrocytes, resulting in dysfunction and degeneration of the affected tissues (Ishihara et al., 2004; Fonseca et al., 2005; Riggs et al., 2005; Fonseca et al., 2010; Fonseca et al., 2011; Fischer and Ehrlich, 2020). WFS1 regulates ER calcium homeostasis and ER stress by interacting with the sarcoplasmic ER calcium (SERCA) pump and the ER stress transducer ATF6, respectively (Fonseca et al., 2005; Zatyka et al., 2008; Fonseca et al., 2009; Fonseca et al., 2010; Fonseca et al., 2011; Hatanaka et al., 2011; Lu et al., 2014; Zatyka et al., 2015). Accordingly, WFS1-deficiency results in ER calcium depletion, enhanced cytosolic Ca2+, calpain activation, and cell death (Lu et al., 2014). Moreover, it was also demonstrated that WFS1 regulates secretory granule acidification in β-cells and neurons (Gharanei et al., 2013; Sutt et al., 2015) and that the ER dysfunction caused by WFS1 deficiency is accompanied by altered mitochondrial function in β-cells and neurons contributing to diabetes and neurodegeneration (Cagalinec et al., 2016; Maxwell et al., 2020). Using a rat model of the disease, it was recently demonstrated that the lack of functional WFS1 alters calcium homeostasis in cardiac myocytes as a result of reduced expression of the plasmalemmal sodium–calcium exchanger type 1 (NCX1) (Kurekova et al., 2020).
Regarding Wolfram syndrome 2, the CISD2 gene encodes a highly conserved zinc finger Fe–S cluster containing a protein called CISD2 or Miner1. This protein is localized in the ER and in the mitochondrial-associated membranes (MAMs) (Amr et al., 2007). Its function is still unknown, but it has been proposed that it plays an important role in iron donation to the mitochondria, regulation of oxidative stress, and preservation of mitochondrial and ER Ca2+ homeostasis (Wiley et al., 2013; Wang et al., 2014). CISD2 deficiency alters the Ca2+ flux between the ER and the mitochondria resulting in mitochondrial dysfunction and reduced mitochondrial integrity, that is accompanied by an upregulation of autophagy and pro-apoptotic factors (Chen et al., 2009; Sohn et al., 2013; Danielpur et al., 2016; Holt et al., 2016). Despite the exact mechanism not being known, preclinical experiments in several Wolfram syndrome 2 cases showed that CISD2 deficiency leads to neuronal and β-cell death, a process probably mediated by calpain activation (Lu et al., 2014) (Figure 3).
There are currently no approved therapeutic options to prevent, delay, or cure Wolfram syndrome, but numerous drug repurposing–based approaches are currently under investigation to manage the clinical manifestations of the disease. Since ER stress is deleterious for pancreatic β-cells and neurons, and is a hallmark of Wolfram syndrome, it has been proposed that reducing ER stress may have beneficial outcomes in this life-threatening disease. Accordingly, different ER stress–targeting approaches are being tested, for example, ER calcium stabilizers, chemical chaperones, GLP-1 analogs, and modulators of ER stress (Urano, 2016; Abreu et al., 2021; Pallotta et al., 2019).
Approved and Non-Approved Orphan-Designated Repurposed Drugs for Wolfram Syndrome
As mentioned above, there are currently no approved drugs for the treatment of Wolfram syndrome; however, two repurposed medical compounds, namely, dantrolene sodium and sodium valproate received orphan designation for this disease (https://www.orpha.net).
Dantrolene sodium was initially approved by the FDA for malignant hyperthermia and muscle spasms derived from spinal cord injury, stroke, cerebral palsy, or multiple sclerosis. This drug acts as an ER calcium stabilizer by inhibiting ryanodine receptors on the ER (Fruen et al., 1997). In the context of Wolfram syndrome, preclinical studies using different models of the disease showed that dantrolene is able to suppress β-cell and neuronal death by preventing calcium leakage from the ER (Lu et al., 2014). This drug received orphan designation for Wolfram syndrome from EMA and the FDA. An open-label, phase Ib/IIa trial in pediatric and adult Wolfram syndrome patients with dantrolene sodium was recently performed (Abreu et al., 2021). The primary objective of the study was to assess the safety and tolerability of the molecule, and the secondary objectives were to evaluate the efficacy of the treatment in improving residual pancreatic β-cell function, visual acuity, quality of life, and measures related to vision and neurological functions. The study showed that dantrolene sodium is well tolerated by Wolfram syndrome patients, but β-cell function, visual acuity, and neurological functions were not significantly improved after 6 months of treatment (Abreu et al., 2021). However, a patient subgroup analysis revealed a significant improvement in β-cell function in subjects who possessed the greatest degree of β-cell function at the baseline. Moreover, the inflammation markers IL-1β and IL-21, that are increased in Wolfram syndrome patients as a result of ER stress (Oslowski et al., 2012), were significantly decreased in dantrolene-treated subjects (Abreu et al., 2021). These results suggest that this molecule may be beneficial in treating certain manifestations of the disease and justifies further investigation in using dantrolene sodium and other small molecules targeting the ER for the treatment of Wolfram syndrome.
Sodium valproate is a drug indicated to treat different neuropsychiatric disorders, such as epilepsy, bipolar disorder, and migraine. This molecule exerts its beneficial effects through multiple mechanisms of action (Johannessen and Johannessen, 2003; Rosenberg, 2007). In the context of Wolfram syndrome, sodium valproate was shown to increase WFS1 mRNA expression in neuronal cells by activating its promoter. Moreover, this drug was shown to enhance the dissociation of WFS1 from GRP94, suggesting that it may have ER stress–modulating effects (Kakiuchi et al., 2009). A recent study showed that sodium valproate also reduces ER stress and cell apoptosis in Wolfram syndrome 1 models caused by dominant WFS1 mutations (Batjargal et al., 2020). This drug received orphan designation for Wolfram syndrome from the EMA and the FDA. A phase II, placebo-controlled clinical trial with 70 pediatric and adult Wolfram syndrome patients has been launched (Trial Number: NCT03717909, https://clinicaltrials.gov/ct2/show/study/NCT03717909). The aim of this study is to assess the efficacy, safety, and tolerability of sodium valproate in the treatment of Wolfram syndrome patients. The primary outcome of this trial is visual acuity, and the secondary outcomes are safety, tolerability, and neurological outcomes.
Table 3 provides additional information about the aforementioned drugs, including pharmaceutical companies or academic institutions involved in designing and running the clinical trials, and whether the drugs received orphan designation from the EMA and/or the FDA, and the sponsors that made the orphan designation request.
TABLE 3 | List of the repurposed drugs, with and without orphan designation or drug marketing authorization for Wolfram syndrome (WS) mentioned in this article. The sponsors (entities involved in making the orphan designation request to the EMA or the FDA), and the public or private organizations involved in designing and running the clinical trials are detailed. N/A = non-applicable.
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GLP-1 analogs also appear as a promising therapeutic opportunity for Wolfram syndrome (Table 3). As mentioned before, these molecules are used for the treatment of type 2 diabetes and were shown to alleviate ER stress (Cunha et al., 2009; Drucker, 2018) and enhance the expression of anti-apoptotic proteins (Yusta et al., 2006; Cunha et al., 2009). Moreover, some of them cross the blood–brain barrier and confer neuroprotection (Holst et al., 2011; Hunter and Holscher, 2012; Porter et al., 2013; Zhang et al., 2018). In addition, it was shown that topical administration of GLP-1 analogs prevents retinal neurodegeneration, suggesting that these molecules may be useful to treat diabetes, neurodegeneration, and blindness in Wolfram syndrome (Hernandez et al., 2016; Hernandez et al., 2017). Accordingly, it was shown that acute exenatide injection in a mouse model of the disease enhances insulin secretion (Sedman et al., 2016) and that prolonged exenatide and liraglutide administration in WFS1-deficient mice and rats prevent glucose intolerance and improve glucose-stimulated insulin secretion by reducing cellular stress (Kondo et al., 2018; Toots et al., 2018). Additionally, a follow-up study performed with WFS1-deficient rats showed that the 6-month liraglutide treatment in these animals reduced neuroinflammation and improved ER stress in the inferior olive (Seppa et al., 2019). Moreover, this drug protected retinal ganglion cells from cell death and optic nerve axons from degeneration, suggesting that GLP-1 analogs may, indeed, be beneficial in preventing neurodegeneration and vision loss (Seppa et al., 2019). GLP-1 agonist treatment significantly improved the glycemic control in a patient with a dominant form of Wolfram syndrome, suggesting that treatment with these drugs should also be considered in patients with dominant forms of Wolfram syndrome (Scully and Wolfsdorf, 2020).
Exenatide was shown to also be beneficial in Wolfram syndrome 2. Indeed, in a β-cell model of the disease, these drugs improved glucose-stimulated insulin secretion, reduced the accumulation of labile iron in the mitochondria, and alleviated oxidative stress. Moreover, exenatide administration in one Wolfram syndrome 2 patient resulted in a 70% reduction in daily insulin requirements, improved glycemic control, and 7-fold increase in maximal insulin secretion (Danielpur et al., 2016). Altogether, these results provide evidence of the important therapeutic potential of these drugs in Wolfram syndrome. Accordingly, a clinical trial with exenatide in Wolfram syndrome 2 (Trial Number: NCT010302327) was launched, and a second one with liraglutide (Victoza®) in Wolfram syndrome 1 patients has recently been announced by Washington University with the help of the Snow Foundation (https://thesnowfoundation.org/trial-of-liraglutide-in-wolfram-syndrome/). If these drugs are shown to slowdown or revert some of the clinical manifestations of the pathology, it will constitute a great advancement in the management of this life-threatening orphan disease.
Wolfram Syndrome Patient Associations and Foundations
Many Wolfram syndrome patient associations exist that importantly contribute to fund preclinical and clinical research projects focused on the development of therapeutic opportunities for the disease. The Wolfram Syndrome Research Alliance (WSRA) (https://www.wsresearchalliance.org/foundations-supporting-ws-research.html) serves as a centralized portal to connect and coordinate the efforts of researchers, clinicians, and governmental and non-profit agencies to accelerate the development of effective treatments. This portal also provides the full list of existing Wolfram syndrome patient associations, the research groups currently working on the disease, and a pipeline of the potential therapies under study. Accordingly, different studies based on Wolfram Syndrome are funded by various patient advocacy groups. As mentioned in some examples, the clinical trial of sodium valproate (NCT03717909) initiated in October 2018, is supported by Wolfram Syndrome United Kingdom https://www.findacure.org.uk/drug-repurposing and United Kingdom Research and Innovation (UKRI) https://gtr.ukri.org/projects?ref=MR%2FP007732%2F1, the trial with dantrolene sodium, has been funded by the Snow Foundation and the Ellie White Foundation, and the Liraglutide trial (Victoza) in the United States is currently supported by the Snow Foundation https://thesnowfoundation.org/clinical-trials. The Eye Hope foundation http://www.eyehopefoundation.org/en and the Alianza de Familias Afectadas por el syndrome de wolfram https://afasw.com/have been funding research projects related with the repurposing of GLP-1 analogs for the treatment of Wolfram syndrome among others. The Association Syndrome de Wolfram (https://www.association-du-syndrome-de-wolfram.org/) organizes a family day so that families can get together and share their experiences in coping with the disease. This also provides a way for obtaining mutual support. Additionally, researchers, doctors, and psychologists are invited to provide useful information, namely, about new research and clinical trials.
Amyotrophic Lateral Sclerosis
Clinical Features and Genetic Cause
Amyotrophic Lateral Sclerosis (ALS) is a devastating, highly heterogeneous, rare motor neuron disease with an estimated prevalence in Europe of 2–3 per 100,000 individuals (Logroscino et al., 2010). The disease is characterized by progressive and selective degeneration of the upper motor neurons (projecting from the cortex to the brainstem or the spinal cord) which causes spasticity and muscle weakness and lower motor neurons (projecting from the spinal cord or the brain stem into the muscle) that causes fasciculation, cramps, and muscle wasting (Ravits et al., 2007a; Ravits et al., 2007b; Hardiman et al., 2017; Gromicho et al., 2020). Defects in neuromuscular junctions resulting in skeletal muscle denervation and progressive muscle atrophy have also been described (Cappello and Francolini, 2017). The onset of the disease usually occurs in adulthood during the sixth decade of life, and most ALS patients die from respiratory insufficiency within 2–3 years of symptom onset (Renton et al., 2014; Hardiman et al., 2017). There is currently no treatment to cure the disease. In 60% of the patients ALS has spinal onset, but in some individuals, the disease has bulbar onset that is characterized by dysarthria and dysphagia, while muscle weakness, spasticity, dysarthria, and dysphagia are the most common motor manifestations in ALS; a high proportion of the affected individuals also present cognitive and behavioral impairment (Phukan et al., 2012; Elamin et al., 2013; Al-Chalabi et al., 2017; Hardiman et al., 2017; Matilla-Duenas et al., 2017). ALS is a complex heterogeneous and multifactorial polygenic disorder with a Mendelian pattern of inheritance in 10% of the cases (familial ALS, fALS), and with no evident family history in the remaining cases (sporadic ALS, sALS) (Alsultan et al., 2016). Mostly all fALS instances are inherited in an autosomal dominant way; however, autosomal recessive and X-linked forms also exist. It has been proposed that ALS has oligogenic inheritance (meaning that a phenotypic trait is caused by mutations in more than one gene) and genetic pleiotropy (meaning that a single gene has multiple phenotypic manifestations). Indeed, mathematical models based on population-based registries suggested that ALS patients carry several risk variants that interact with environmental factors predisposing people to the disease (Hardiman et al., 2017). Accordingly, mutations in more than 50 different genes have been identified as being associated with the disease (Mejzini et al., 2019). Mutations in four of those genes, namely, C9orf72 (encoding guanine nucleotide exchange C9orf72), SOD1 (encoding superoxide dismutase 1), FUS (encoding the RNA binding protein FUS), and TARDBP (encoding TAR DNA-binding protein 43, TDP43) account for around 70% of all fALS cases (Al-Chalabi et al., 2017; Hardiman et al., 2017), and were also found to be present in 10% of the sALS cases. In the remaining cases, the actual cause of the disease remains unclear, but it has been proposed that exposure to certain environmental insults and lifestyle factors may influence the development of this disease (Bradley et al., 2013; Wang et al., 2017) (Figure 4). The full list of ALS-associated genes can be found in the study by Mejzini et al., (2019).
[image: Figure 4]FIGURE 4 | Clinical manifestations and molecular disease mechanisms in amyotrophic lateral sclerosis. This pathology may have familial origin (fALS) or sporadic origin (sALS). The first has Mendelian inheritance, while the second has mostly idiopathic causes. In both forms of ALS, diverse cellular alterations exist resulting in motor neuron dysfunction and death which cause the clinical manifestations of the disease. Repurposed drugs with and without orphan designation for ALS are highlighted in blue along with the cellular dysfunctions or clinical manifestations that they tackle. AD, autosomal dominant; AR, autosomal recessive; C9orf72, gene encoding guanine nucleotide exchange; FUS, gene encoding the RNA-binding protein FUS; SOD1, gene encoding superoxide dismutase 1; and TARDBP, gene encoding TAR DNA-binding protein 43, TDP43.
Molecular Phenotype
The pathophysiological mechanisms of the disease are not well understood; however, it is known that aggregation and accumulation of ubiquitylated protein inclusions in the cytosol of motor neurons are a neuropathological hallmark of ALS (Hardiman et al., 2017). Interestingly, in around 97% of ALS patients, these aggregates are constituted of TDP43 protein (even in the absence of TARDBP mutations). In some more rare cases, these protein aggregates are constituted of other mutated proteins, such as SOD1. Despite the protein aggregates being the hallmark of ALS, it has been proposed that the high–molecular weight protein complexes (that are present before the aggregate formation) might, in fact, be the real mediators of cell toxicity (Ross and Poirier, 2005).
Multiple factors may contribute to neuronal damage in ALS. Indeed, a large number of cellular alterations have been detected which, in most cases, are the consequence of the identified mutations. Briefly, impaired protein homeostasis and altered autophagy, aberrant RNA metabolism, increased oxidative stress, mitochondrial dysfunction, impaired DNA repair, dysregulated endosomal and vesicle transport, neuroinflammation, glial dysfunction, axonopathy, hyperexcitability, and oligodendrocyte degeneration are the main cellular disturbances detected in ALS (Rowland and Shneider, 2001; Hardiman et al., 2017; Mejzini et al., 2019) (Figure 4). For a detailed description of these mechanisms and their associated genes, refer to the articles by Hardiman et al. (2017) and Mejzini et al. (2019).
Approved and Non-Approved Orphan-Designated Repurposed Drugs for Amyotrophic Lateral Sclerosis
Currently two orphan-designated drugs received marketing authorization for the treatment of ALS. The first one, riluzole, received this authorization in the United States and Europe, while the second, edaravone, was only authorized by the FDA since the marketing authorization request to the EMA was withdrawn by the developing company in May 2019 (https://www.ema.europa.eu/en/documents/medicine-qa/questions-answers-withdrawal-marketing-authorisation-application-radicava-edaravone_fr.pdf). Riluzole is not a repurposed drug but an anti-glutamatergic compound, specifically developed for the treatment of ALS. It is shown to slow muscle strength deterioration in ALS patients and prolong their survival (Bensimon et al., 1994; Lacomblez et al., 1996a; Lacomblez et al., 1996b; Bensimon et al., 2002).
On the other hand, edaravone is a free radical scavenger that lowers neuronal damage and was initially approved in Japan for the treatment of acute cerebral infarction (Edaravone Acute Infarction Study, 2003). Administration of this molecule soon after the onset of the symptoms improved motor function and decreased SOD1 deposition in rodent ALS models (Ito et al., 2008; Aoki et al., 2011). In a phase II clinical trial with ALS patients, edaravone was relatively safe and well tolerated, and slowed the progression in motor dysfunction (Yoshino and Kimura, 2006). An initial phase III trial, however, failed to demonstrate the efficacy of edaravone to delay the disease progression (Abe et al., 2014). Nevertheless, a post hoc analysis of this trial showed that patients with early symptoms were more prone to respond to the treatment (Takei et al., 2017). Based on these results, an additional phase III clinical trial was performed in which the recruitment criteria were modified in order to work with a more clinically homogeneous patient population who were more likely to respond to the treatment (Writing and Edaravone, 2017). In this study, edaravone was shown to be effective in slowing down the decline in motor function in ALS individuals, fulfilling the criteria identified in the post hoc analysis of the previous phase III study, but not in a wider ALS population, who did not meet this criterion (Writing and Edaravone, 2017). Since all these clinical studies were performed in Japan, and the ALS genetics may vary between populations (Hardiman et al., 2017; Mejzini et al., 2019), further studies are needed to confirm the extrapolability of these findings to other ethnicities. Interestingly, a recent analysis of post-marketing clinical outcomes of edaravone in different countries showed that the drug induced a moderate reduction in disease progression in Kuwait and Korea, while no beneficial effects were reported in Italy and Israel (Ortiz et al., 2020). Further post-marketing reports on the clinical outcomes of edaravone administration are still needed to get a better view of the effectiveness of this drug. Despite riluzole and edaravone being available for the treatment of some ALS patients, there is currently no therapy that can benefit all of them. Therefore, further disease-modifying treatments are needed to handle this life-threatening disease.
Accordingly, because of preclinical and clinical research efforts, more than 30 additional repurposed and non-repurposed substances have received orphan designation for ALS without being yet authorized (https://www.orpha.net/consor/cgi-bin/index.php). Arimoclomol and ambroxol are only two examples of orphan-designated repurposed drugs.
Arimoclomol is a drug originally developed for the treatment of diabetic neuropathy and insulin resistance (Kurthy et al., 2002). This compound is a hydroxylamine derivative that works as a heat shock protein (Hsp) co-inducer in conditions of cellular stress (Hargitai et al., 2003). Treatment with this molecule results in the upregulation of several Hsps, including Hsp60, HsP70, Hsp90, and Grp94 (Vigh et al., 1997). Modulation of the Hsp response was shown to be beneficial for diseases associated with protein aggregation since it reduces the protein aggregation itself and diminishes cellular stress and apoptosis (Kalmar et al., 2005; Kalmar et al., 2014). Related with ALS, arimoclomol was shown to improve limb strength, neuron survival, and life span of SOD1G93A mice, a fALS model, while reducing the abundance of ubiquitin-positive aggregates in the motor neurons (Kieran et al., 2004; Kalmar et al., 2008). In addition, arimoclomol was shown to be safe and well tolerated in a double-blind, placebo-controlled trial performed with rapidly progressive SOD1-mutant ALS patients (Benatar et al., 2018). This initial study also suggested that the molecule could have therapeutic benefit for these patients (Benatar et al., 2018). Unfortunately, a randomized, placebo-controlled, phase III clinical trial with arimoclomol (ORARIALS-01 phase III trial, NCT03491462), that was started in 2018 and whose results were much awaited, failed to improve motor function and patient survival upon chronic treatment, as well as the ability to perform daily tasks, time to permanent assisted ventilation, and changes in lung function (defined as secondary endpoints of the study) https://alsnewstoday.com/news-posts/2021/05/11/arimoclomol-fails-phase-3-als-trial-does-not-show-efficacy-per-topline-data/).
Ambroxol, a beta-glucocerebrosidase 2 (GBA2) inhibitor originally indicated as a generic expectorant and mucolytic drug to treat respiratory tract infectious disorders (Nobata et al., 2006), has been recently found to be a potential drug candidate for ALS treatment. In a fALS transgenic mouse model, the SOD1G86R mouse, this drug delayed the disease onset, improved motor function, and rescued neuronal death by regulating the glycosphingolipid metabolism, a pathway that is importantly altered in the CNS of these mice and ALS patients (Dodge et al., 2015; Henriques et al., 2015; Henriques et al., 2017; Bouscary et al., 2019; Bouscary et al., 2020). Despite these promising results in mice, clinical trials are still needed to evaluate the safety and effectiveness of this drug in ALS patients. Table 4 provides additional information about the aforementioned drugs, including pharmaceutical companies or academic institutions involved in designing and running the clinical trials, and whether the drugs received orphan designation from the EMA and/or the FDA, and the sponsors that made the orphan designation request.
TABLE 4 | List of the repurposed drugs, with and without orphan designation or drug marketing authorization for amyotrophic lateral sclerosis (ALS) mentioned in this article. The sponsors (entities involved in making the orphan designation request to the EMA or the FDA) and the public or private organizations involved in designing and running the clinical trials are detailed. N/A = non-applicable.
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Besides the molecules described above, a large number of additional repurposed drugs are currently being tested as potential therapeutic agents for ALS. Between them, neuroleptics have been identified as lead compounds for the management of the disease. Recently Patten et al (2017) performed a phenotypic drug screening of an approved drug compound library containing 3,850 molecules on C. elegans transgenics-expressing mutant TDP-43 (a protein mutated in ALS patients). Since the worms expressing the mutated protein exhibit paralysis phenotypes, this model allows the identification of compounds with beneficial effects in motor function. From the 24 compounds identified as potentially beneficial, 13 were neuroleptics. The positive hits were retested in worms and in zebrafish, expressing mutated TDP-43, FUS, and SOD1. These studies identified pimozide, an FDA-approved neuroleptic used to treat chronic psychosis, Tourette syndrome, and tics (Shapiro et al., 1987), as the drug with the strongest beneficial effect in motor function in these two models and a rodent model of fALS—the SOD1G37R mouse (Patten et al., 2017). Despite these promising results, a recent study with two other ALS mouse models showed that the chronic administration of pimozide does not attenuate motor and pathological deficits and, in some cases, had deleterious effects (Pozzi et al., 2018). Regarding the effect of the drug in humans, an initial clinical study analyzing the effect of pimozide in ALS patients compared to other potentially neuroprotective compounds suggested that this drug may reduce the patient’s disease progression (Szczudlik et al., 1998). Since this trial was unblinded, a factor that may importantly influence the results, two additional trials were performed: a pilot randomized, double-blinded, placebo-controlled trial with ALS patients to assess the safety and tolerability of pimozide, and phase II randomized, placebo-controlled, double-blinded, multi-centre clinical trial of pimozide in 100 ALS patients to evaluate the effectiveness of the drug in slowing ALS progression. The former showed that the drug is safe and well tolerated in doses up to 4 mg/day (Patten et al., 2017), while the latter, initiated in October 2017, has not been finished yet.
An inducible drug repurposing screening using pluripotent stem cell (iPSC)–derived motor neurons from an ALS patient with an SOD1 mutation identified bosutinib, a tyrosine kinase inhibitor indicated for the treatment of chronic myeloid leukemia, as a drug with potential therapeutic benefits for ALS (Imamura et al., 2017). This molecule was not only beneficial for the cells mentioned before but also increased the survival of iPSC-derived motor neurons from patients with sALS or other forms of fALS (Imamura et al., 2017), and the contractability of iPSC-derived skeletal muscle cells from ALS patients (Osaki et al., 2018). In addition, bosutinib modestly extended the survival of an ALS mouse model with SOD1 mutation (Imamura et al., 2017). Based on these promising findings, an open-label, multicenter, phase I, dose-escalating clinical trial with bosutinib in ALS patients (iDReAM study) has recently been designed to assess the safety, tolerability, and efficacy of the molecule (Imamura et al., 2019). No results are yet available for this trial.
Besides these efforts, in silico approaches are currently being actively used for the identification of repurposed drug candidates with potential beneficial effects in ALS. These strategies that exploit current knowledge on disease-associated genes and disease mechanisms, protein–protein interactions, signaling networks, and drug-target interactions allow to save time and resources on the identification of candidate compounds. Accordingly, Fiscon et al. (2021) exploited SAveRUNNER, a recently developed network-based algorithm for drug repurposing, which quantifies the proximity of disease-associated genes to drug targets to identify drug candidates for ALS. This approach allowed to identify 403 repurposable drugs that were strongly associated with the disease. Most of these compounds belonged to drug families already identified as having disease-modifying potential, but some were non-customary ALS drugs (Fiscon et al., 2021). Among the latter, modafinil, a compound that elevates histamine levels in the neocortex and the hypothalamus and which is currently indicated for the treatment of hypersomnolence and narcolepsy (Ishizuka et al., 2010), was identified as the drug with the highest predictive score for ALS alone or combined with other drugs that are currently being tested in clinical trials (Fiscon et al., 2021). In the past, modafinil was proposed as a drug used to treat fatigue in ALS patients. An open-label, control study and a placebo-controlled trial with modafinil showed that this drug is safe and well tolerated and may, indeed, decrease fatigue in ALS patients (Carter et al., 2005; Rabkin et al., 2009). These results and the ones from the in silico prediction study (Fiscon et al., 2021) point to modafinil as a promising drug for ALS treatment whose beneficial effect needs to be proved in further clinical trials.
The main characteristics of the drugs mentioned above are summarized in Table 4.
Amyotrophic Lateral Sclerosis Patient Associations and Foundations
There are a large number of ALS patient associations and foundations that are compiled in the North database (https://rarediseases.org/rare-diseases/amyotrophic-lateral-sclerosis/). The ALS association (https://www.als.org/), ALS Canada (https://www.als.ca/), the International Alliance of ALS/MND associations (https://www.als-mnd.org/), and ALS Liga België Vzw–Ligue SLA Belgique Asbl (https://als.be/fr/qui-sommes-nous) are just a few examples of non-profit organizations that provide assistance to people with ALS, coordinate multidisciplinary care, and fund research programs all over the word to discover treatments and a cure for ALS.
CONCLUSION
The four rare neurodegenerative diseases taken as example in this study clearly highlight the limited availability of approved therapies for the management of rare pathologies, harnessing the importance of drug repurposing–based approaches to fill these gaps. Indeed, drug repurposing appears to be a cost- and time saving procedure in the research and development of orphan drugs. The identification of repurposed drugs with potential therapeutic benefit involves experimental or in silico approaches that depend on a good understanding of the molecular disease mechanisms, highlighting the key role of fundamental research in the process. During the last years, the utilization of patient stem cell–based high-throughput screening approaches and in silico prediction tools such as network mapping, genome-wide association studies, (GWAS) and rare variant association studies (RVAS) significantly accelerated the identification of candidate drugs for disease treatment. However, despite these very good advances that helped identify promising drugs for the treatments of different rare diseases, including HD, FRDA, Wolfram syndrome, and ALS, there is still an important translational gap between the volume of preclinical and clinical research conducted and the number of repurposed approved drugs. This is the consequence of several factors, for example, the complexity of organizing clinical trials in rare diseases due to reduced patient number, their wide geographical distribution, their short life span, and the severity of the diseases that complicate the study design, the determination of the relevant clinical endpoints, and the ethical concerns in introducing a placebo group in the trial which, if present, may discourage the patients to participate in the study, and if absent will reduce the validity of the trial. Moreover, the important rate of late-stage failure of clinical studies, as observed for the rare neurodegenerative diseases described in this article is another important factor contributing to the reduced number of repurposed approved drugs. Indeed, HD, Wolfram syndrome, FRDA, and ALS are largely heterogenous diseases with varying severity. Clinical trials performed in large heterogenous patient cohorts often failed to demonstrate the benefits of the drugs under investigation despite very promising preclinical and pilot clinical data. This points to the need for a better clinical trial design to evaluate drug effects in specific patient cohorts as highlighted by several post hoc data analyses.
Taking all this into consideration, further collaborative initiatives between pharmaceutical companies, small- and medium-sized enterprises, academic researchers, patient associations, and regulatory authorities are needed, which not only accelerate the identification and validation of repurposed compounds but also improve the design and organization of clinical trials. Indeed, a more systematic interaction between the clinical trial organizers and the regulatory authorities in terms of scientific advice or protocol assistance appears as the key to ameliorate the trial design by defining valid endpoints, the minimum number of patients to be enrolled, and the study format (e.g., placebo-controlled trial or N-of-1 trials). All this is expected to improve the rate of the approval of new candidate compounds and accelerate their access to the affected patients.
In conclusion, drug repurposing appears as an excellent platform to accelerate drug discovery and availability of therapeutics not only for rare neurodegenerative diseases but also for other rare pathologies. This approach can be fostered by the implementation of better economic incentives by the governments in collaboration with public–private partnerships.
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Genodermatoses are rare inherited skin diseases that frequently affect other organs. They often have marked effects on wellbeing and may cause early death. Progress in molecular genetics and translational research has unravelled many underlying pathological mechanisms, and in several disorders with high unmet need, has opened the way for the introduction of innovative treatments. One approach is to intervene where cell-signaling pathways are dysregulated, in the case of overactive pathways by the use of selective inhibitors, or when the activity of an essential factor is decreased by augmenting a molecular component to correct disequilibrium in the pathway. Where inflammatory reactions have been induced by a genetically altered protein, another possible approach is to suppress the inflammation directly. Depending on the nature of the genodermatosis, the implicated protein or even on the particular mutation, to correct the consequences or the genetic defect, may require a highly personalised stratagem. Repurposed drugs, can be used to bring about a “read through” strategy especially where the genetic defect induces premature termination codons. Sometimes the defective protein can be replaced by a normal functioning one. Cell therapies with allogeneic normal keratinocytes or fibroblasts may restore the integrity of diseased skin and allogeneic bone marrow or mesenchymal cells may additionally rescue other affected organs. Genetic engineering is expanding rapidly. The insertion of a normal functioning gene into cells of the recipient is since long explored. More recently, genome editing, allows reframing, insertion or deletion of exons or disruption of aberrantly functioning genes. There are now several examples where these stratagems are being explored in the (pre)clinical phase of therapeutic trial programmes. Another stratagem, designed to reduce the severity of a given disease involves the use of RNAi to attenuate expression of a harmful protein by decreasing abundance of the cognate transcript. Most of these strategies are short-lasting and will thus require intermittent life-long administration. In contrast, insertion of healthy copies of the relevant gene or editing the disease locus in the genome to correct harmful mutations in stem cells is more likely to induce a permanent cure. Here we discuss the potential advantages and drawbacks of applying these technologies in patients with these genetic conditions. Given the severity of many genodermatoses, prevention of transmission to future generations remains an important goal including offering reproductive choices, such as preimplantation genetic testing, which can allow selection of an unaffected embryo for transfer to the uterus.
Keywords: genodermatoses, unmet medical needs, reoriented drugs, cell therapy, genetic engeneering, personalised medicine
INTRODUCTION
Genodermatoses are rare monogenic diseases that affect less than 1/2000 people, which primarily manifest as skin abnormalities, yet they are commonly associated with systemic symptoms (Aşkın et al., 2020). Some conditions may induce neonatal mortality including Harlequin ichthyosis (HI), severe generalised junctional epidermolysis bullosa (EB), severe hypohidrotic ectodermal dysplasia (HED), Netherton syndrome (NS), as well as ankyloblepharon ectodermal defects cleft lip palate (AEC) syndrome. In many life expectancy is reduced or an enhanced cancer risk is present, as observed in xeroderma pigmentosum (XP), neurofibromatosis type1 (NF1), naevoid basal cell nevus syndrome or junctional (JEB), and dystrophic (DEB) EB. Most of these diseases also markedly affect patient quality of life (Aşkın et al., 2020). While treatment modalities are still limited, some of them evolve rapidly in regard to secondary inflammatory or oncologic consequences. At this moment, treatment options are for most of these diseases restricted to skin and wound care, comprising compounded topical preparations, surgery, symptomatic pain relief, treatment of itching, as well as treatment of complications (Bardhan et al., 2020; Mazereeuw-Hautier et al., 2019; Mazereeuw-Hautier et al., 2019; Bodemer et al., 2021; Lenders and Brand, 2021) like skin cancers (de Andrade et al., 2021). This is complemented with patient education designed to enhance disease understanding and therapy adherence, as well as to teach how to avoid triggering factors, including heat and sun exposure among others (de Andrade et al., 2021; Dufresne et al., 2013). Only very few systemic drugs are available and if so, undesirable effects must be taken into account, given that treatment may be required from birth or an early age on, as in the case of retinoid administration. The socio-economic burden of most diseases is very high. In a survey involving six European countries, the average annual costs for EB varied from country to country. These costs ranged from €9,509 to €49,233 in the reference year 2012, 18% of which were direct medical costs, 74,8% non-healthcare costs (non-healthcare transportation, social care services, and caregiver’s time), and 7.2% related to productivity losses (Angelis et al., 2016).
During the 21st century, a revolution took place that consisted in unravelling the molecular genetic background of genodermatoses, especially with the advent of high throughput sequencing techniques. This enabled the thorough investigation of underlying pathophysiological mechanisms, which in turn opened ways to new treatment modalities. This paper provides an overview of these new treatment strategies. In addition, we review the different ongoing efforts that seek to repair the causative genetic defects, yet without paying too much attention to technical features. Besides, we also present some treatment illustrations, some of which have already entered the clinical trial stage.
INTERFERING WITH THE PATHOPHYSIOLOGICAL PATHWAYS DISTURBED BY THE MUTATED GENE
Intervening in Disease Pathways
Over-activation of the involved pathway may be caused by a gain of function (GOF) of a main protein or, alternatively, by loss of function (LOF) of an inhibiting protein. To illustrate, Costello syndrome is caused by GOF mutations in the Harvey rat sarcoma viral oncogene homolog (HRAS) gene, whereas neurofibromatosis Type 1 is due to LOF mutations in NF1 gene (Walker and Upadhyaya, 2018). Both genetic variants result in an overactive mitogen-activated protein kinase (MAPK) pathway, commonly called RASopathies. Inhibiting this overactive pathway is thus a logical option, with similar drugs possibly used for different RASopathies. However, the overactive RAS proteins resulting from LOF variants in NF1 might activate several downstream pathways. This may be tissue-dependent, as hypothesised in NF-1; as a result, this requires targeting different manifestations, separately. Hence, the optimal treatment for neurofibromas may be different from those involving skeletal abnormalities or cognitive dysfunction (Walker and Upadhyaya, 2018). Fortunately, for many pathways, drugs have already been developed in the framework of other pathologies. Commonly, these are often anti-cancer drugs that may be repurposed for use in genodermatoses, provided that undesirable effects are acceptable.
A recent example is the orphan genodermatosis Olmsted syndrome. It is a rare form of painful mutilating palmoplantar keratoderma (PPK), presenting early in life with periorificial keratotic plaques, which are at times associated with alopecia, along with a risk to develop spinocellular carcinomas later in life. The cause in most patients is a heterozygous GOF mutation in transient receptor potential vanniloid-3 (TRPV3), which encodes Ca2+ permeable channels. The latter form a signalling complex with transforming growth factor-α (TGF-α) and epidermal growth factor receptor (EGFR). Over-activation of the channels stimulates TGF-α release, which in turn is a stimulating ligand for EGFR. This results in an increased channel activity, hence creating a positive feed-back loop. In a proof of concept study, three patients with activating TRPV3 mutations were treated using erlotinib, an EGFR-blocker (Greco et al., 2020). Within 3 months after initiating therapy, PPK had drastically improved and pain disappeared.
Another illustration is Gorlin syndrome, also referred to as nevoid basal cell carcinoma (BCC) syndrome, which is caused by LOF variants in the tumour suppressor patched-1 homolog gene (PTCH1), provoking release of smoothened (SMO) oncogene inhibition. This results in the subsequent re-activation of the Hedgehog-signalling pathway. Vismodegib, which is a SMO inhibitor, was able to reduce not only the tumour burden and induction of new BCC, but also the growth of jaw keratocystic odontogenic tumours in Gorlin patients (Booms et al., 2015).
Intervening within a pathway that is less active or even inactive appears to be more challenging. DNA-repair disorders are caused by a defective DNA-repair pathway that was initially aimed at restoring genomic damage. As a result, naturally occurring DNA lesions are rapidly neutralized. If this pathway is defective, this predisposes to cancer. Only very few therapeutic possibilities are available for these diseases (de Andrade et al., 2021) (Weon and Glass, 2019). Screening of a library comprising Food and Drug Administration (FDA)-approved drugs has shown that the sulfonylureas acetohexamide and glimepiride are able in vitro to enhance viability in XPA cells after UV radiation at rather high dosages (Mazouzi et al., 2017). The exact mechanism is not yet understood. Moreover, preliminary data suggest that nicotinamide or other SIRT-1 inhibitors could be of benefit for XPD/CS patients by decreasing not only UV damage but also preventing neurological degradation. Nevertheless, further studies are needed to confirm these encouraging results (Vélez-Cruz et al., 2013).
Erythropoietic protoporphyria is most often caused by a biallelic loss of function mutation in the gene encoding ferrochelatase, thereby abolishing normal haem production and resulting in the accumulation of protoporphyrin in erythroid cells. The accumulated phototoxic protoporphyrin in superficial vessels is activated by blue light. From early childhood on, severe neuropathic pain, followed by oedema and blistering develops within minutes after sun exposure, which obliges patients to avoid any sun exposure. A recent therapeutic approach is the stimulation of photoprotective eumelanin production by stimulating the melanocortin 1 receptor in melanocytes using its agonist afamelanotide. The latter is a potent analogue of human α-melanocyte-stimulating hormone. Clinically, this approach has been shown to enable symptom-free sun exposure, thereby improving patients quality of life (Langendonk et al., 2015).
Targeted Therapies for Components of Inflammatory Pathways
The genetic defects underlying genodermatoses likely induce an inflammatory reaction cascade, which contributes to the phenotypic presentation.
The hereditary ichthyoses are a large group of various diseases presenting with hyperkeratosis, scaling, and mostly different degrees of inflammation that involves the entire skin. These conditions are manifest from birth on; in rare cases, they are associated with other organ involvements (Mazereeuw-Hautier et al., 2019). This entity is a diverse group, with more than 50 genes so far identified as the underlying cause. Phenotypically, these conditions present as ichthyosis vulgaris, recessive X-linked, epidermolytic, autosomal recessive congenital ichthyosis (ARCI), and NS, among others. To date, treatment is largely focussed on targeting hyperkeratosis with topical agents and retinoids (Mazereeuw-Hautier et al., 2019). Besides, anti-inflammatory treatments based on corticosteroids and calcineurin inhibitors are commonly employed so as to control inflammation (Mazereeuw-Hautier et al., 2019). More recently, biotherapies targeting the inflammatory process, including TNF-α inhibitors and omalizumab, have been used with some success (Fontao et al., 2011; Yalcin, 2016; Roda et al., 2017).
Surprisingly, a study evaluating the immune dysregulation in patients suffering from ichthyosis identified a large number of ichthyosis subtypes that share IL-23/Th17 skewing in the skin (Paller et al., 2017). This observation offered a more solid pathophysiological basis for new treatment targets. Ustekinumab is a human monoclonal antibody that binds to the p40 subunit common to both Il-12 and Il-23. This agent thus blocks the binding of these cytokines to their receptor, and it has been successfully applied in a patient suffering from erythrodermic ichthyosis caused by a biallelic pathogenic variant in NIPAL4 (Poulton et al., 2019). This agent has also been employed with success in a patient with NS (Volc et al., 2020), and in another patient exhibiting a biallelic mutation in desmoplakin that manifested as ichthyosis (Paller et al., 2018). Different case reports and small series have already been published focussing on Il-17 inhibitors such as sekukinumab (Blanchard and Prose, 2020; Luchsinger et al., 2020; Barbieux et al., 2021) in NS, although sustained improvement could not be obtained in one patient. Given that, after this treatment, a Th2 signature remained (Barbieux et al., 2021), using dupilumab, a blocker of the IL-4 receptor’s alpha-chain, thereby blocking Il-4 and Il-13 cytokines, could be another target for some NS patients, as it has already been tested with encouraging results (Andreasen et al., 2020; Steuer and Cohen, 2020; Süßmuth et al., 2021).
A recent paper identified potential therapeutic targets for Harlequin ichthyosis (HI), which is the most severe form of ichthyosis, and it is often associated with marked neonatal lethality. In an in vitro model, investigators discovered an upregulation of IL-36α and IL-36γ, as well as of STAT1 and its downstream target, consisting of inducible nitric oxide synthase (NOS2). Treatment using either a NOS2-inhibitor or the JAK inhibitor tofacitinib was proven able to restore the lipid barrier in the HI 3D-model (Enjalbert et al., 2020). Drugs blocking either Il-36 or downstream IL-23 and IL-17 would probably be an option that deserves to be considered. Il-36 cytokines are secreted by keratinocytes, representing a danger signal. Hence, we believe this cytokine to be a potential candidate, given that it is one of the earliest cytokines that are being secreted in response to barrier disruption, as seen in ichthyosis.
However, more large-scale studies are now needed, seeking to evaluate the effect of these different biologicals and identify the precise patient profile that would best respond to the different drugs. So far, several trials have already been initiated (see Table 1).
TABLE 1 | New and repurposed drugs for different genodermatoses, based on pathophysiology (ongoing trials mentioned in clinicaltrials.gov with NCT).
[image: Table 1]Pustular psoriasis, due to a LOF mutation of Il36RN that encodes a receptor antagonist, is another disease candidate for IL-36 antagonists (Gooderham et al., 2019). Interestingly, improvement after one single injection was already observed in a proof-of-concept study involving spesolimab. This compound, which is an Il-36R blocker is investigated in a recent study (NCT02978690), however was, associated with mild to moderate undesirable effects, including infections, fever, or arthralgia, in all the seven patients that were tested. It will certainly be interesting to further assess this compound’s clinical effects and undesirable effects, as well (Bachelez et al., 2019), in larger-scale clinical trials (Choon et al., 2021), (Table1).
Familial pityriasis rubra pilaris (PRP) is commonly caused by heterozygous GOF mutations of CARD14 (Fuchs-Telem et al., 2012), which is a regulator of nuclear factor-κB (NF-κB-) signalling. As this pathway positively regulates Th17 differentiation, and in turn is regulated by TNF-α, indeed treatment with TNF-α inhibitors (Vasher et al., 2010), Th-17 inhibitors (De Felice et al., 2020) and IL12/IL23 inhibitors have been effective treatments (Eytan et al., 2014; Lwin et al., 2018). As the same CARD14 mutations have been associated with familial early-onset psoriasis (Craiglow et al., 2018), ustekinumab, namely an Il12/Il23-antagonist, may prove to be effective in these psoriasis patients (Signa et al., 2019).
However, other genodermatoses could also be candidates for targeting inflammatory mediators, provided that inflammation is actually part of their clinical manifestations. To illustrate, severe generalised EB simplex is a genodermatosis that manifests as skin blistering upon minimal trauma. This condition is caused by heterozygous KRT14 mutations, the pro-inflammatory cytokine Il-1 being strongly expressed. Diacerein is a down-regulator of the Il-1 signalling cascade, which is administered in a cream formulation. This agent has proven to be effective in reducing the number of blisters, without significant undesirable effects (Wally et al., 2018; Limmer et al., 2019). Diacerein is also under investigation for EB which is caused by mutations in other genes. AC-203 is another drug with similar properties, which is currently under investigation (Table 1). Targeting Th-17 cells, as well as TGF-β or Th-2 cytokines represent other therapeutic options (Nyström et al., 2015; Castela et al., 2019; Shehadeh et al., 2020; Zhou et al., 2021).
Table 1 provides a summary of genodermatoses, while also listing the new or repurposed drugs currently under investigation.
RESTORING THE UNDERLYING GENE DEFECT/PRODUCT
Read Through Drugs
Nonsense mutations leading to premature termination codons (PTCs) and truncated inactive or decoyed proteins are estimated to be the cause of about 11% of all monogenic diseases. Repurposed drugs like aminoglycosides favour, during translation, mispairing of near-cognate tRNA at the place of the premature termination, resulting in the incorporation of a different amino-acid into the translated protein. Usually, this transforms a nonsense mutation into a missense mutation, thereby restoring the full-length protein (Figure 1) (Nagel-Wolfrum et al., 2016).
[image: Figure 1]FIGURE 1 | Read through therapy. Nonsense mutations in various genes may be repaired by read-through therapy. Small molecules, known as TR-inducing drugs (TRIDs), enable the translation machinery to suppress a nonsense codon, which would stop further translation of the protein. It allows for the synthesis of a full-length protein with no or only minor disruption of the synthesized protein.
In genodermatoses, topical gentamycin administration on skin lesions in Hailey-Hailey disease (HHD) (Kellermayer et al., 2006), hereditary hypotrichosis simplex (Peled et al., 2020), and PPK caused by SERPINB7 mutations (Ohguchi et al., 2018), as well as topical or intradermal (ID) gentamycin administration in dystrophic EB (Woodley et al., 2017) have already been tested, yet with variable results. Moreover, in vitro tests in JEB cells were demonstrated to restore expression of laminin 332, (Lincoln et al., 2018), and of XPC in XP cells (Kuschal et al., 2015).
More studies are presently ongoing including topical application GENTELBULL (NCT04644627), with topical BPM 31510 cream (NCT02793960) in EB; intravenous (IV) administration in both JEB (NCT03526159) and DEB (NCT03392909). Trial NCT03012191 in DEB has been completed, with preliminary results showing some C7 expression in exclusively the skin in IV- or ID-treated patients, yet not in topically-treated patients.
Although these readthrough drugs look promising and could be applied in numerous genetic diseases, currently available compounds exhibit weak (less than 5%) activity in vitro, and in only a fraction of tested patients. Moreover, the oto- and nephrotoxicity of aminoglycosides is a concern in the event of long-term administration, as is the risk of antibiotic resistance if these drugs are topically applied on chronic wounds, such as in EB. There is an ongoing search for new compounds with a good safety profile or for drug combinations [for a review see (Baradaran-Heravi et al., 2016; Nagel-Wolfrum et al., 2016)]. A recent study investigated amlexanox, which has proven to be effective in cultured fibroblasts and keratinocytes from dystrophic EB patients (Atanasova et al., 2017).
Protein Therapy
Replacement of the protein encoded by the mutated gene is currently under investigation in different genodermatoses (Figure 2A). A proof of concept study using a mice model for dystrophic EB, based on missing Type VII collagen (C7) anchoring fibrils, has demonstrated that injecting normal C7 is indeed able to form anchoring fibrils at the dermo-epidermal junction (DEJ). This ability was demonstrated not only in the skin but also in the oesophagus, lasting for several weeks and preventing the mice from dying (Woodley et al., 2013; Hou et al., 2015).
[image: Figure 2]FIGURE 2 | Protein therapy. (A) Recombinant proteins can be used to replace dysfunctional ones, provided they are delivered at the site where they are expressed. In genodermatoses, topical application constitutes a possibility that may consist of creams with penetration-improved formulations, intradermal injections, or even intravenous applications if the latter enable the active principle to reach their target environment. (B) In some cases, mutations code for proteins that are misfolded, thereby remaining in the endoplasmatic reticulum. Drugs called chaperones that improve this folding are thus likely to circumvent this problem and restore protein activity to some extent.
Presently, phase 1 and 2 studies in humans are ongoing, administering IV recombinant C7 in recessive DEB (PTR-01) (NCT03752905 and NCT04599881). Immunogenicity does not appear to be a big issue. However, their size and tendency to form aggregates likely limit skin and other tissue homing. The drug has orphan designation.
Similar ongoing studies are focused on transglutaminase-1 (TGM-1)-deficient ARCI. In a skin humanized mouse model, topical application of liposomes containing recombinant human TG1 (rh-TG1) resulted in considerable improvement in ichthyosis phenotype, as well as normalization of the regenerated ARCI skin (Aufenvenne et al., 2013). More recently, such positive outcome was confirmed in a skin equivalent model using thermo-responsive nanogels (tNG) encapsulating TG1 (Witting et al., 2015; Plank et al., 2019).
The timing of protein replacement appears essential, as illustrated in hypohidrotic ectodermal dysplasia (HED), which is a disease that affects several ectodermal structures. Sweat glands, teeth development, and meibomian glands are severely impaired in this condition, with distinctive facial features usually present, as well as sparse blond hair. The condition’s most common cause is a recessive X-linked mutation in ectodysplasin A (EDA) (Schneider et al., 2018). The inability to sweat may be life-threatening due to hyperthermia.
Fc-EDA, which is a fusion protein linking the constant domain of IgG1 and the receptor-binding portion of EDA, was administered prenatally via amniocentesis into the amniotic cavities of three foetuses of two different pregnancies, namely at Week 26 for one and for the twins at Week 26 and Week 31. Sweat glands, meibomian glands, and tooth germs almost normally developed in the new-borns, being more numerous than in their affected older brothers (Schneider et al., 2018). However, when this Fc-EDA was administered to a baby at birth, no effect was observed, which further underlines that administration must be performed when the pathway is active, meaning between Weeks 20–30 during foetal development for sweat glands. Nevertheless, a larger study with EDI200 administered immediately after birth has been completed, while still awaiting results (NCT01775462).
For genetic diseases caused by retention of the defective protein within the endoplasmatic reticulum, due to misfolding and subsequent absence of transport to the Golgi apparatus, chaperone therapy is under investigation, mostly based on low concentrations of competitive inhibitors. By binding to misfolded enzymes and forming stable complexes instead, the transport and further processing into the Golgi apparatus is being restored. As a result, some (variable) enzymatic activity and partial phenotype rescue is rendered possible (Figure 2B). This technique is under investigation for storage diseases like Gaucher and Fabry disease and also in oculo-cutaneous albinism Type A (OCA1A), (Table 2) (Lenders and Brand, 2021; Teramae et al., 2019), while it may also be taken into consideration for keratinopathies (Chamcheu et al., 2011).
TABLE 2 | Treatments under investigation aiming to restore protein expression (ongoing trials mentioned in clinicaltrials.gov with NCT)
[image: Table 2]TABLE 3 | Cell and gene therapies under investigation for genodermatoses mentioned in clinicaltrials.gov with NCT.
[image: Table 3]Both enzyme replacement and chaperone therapy are similarly being investigated for the treatment of porphyrias. Nevertheless, the major drawback of these approaches consists in their delivery to the targeted organ (Bustad et al., 2021).
Cell Therapy
Restoring the defective protein by administrating allogeneic cells is another approach in managing genodermatoses (Figure 3). Collagen 7 (C7) is produced by keratinocytes and fibroblasts. Early experiments showed that IV injection of human fibroblasts in athymic mice resulted in the deposition of human C7 that formed anchoring fibrils at the DEJ, yet which occurred in wounded but not in normal mice skin (Woodley et al., 2007). Subsequently, three studies conducted in humans demonstrated ID injection of allogeneic fibroblasts to fasten the healing of wounds in most tested DEB patients (Petrof et al., 2013; Venugopal et al., 2013; Moravvej et al., 2018). Nevertheless, no difference in healing time was observed in comparison with the lesions injected with the vehicle containing albumin and growth factors (Venugopal et al., 2013). Interestingly, the patients who failed in these three studies were unable to express own C7, while the anchoring fibrils seen in the biopsies were rudimentary (Wong et al., 2008). Despite the allogeneic fibroblasts disappearing after 2 weeks, the clinical effect of one single injection lasted 1 month in one study (Petrof et al., 2013), and up to 3 months in another (Moravvej et al., 2018), with C7 expression sustained over 9 months. In contrast with the animal studies, this clearly suggests that the major effect probably consisted of an increase in recipients COL7A1 mRNA and mutant C7 levels, which was induced by paracrine mediators secreted by the allogeneic fibroblasts (Wong et al., 2008), such as heparin-binding epidermal growth factor-like growth factor (HB-EGF) (Nagy et al., 2011).
[image: Figure 3]FIGURE 3 | Cell therapy. Allogeneic cells secreting the proteins that are dysfunctional within the patient may improve disease severity. Fibroblasts injected in chronic wounds in dystrophic epidermolysis bullosa are currently under investigation. Bone marrow transplantations improve wound healing and systemic symptoms; nevertheless, this technique requires pre-transplantation conditioning, which is associated with a risk of undesirable effects and even mortality. More recent is the use of allogeneic mesenchymal stem cells, which does not require conditioning. Immune reactions are less common when fibroblasts or mesenchymal stem cells are employed, in comparison with hematopoietic stem cells. These reactions are more common in the event of mutations without spontaneous protein expression in the patient.
Allogeneic bone marrow (BM) transplantation is a technique that was primarily designed to treat hematopoietic malignancies. Later on, this technique was found to be effective in reversing the phenotype of some genetic diseases, primarily comprising primary immune-deficiencies. However, this same approach has also been shown to attenuate the muco-cutaneous manifestations and improve the quality of life of severe JEB and DEB (Wagner et al., 2010). By reducing the intensity of the conditioning regimen, essential undesirable effects and mortality could be reduced (Tolar and Wagner, 2013). Further research allowed for unravelling the potential underlying mechanism (Tamai and Uitto, 2016), thereby refining the technique. Release of high mobility group box 1 protein (HMGB1) from necrotic epithelial cells does transfer signals to bone marrow-derived PDGFRa+/CXCR4+ cells. This leads to their migration into circulation, along with subsequent homing to the damaged skin through stromal cell-derived factor 1a (SDF-1a)/CXCR4 axis (Tamai and Uitto, 2016). The most essential action of MSCs is likely the secretion of anti-inflammatory agents, whereas they may also differentiate into fibroblasts and keratinocytes. Transplanted patients are able to receive skin grafts from the same donor, which survive for long periods and outgrow into adjacent wounds, thereby suggesting immune tolerance and outgrowth of stem cells (Ebens et al., 2020).
Three open clinical trials have been conducted to date, involving subjects with RDEB using MSCs from healthy donors. Of these, two were carried out in children (Petrof et al., 2015; El-Darouti et al., 2016) and one in adults (Rashidghamat et al., 2020). In these trials two or three IV injections were administered over a 1-month period, without any HLA matching or preconditioning. Effects on wound healing, pain, and especially pruritus seemed to be rather promising, with only mild undesirable effects observed. The latter were mostly transient, and all were unrelated to MSCs. A major concern, however, has been the development of squamous cell carcinomas (SCC) in two out of 10 adult participants during the study period (Rashidghamat et al., 2020). Nevertheless, the causality of this serious event is still being debated, given that SCCs represent a naturally occurring complication of RDEB. No increase in C7 or anchoring fibrils at the DEJ could be detected in skin biopsies. The improvement in adhesion has been attributed to either an increased expression of other junctional adhesion proteins or a reduction in inflammatory mediators that impair DEJ adhesion. Optimizing the number and frequency of MSC infusions, while addressing specific MSC subpopulations like skin homing ATP-binding or cassette subfamily B member 5 positive (ABCB5) MSC (Riedl et al., 2021) are currently being studied and designed to improve the outcome results. Injection of MSC-derived anti-inflammatory products carried in exosomes (Perdoni et al., 2014; Shabbir et al., 2015; McBride et al., 2018) is similarly under investigation, as are HMGB1 and SDF1 able to attract MSC.
Gene Therapy
In principle, all genodermatoses are candidates for gene therapy (Ain et al., 2021).
The major obstacle to this process is the efficient, safe, and targeted delivery of the gene (Ain et al., 2021; Bustad et al., 2021). Non-integrating viral vectors like adenoviruses were the first to be applied and have so far been the most widely used. Nevertheless, they carry a restricted cargo potential, which may be a limiting factor for large genes such as NF1 (Walker and Upadhyaya, 2018). Besides, herpesviruses are commonly chosen for in vivo transfection. Retroviruses and the subgenus lentiviruses, as well, have the capacity to integrate into the genome, thereby allowing for stable and long-term gene expression, yet with a risk of being mutagenic at the insertion site.
Alternatives to viruses are lipid based nanoparticles (LNPs) and polymeric nanoparticles. These have the advantage of being able to overcome proteolytic degradation in the skin, while they are devoid of mutagenic risk and permit the transport of larger fragments. Moreover, electroporation, sonoporation, iontophoresis, and microneedles are physical methods that may be applied so as to deliver products into the cells (Ain et al., 2021).
Gene administration may be ex vivo, involving cells harvested from the patient. Gene administration can also occur in vivo while delivering the vector carrying the correct gene to the patient via transfusion. In the last case scenario, the vector must be designed with a specific tropism for the target organ. Another means of administration consist of in situ injection into tissues or topical application, such as on the skin (Papanikolaou and Bosio, 2021).
Gene Insertion (Augmentation)
Gene transfer refers to the process of inserting the correct gene into the cells, in addition to the defective gene, thereby augmenting the alleles for the respective gene. This technique was first used for PID’s (Figure 4). If stem cells are transfected, there is the possibility of life long gene insertion, especially after transfecting with viruses that integrate into the genome.
[image: Figure 4]FIGURE 4 | Gene replacement therapy. Delivering the correct gene to the patient is called gene augmentation. A vector is used to transduce a recombinant gene into the patient’s cells, including keratinocytes, fibroblasts, hematopoietic stem cells, mesenchymal stem cells, or iPSC. Usually, this is carried out in vitro, which is then followed by transplantation of the transduced cells. Moreover, several vectors even allow for in vivo transduction.
The first genodermatosis studies were carried out ex vivo in TGM1-deficient ARCI keratinocytes (Choate et al., 1996). Later on, an ex vivo investigation was conducted using corrected LAMB3-deficient keratinocytes that originated from a patient suffering from JEB. This was followed by skin grafting over a small area (Mavilio et al., 2006), resulting in long-term graft survival (De Rosa et al., 2014). However, the real breakthrough came up with a JEB patient for whom 80% of the body surface were treated following ex vivo gene transfer to keratinocytes (Hirsch et al., 2017). Cultured autologous keratinocytes were transfected with retroviruses expressing full-length LAMB3. These keratinocytes were subsequently expanded in order to obtain large sheets of keratinocytes. They were then used to graft about 80% of the patient’s body surface (Hirsch et al., 2017). After 21 months, the skin displayed a normal appearance. It was demonstrated that holoclones (colony-forming stem cells with a higher growth potential than a mero- and paraclone, not containing differentiated cells) turned out to be the progenitor cells that were responsible for sustained skin regeneration, as the integration patterns of mero- and paraclones over time resemble more and more those of holoclones.
Important concerns for gene insertion, however, are vector-induced off target effects and malignancy risk, in addition to viral packaging capacity and immune reactions, especially in patients without any protein expression. Therefore, highly branched polyβ‐amino esters (HPAE) appear to be promising alternatives, designed to deliver full length COL7A1 in the form of polyplexes like AP103, which has been granted orphan drug status for DEB treatment.
Similar projects have already been initiated for other conditions, including NS (Di et al., 2011) (Di et al., 2019) (for a review see (Ain et al., 2021) (Jayarajan et al., 2021)), porphyrias (Bustad et al., 2021), and DEB (Eichstadt et al., 2019). For the latter, experiments in engineered epidermal-dermal skin substitutes suggest that expression of the COL7A1 gene in both keratinocytes and fibroblasts is most likely necessary so as to produce structurally normal anchoring fibrils. (Supp et al., 2019). This is presently further evaluated in clinical trials.
Gene Editing
Genome editing is a recent type of genetic engineering, which is still largely in the preclinical phase. With this new technology, DNA is inserted, deleted, modified, or replaced in the genome of a living organism (Figure 5), thereby enabling more precise interventions. Except for base editors that are treated later in the paper, gene editing consists of carrying out double-strand breaks using nucleases including zinc finger nucleases (ZFNs), mega-nucleases, transcription-activator like effector nucleases (TALEN), as well as the most recently introduced clustered regularly interspaced short palindromic repeats (CRISPR/Cas9 and his mutant CRISPR/Cas9 variant). These double-strand brakes (DSB) will likely be repaired by taking advantage of the cell’s intrinsic repair pathways, using either the fast, yet error prone non-homologous end joining (NHEJ), or the homology directed repair (HDR). While the latter appears to be less efficient, it is certainly more precise, enabling the precise incorporation of desired sequence alterations. These nucleases must be designed in a way that enables them to precisely target the DNA sequence (or RNA) designed to be altered, which is carried out with tandem arrays of 33–35 amino acid repeats that either bind a specific nucleotide in TALEN or a guide RNA complementary to the targeted DNA in CRISPR [for a review see (March et al., 2018)]. A vector is required to enable the tools to enter into the cells. The choice of therapeutic strategy largely depends on the mutation type to be corrected [for a review see (March et al., 2020)].
[image: Figure 5]FIGURE 5 | Gene editing. Gene editing offers diverse possibilities adapted to the genetic defect to be corrected. A vector is then required to enter the tools into the cells. The first step is to carry out a double strand break using nucleases. These breaks will be repaired by the error prone non-homologous end joining (NHEJ) with loss of a small number of nucleotides, which may result in non-expression of the aberrant protein. This option represents a therapeutic opportunity for diseases where haploinsufficiency carries an advantage in the case of over-expression of structurally aberrant proteins, which occurs in most keratinopathies. It may also have the potential of reframing in the case of indels or of deleting a codon or exon with the mutation. Repair by the homology directed repair (HDR) pathway enables incorporating the desired sequence alterations based on a donor DNA template with a normal sequence.
Disruption
of pathogenic alleles can be obtained by generating a single DSB, which is then followed by error-prone NHEJ-based repair, thereby inducing indels into the target gene. This frequently provokes frameshifts within the target allele, likely to induce premature termination codons (PTCs) followed by nonsense mediated m-RNA decay (NMD), without any pathogenic protein formation.
This technique is specially suitable for managing dominant-negative genetic variants causing skin diseases (March et al., 2020), which is the case for most keratinopathies, in which the phenotype expression results from the abnormal protein produced via a modified allele, yet not from a protein reduction, should the allele be haplo-insufficient.
Two proof-of-concept studies based on a similar, non-allele-specific protocol, were developed. The first was focused in EB simplex with mutant KRT5, targeting exon 1 of wild type and mutant KRT5 alleles (Aushev et al., 2017); the second concerned epidermolytic ichthyosis (EI), using a TALEN nuclease, designed to target a region of KRT10, upstream of a PTC known to induce a genetic knockout (March et al., 2019). Nevertheless, this technique required that, after editing, a selection of those keratinocyte clones where only the mutated allele was disrupted was performed, these may then be further expanded in culture. Both studies obtained high gene disruption percentages both in immortalized (Aushev et al., 2017; March et al., 2019) and in mutant keratinocytes from patients (March et al., 2019). Due to the selection required, this technique is only suitable for ex vivo procedures.
In addition, two mutation-specific targeting studies were conducted. Of these, one was an in vivo study conducted in KRT9 mutant transgenic mice using CRISPR-Cas9, which turned out to be successful (Luan et al., 2018). Indeed, KRT9 mutations are involved in epidermolytic PPK. A second study was conducted ex vivo in dominant DEB. Induced pluripotent stem cells (iPSCs) were successfully transduced, with loss of expression of the aberrant C7 obtained (Shinkuma et al., 2016). To be effective, a careful design is needed, which should seek complete destruction of the affected allele, thereby resulting in a complete absence of the aberrant protein.
Exon Reframing
Restoration of the reading frame may constitute a solution for frameshift inducing variants, provided that the amino-acid divergence induced by the correction results in a semi-functional protein. In this case, the same technique as for disruption may be applied, given that approximately one-third of all nuclease-induced indels lead to reading frame restoration. This approach appears useful for recessive mutations where expression of slightly modified protein variants replacing null variants is likely to provide some therapeutic alleviation. Preclinical studies have been conducted in the setting of recessive DEB. Their results demonstrated that the c.6527insC mutation of COL7A1, which is rather common in Spanish patients, appears suited for exon reframing (Chamorro et al., 2016; Mencía et al., 2018) as well as the c.5819delC, (Takashima et al., 2019).
Exon Deletion
Dual CRISPR/Cas9 targeting (with CRISPR/Cas9 sgRNA) can be used for highly efficient excision of the intervening sequence. Nevertheless, this technology carries a high risk for off target damage. Hence, an extremely careful design is required, thereby enabling this technology to exclusively target the desired DNA sequence comprising the pathogenic variant. Nevertheless, this technology appears particularly promising, especially if hotspot mutations are present in a particular exon. Indeed, this provokes protein decay and, if skipping of the exon gives rise to a functional shortened protein, this results in a less severe clinical phenotype. Preclinical studies deleting exon 80 have been carried out in vivo in COL7A1 c.6485G > A mut/mut mice (Wu et al., 2017) and in keratinocytes of Spanish patients with the recurrent c.6527insC as well (Bonafont et al., 2019). Exon skipping with antisense oligonucleotides (see next session) however is already in a more advanced developmental stage, whereas this technology is not associated with the possibility to result in permanent recovery.
Exon/Gene Insertion
Exon/gene insertion approaches utilize HDR machinery, requiring a repair template that harbours left and right homology arms, which bind with the DNA fragment surrounding the insertion place, so as to enable precise insertion of large correct DNA fragments. In comparison with gene augmentation, in which incorporation of receptor DNA occurs at random, these techniques carry the advantage of abrogating the risk of insertional mutagenesis and transgene expression. Because HDR is only active during late S/G2 replication phase, this technique appears to be poorly efficient, thus requiring selection and cultivation of correctly repaired cells afterwards. However, in theory, there is no restriction on either disease or mutation.
Preclinical studies have been performed for DEB (Sebastiano et al., 2014; Osborn et al., 2018), but in JEB as well (Benati et al., 2018).
Homologous Recombination
Directly reverting a disease-causing variant in a gene via a single-nucleotide change may be reached using homologous recombination. This is a personalized, mutation specific repair, based on a repair template during HDR, but without integrating the whole exon. The template can serve for different mutations that cover the complementary template.
This technique has been evaluated in XP fibroblast cell lines carrying a homozygous deletion in exon 9 of the XPC gene (Dupuy et al., 2013). Although a correction in only 2.5% of the cells was attained, the investigators suggested this may be sufficient for clinical efficacy. Other preclinical studies demonstrating the feasibility of this technique were conducted in recessive DEB (Izmiryan et al., 2016; Izmiryan et al., 2018; Kocher et al., 2019), along with another study demonstrating its feasibility in EBS (Kocher et al., 2017).
Base Editing
Base editing is a new technology that enables the direct, irreversible conversion of a specific DNA base into another at a targeted genomic locus. Current base editors contain a catalytically impaired CRISPR–Cas nuclease (that cannot make DSBs), serving to guide the binding, which is fused to a single-stranded DNA deaminase enzyme and, in some cases, to proteins that manipulate the DNA repair machinery (Anzalone et al., 2020). Hence, this technique does not rely on double-stranded DNA breaks. Instead, this approach uses enzymes designed to precisely rearrange some of the atoms in one of the four bases that structure either DNA or RNA. Two main classes of base editors have been developed to date including cytosine base editors (CBEs), which catalyze the conversion of C•G base pairs into T•A base pairs, in addition to adenine base editors (ABEs), which catalyze A•T–G•C conversions. Upon Cas binding, hybridization of the guide RNA spacer to the target DNA strand causes displacement of the PAM-containing genomic DNA strand to form a ssDNA R-loop (Anzalone et al., 2020), while within this loop, bases can be edited. A first proof of concept study was conducted in RDEB, providing promising results (Osborn et al., 2020). The technique’s advantage is that it is template independent, giving rise to fewer indels, while enabling high correction efficacy. However, there is a risk for off target damage. As a result, this technique is only suitable for point mutations, provided they can be targeted using CRISPR-Casp. Base editing is suitable not only for correcting single base mutations but also for gene disruption (March et al., 2020).
Natural Gene Therapy
Nature sometimes corrects a disease phenotype, and this phenomenon is called revertant mosaicism. It is not rare and well known in plant biology. In humans, this phenomenon appears to be common in self-regenerating organs like skin, blood, and liver, being particularly frequent in certain diseases. Concerning the skin, this condition was first described in JEB, presenting as patches of normal texture and tan, which never blister (Jonkman et al., 1997), with at least 35% of JEB carrying revertant patches (Jonkman and Pasmooij, 2012). Subsequently, this entity has been detected in dystrophic and simplex EB, Kindler syndrome, ichthyosis with confetti (IWC), keratitis-ichthyosis-deafness syndrome, dyskeratosis congenita, Bloom syndrome [reviewed in Jonkman and Pasmooij (2012), Pasmooij et al. (2012a)], and loricrin keratoderma, as well (Suzuki et al., 2019). In addition, the condition is commonly found in primary immunodeficiency disorders like Wiskott-Aldrich syndrome (Davis et al., 2010). The mechanisms underlying revertant mosaicism appear to be rather diverse, including gene conversion, intragenic crossover, mitotic recombination, back mutation, and second-site mutations (such as indels) (Pasmooij et al., 2012a). Ichthyosis with confetti (IWC) is caused by frameshift mutations, affecting the tail domain of the affected protein, either K10 or K1. The characteristic confetti lesions are caused by loss of heterozygosity caused by mitotic recombination (Guerra et al., 2015). Hence, there are mutations that promote reversion. In DEB and JEB patients with different small normal patches, genetic analysis revealed distinct gene conversion events (Pasmooij et al., 2005; Pasmooij et al., 2012b). Given this scenario, corrected cells would exhibit a proliferation advantage, leading locally to complete or partial phenotype reversion (Lai-Cheong et al., 2011). The triggers inducing these second hits are not yet well understood, with Sun exposure suggested for IWC. This spontaneous occurring phenomenon offers excellent therapeutic opportunities if these revertant cells expand in vivo, which is referred to as natural gene therapy. The technique’s advantages are its lack of immunogenicity and rejection risk; in addition, it does not require expensive genetic engineering techniques that are associated with a genotoxicity risk. Punch grafts (Gostyński et al., 2014) or cultured epidermal autografts (Matsumura et al., 2019) from a donor site with reverted skin onto wounds would, indeed, be the simplest method. Their survival on long-term likely depends on the presence of a sufficient number of reverted cells within the culture and, as learned from the skin graft trial using transgenic autologous stem cells in JEB (Hirsch et al., 2017), as well, on the presence of a sufficient number of holoclone stem cells, which were not seen in most biopsies taken. Reprogramming different cell types into iPSCs (Tolar et al., 2014) offers further opportunities. Tolar et al. (Tolar et al., 2014) succeeded in reprogramming revertant keratinocytes into iPSC and letting them proliferate. Subsequently, they succeeded in deriving these iPSC into hematopoietic cells, as well as epidermis-like keratinocyte layers, with C7 deposition. This outcome does open novel possibilities as these revertant hematopoietic cells could be employed for autologous HCT, without any need for pre-transplant conditioning, and with less toxicity. Moreover, as the iPSC are an inexhaustible source of keratinocytes, this technology offers tremendous possibilities in the context of local wound healing in patients carrying spontaneous revertant patches (Figure 6).
[image: Figure 6]FIGURE 6 | Natural gene therapy. Natural gene therapy is based on the appearance of normal skin within genetic aberrant one. This is caused by newly occurring mutations within genetically aberrant skin, which correct the defect, at least to some extent. This phenomenon of revertant mosaicism can be exploited for therapy by grafting this revertant skin into wounds. Reprogramming the revertant keratinocytes into iPSC and proliferation in culture do offer an inexhaustible source of cells, which can then be converted into keratinocytes or hematopoietic cells that are either transplanted or transfused into the patient.
RNA-Based Techniques
Different techniques are being developed using exogenously-administered RNA-molecules or manipulating endogenous mRNA through editing or readthrough [for a review see (Bornert et al., 2017)]. It is an alternative technique for genome editing aimed at the same type of restoration on protein level and applicable in vivo. Given that the changes are performed at the RNA level, they are, however, not long-lasting.
Small interfering RNAs (si-RNA) are small double-stranded RNAs, which target mRNA for degradation and abolishing protein production (knock-down), by using the endogenous RNA silencing complex (RISC) (Uitto et al., 2012; Bornert et al., 2017). It constitutes an alternative to gene disruption using editing techniques. To date, most research has been conducted in the field of keratinopathies. In pachyonychia congenita gene disruption was proven feasible using a mutation specific design, while destroying the mutated allele (Leachman et al., 2010). The injected lesions displayed less hyperkeratosis, however the pain the injections caused definitely restricted its use. To overcome limitations of mutation specificity, another approach consisting of eliminating both mutated and wild type mRNA has also been considered. This approach can be used if keratins are interchangeable, such as the three paralogs KRT6A, KRT6B, and KRT6C encoding the three K6 isomorphs, including K6a, K6b, and K6c, all of which are expressed in palmoplantar skin (Leachman et al., 2010). Recently, a study has been completed, involving three patients with a mutation in KRT6A targeted by the si-RNA TD101 (NCT00716014). This knock-down strategy is also under investigation for dominant dystrophic EB (Pendaries et al., 2012). A si-RNA, targeting the enzyme aminolevulinic acid synthase 1 (Givosiran), which catalyses the formation of delta-aminolevulinic acid, is also currently available. This is meant to prevent repetitive acute abdominal pain attacks occurring in certain porphyria subtypes, including some cutaneous forms like variegate porphyria, where acute abdominal pain is a presenting sign. The common mechanism is the accumulation of haem synthesis intermediates, mainly comprising delta-aminolaevulinic acid (Bustad et al., 2021).
Antisense oligonucleotides (AONs) are presently considered an attractive class of compounds. This is a personalized treatment, given that the oligonucleotides are designed to target specific disease-causing mutations, if localized on in frame exons. AONs hybridize during pre-RNA splicing, while hiding it, which results in skipping of the exon with the mutation (Bornert et al., 2017). An internally deleted protein is thereby produced, which is aimed to be still functional, hence applicable for diseases where the presence of a shorter protein provokes a less severe phenotype, as compared to its (partially) absence (Figure 7). Exon skipping is a technique that reached clinical application in Duchennes muscular dystrophy. Pre-clinial studies have so far been conducted in DEB, given that the COL7A1 gene is considered to be a good candidate, owing to its large size, counting 117 exons. Indeed, most of its exons are rather short and primarily in frame, enabling them to be removed without disturbing the open reading frame and with conservation of most of the protein. Moreover, a study focusing on clinical and molecular DEB patient data revealed that recessive variants in exons that are affected by exon skipping, as part of natural low level alternative splicing events, generally represent relatively mild phenotypes within the clinical RDEB spectrum, whereas for dominant pathogenic variants in exons undergoing natural exon skipping, it seems to make less difference (Bremer et al., 2019). In DEB models, it has been proven for exons 13, 70, 73, 80, and 105 that skipping of one exon allows for the formation of a slightly shorter, still functional protein that should improve the phenotype (Goto et al., 2006; Bornert et al., 2016; Bremer et al., 2016; Bornert et al., 2021). A first study using an AON targeting exon 73 in a carbomer-based hydrogel (Q313) in both dominant and recessive DEB is actually recruiting patients (NCT03605069). Systemic administration, as practiced in Duchennes muscular dystrophy, would offer the possibility to additionally treat extra-cutaneous symptoms, provided such application is tolerated on the long-term (Bremer et al., 2016). Exon skipping is also under investigation in the settings of COL17 A1 mutations causing junctional EB (Condrat et al., 2018). Proof of its feasibility is the spontaneous occurrence of areas of normal skin in a JEB patient being a carrier of compound heterozygous (a frameshift and a nonsense) pathogenic variants in COL17 A1. This “normal” skin showed an additional splice mutation, resulting in skipping of the exon and formation of a truncated, yet functioning, protein (Kowalewski et al., 2016). As AONs are rather short-lived, repeat treatments are likely necessary, whereas there are still some concerns with respect to long-term safety (Hilhorst et al., 2019; Nguyen et al., 2019).
[image: Figure 7]FIGURE 7 | RNA-based therapies. Interference is additionally possible at RNA level. Antisense oligonucleotides (AONs) are designed to hybridize during pre-RNA splicing to the region of the exon with a mutation. This results in skipping of this exon and production of an internally deleted protein, which is designed to be still functional. It is applicable to diseases where the presence of a shorter protein provokes a less severe phenotype than in the case of its totally or partially absence.
Mutations creating a new splice site may likewise be a good target for AONs, especially if located deeply intronic, enabling specific splicing without off target damage. These mutations prevent the splicing machinery to recognize the cryptic splice site and, as demonstrated in a preclinical study in NF1, enable restoring normal splicing (Pros et al., 2009). An AON targeting the hypomorphic FECH polymorphism IVS3-48C > T, which redirects the cryptic to the physiologic splice site, is currently under investigation for EPP (Erwin and Balwani, 2021).
Spliceosome-mediated RNA trans-splicing (SMaRT) is a technique replacing the pre-mRNA fragment, containing the disease-causing variant, thereby resulting in a hybrid full-length wild-type mRNA (Bornert et al., 2017). Using the cell’s splicing machinery, an exogenous piece of mRNA replaces the fragment containing the pathogenic variant, starting from the splice site preceding the mutation. Preclinical studies have been conducted in an in vitro disease model, using fibroblasts from EB simplex with muscular dystrophy patients, carrying variants in the plectin gene. In this model, wild type allele expression could be increased by 58.7% (Wally et al., 2008). Proof of concept was similarly obtained in a DEB model (Fritsch et al., 2009; Murauer et al., 2011; Morgan et al., 2013).
Micro RNAs (miRNAs), which remain untranslated, are endogenous post-transcriptional modulators of gene expression with critical functions in health and disease. Most probably, together with DNA/RNA methylation, they represent an important epigenetic factor regulating gene function (López-Jiménez and Andrés-León, 2021) (Wagner et al., 2021). There is some evidence that they might explain at least to some extent, several phenotypic variations of genodermatoses within individuals harboring the same genetic background. A recent study revealed miR-125b to be upregulated in HHD patients suffering from clinical symptoms (Manca et al., 2011). The authors suggest that oxidative stress-mediated induction of miR-125b (Manca et al., 2011) plays a specific role in the HHD pathogenesis, specifically by regulating the expression of proteins involved in Notch signaling. Indeed, this pathway plays a key role in keratinocyte proliferation and differentiation and possibly in clinical HHD manifestations, as well. In EB, miRNAs play a major role in fibrosis (miR-29b and miR-145) and SCC development (miR-10b) (Wagner et al., 2021). In recessive DEB, the miR-29 levels are decreased, resulting in increased miR-29 target mRNAs, including pro-fibrotic extracellular matrix collagens. It is likely to be an essential regulatory mechanism for C7 production and TGF-β-mediated fibrosis inhibition (Vanden Oever et al., 2016). MiRNAs are a recent research topic, which could bring upon novel therapeutic options in the future.
Other research topics concerning RNA-based techniques are transcript transfer, which introduces in vitro transcribed mRNA into the cell in order to translate it into wild type proteins, as well as the use of mRNA transcripts encoding nucleases for genome editing (Bornert et al., 2017; Bustad et al., 2021).
PREVENTION STRATEGIES
It is crucial that each family with an affected member receives appropriate genetic counselling regarding the variability of the disease phenotype, its genetic transmission, and the possibilities of prenatal or preimplantation genetic testing. Special educational programmes are currently available for several genodermatosis groups. The support provided by a psychologist and by patient organisations are extremely valuable and are designed to accompany the families that are confronted with such rare diseases.
Despite all these upcoming treatment possibilities, prevention of recurrence in future pregnancies remains crucial, based on techniques of prenatal or preimplantation genetic testing, with the implantation of a non-affected embryo as an option. However, this domain is beyond the scope of this article, but we refer to comprehensive reviews on these topics (Vermeesch et al., 2016; Jónsson et al., 2018; Antonarakis, 2019; Che et al., 2020).
CONCLUSION
Genodermatoses have long been considered as diseases for which effective treatments were almost non-existent, with very little hope for inventive progression. However, given that the underlying mutations are progressively unravelled and along with translational research generated, more possibilities are currently at the horizon.
These mutations may cause dysfunction of biochemical pathways thereby offering opportunities to interact with dysfunctional paths. One approach consists of repurposing drugs, which are already well-known and have been investigated for other pathologies. If inflammatory pathways are triggered, targeted biological therapies can be applied.
However, modern technologies are additionally offering new inventive tools, enabling us to intervene with the real cause of genodermatoses and thus either restore or replace the affected gene or gene-product. Some of these new techniques likely enable very precise corrections. Besides, if DNA in stem cells can be corrected, then the dream of definitive correction comes close to reality. The first, in vivo trials, using genetically-engineered cells and tissues are currently under way. These sophisticated technologies are only possible in the event that a molecular genetic diagnosis is available. Moreover, these techniques require dedicated and specialised competences, subsequent care and follow-up. For some genodermatoses, such competences are only available in certain centres. Therefore, collaboration across Europe appears crucial, allowing us to offer our patients the best possible care, with the support of the European Union. More information is to be found here: https://ec.europa.eu/health/cross_border_care/overview_en.
In this article, we have shed light over different new avenues that are currently being investigated. Each of the above-mentioned genodermatoses poses its own challenges, in regard to its way of transmission, mutation type and localisation, and altered protein function. With respect to genome editing and RNA interference, these approaches constitute personalised therapies for which feasibility, lack of undesirable effects, and off target damage, in addition to cost/effectiveness, are likely to play a role in determining which of interventions is likely to be made available for clinical use.
Therefore, information on these conditions and prevention of these, at times, severe and life threatening diseases that dramatically impair the quality of life of the patients and their families, are of interest. An increasing number of centres offer the possibility of patient follow-up at specialised consultations for genodermatoses. This is instrumental in enabling a better follow-up, superior information, earlier diagnosis of potential complications, as well as the possibility to be directed to new treatment options that are at the horizon. While the future is not yet bright, there is at least some sunshine.
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GLOSSARY
ABEs adenine base editors
AEC ankyloblepharon ectodermal defects cleft lip palate syndrome
AED anhidrotic ectodermal dysplasia/HED hypohidrotic ectodermal dysplasia
ARCI autosomal recessive congenital ichthyosis
BCC basal cell carcinoma
BM bone marrow
C7 type VII collagen
CARD 14
CBEs cytosine base editors
CRISPR/Cas9 clustered regularly interspaced short palindromic repeats
CS Cockayne Syndrome
CXCR4 C-X-C Motif Chemokine Receptor 4
DEJ dermo-epidermal junction
DSB double strand bond
EB epidermolysis bullosa (JEB junctional EB; DEB dystrophic EB)
EBS epidermolysis bullosa simplex
EDA ectodysplasin A
EGFR epidermal growth factor receptor
GLA
GOF gain of function
HB-EGF heparin-binding epidermal growth factor-like growth factor
HDR homology directed repair
HHD Hailey-Hailey disease
HMGB1 high mobility group box 1 protein
HSV human herpes virus
LOF loss of function loss of function
HI Harlequin ichthyosis
HPAE highly branched polyβ‐amino esters
ID intradermal
Indels insertions or deletions
IV intravenous
JAK
LAMB3:
LNPs lipid based nanoparticles
LOF loss of function loss of function
MAPK mitogen-activated protein kinase
MSC mesenchymal stem cells
NHEJ non-homologous end joining
NF1 neurofibromatosis type 1
NF-κB nuclear factor-κB
NIPAL4
NMD non sense meditated m-RNA decay
NOS2 nitric oxide synthase
NS Netherton syndrome
OCA oculocutaneous albinism
PDGFRα platelet-derived growth factor receptor-α
PPK palmoplantar keratoderma
PRP pityriasis rubra pilaris
PTC premature termination codons
SDF1a stromal cell derived factor 1a
SERPINB7
SMO smoothened oncogene
SCC squamous cell carcinoma
STAT
TALEN transcription-activator like effector nucleases
TGF-α (−β) transforming growth factor α (b)
TGM-1 Transglutaminase 1
tNG thermoresponsive nanogels
tRNA transfer RNA
TRPV3 Transient Receptor Potential Vanniloid-3
XP xeroderma pigmentosum (XPC type C XP)
ZFNs zinc finger nucleases
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Rare diseases (RD) pose serious challenges in terms of both diagnosis and treatment. Legislation was passed in the US (1983) and in EU (2000) aimed to reverse the previous neglect of RD, by providing incentives for development of “orphan drugs” (OD) for their management. Here we analyse the current situation in Africa with respect to (1) sickle cell disease (SCD), that qualifies as rare in the US and in EU, but is not at all rare in African countries (frequencies up to 1–2%); (2) paroxysmal nocturnal haemoglobinuria (PNH), that is ultra-rare in Africa as everywhere else (estimated <10 per million). SCD can be cured by bone marrow transplantation and recently by gene therapy, but very few African patients have access to these expensive procedures; on the other hand, the disease-ameliorating agent hydroxyurea is not expensive, but still the majority of patients in Africa are not receiving it. For PNH, currently most patients In high income countries are treated with a highly effective OD that costs about $400,000 per year per patient: this is not available in Africa. Thus, the impact of OD legislation has been practically nil in this continent. As members of the medical profession and of the human family, we must aim to remove barriers that are essentially financial: especially since countries with rich economies share a history of having exploited African countries. We call on the Global Fund to supply hydroxyurea for all SCD patients; and we call on companies who produce ODs to donate, for every patient who receives an expensive OD in a high income country, enough of the same drug, at a symbolic price, to treat one patient in Africa.
Keywords: sickle cell disease, paroxysmal nocturnal haemoglobinuria, hydroxyurea, eculizumab, orphan drugs, public health versus profit, cost of production-price mismatch, post-colonial debt
INTRODUCTION
The challenges posed by Rare Diseases have evolved in recent times in at least three ways. 1) Improved diagnosis. When the older between us was a medical student, identifying a patient with, for instance, Fanconi anaemia or Fabry disease, was regarded as an achievement of clinical acumen supported by specialized laboratory methodology: the diagnosis was often made by the individual effort of an obsessed clinical investigator. Now, in many cases, a clinical suspicion triggers DNA testing of an appropriate gene panel that can quickly confirm or refute the suspicion. 2) Increased awareness and patient empowerment. There is now a vast number of formally constituted or informal Patient Groups: a healthy development in our view. ORPHANET (https://www.orpha.net/consor/cgi-bin/index.php?lng=EN), founded in France, is now a global organization, particularly active in EU, that lists over 7,000 rare diseases and provides a wealth of information and activities; NORD (https://rarediseases.org) has a similar role in the US. 3) Legislation in the US and in Europe has introduced “Orphan Drug Designation” by FDA and EMA: in essence, a set of financial and regulatory incentives for drugs invented or re-purposed for the treatment of rare diseases.
The definition of rare disease is based on epidemiology: i.e., less than 200,000 patients overall in the US; less than five in 10,000 in EU. These are clearly arbitrary cut-offs, and they are population-sensitive. A paradigmatic example is sickle cell disease (SCD): it qualifies as rare disease in the North of the world, but it is not at all rare in parts of India and particularly in tropical Africa, where the incidence of sickle cell disease (SCD: including the types SS, SC and S-thalassaemia) is of the order of 1%, and in some countries up to 2% (Piel et al., 2010). A second example is paroxysmal nocturnal haemoglobinuria (PNH): a disease that is ultra-rare throughout the entire world (Luzzatto et al., 2011a); recently there have been impressive developments in the management of PNH.
The purpose of this paper is to outline, for these two rare diseases, the gaps between optimal current management and current reality in Africa; and to make practical proposals aiming to ameliorate the situation.
With respect to optimal management we have referred to a vast literature, with due attention to recent authoritative reviews for SCD (e.g. (Piel et al., 2017; Ware et al., 2017)) and PNH (e.g. (Hill et al., 2017; Patriquin et al., 2019)). We then analysed what actually happens in Africa: again based on the literature, drawing also from our personal experience. In Tanzania the burden of SCD is high, and a programme aiming to combine clinical care, research, training and advocacy has been running for over 15 years (Makani et al., 2018) and it has become within the continent a hub of wider cooperation named SickleinAfrica (Makani et al., 2020).
Sickle Cell Disease
SCD claims more than one “first” in medicine. The very term molecular disease was coined when it was discovered that the basis of SCD was a structural abnormality in the haemoglobin molecule in red cells (Pauling et al., 1949) (Ingram, 1956); then one allele of a DNA restriction fragment length polymorphism was the first found to be genetically linked to the haemoglobin S HBBE6V mutation (Kan and Dozy, 1978): this eased the diagnosis of SCD at the DNA level, facilitating prenatal diagnosis (Kazazian et al., 1972); at the same time, it opened up the vast research field currently known as genome wide association studies (GWAS). Prevention based on prenatal diagnosis has been widely successful for thalassemia in Sardinia (Cao and Kan, 2013) and in Cyprus (Bozkurt, 2007); but only in Cuba (another island) for SCD (Marcheco-Teruel, 2019). This important topic falls outside the scope of this paper.
With respect to management of SCD, for decades it has consisted only in the treatment of symptoms, of exacerbations, and of complications (Figure 1). Since the eighties bone marrow transplantation (BMT) was introduced as a curative approach (Vermylen et al., 1994); and a recent review has reported it can cure the disease in 90% of cases (Iqbal et al., 2021). However, for a variety of reasons only a small minority of patients receive BMT (Bolaños-Meade and Brodsky, 2014): including in the US, where the average cost of this procedure is in the range of $200,000–400,000. A survey of three sites in LMICs yields instead a cost of less than $15,000 (Faulkner et al., 2021). Based on this last figure, if a child were diagnosed with SCD at the age of 2, and if she/he were to take HU regularly (see below), by the age of 50 the expenditure on HU would be roughly the same as if BMT had been carried out at the time of diagnosis.
[image: Figure 1]FIGURE 1 | Synoptic view of two Rare Diseases, sickle cell disease (SCD) and paroxysmal nocturnal haemoglobinuria (PNH), and of drugs used in their treatment. For both diseases the pathophysiology is complex; but in SCD the primary problem is clearly sickling, whereas other features are important consequences, particularly a chronic inflammatory state; in PNH the primary abnormality is in the deficiency of the GPI-linked surface proteins CD55 and CD59, that make both red cells and platelets exquisitely sensitive to activated complement (C) (although it is not yet certain whether the marked thrombophilic tendency is a direct consequence of the platelet abnormality or an indirect consequence of intravascular haemolysis). For both diseases only major clinical manifestations are listed (VOC stands for vaso-occlusive crisis). Regarding therapy, long-established supportive measures are in green type; drugs are in italic; curative treatments are in bold: all other treatments are disease-modifying. Blue lines ending in red bars indicate the mechanism of action of targeted drugs; in PNH each drug inhibits in one way or another activation of complement (eculizumab and ravulizumab bind to C5; pegcetacoplan binds to C3: for details see (Luzzatto, 2021)). BT stands for blood transfusion; BMT indicates bone marrow transplantation (used successfully in both SCD and PNH). The area shaded in light green reflects the body of work that has led to identification of the molecular basis of the disease including the genetics, biochemistry and pathophysiology of SCD and PNH; there is also the body of experience regarding their clinical features, acquired over decades (or centuries) of basic and clinical research. The area shaded in light pink comprises innovative therapeutic measures produced by PHARMA, based on what was known in the green area, with the incentives and advantages afforded by Orphan Drug Designation (ODD). We are unable to provide, for either SCD or PNH,a$ figure for what is in green, and for what is in pink; however, we contend that a 5:1 ratio may not be an over-estimate.Hydroxyurea (HU) is an important case in point: this compound has been a drug for three-quarters of a century, and has been used in SCD over the last quarter. However, a new formulation, Siklos (containing in one capsule either 1,000 mg or 100 mg instead of 500 mg) has received designation as an orphan drug: the price per Gram is$16.50 instead of about $1. In practice, Siklos (not shown in the figure) has managed to move HU from the green area to the pink area.
BMT services are already established in six African countries (Harif et al., 2020), but in only one, Nigeria (Bazuaye et al., 2014), of those with a high prevalence of SCD1. To date, 17 patients with SCD have received BMT, and 14 have been cured without serious complications2. Thus, curative treatment of SCD is achievable in Africa, and it is an example for other centres to follow. An outstanding issue is that patient selection ought to be based on clinical criteria rather than on the ability of an individual patient to pay.
Gene therapy for SCD (see Figure 1) (Ribeil et al., 2017; Abraham and Tisdale, 2021) is a hi-tech procedure whereby the patient’s haematopoietic stem cells are ‘mobilized’, then purified, transduced in vitro with an appropriate vector, checked for successful vector integration, and finally re-infused into the patient. From the clinical point of view this is in essence a modified auto-grafting procedure that requires myelo-suppression, but does not require a donor, does not require matching, and does not entail dire immune complications such as chronic graft versus host disease: therefore it may eventually surpass BMT. Gene therapy for SCD is marketed in the form of Zynteglo, at the price of $1.8 million per patient.
With respect to (non-curative) disease-modifying drugs, progress has been slow, until in 1995 the beneficial value of hydroxyurea3 (HU) was established (Charache et al., 1995). Over the past quarter-century HU has been used extensively in many countries: including e.g. Cuba, Central America (Svarch et al., 2006) and Brazil (Vicari et al., 2005), in children and in adults. There was no reason for not using it in Africa (Luzzatto et al., 2011b); but only recently highly significant beneficial effects have been formally demonstrated in a multi-centre trial involving Congo, Kenya, Uganda and Angola (Tshilolo et al., 2019). HU is effective as long as it is taken: that means, in most cases, for a lifetime. Since there are no published data on unselected patient populations, we have polled seven colleagues who have ample experience in three countries with high prevalence of SCD (Nigeria, DRC, Ghana). From the responses received and from our experience we estimate that SCD patients in Africa taking HU regularly are less than 20%.
The obvious question is: why? In a well-rehearsed analysis of potential ‘barriers’, the following have been listed (Adeyemo et al., 2019): lack of national guidelines, concerns about infertility, carcinogenic potential and side effects, high cost and unavailability of HU, difficulty in compounding paediatric dosages, need for toxicity surveillance, lack of time/skill to explain risks/benefits, insufficient experience or knowledge regarding mechanism of action, doubts about effectiveness, safety profile of HU in pregnancy and lactation, patients’ unwillingness. Clearly this is a mix of reservations of varying weight, some from patients and some from health workers: but buried in the midst is the stark item of cost. Quoting from another paper (Ryan et al., 2020): “Physicians only prescribed hydroxyurea therapy when they perceive the patient can afford the medicine; and patients reported they only use hydroxyurea therapy when they have funds to pay out-of-pocket”. In Africa the cost of 1 G of HU (the average daily dose for an adult with SCD) generally ranges from $0.5 to $1.0 (Costa et al., 2021). The problem of course is that, unlike with an acute disease, with SCD this cost must be born for a lifetime. The data above strongly suggest that in the vast majority of cases the main barrier that limits access to regular HU is financial. Indeed, when this medicine was produced locally by galenic compounding and offered to patients free of charge (Costa et al., 2021), the uptake was 100%. In Nigeria a local industry has been sensitive to the demand arising from a ‘rare disease’ that is not rare in that country, and has knocked down the price to $0.13 (see (Galadanci et al., 2019)): we can hope that others will follow this example.
Paroxysmal Nocturnal Haemoglobinuria
PNH, like SCD, is a chronic haemolytic anemia; however, unlike SCD, it is acquired rather than inherited and, unlike SCD, it is an ultra-rare disease in every country of the world. For decades the only curative treatment has been BMT (Saso et al., 1999); the alternative was supportive treatment, including blood transfusion whenever necessary. PNH is a prototype of a non-malignant clonal disorder (Oni et al., 1970) that develops on a background of aplastic anaemia (Luzzatto and Risitano, 2018), through the expansion of a clone originating from a haematopoietic stem cell that has a somatic mutation in the PIGA gene (Takeda et al., 1993), that encodes an enzyme protein required for the biosynthesis of glycosyl-phosphatidyl-inositol (GPI). Since CD55 and CD59, two regulators of complement, are GPI-linked, they are deficient on the surface of PNH red cells: indeed hemolysis in PNH is complement-dependent. Peter Hillmen, in collaboration with Russell P Rother at Alexion, first explored complement blockade in PNH patients (Hillmen et al., 2004). Thereafter, a phase III trial of the anti-C5 monoclonal antibody eculizumab (ECU) (Hillmen et al., 2006) led to its approval by FDA and EMA as the first “PNH drug”,
The term revolutionary is sometimes over-used nowadays, but in this case it is a fact that the life of many PNH patients has been gratifyingly changed in quality, and also in duration (Kelly et al., 2011). In PNH C5 blockade, by preventing formation of the Membrane Attack Complex in the distal complement pathway (see Figure 1), abrogates intravascular haemolysis, the most disturbing pathophysiologic feature, that may contribute to life-threatening thrombosis. ECU also exemplifies how a major therapeutic innovation can be achieved: understanding the complement cascade, elucidating the pathogenesis of PNH, inventing monoclonal antibodies has required several decades of research in academic institutions; then, within a few years, a small company powered by state of the art technology was able to produce ECU. Although this successful combination did not arise through a deliberate public-private partnership, this is what it was. We can only applaud, until we look at the price: ECU is sold at about
$400,000 per patient per year. There are today in the world a few thousands patients who have received ECU for at least 10 years: each one of them has cost to a National Health Service in the EU, or to an insurer in the US, at least $4 million;
 despite the fact that ECU has had the perks of an orphan drug, and the company producing it has not paid any royalties to those who discovered PNH, complement, monoclonal antibodies. It just feels like there is something wrong here.
ECU has been a trailblazer. Soon after it was introduced, it became clear that preventing the haemolysis of PNH red cells had a down side: the un-lysed red cells are now opsonized by the complement component C3d, and thus become prey to macrophages (Risitano et al., 2009). This iatrogenic extravascular hemolysis is less severe and has less pathological consequences than the intravascular hemolysis of untreated PNH patients; but it has been a stimulus to try and do better. Three new molecules that target the proximal complement pathway, upstream of C5, are now on track to become medicines for PNH, and more are in the pipeline. ECU has been a trailblazer, unfortunately, also with respect to price: in this respect new molecules are likely to converge on using ECU as a benchmark. Indeed, pegcetacoplan (Hillmen et al., 2021), that is already FDA-approved, has a price-tag of $458,000 per year.
Since PNH is ultra-rare, it is not surprising that there have been very few cases reported from Africa (Manuel, 1969; Oni et al., 1970; Rizk et al., 2002; Lumori and Muyanja, 2019); in Tanzania we have so far diagnosed four patients (Ally et al., 2019). At the moment, as far as we know, ECU is not available in Africa, or in most Asian countries (including India and China), or in most countries in Latin America, and even in some EU countries. One of us, on account of age, has some experience of managing PNH from the pre-ECU era: but in one severe case we have formally requested from the Alexion company this drug on a compassionate basis, since it is not licensed in Tanzania: the request was declined.
DISCUSSION
The provision of medicines operates in today’s world within a framework that has a built-in source of conflict. Drugs produced by the pharmaceutical industry (PHARMA), owned and run by private enterprise, are then purchased and used by the health services that, in Europe (EU and UK), are public; in the US the health system is largely private (it is often referred to as the health industry), but with a substantial public component (the Veterans Administration, Medicare and Medicaid); while a variety of systems are operating in the rest of the world. Thus, National Health Services funded by taxpayers’ money must contend with PHARMA, that is legally entitled to earn maximum profit4. In the US the PHARMA industry and a large part of the health industry, that are both for profit, are frequently pitched against each other on account of drug prices.
This conflict poses serious problems. Eliminating profit from PHARMA did not work in the former Soviet Union, where the industry failed; but currently PHARMA maximizes profits by leveraging the fact that health services have an institutional obligation to provide the best care to all: this situation is fraught with risk, because the health services may collapse. We think that, as in many societal issues, human intelligence ought to find a balance: although, at the moment, there seems to be no mechanism in place to do so. FDA in the US and EMA in EU are doing generally a good job in assessing safety and effectiveness, but they are excluded from price negotiations. Although it is claimed that prices take into account value for money, assessment of value is based on dubious and ethically questionable quality-adjusted life-years (QALY); and there has been no agreement on the $ figure for 1 QALY5. The stark reality is that, at the moment, the price of drugs is dictated entirely by willingness to pay.
We think at least three points deserve consideration. First, whereas drugs are patented as inventions, they could not have been invented without an enormous body of knowledge that pre-existed6: see the pink area versus the green area in Figure 1. Second, the Orphan Drugs Act has been a success because patients receive new drugs, and PHARMA have discovered that investment in rare diseases–formerly a non-starter–can become a coveted area for venture capitalists: however, an Act that has offered incentives and benefits for developing a new drug, is silent about the basis on which that drug will be eventually priced (Luzzatto et al., 2018). Third, a recurrent objection to controlling prices is that this will limit profits accruing to investors, and high profits are precisely what is fuelling innovative drug development. However, all of the five top PHARMA companies spend less for R&D than they do for marketing (up to 42% of revenue: see https://www.pharmacychecker.com/askpc/pharma-marketing-research-development/)7.
We are not qualified to resolve, even in theory, this mega-conflict. As regards Africa, we cannot ignore the historical debt on the shoulders of ex-colonial powers that have exploited this continent for one century or longer. This debt has never been recognized on the legal level, and rarely on the political level. However, in the area of health there have been “aid” programmes: for instance, since 2002 the Global Fund has disbursed, in the fight against HIV, tuberculosis and malaria, more than $45 billion, 74% of which went to sub- Saharan Africa (https://www.theglobalfund.org/en/overview/). On a much smaller scale, an example worthy of note is that of imatinib: this drug is made available to patients with chronic myeloid leukaemia (CML) in Tanzania and in other countries through the glivec International’s Patient Assistance Program, established by Novartis and implemented in partnership with the Max Foundation (see (Nasser et al., 2021)). A limitation of these approaches is that the choices are made by the “donors”, not by the receivers: as a result we have to say–even though it sounds crude–that for a person in Tanzania it is financially preferable to have HIV disease or CML rather than SCD.
We think that one needs short-term devices and long-term solutions. In the short term, we call for SCD to be added to the agenda of the Global Fund. They have focused hitherto on three communicable diseases, based on the notion that they can be potentially eliminated more easily than an inherited disease: however, the reality in Africa is that we are very far from the elimination end-point, but at least the burden imposed on the population by these three diseases is being alleviated: exactly the same would be true for SCD if HU and other drugs were provided; and a good way to do this would be to give grants to local industry to produce them. At the same time, we call for a voluntary move by PHARMA, whereby for every patient with a rare disease who receives an expensive drug covered by NHS or by private insurance, the same drug should be provided at a symbolic price to one patient in a LMIC, particularly in Africa.
In the long term, we have no doubt that in Africa, like everywhere else, it is for each country’s government to look after the health of their people as a high priority–whether through a national health service or otherwise. In this respect, they will find ways to increase local production of medicines. With respect to expensive drugs for rare diseases, African countries, like the others, will have to decide how to negotiate prices with PHARMA: perhaps they will choose to do it through the African Union organization, that will be thus enabled to negotiate on behalf of 1.3 billion people.
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FFOOTNOTES
1At a conservative estimate the number of patients with SCD in Nigeria is 2.5 million: BMT has been received by probably less than 100.
2This has been possible thanks to the indefatigable efforts of Nosa Bazuaye and his team at the University of Benin Teaching Hospital. For logistic reasons the procedures are currently carried out at the private Celltek Healthcare Medical Center, at a cost to each patient of $ 20,000, i.e. much less than if the patient had travelled in order to have BMT abroad.
3HU is an inhibitor of ribonucleoside diphosphate reductase, and therefore of DNA synthesis. It has been used in the management of many malignant disorders, and today it is still standard of care in many patients with myeloproliferative neoplasms. One characteristic advantage of HU, compared to other chemotherapeutic agents, is that its toxicity is reversible. HU ameliorates SCD through at least two different mechanisms (see Figure 1). On one hand, by inhibiting cell division in the later stages of erythropoiesis, it favours the synthesis of foetal haemoglobin (Hb F): insertion of a Hb F molecule hinders polymerization of deoxy-Hb S, thus decreasing sickling (Faulkner et al., 2021). On the other hand, it decreases the neutrophil count, thus reducing the detrimental effects of the chronic inflammatory state that tends to be permanent in SCD patients (Harif et al., 2020).
4In informal discussions we have heard PHARMA executives saying that if they relent on extracting the highest possible drug prices from “customers”, they might be sued for damages by shareholders.
5The Incremental Cost-Effectiveness Ratio (ICER), an elaboration on QALY adopted by the National Institute for Health and Care Excellence (NICE), may be appropriate when one course of a drug can produce definitive cure (e.g. sofosbuvir for hepatitis C), or may prolong survival substantially (e.g. bevacizumab in cases of colon cancer); it breaks down for drugs that must be used for an indefinite period of time. Based on ICER, eculizumab at $400,000 per year should never have been approved for funding by the NHS.
6The so-called R&D costs incurred to bring a drug to the market are in large part those of clinical trials. The average cost of a phase 3 trial has been estimated to be $19 million (Moore et al., 2018). Thus, it is a small component of the total cost of getting a drug approved by FDA, estimated to be 1−2 billion, and that includes, for instance, the compensation of the CEO of the company, that may be several million per year.
7It is hard to understand why, in the case of rare diseases, any marketing is required at all. Expensive drugs for rare disease should be prescribed and managed by highly specialized professionals who are thoroughly familiar with new drugs within their specialty: either they have learnt current guidelines and recommendations, or they have written them.
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Background: Nusinersen is an orphan drug intended for the treatment of spinal muscular atrophy (SMA), a severe genetic neuromuscular disorder. Considering the very high costs of orphan drugs and the expected market entry of cell and gene therapies, there is increased interest in the use of health technology assessment (HTA) for orphan drugs. This study explores the role of the economic evaluation and budget impact analysis on the reimbursement of nusinersen.
Methods: Appraisal reports for nusinersen were retrieved from reimbursement and HTA agencies in Belgium, Canada, France, England and Wales, Germany, Italy, Ireland, Scotland, Sweden, the Netherlands, and the United States. Detailed information was extracted on the economic evaluation, the budget impact, the overall reimbursement decision, and the managed entry agreement (MEA). Costs were adjusted for inflation and currency.
Results: Overall, the reports included limited data on budget impact, excluding information on the sources of data for cost and patient estimates. Only three jurisdictions reported on total budget impact, estimated between 30 and 40 million euros per year. For early-onset SMA, the incremental cost-effectiveness threshold (ICER) ranged from €464,891 to €6,399,097 per quality-adjusted life year (QALY) gained for nusinersen versus standard of care. For later-onset SMA, the ICER varied from €493,756 to €10,611,936 per QALY. Although none of the jurisdictions found nusinersen to be cost-effective, reimbursement was granted in each jurisdiction. Remarkably, only four reports included arguments in favor of reimbursement. However, the majority of the jurisdictions set up an MEA, which may have promoted a positive reimbursement decision.
Conclusion: There is a need for more transparency on the appraisal process and conditions included in the MEA. Additionally, by considering all relevant criteria explicitly during the appraisal process, decision-makers are in a better position to justify their allocation of funds among the rising number of orphan drugs that are coming to the market in the near future.
Keywords: nusinersen (spinraza), reimbursement, spinal muscular atrophy, health technology assessment (HTA), cost-effectiveness, budget impact, managed entry agreement (MEA)
INTRODUCTION
Spinal muscular atrophy (SMA) linked to chromosome 5q is a rare and life-threatening neuromuscular disorder with an estimated incidence of 1 per 12,000 births (estimated prevalence of 1–2 per 100,000 persons), making it the most frequent genetic cause of child mortality (Pearn, 1980; Verhaart et al., 2017). The disorder is characterized by a loss in alpha motor neurons in the spinal cord and brain stem, which causes progressive weakness of the proximal and respiratory muscles and motor neuron death (Castro and Iannaccone, 2014). This is a result of a deficiency of the survival motor neuron (SMN) protein, which is responsible for maintenance of these neurons. Both the SMN1 and SMN2 genes are responsible for encoding the SMN protein. In >90% of the cases, SMA is caused by a deficiency in survival motor neuron 1 (SMN1) gene, as a result of either a mutation or deletion (Lefebvre et al., 1995). The severity of the disease is thus inversely correlated by the amount of the remaining SMN2 gene copies and decreases over a spectrum from SMA type 0 to IV, with the index number relating to the maximum motor milestones achieved (see Table 1). SMA types I and II are most common, representing 87% of SMA patients (Unger, 2016).
TABLE 1 | The different subcategories of SMA and their characteristics (Pearn, 1980; Munsat and Davies, 1992; Zerres and Rudnik-Schöneborn, 1995; Wijngaarde et al., 2020).
[image: Table 1]Due to the chronic and progressive character of SMA, patients are dependent on long-term multidisciplinary and supportive care such as orthopedic care for scoliosis and other joint deformities, gastrointestinal and nutritional care, and respiratory management, including assisted ventilation in a palliative stage (Wang et al., 2007; Crawford, 2017). Hence, SMA has a severe impact on the patient’s quality of life (QoL) and life expectancy (Landfeldt et al., 2019). Apart from the clinical burden, SMA also places a significant economic burden, in particular on parents taking care of their child with SMA (Klug et al., 2016; López-Bastida et al., 2017; Belter et al., 2020).
Nusinersen, marketed as Spinraza® by Biogen (Cambridge, MA, United States), was the first disease-modifying orphan drug indicated for the treatment of all patients with 5q SMA. It is an antisense oligonucleotide drug that promotes the expression of the SMN protein, which may lead to significant improvement in patient mobility. It is repeatedly administered intrathecally via a lumbar puncture, with patients receiving six doses within the first year and three doses within each subsequent year for the rest of their lives (Haché et al., 2016). Nusinersen was a first-in-class treatment, which addressed a large unmet need for a rare disease and was thus granted an orphan drug designation by the European Commission and the US Food and Drug Administration (FDA). It gained marketing approval from the FDA and Health Canada in 2016 and 2017, respectively, and from the European Medicines Agency (EMA) under its accelerated assessment program in 2017 (CHMP, 2017). Despite catering to the unmet needs of SMA patients, nusinersen has been criticized for its high price due to various reasons, one of which is the fact that the molecule was discovered at the University of Massachusetts, by researchers financed by CureSMA, which is a nonprofit organization that promotes research on SMA (NYTimes, 2016; Express News, 2017; Prasad, 2018; Metta, 2019; Vandekerckhove and Van Garderen, 2019; Butcher, 2019).
In order to preserve the sustainability of their healthcare systems, decision-makers across jurisdictions evaluate the cost-effectiveness and budget impact as part of a health technology (HTA) assessment. The results are then discussed during the (orphan) drug’s appraisal process, after which a decision is made regarding its reimbursement. Additionally, confidential managed entry agreements (MEAs) are set up between the payer and the pharmaceutical company, allowing reimbursement of a drug for a specified period of time, during which the company provides the treatment at a discounted price (financial-based MEAs) and/or during which additional data on real-world effectiveness may be collected in a dedicated disease or treatment registry (outcome-based MEAs). MEAs are used frequently when data on cost and/or effectiveness are scarce or uncertain, as is often the case for orphan drugs. Several studies have investigated the cost-effectiveness of nusinersen in SMA or SMA subtypes (Zuluaga-Sanchez et al., 2019; Jalali et al., 2020; Thokala et al., 2020). More recently, Dangouloff et al. (2021) performed a systematic review on the economic burden of SMA and the cost-effectiveness of its treatments, such as nusinersen (Dangouloff et al., 2021). However, it is not clear to what extent the results of cost-effectiveness and budget impact analyses played a role in the final decision-making regarding its reimbursement. Therefore, the aim of this study was to evaluate how the results of the economic evaluation and budget impact analyses, as part of the HTA, have influenced the decision on the reimbursement of nusinersen across selected jurisdictions. Additionally, we identified which jurisdictions have allowed conditional reimbursement of nusinersen by means of a MEA.
METHODS
Search Strategy
We retrieved HTA and/or appraisal reports for nusinersen from reimbursement and HTA agencies in Belgium, Canada, France, England and Wales, Germany, Italy, Ireland, Scotland, Sweden, the Netherlands, and the US. Countries were chosen depending on the availability of public information. In addition, we have aimed to balance our country selection and reported data from countries that have adopted either a Bismarck or Beveridge model, with either a social or private security system and with an even geographical spread. Reports and relevant publications were translated via Google Translate. Information on economic evaluation was incorporated as submitted by Biogen and presented by HTA or reimbursement agencies. Additionally, in jurisdictions of which HTA reports contained no information on reimbursement decisions and MEAs, a literature search on Google Scholar or PubMed was performed to identify publications, either peer-reviewed or grey literature. These searches included combinations of keywords such as “managed entry agreement” + “France” + “nusinersen” or for instance “reimbursement” + “Italy” + “Spinraza”. We included publications between January 1, 2000, and July 20, 2020.
Data Extraction
We created two data extraction tables that allowed a systematic data extraction from each HTA or appraisal report. Per jurisdiction, we extracted information on the economic evaluation (study design and results of the base case and sensitivity analysis) (see Table 2 and Table 3) and the budget impact analysis (see Table 4). However, not all jurisdictions are included in each table, as a result of data unavailability. For instance, the jurisdictions England and Wales were not added to Table 4 since budget impact data were not included in the HTA report. Finally, we included information on the overall reimbursement decision, the conditions for reimbursement, and the MEA in the results section.
TABLE 2 | Overview of the design of the economic evaluation of nusinersen in six European countries, the US, and Canada.
[image: Table 2]TABLE 3 | Overview of the results of the economic evaluation of nusinersen in six European countries, the US, and Canadaa.
[image: Table 3]TABLE 4 | Overview of budget impact analysis of nusinersen in five European countries and the US.
[image: Table 4]Inflation and Currency Adjustment
In the base case analysis, all costs were adjusted for inflation and currency changes using the methodology described by Turner et al. (2019). We first inflated costs in the local currency, by using local inflation rates for 2019 for Canada, United Kingdom, Ireland, the US (News, 2019), and Sweden (Exchange Rates, 2021). For inflation, we used the Gross Domestic Product (GDP) implicit price deflators which are published annually by the World Bank (The World Bank Group, 2021). Then, local currency values were exchanged. The costs included in the probabilistic sensitivity and budget impact analysis were not adjusted for currency and inflation.
RESULTS
In the following sections, we have summarized, per jurisdiction, several aspects of the economic and budget impact analysis, together with information on the MEA and the reimbursement decision. This is followed by a comparative analysis of the economic evaluation, the budget impact analysis, and reimbursement decision over the different jurisdictions. The full details of the design of the economic analysis, its outcomes, and the budget impact analysis are presented in Tables 2–4, respectively.
Ireland
The National Centre for Pharmacoeconomics (NCPE) based its assessment report on nusinersen on the economic evaluation as submitted by Biogen. The economic evaluation included two Markov models, 1) for early-onset (EO) (type I) and 2) late-onset (LO) (types II and III) SMA, comparing nusinersen to the standard of care. Life years gained (LYG), patient’s quality-adjusted life years (QALY), and caregiver QALYs were included for both models and calculated over a lifetime horizon. Direct medical costs (technology and health state maintenance) were included. Biogen obtained utilities for both EO and LO SMA by deriving Pediatric Quality of Life Inventory (PedsQL) data from LO SMA patients enrolled in the CHERISH (SMA II) trial. PedsQL is a questionnaire developed to measure the health-related QoL in children and adolescents (Varni et al., 1999). Later, these data were mapped onto the EQ-5D scale. Here, NCPE acknowledged the difficulty of obtaining utilities for EO SMA patients. Discount rates for costs and outcomes were set at 5%. The report presented the results of the base case, sensitivity, and scenario analyses. For the base case analysis, a healthcare payer perspective was adopted, whereas for the scenario analyses, a societal perspective was considered. ICERs were €512,844/QALY and €2,156,624/QALY for EO and LO SMA, respectively. With caregiver utilities included, values dropped to €253,502/QALY and €1,061,37/QALY, respectively. Subgroup analysis indicated that cost-effectiveness could be improved if nusinersen treatment was started when both disease duration and age of symptom onset were less than 12 weeks. Although the report does not present a tornado diagram, the sensitivity analysis indicated a great impact of the discount factor, the nusinersen vial price, and patient utilities for both EO and LO SMA and, for EO SMA additionally, the mortality risk factor. The probabilistic sensitivity analysis resulted in a mean ICER of €498,480 for EO SMA, €2,107,108 for LO SMA, and €1,037,003 for LO SMA with caregiver QALYs included.
Overall, the NCPE concluded nusinersen to be not cost-effective in either EO or LO SMA. They found that a 10- and 20-fold price reduction would be necessary for nusinersen to either approach the €45,000/QALY threshold for EO SMA or fall below the €100,000/QALY threshold for LO SMA, respectively. The total net budget impact for treatment with nusinersen was estimated at €37.88 million, being €19.89 million and €17.99 million for EO and LO SMA, respectively, although the report did not specify whether this includes administration and/or health maintenance costs. Ultimately, the NCPE did not recommend reimbursement of nusinersen at the submitted price, based on its cost-effectiveness and budget impact. Still, nusinersen was granted reimbursement for patients under 18 years old with SMA types I, II, and III after confidential price negotiations were finalized (Ryan, 2019a).
Scotland
The assessment of the Scottish Medicines Consortium (SMC) was, in part, based on the economic evaluation results for which Biogen submitted two Markov models, for EO and LO SMA, comparing nusinersen to the standard of care. SMC highlighted Biogen’s exclusion of presymptomatic SMA patients from its application. Both models took a lifetime horizon, set at 40 and 80 years for EO and LO SMA, respectively. Biogen obtained LO SMA utilities by mapping PedsQL data, derived from LO SMA patients enrolled in the CHERISH (SMA II) trial, onto the EQ-5D scale. EO SMA utility values were based on those obtained for LO SMA, with minor adaptations as they were regarded as “sufficiently similar” to infants. Discount rates for costs and outcomes were not specified. The report presented results of the base case analysis only, adopting a healthcare payer perspective. ICERs were €508,537/QALY and €1,926,381/QALY for EO and LO SMA, respectively. Additionally, Biogen performed a number of scenario analyses, adopting a societal perspective which included caregiver utilities and costs. Compared to the base case, these ICER values dropped to €503,247/QALY and €1,365,539/QALY for EO and LO SMA, respectively. Scenario analysis highlighted the ICER’s sensitivity to the mortality risk factor that was adopted in both EO and LO SMA models, although the report did not present a tornado diagram or any other results. Overall, the SMC highlighted several key limitations of the economic evaluation, such as the lack of long-term survival data, optimistic assumptions of overall survival for patients receiving nusinersen and their utility values, especially given the fact that the model assumed that transition probabilities are maintained indefinitely for patients treated with nusinersen while those receiving the standard of care worsen over time.
In its advice, the SMC also considered the views of the Patient and Clinician Engagement (PACE) meeting, during which patients shared their experiences on the disease burden for both patients and caregivers and where they highlighted the impact of SMA on patient’s ability to live independently and develop a career.
Biogen proposed an MEA which was deemed acceptable for implementation in Scotland. The SMC added that it wished to report on the cost-effectiveness estimates as obtained under the MEA, yet was unable to do so due to confidentiality reasons. As the budget impact analysis was performed in the context of the MEA, no data were presented on budget impact other than the estimated real-life target population.
For all elements considered, the SMC argued that the ICER values for both EO and LO SMA exceeded conventional ICER thresholds while there was still economic uncertainty. However, nusinersen met certain requirements that acted as decision-modifying criteria, namely, the absence of alternative treatment and the substantial improvement of life expectancy in EO SMA. These disease-modifying criteria allowed the SMC to accept greater economic uncertainty associated with reimbursing nusinersen; thus, access to the treatment was granted for patients with EO SMA. Later, access was extended to patients with LO SMA (SMA News Today, 2019; TreatSMA, 2021).
Sweden
The Swedish Dental and Pharmaceutical Benefits Agency’s (Tandvårds-och läkemedelsförmånsverket, TLV) advice on the reimbursement of nusinersen was partly based on the results of the economic evaluation, comparing nusinersen (and standard treatment) to the standard of care. Biogen submitted results for three Markov models, for EO type I, LO type II, and LO type III SMA. For EO (type I) and LO (type II and III) SMA, both LYG and patient and caregiver QALYs were calculated over a lifetime horizon, set at 40 and 80 years, respectively. Utilities were calculated by mapping PedsQL outcomes onto the EQ-5D scale by using a published algorithm. Both costs and outcomes were discounted at 3%. The base case analysis adopted a societal perspective, including direct medical and nonmedical costs. Additionally, caregiver productivity loss was included as an indirect cost. This resulted in ICERs of €17,142/QALY; €322,858/QALY; and €1,564,889/QALY for EO type I, LO type II, and LO type III, respectively. These ICERs were most sensitive to utility estimates, although a tornado diagram was not provided. TLV excluded caregiver utilities from its base case reanalysis, reporting ICER ranges from €583,035/QALY to €8,251,567/QALY for EO and €736,298/QALY to €1,297,144/QALY for LO type II SMA (depending on utility values used). TLV did not include LO type III SMA outcomes as these data were obtained from noncontrolled studies. ICERs calculated by TLV were higher as its model was based on different assumptions. It tested, for instance, more realistic assumptions regarding disease progression for nusinersen patients, such as a lower probability of death for patients on nusinersen compared to the standard of treatment. Overall, TLV noted uncertainties regarding long-term effectiveness, extrapolation of data, utility estimates and continuation of treatment.
Information on budget impact was limited to the cost/patient/year, amounting to €467,973 in year one and to €233,987 in subsequent years. The number of patients per SMA subgroup was reported although the number of patients eligible for nusinersen treatment was kept confidential. Here, TLV pointed out uncertainties regarding the number of patients eligible for treatment in the long term and the treatment duration. They noted that these numbers are expected to increase in the future after nusinersen prolongs the life of patients with severe SMA.
TLV considered the cost/QALY to be too high in order to provide access according to the European label. They therefore recommended providing access only to patients for whom studies have shown treatment benefit. Hence, access was granted to type I and II SMA patients under 18 years old, and to patients with a subtype of type III (type IIIa) SMA, who are younger than 3 years of age and have a disease pattern comparable to SMA type II (NT-council, 2019; Janusinfo, 2021).
England and Wales
The National Institute for Health and Care Excellence (NICE) published its report on the single technology appraisal of nusinersen in 2018. In Wales, the All Wales Medicines Strategy Group (AWMSG) excluded nusinersen from assessment and adopted the reimbursement decision made by NICE (AWMSG, 2021). An economic evaluation was included in Biogen’s submission, presenting two Markov models, for EO (type I) and LO (types II and III) SMA, respectively. Incremental LYGs as well as both incremental patient and caregiver QALYs were calculated over a lifetime horizon. The models included direct medical (including a one-time end-of-life cost for SMA I) and nonmedical costs. Utilities in LO SMA were calculated by mapping PedsQL outcomes onto the EQ-5D scale by using a published algorithm. EO SMA utilities were derived from those for LO SMA and based on an assumed correspondence of health states between EO and LO SMA. Costs and outcomes were discounted at 3.5%. The base case analysis adopted a healthcare payer perspective, resulting in ICERs of €492,350/QALY and €1,513,499/QALY for EO and LO SMA, respectively. With caregiver utilities included, these values dropped to €486,015/QALY and €1,084,900/QALY, respectively. The tornado diagram showed that, for EO SMA, the factors that influenced the ICER most were the vial price, the utility estimates for the best and worst health states, and the mortality adjustment factor applied to better health states. The probabilistic sensitivity analysis resulted in a mean ICER of £405,792/QALY for EO SMA and £1,284,614 for LO SMA.
NICE noted the fact that there was no evidence submitted that was related to type 0 (in utero onset) and IV (adult onset) SMA. Biogen reportedly stated that SMA type 0 and IV patients were omitted from submission as the clinical evidence available at that time would not meet appraisal requirements. Still, they anticipated nusinersen to be reimbursed and available for first-line treatment of all SMA patients. However, NICE’s clinical advisors stated that they would not treat type 0 SMA patients, except in the context of clinical trials, nor that they would treat type IV SMA patients with nusinersen, as they found it unlikely for these patients to benefit from treatment. Furthermore, the PedsQL mapping algorithm was considered to be limited, for instance, because it was based on healthy school children between age 11 and 15 and because of the few responses of patients in poor health states. Alternative utility values, deducted from a vignette study, were available. Although these also had limited face validity, they did not have the same methodological limitations and thus were considered most appropriate. NICE also noted several shortcomings with the calculations of caregiver disutilities. They criticized Biogen’s assumptions on probabilities of transitioning from one health state to another and on overall survival. For instance, in Biogen’s model, nusinersen patients could not deteriorate, while patients treated with usual care could not improve. These assumptions are inconsistent with trial data that showed a portion of nusinersen patients transitioning to a worse health state, while a proportion of patients receiving usual care improved.
Reanalysis by NICE found ICERs that were higher for EO SMA, yet much lower (one-third) for LO SMA compared to those presented by Biogen. In both EO and LO SMA the inclusion of caregiver QALYs led to an increase of the ICER as calculated by NICE. Overall, ICERs were €508,896/QALY and €493,756/QALY for EO and LO SMA, respectively, and €762,895/QALY and €764,425/QALY with caregiver QALYs included. The presented ICERs were sensitive to utility estimates and mortality rates in both models and to the overall survival beyond the clinical trial’s time horizon for EO SMA, although the report did not present a tornado diagram. For EO SMA, the probabilistic sensitivity analysis resulted in a mean ICER of £408,712/QALY and £1,286,149 for EO and LO SMA, respectively. With caregiver QALYs included, these values dropped to £404,270/QALY and £933,088, respectively. The results showed a 0% chance for nusinersen to be cost-effective at a threshold of £337,000/QALY for EO and £500,000/QALY for LO SMA. The report did not include information on budget impact.
In order to address long-term uncertainties, Biogen proposed an MEA for a 5-year term and included eligibility and stopping criteria in its draft proposal. Data collection is proposed after 14 months initially and 12 months afterward. The outcomes calculated are survival, ventilation/respiratory events, motor function, and the QoL (for both patients and caregivers). They are collected through the SMART NET registry, including patients who discontinue nusinersen. However, NICE remarked on Biogen’s intention to not include comparative data on patients receiving standard of care, which was considered a significant limitation. They also mentioned the lack of outcome collection for patients with type 0 or IV SMA. NICE concluded that nusinersen was not cost-effective. An MEA was set up, consisting of a price discount combined with coverage with evidence development (CED) agreement (NICE, 2019). After the agreement was reached, NICE recommended nusinersen for reimbursement in presymptomatic and type I, II, and III SMA, for the duration of and within the conditions set out in the MEA (Coyle, 2021).
France
In France, the value assessment of nusinersen was performed by the Economic and Public Health Evaluation Commission (Commission Evaluation Economique et de Santé Publique, CEESP), which issued an advice to the French National Authority for Health (Haute Autorité de santé, HAS) and finalized its report on December 12, 2017. The advice included the assessment of the economic evaluation and its results as submitted by Biogen. Two Markov models were presented, for EO (type I) and LO SMA (type II), of which the former calculated LYGs and the latter patient QALYs calculated over a time horizon of 5 and 60 years, respectively. Both direct medical and nonmedical costs were included. Utilities in LO SMA were calculated by mapping PedsQL outcomes onto the EQ-5D scale by using a published algorithm. EO SMA utilities were based on those from LO SMA. Both costs and outcomes were discounted at 4%. The base case analysis adopted a healthcare payer perspective, presenting ICER values of €950,380/QALY and €2,719,821/QALY for EO and LO SMA, respectively. The tornado diagram showed that the nusinersen vial price was the most influential factor for both EO and LO SMA, followed by the estimated hospitalization ratios (nusinersen versus real-world care) and costs for neurologic and other care for EO (type I) SMA and the utility estimate for several health states for LO (type II) SMA. The probabilistic sensitivity analysis resulted in a mean ICER of €937,209/LYG and €2,570,106/QALY for EO and LO SMA, respectively. Overall, the models showed an 80% probability for nusinersen to be cost-effective at a threshold of €1.25 million per LYG and €3.13 million per QALY for EO (type I) SMA and LO (type II) SMA, respectively.
CEESP noted limited transferability of EO (type I) SMA trial data to French current practice, as well as of utilities, which were calculated in the British population. Moreover, the method to obtain the utilities was not validated for the French population. The time horizon over which utilities were calculated in EO (type I) SMA was deemed conservative, although it may align to real healthcare practice in France where the life of EO SMA patients is not extended by using assisted ventilation. Overall, CEESP highlighted the lack of data to consider the long-term effects of nusinersen. They found that the estimation of QALYs in EO (type I) SMA was not relevant due to the lack of data on the QoL. Furthermore, they found that the impact of nusinersen on life expectancy in LO (type II) SMA was not demonstrated and therefore considered LYGs irrelevant for this SMA subgroup. Moreover, they stated that the assumptions related to overall survival were too optimistic, in particular the assumption that SMA type II patients on nusinersen will not deteriorate, while those receiving standard of care will not improve. They further noted that the costs for administrating nusinersen were potentially underestimated. In its report, CEESP did not provide a judgment on the cost-effectiveness of nusinersen.
The budget impact analysis adopted a health insurance perspective, and CEESP remarked a potential underestimation of both nusinersen doses administered as well as the total number of patients eligible for treatment. They further noted that 99% of all costs are associated with nusinersen acquisition. Final budget impact data were not presented. When the report was published, nusinersen had a temporary reimbursement status under the conditions of an ATU (temporary authorization of use) plan, which grants exceptional access to medicinal products before a centralized market authorization is granted by EMA (Launet et al., 2004). Ultimately, reimbursement was maintained for patients with EO type I and LO type II and III SMA, although no information is available on the reimbursement conditions that were agreed upon in the MEA.
The United States
In the US, a report was issued by the Institute for Clinical and Economic Review on April 3, 2019 (updated on May 24), that evaluated nusinersen in the context of the reimbursement of onasemnogene abeparvovec (Zolgensma®). At that point, nusinersen was already reimbursed depending on the patient’s insurance provider (Biogen, 2019). The document reports on the results of the economic evaluation as presented by three Markov models, for EO (type I), LO (types II and III), and presymptomatic SMA, each comparing nusinersen to the standard of care. Each model included LYG and QALYs, calculated over a lifetime horizon for each SMA subtype, although no further details were provided. Utility values were derived from multiple sources. Costs and outcomes were discounted at 3%. Results of the base case analysis were presented, adopting a healthcare payer perspective, including direct costs. The report presented ICERs of €1,037,257/QALY; €7,607,792/QALY, and €608,176/QALY for EO, LO, and presymptomatic SMA, respectively.
With caregiver utilities included, these values decreased to €755,556/QALY for EO SMA, yet remained the same for LO SMA (€7,607,792/QALY). A number of scenario analyses were performed, one of which adopted a modified societal perspective, including nonmedical costs and productivity gains for patients. The economic evaluation from the healthcare payer perspective and from the modified societal perspective resulted in similar ICERs. The institute did not comment on the cost-effectiveness of nusinersen.
It was noted that, for EO SMA, the ICER was sensitive to the utility when in the “sitting” health state and to the healthcare costs in the “not sitting” health state, although the report did not present a tornado diagram. The Institute for Clinical and Economic Review commented on the lack of evidence on long-term safety and efficacy, for instance, on the long-term effects of repeated lumbar puncture for nusinersen administration. Furthermore, the institute questioned whether the small clinical trial patient group and limited requirements to participate in clinical trials allow generalizability of the results to a broader patient group. The report did not show budget impact data on nusinersen treatment compared to the standard of care.
The Netherlands
Zorginstituut Netherland (ZIN) issued its final advice on the reimbursement of nusinersen on February 5, 2018. Its advice was based on several appraisal criteria and reported on efficacy, therapeutic need, cost-effectiveness, and budget impact. The data submitted by Biogen included an economic evaluation based on two Markov models, for EO (type I) and LO (type II and III) SMA, comparing nusinersen to the standard of care. Both models included incremental LYGs and patient QALYs, calculated over a lifetime horizon, set at 40 and 80 years for EO and LO SMA, respectively. The target population of the economic evaluation corresponded to the trial population (ENDEAR and CS3A), which represented a subgroup of both EO (type I) and LO (type II and III) SMA. The scope of costs included direct medical, as well as direct and indirect nonmedical costs. Utilities in LO SMA were calculated by mapping PedsQL outcomes onto the EQ-5D scale by using a published algorithm. EO SMA utilities were based on those from LO SMA. Costs and outcomes were discounted at 4 and 1.5%, respectively. Results of the base case analysis were presented, adopting a societal perspective, and reported ICER values of €529,749/QALY and €1,117,179/QALY for EO and LO SMA, respectively. Biogen found that these values were most influenced by the discount factor and vial price (for both EO and LO SMA), as well as the month after which a specific motor milestone was reached. Biogen’s probabilistic sensitivity analysis showed a mean ICER of €503,740/QALY and €1,082,249/QALY for EO and LO SMA, respectively. In addition, they estimated a 0% probability that nusinersen is cost-effective at an ICER threshold of €80,000 per QALY in both EO and LO SMA.
Analysis by ZIN concluded that the classification of the EO (type I) SMA subgroup as defined in the model’s target population corresponded to Dutch clinical practice, while the classification of the LO SMA subgroup (types II and III) was found to not correspond to type III patients in Dutch clinical practice. On the other hand, ZIN noted that the data submitted by Biogen represents, per SMA type (I, II, and II), only a subgroup of patients, who had a relatively short disease duration and thus started treatment earlier in comparison to real-world treatment. Therefore, Biogen’s ICER was assumed to reflect the lower limit ICER, hereby representing the most favorable scenario. Reanalysis by ZIN found higher ICER values than those presented by Biogen: €632,802/QALY and €1,792,939/QALY for EO and LO SMA, respectively. Also, ICERs were considered to be highly uncertain due to uncertainties on utilities, long-term outcomes, and (methods for) cost estimations of treatment with nusinersen. With respect to utilities, the applied mapping method was (at that time) not validated in the target population and Biogen was recommended to measure EQ-5D scores either directly or through disease-specific questionnaires. Biogen’s estimation of long-term outcomes was considered to be rather optimistic. ZIN questioned the appropriateness of the methodology used to calculate productivity loss. In addition, it found major differences in cost/year per SMA type between the studies that Biogen used as a source of cost data, which further raised uncertainties on the methods used to define these costs.
Budget impact data were presented for three scenarios, 1) the optimized population scenario (treatment for patients with highest clinical effects), 2) the therapeutic added value scenario (patients for which nusinersen demonstrated added value), and 3) the maximum scenario (treatment for all SMA patients). For each scenario, the budget impact was estimated for the cost of nusinersen alone (thus excluding standard of care) and for costs of nusinersen treatment including drug administration costs (consisting of a lumbar puncture). For the added value scenario, which was preferred by ZIN, the budget impact was estimated at €29.74 million for nusinersen alone and €30.08 million with administration costs included. ZIN remarked the high additional costs of adding nusinersen to the health insurance package, commenting on the uncertainty concerning the total number of eligible patients and the fact that they will need lifelong treatment with nusinersen. Therefore, a pay-for-performance (P4P) agreement was recommended, which provides reimbursement only when treatment is found effective (and thus according to the added value scenario).
Overall, ZIN found nusinersen to be not cost-effective and therefore did not recommend reimbursement unless price negotiations (a price decrease of at least 85%) led to an improvement of the cost-effectiveness. Nevertheless, both the high unmet need and the solidarity principle were arguments that played in favor of reimbursement. However, ZIN pointed out that reimbursement will ultimately threaten the solidarity principle, voicing concern that the combination of a high budget impact with uncertain cost-effectiveness risks displacing other care. Together with Belgium, a joint MEA was set up, linking reimbursement to nusinersen’s performance while reducing the cost through a price discount. Hence, nusinersen was made available for EO SMA type I, LO SMA types II and III, and presymptomatic patients, yet only when an added value in these patients is demonstrated. Meanwhile, the agreement required Biogen to collect additional data on the long-term effectiveness and safety in real-life practice. For patients with SMA who are older than 9.5 years, reimbursement was granted conditionally for 7 years, yet the price was kept confidential (Bruins, 2019).
Canada
In January 2018, the Canadian Agency for Drugs and Technologies in Health (CADTH) issued its evaluation report on nusinersen. Biogen’s submission was based on three Markov models: one for EO type I, one for LO type II, and one for LO type III SMA, each comparing nusinersen to the standard of care. Each model included LYG and patient QALYs that were calculated over a lifetime horizon, set at 25, 50, and 80 years for EO type I, LO type II, and LO type III SMA, respectively. However, for each subtype, only the cost/QALY was presented. Biogen obtained utilities for LO type II SMA patients by mapping PedsQL data, derived from LO SMA patients enrolled in the CHERISH (SMA II) trial, onto the EQ-5D scale. For EO type I and LO type III SMA, Biogen estimated utilities using a vignette study, where authors asked five SMA experts to describe health states, which they then rated according to the EQ-5D questionnaires. Discount factors for costs and outcomes were set at 1.5%. The report presented the results of the base case analysis and probabilistic sensitivity analysis, adopting a healthcare payer perspective.
CADTH noted several shortcomings related to the methods applied to calculate utilities and concluded that they were deemed inappropriate, as direct measurements were preferred according to CADTH guidelines. Furthermore, CADTH found Biogen’s assumptions on long-term outcomes too optimistic for patients on nusinersen and noted that overall, the clinical trial data were insufficient to support the economic evaluation, since patients enrolled in the trial presented only a subset of SMA, for whom a more favorable response was more likely when compared to real-life treatment. They also highlighted a lack of data to estimate the cost-effectiveness in LO type III SMA or to conduct stratification by diseases status.
ICERs were €464,891/QALY; €2,153,470/QALY; and €1,994,746/QALY for EO type I, LO type II, and LO type III SMA, respectively. The report did not include a tornado diagram and did not mention the most influential variables affecting the ICER. The probabilistic sensitivity analysis showed 0% probability for nusinersen to be cost-effective at a $300,000/QALY threshold. The results of the CADTH reanalysis were in line with Biogen’s findings, more specifically, a 0% chance for the cost-effectiveness of nusinersen to be below the $300,000/QALY threshold. Moreover, CADTH found much higher ICERs (€6,399,097/QALY for EO type I SMA; €17,034,246/QALY; and €4,189,627/QALY for LO type II and III SMA, respectively), yet they provided no justification for this discrepancy. They did note that the results for LO type III SMA should be considered speculative due to the lack of appropriate clinical data.
No information on the budget impact analysis was presented other than the drug cost/patient, which was calculated at $708,000 and $354,000 for the first and for each subsequent year, respectively.
Overall, although CADTH concluded that nusinersen was not cost-effective, reimbursement was granted under certain conditions and dependent on the province.
Belgium
The reimbursement reports of the National Institute for Health and Disability Insurance (RIZIV/INAMI) did not include any data on the cost-effectiveness of nusinersen, as reimbursement decisions for orphan drugs in Belgium do not require an economic evaluation. Budget impact data were included, presenting company estimates based on the study population, generating a total cost of nusinersen of €40 million in year 1, and lowering to €25 million and €28 million for the second and third year, respectively. RIZIV/INAMI commented that it expects these estimates to be larger in real-life practice. They noted, for instance, that the percentage of patients who will stop treatment after 14 months remains uncertain. Still, nusinersen was granted reimbursement for patients with type I, II, and III SMA, including presymptomatic patients. A combined financial/outcome-based MEA was set up, involving a price reduction and allowing access to patients for whom an added value was demonstrated. However, the total cost was managed through an absolute cap, which allowed managing uncertainties concerning the total number of eligible patients. Also, it was defined that RIZIV/INAMI would not reimburse costs for nonresponders or all extra costs made during the first year to initiate patients. Additionally, Biogen agreed to collect additional long-term effectiveness and safety data.
Italy
The Italian Medicines Agency (Agenzia Italiana del Farmaco, AIFA) did not assess the cost-effectiveness or budget impact of nusinersen. Rather, reimbursement decisions of medicines in general are based on an assessment of therapeutic need, added therapeutic value and disease rarity. AIFA noted reservations regarding data quality. Based on the overall assessment, nusinersen was granted the status of “therapeutic innovation” and received reimbursement for patients with EO type I and LO type II and III SMA patients, hereby excluding patients with more than four copies of the SMN2 gene (AIFA, 2017a; AIFA, 2017b).
Germany
In Germany, reimbursement status depends on a drug’s added benefit, which is de facto considered proven for those with an orphan designation. Additionally, this status is retained as long as the total turnover amounts to a maximum of €50 million within 12 calendar months. Hence, nusinersen was already reimbursed at the time of assessment. However, as the orphan drug’s turnover exceeded €50 million, the Institute for Quality and Efficiency in Health Care (Institut für Qualität und Wirtschaftlichkeit im Gesundheitswesen, IQWiG) did perform an assessment on the extent of the added benefit and issued its final advice to the Federal Joint Committee (Gemeinsamer Bundesausschuss, G-BA) (IQWiG, 2017; G-BA, 2021). IQWiG estimated the cost/patient at €621,354 for the first year and between €310,878 and €310,943 for each subsequent year. They concluded a significant and substantial benefit for EO type I and LO type II SMA, respectively. The added benefit for SMA patients with LO type III and IV was considered nonquantifiable due to the lack of QoL data in these SMA subtypes. Therefore, the final decision was based on other factors such as mortality, morbidity, and risk of adverse events. On these grounds, nusinersen remained reimbursed for the treatment of all SMA patients.
Comparative Analysis
Economic Evaluation
The reimbursement reports for nusinersen in all jurisdictions, with the exception of Belgium, Italy, and Germany, included the results of the economic evaluation. Depending on the jurisdiction of submission, Biogen provided either two or three de novo Markov models, presenting results either for EO type I separately from those for LO type II and III SMA or separately for all three SMA subtypes. HTA bodies in both France and Sweden considered the data on QoL in LO SMA type III to be weak. Additionally, both Scotland and England and Wales reported the lack of data on type 0 and IV SMA. In the US, a third Markov model included presymptomatic SMA, although the report was not based on a file submitted by Biogen.
In each jurisdiction, Biogen calculated costs and outcomes over a lifetime horizon and this choice was considered to be appropriate by the respective HTA bodies. The target population presented by Biogen corresponded to the clinical trial population, where patients were excluded based on their age and other criteria such as co-occurring scoliosis or issues with mental health. Hence, the target population represented only a subgroup of SMA patients, for whom a favorable response with nusinersen treatment is more likely when compared to real-world practice. Furthermore, France, England and Wales, and Sweden questioned the extrapolation of data due to a lack of local data on costs and patient numbers.
Economic evaluations submitted to HTA agencies in France, England and Wales, Canada, Ireland, Scotland, and the US presented base case results from a healthcare payer perspective, whereas those from Sweden and the Netherlands adopted a broader, societal perspective. Additionally, in Ireland, Scotland, and the US, a scenario or secondary analysis was performed in which a societal perspective was adopted. In Ireland and Scotland, the societal perspective included costs for caregivers. The decrease of the ICER was most significant in Ireland, where shifting from a healthcare to a societal perspective lead to a decrease of approximately 50%. In the US, a (modified) societal perspective included direct nonmedical costs (such as costs for moving or modifying the patient's home and for purchasing or modifying a vehicle) and productivity gains for patients. Here, the ICER was the same for both perspectives. In the societal perspective, total costs increased similarly for patients treated with either nusinersen or standard of care, while QALY gains remained the same in both groups (see Figure 1).
[image: Figure 1]FIGURE 1 | ICER values of nusinersen for EO and LO SMA, depending on the chosen perspective, reported by HTA agencies in Ireland, Scotland, and the US. Abbreviations: ICER, incremental cost-effectiveness ratio; EO, early-onset; LO, later-onset; SMA, spinal muscular atrophy.
Nearly all HTA agencies highlighted uncertainties regarding utilities and ICER values. These resulted from a lack of data on QoL, in addition to several shortcomings regarding the methodologies used to obtain utilities, through either PedsQL data mapping or a vignette study. Moreover, in Scotland, Canada, the US, the Netherlands, and England and Wales, Biogen’s assumptions on disease progression and hence long-term outcomes and survival rates with nusinersen were considered to be rather optimistic, especially compared to the assumptions made for the comparator group.
Only reports from England and Wales, France, and the Netherlands presented a tornado diagram, illustrating the ICERs sensitivity to mostly the vial price and utility estimates. The reports from the Netherlands, England, Wales, and Canada each reported a 0% chance for nusinersen to be cost-effective at the local willingness-to-pay threshold, whereas HAS-CEESP (France) estimated that nusinersen would have an 80% chance of being cost-effective at a threshold of €3.13 million per QALY.
Budget Impact Analysis
Only Belgium the Netherlands and Ireland reported the total budget impact of reimbursing nusinersen. For each of these countries, a time horizon of, respectively, three and 5 years was chosen. Whereas the Netherlands provided budget impact data for both nusinersen alone and for nusinersen combined with administration costs, the cost components were not specified in the reports issued by the HTA bodies in the remaining countries. Sweden, Germany, the Netherlands and Canada provided the estimated cost per patient per year. None of the reports mentioned sources of data for cost and patient estimates. Overall, HTA bodies cited uncertainties or a potential underestimation regarding the number of patients eligible for nusinersen treatment (Sweden, Belgium, Germany, France, and the Netherlands). Moreover, since nusinersen aims to increase life expectancy in SMA patients, patient numbers are expected to rise in the future.
Reimbursement Decision
Despite economic evaluations indicating that nusinersen was generally not cost-effective and despite limited data on budget impact, all countries under study reimbursed nusinersen. Germany, Belgium, and Italy provided the broadest access, by reimbursing nusinersen for all SMA patients, in line with the European label. On the other hand, access in Scotland was most narrow, reimbursing nusinersen only for EO (type I) SMA patients. In the US, access depends on the patient’s health insurance provider. The remaining countries provided access to type I, II, and III SMA patients, either with or without age restrictions. In England and Wales, additionally, presymptomatic patients were covered.
In Ireland, Scotland, Sweden, England and Wales, Belgium, and the Netherlands, reimbursement was granted under the conditions of an MEA. The MEAs in the Netherlands and Belgium are believed to be both financial and outcome-based, whereas, in England and Wales, a CED agreement was made. Overall, little information on these MEAs was available, due to the confidentiality of these agreements and their content.
DISCUSSION
The goal of this study was to analyze how the economic evaluation and budget impact of nusinersen in selected European jurisdictions influenced its reimbursement. We believe that our results contribute to a better understanding of the efficiency and shortcomings of the HTA in the context of orphan drugs.
Barriers Towards the Economic Evaluation of Nusinersen
The results show that the amount and level of detail of cost-effectiveness data on nusinersen, which was either submitted by Biogen or presented by the HTA agencies, differed highly between jurisdictions. Yet, the reports described similar methodological barriers that may have complicated a proper evaluation and reassessment of the cost-effectiveness of nusinersen from the submitted models. We believe that these barriers are in alignment with those encountered for orphan drugs in general, which are extensively described in the peer-reviewed literature (Lagakos, 2003; McCabe et al., 2006; Drummond et al., 2007; Hughes-Wilson et al., 2012; Augustine et al., 2013; Schlander et al., 2016; Pearson et al., 2018; Nestler-Parr et al., 2018; Nicod et al., 2019; Blonda et al., 2021).
First of all, the HTA and reimbursement agencies reported uncertainties in utility values and questioned the added value of nusinersen in SMA subtypes, in type 0, type IV, and even type III SMA. In the past, methodologies to determine utility values have been criticized for being ill-adapted to the needs of younger patients (Eiser and Morse, 2001; Matza et al., 2004; Prosser, 2009; Ungar, 2011; Lim et al., 2014; Montgomery and Kusel, 2016; Gissen et al., 2021). These shortcomings become more impactful considering the fact that 69.9% of rare diseases present themselves in a mainly young patient population, such as in the case of SMA (Nguengang Wakap et al., 2020).
In addition, cost-effectiveness calculations mainly relied on clinical trial data, which included a healthier subgroup of SMA patients, whereas in real life, rare disease patients such as those suffering from SMA represent a heterogenous patient group, who may suffer from various comorbidities such as scoliosis and mental health issues. This heterogeneity complicates the extrapolation of treatment effects of nusinersen on the clinical trial population, to the broader, real-world patient group (Morel et al., 2013; Nicod, 2017).
Also, due to the severity of SMA, the EMA and FDA halted clinical trials early following strong interim results (EMA, 2021; Center for Drug Evaluation and Research, 2016). Indeed, clinical trials for orphan drugs are often stopped early due to a sense of urgency to market therapies for severe rare diseases (Simoens, 2011). However, this also puts an early stop to the collection of data, resulting in companies having to make assumptions as they extrapolate intermediary data to estimate the effectiveness over a horizon of 10–40 or even 80 years when submitting their reimbursement files. Indeed, we found that Biogen’s assumptions on the long-term effectiveness of nusinersen were rather optimistic compared to those of the reimbursement and HTA bodies. Unfortunately, this has further contributed to the uncertainty surrounding cost-effectiveness and budget impact estimates. In addition, this may lead to reimbursement agencies coming to a different conclusion than the regulatory agencies (EMA and FDA) (Center for Drug Evaluation and Research, 2016; EMA, 2021). In fact, for conditionally approved medicines such as nusinersen, differences in evidentiary requirements are claimed to be the main cause for the disparity between the central marketing authorization process on the one hand and the decentralized reimbursement processes on the other (Wang et al., 2018). In these cases, drug developers should initiate an early dialogue of evidentiary requirements and postlicensing commitments with both regulatory and reimbursement agencies (which, since recently, may be facilitated by EUnetHTA) in order to receive a joint scientific advice (EMA and EUnetHTA, 2021). However, we found no evidence that such efforts were made in the case of nusinersen.
Still, there is a need to streamline both the authorization and reimbursement process, as discrepancies may often lead to a duplication of the clinical assessment conducted by the HTA agency, result in delays in market entry, and contribute to uncertainty regarding patient access (Hawlik et al., 2018). This is especially the case for drugs fulfilling an unmet need such as nusinersen. These drugs may receive conditional marketing authorization from a regulatory authority, only to have their reimbursement delayed when the HTA agency does not grant them the same flexibility. Since 2018, the EU Council, together with the Member States have been developing a Proposal for a Regulation on Health Technology Assessment (HTA) and Amending Directive 2011/24/EU (the latter being known as the Cross-Border Healthcare Directive). This proposal includes the provision of a joint clinical assessment at the time of marketing authorization which, following a nonduplication principle, would mean that evidence submitted in the context of the joint assessment would not be requested again at the level of the Member States. Additionally, the proposal would support joint scientific consultations, allowing drug developers to seek early advice from HTA agencies (European Commission, 2018). Member States finally came to an agreement in March 2021 and are now expected to start negotiations with the European Parliament on a final legislative proposal (European Council, 2021). If legislation is adopted later in 2021, the first joint scientific HTA reports are to be expected in 2024 (IHS Markit, 2021).
Finally, jurisdictions highlighted the lack of local data on cost and patient numbers. We believe that herein lies an opportunity for a joint effort between authorities and the European Reference Networks (ERN). These virtual networks, formed by healthcare providers across Europe, receive funding for activities relating to research and data collection, in order to advance knowledge on rare diseases. However, many barriers are currently limiting them to reach their full potential in supporting data collection and sharing. For example, variabilities in Member State’s legal frameworks raise issues with data protection and, as such, may inhibit efficient data sharing between the Member States. Furthermore, the ERNs lack national funding for services such as maintenance of IT infrastructure dedicated to the collection of data in ERN registries. Meanwhile, the ERNs own regulations on avoiding conflicts of interest limit them from collaborating with industries or participating in research when this is entirely or partially industry-funded (Héon-Klin, 2017; Tumiene et al., 2021). We urge the Member States, together with the ERNs, to develop sustainable and efficient strategies for both internal and external collaboration. More importantly, they should develop a clear and long-term vision towards the collection and management of real-world data for rare diseases and clearly define each of the stakeholder’s role therein. We believe that this way, the ERNs may realize their full potential in their pan-European efforts to address the unmet needs of rare disease patients.
Limitations of the Budget Impact Analyses
In general, the reports contained little details on the scope and outcome of the budget impact analysis. In the absence of data and, hence, transparency on the budget impact, questions arise regarding the quality of the analysis. For instance, when reporting on the scope of costs (included in the budget impact analysis), the analysis should consider not only drug costs but also costs for drug administration and adverse events. None of the reports clearly defined which costs were included in the analysis. Also, it is advised that a qualitative budget impact analysis includes some testing of assumptions on the estimated target population. From the available information, we found that these assumptions were only tested in the Netherlands. Finally, none of the reports disclosed data sources for either costs or target population estimated, and it is unclear whether budget impact analyses were validated. This accords with recent findings of Abdallah et al. (2021), who concluded that budget impact analyses on orphan drugs are currently of poor quality and do not fully adhere to guidelines of good practice as set up by the International Society for Pharmacoeconomics and Outcomes Research (ISPOR).
Implicit Decision-Making Determinants and Their Impact on the Final Reimbursement Decision
The differences in methodology and reporting on the cost-effectiveness and budget impact inhibit a proper comparison of the outcomes between the jurisdictions. Such a comparison is further complicated by the fact that countries have implemented different value assessment frameworks, some of which were adapted specifically to allow more flexibility for orphan drugs, such as in Ireland, Scotland, and England and Wales, while others are catered to treatments indicated for a severe disease, such as in Sweden and the Netherlands (Stolk et al., 2004; SMC, 2012; van de Wetering et al., 2013; van de Wetering et al., 2015; Kanters, 2016; NICE, 2017; Pearson et al., 2018; Nicod and Whittal, 2020). Nevertheless, there appears to be no correlation between nusinersen’s cost-effectiveness and the SMA subtypes for which reimbursement was granted. The countries that highlighted weaknesses or scarcity of effectiveness data in either type 0, type IV, or type III SMA still provided reimbursement for patients with these indications, with the exception of Scotland.
The fact that nusinersen was reimbursed despite reportedly uncertain or unfavorable ICER values and budget impact implies that decision-makers considered other implicit determinants that favored a positive reimbursement decision. This suggests that there exists a grey zone between the assessment and (final) appraisal step of the reimbursement process. Whereas the assessment is detailed in the HTA report, which describes the orphan drug’s performance against mainly clinical (safety and efficacy) and economic (cost-effectiveness and budget impact) criteria, the reports generally do not elaborate on the discussion that took place during the appraisal step. The implicit determinants, hereafter referred to as “grey zone” determinants, which play a role during the appraisal remain vague, and thus, it can be argued that the final decision is poorly substantiated (see Figure 2).
[image: Figure 2]FIGURE 2 | A schematic and nonexhaustive visualization of the deliberative process for the reimbursement of an orphan drug such as nusinersen. Any discrepancy between the assessment and appraisal of an orphan drug may be the result of grey zone determinants that are not adequately described in the final reimbursement report.
For instance, in several countries, political factors and/or pressure from media outlets and disease advocacy organizations may have contributed to a positive reimbursement decision. According to King and Bishop, the “hype” that these stakeholders created around nusinersen may have resulted in an overestimation of the beneficial treatment effects of nusinersen, while the risks were minimized. Moreover, while access to public information grows, it becomes increasingly difficult to admit that certain uncertainties concerning cost and effectiveness data have remained. In addition, a close relationship between the patient organization CureSMA and the nusinersen research team may have skewed information and data (King and Bishop, 2017). The influence of patient organizations was also prominent in Ireland, where SMA Ireland launched a petition after the national health authority, Health Service Executive (HSE), and Biogen failed to come to an agreement on the reimbursed price of nusinersen. Nearly 4 months later, following an intense campaign by both SMA patients and their family members, the HSE granted reimbursement for nusinersen for type I, II, and III SMA patients (Ryan, 2019a; Ryan, 2019b; Ryan, 2021).
As mentioned before, many countries are adapting their standard processes to tailor to the needs of orphan drugs. For instance, in Scotland, reimbursement was initially granted only for type I SMA patients, while type II and III SMA patients were excluded. However, shortly after the initial appraisal, a reimbursement pathway for ultra-orphan drugs was implemented that allowed a broader conditional reimbursement for type II and III SMA patients for a period of 3 years, after which nusinersen will be reassessed based on additional evidence (scheduled for 2022) (SMC, 2021a). However, this “revised” reimbursement decision for type II and III SMA was based on the original HTA report. This implies that during the reassessment different reimbursement criteria were applied or that at least more leniency was granted for nusinersen in types II and III compared to type I SMA. Unfortunately, the arguments in favor of broadening the reimbursement of nusinersen were not publicly specified.
Additionally, we have reason to assume that ethical arguments played a role in the decision-making process. For instance, in its final advice, ZIN underlined the solidarity principle, while both the SMC (Scotland) and ZIN (the Netherlands) mentioned unmet medical need as an important argument in favor of reimbursement. In Scotland, unmet medical need is formally included as a decision modifier, which may allow a higher ICER threshold compared to standard treatments (SMC, 2012). In England and Wales, the report stated that the rarity and severity of SMA were considered, although it did not disclose the extent to which these factors influenced the final decision (NICE, 2019). Meanwhile, TLV concluded its report with a statement that, in general, drug decision-making is based on three principles: 1) human value, 2) need and solidarity, and 3) cost-effectiveness. However, it did not mention to what extent it found that nusinersen met either of these three principles (NT-council, 2019).
Indeed, the fact that decision-makers are increasingly balancing efficiency criteria (such as cost-effectiveness and budget impact) with ethical criteria (such as severity or unmet need), when assessing the value of orphan drugs, is not new (Pinxten et al., 2012; Nicod et al., 2017; Burgart et al., 2018; Nicod et al., 2019; Blonda et al., 2021). However, there is a need for more transparency on the factors that influence decision-making after an HTA guidance is issued, as this is becoming increasingly important in order to substantiate decisions on budget allocation, especially in those cases where there is substantial uncertainty on the cost and/or effectiveness of treatment. Additionally, by disclosing the grey zone determinants, decision-makers facilitate a broader acceptance of the reimbursement decision among the different stakeholders (Youngkong et al., 2012; Iskrov et al., 2017; Schey et al., 2017; Baltussen et al., 2018; Bond et al., 2020; Blonda et al., 2021). In order to increase transparency on the appraisal process, we therefore advise decision-makers to define and formally include these determinants in the reimbursement process and the final reimbursement report. In fact, next to “transparency,” the principle of “inclusivity” and “impartiality” make up the three core principles around which Bond et al. (2020) propose to structure the appraisal or deliberative process of a health technology. The principle of inclusivity aims to ensure that all stakeholders, including patient representatives, are represented during the decision-making process and that their views are genuinely considered. The impartiality principle aims towards a process that is free from both internal and external influences. This could be done, for instance, by describing how a campaign and petition by a patient advocacy organization such as SMA Ireland may have shifted the opinions of the stakeholders involved in decision-making. By structuring the appraisal process according to these three core principles, we believe that decision-makers can minimize the influence of external pressure and/or political considerations on decision-making, especially in the case of innovative yet expensive orphan drugs such as nusinersen.
Managed Entry Agreements as a Tool to Manage Uncertainty
We assume that the outcomes of the cost-effectiveness and budget impact analyses included in the HTA report, together with the grey zone determinants, act as a facilitator and starting point for setting up MEAs. These agreements have become a tool that enables decision-makers to allow reimbursement, albeit conditional, while managing the remaining uncertainties surrounding cost and effectiveness. Still, there are no public data on how confidential rebates have improved the cost-effectiveness of nusinersen or on how data uncertainties are revised after the MEA period (Gerkens et al., 2017). When the real cost-effectiveness and budget impact of nusinersen cannot be assessed, there is no transparency on whether financial resources are fairly allocated across disease areas. Also, there will be no benchmarks to which future orphan drugs may be compared. Still, decision-makers will face similar barriers when deciding on future therapies for rare diseases, such as Risdiplam® and the gene-therapy Zolgensma® for SMA, which are potentially curative but will have a considerably higher price. Providing a high and unjustified price to these innovative drugs may boost the price of future treatments even more, especially those for other rare conditions that are still lacking an adequate reference treatment. In addition, increasing expenditure on orphan drugs risks to disrupt healthcare systems worldwide, especially in low- and middle-income countries, and may further contribute to unequal access for SMA patients.
Study Limitations
Our study is not without limitations. First of all, reporting on budget impact was incomplete and nontransparent, which made it difficult to draw conclusions on its use in decision-making. Second, we analyzed reimbursement reports from a limited number of jurisdictions, which may have led to selection bias. The inclusion of additional jurisdictions could have led to different conclusions. However, as we selected jurisdictions that were spread throughout the EU, we believe that our findings are generalizable to orphan drugs in general. Third, by using an online translator such as Google Translate, there is a potential risk of misinterpretation of data due to translation errors. Fourth, more thorough information on MEAs could have been retrieved by performing a systematic literature review, including search terms in languages from all respective countries.
CONCLUSION
This study has analyzed how the economic evaluation and budget impact of nusinersen in selected European jurisdictions influenced its reimbursement. Furthermore, it has contributed to a better understanding of the role of economic criteria on the reimbursement of orphan drugs in general.
The results confirmed that an HTA based on economic criteria alone is not sufficient to define the value of orphan drugs. However, by not being transparent on the “grey zone determinants” in favor of reimbursement, the economic evaluation loses its value as a tool to effectively rank orphan drugs and allocate funds from a limited budget. We suggest that decision-makers provide more transparency on the appraisal process of orphan drugs and on the requirements that are negotiated in the context of an MEA. By formally incorporating all determinants into a reimbursement process that is transparent, inclusive, and impartial, decision-makers contribute to a sustainable environment for orphan drugs and future therapies.
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Objective: Information about the access of Slovak patients to orphan medicinal products (OMPs) in the literature is rather scarce. The main aim of the study was to analyze the accessibility and availability of OMPs to Slovak patients in the years 2010–2019.
Methods: The analyzed OMPs were strictly defined according to the European definition. The date of marketing authorization together with its first appearance in the positive drug list was used to count the time to reach the national market. The data from the National Health Information Centre, the Ministry of Health, and health insurance companies were used as data sources of drug usage, expenditure, consumption, reimbursement of OMPs, as well as the total number of treated patients.
Results: Out of the 167 OMPs on the European market, we identified 52% (87) OMPs which had any kind of costs recorded in Slovakia. Out of them, 62% (54) OMPs were directly present on the positive drug list. The remaining 33 OMPs were available on exception. The trend in accessibility and availability of OMPs in Slovakia between the years 2010 and 2019 was decreasing (57% OMPs in 2010 vs. 47% OMPs in 2019). The average time for an orphan medicinal product to reach the Slovak market was almost 4 years, 43.5 months [6—202 months]. Together, 10.4% (8 815 patients) out of the theoretical patients’ estimation according to the prevalence in the orphan designation were treated with OMPs available in Slovakia.
Conclusion: Presented data clearly show insufficient accessibility and availability of OMPs in Slovakia. Importance of clearly defined criteria for OMPs supporting patients and healthcare professionals’ involvement in the final decision together with other measures such as social impact, improvement of patients’ quality of life, society wide meaning, or no alternative treatment in the final decision is crucial for transparent and sustainable access to OMPs and innovative treatments in Slovakia.
Keywords: orphan medicinal product, rare diseases, data-based decision-making, legislation—EEC, patient access to medicines
INTRODUCTION
The Slovak Republic (SR) is a small Central European country, with a total number of inhabitants of about 5.5 million. As described by Kapalla et al., 2010, Slovakia’s health insurance system is neither Bismarck nor Beveridge nor the National Health Insurance model, although it has certain features of all (Kapalla et al., 2010). Health insurance in Slovakia is based on a solidarity system that is represented by all citizens paying so-called health contributions, which are compulsory. The care and services the patients receive are independent of the amount of their contribution to the common healthcare fund. In theory, the solidarity is unlimited; however, in the real world setting, rare disease patients face serious problems accessing the available treatments. Most of the health funding (80%) is publicly financed. The sources of the revenue are mainly wage dependent; however, one-third comes from general tax and revenues to pay for contributions for some subsidized categories such as children, unemployed, students, and pensioners. Although spending on health care has increased in the past decade, healthcare expenditure as a share of gross domestic product (GDP) remained stable and much lower than the average in the European Union (EU) (6.7 vs. 9.8%). One-third of the current healthcare expenditure in Slovakia was allocated for pharmaceuticals and medical devices (OECD, 2019). The high share of pharmaceuticals and medical devices in Slovakia can be attributed to a small healthcare budget and small prices per service, visible for example in the low use of cross-border directive (Malinowski et al., 2019). Slovak patients cannot afford to pay the difference in costs between the services in Slovakia and most European countries. Thus, they must use an alternative way to get access to health care abroad, which is an administrative burden and time-consuming for all stakeholders, although it is covered by the health fund. This negatively impacts Slovak patients, especially rare disease patients who lack many services for their rare disease at the national level (Wilson et al., 2020).
However, high expenditure for pharmaceuticals and medical devices is one of the motivations for regulators to focus on the regulation about pricing and reimbursement of medicinal products in Slovakia. The current system was strongly affected by a healthcare reform and the new pricing and reimbursement act in 2011. Access to treatment for rare disease patients, but other patients as well, has also been negatively impacted by two novelizations of the pricing and reimbursement act performed in 2018 and 2019 (MZ SR, 2011). Since OMPs are associated with higher prices, Slovakia, similar to most Central and Eastern European countries (CEE), set up a formal health technology assessment process, and its positive decisions are associated with reimbursement (Bucek Psenkova et al., 2017, Kos, 2019; Stawowczyk et al., 2019; Malinowski et al., 2020). Differently to other CEE countries, the reimbursement decision in Slovakia is based on the cost-effectiveness threshold expressed as a multiple of the average salary with a possibility of reimbursement approval if a very strict condition regarding the number of patients in Slovakia is fulfilled (less than 1:50,000 inhabitants according to disease prevalence or authorized therapeutic indication).
The current legislative framework together with low access to treatment indicates that the whole sector could be better regulated, as concluded by the Organization for Economic Co-operation and Development (OECD, 2019).
Currently, Slovakia is preparing the third novelization of the pricing and reimbursement act. This was one of the motivations behind this study to produce analysis with more complex data, focusing attention on rare disease patients and their access to treatments.
The main aim of this study is to analyze the access of Slovak patients to orphan medicinal products (OMPs), in the years 2010–2019 by analyzing financial reimbursement from publicly available databases. Patients’ data come from insurance companies. There is no published article with such complex data on access to OMPs for Slovak patients to date; most of the articles refer rather to the process of drug reimbursement (Kawalec et al., 2017; Malinowski et al., 2019; Tesar et al., 2019; Németh et al., 2020) or access to a limited number of OMPs (Blankart et al., 2011; Tesar et al., 2017).
METHODS
Slovakia uses reference pricing; thus, it has the third-cheapest drugs in the European Union. Slovak patients can access OMPs in two ways:
1) Directly, if the drug is on the positive drug list,
2) On exception, without guaranteed access, where approval of reimbursed treatment with the drug is provided to the physician on the patients’ basis.
Direct access means the medicine is on the positive drug list. The positive drug list is the reimbursement list, which specifies medicines according to total or partial reimbursement. It is updated on a monthly basis and freely available on the website of the Ministry of Health. OMPs are mainly fully covered. The drug is added to the positive drug list at the request of the marketing authorization holder. It must fulfill certain criteria, none of which, however, take the orphan status into account. Since 2011, the cost-effectiveness threshold was implemented directly in the pricing and reimbursement act. Since 2018, the formal health technology assessment (HTA) is performed by the expert working group on pharmacoeconomics, clinical outcomes, and health technology assessment at the Ministry of Health. It focuses on cost-effectiveness and budget impact. The final opinion may include clinical outcomes or health technology assessments. The OMP status is considered minimally. Medicines receive their orphan status with just 2 out of 6 points in multi-criteria decision analysis (MCDA). The base to pass is 35 points. Additional points from the MCDA can be added or subtracted. The total score in the interval of 28–41 points is multiplied by the average monthly wage valid two years ago to derive the cost-effectiveness threshold. However, medicines indicated for diseases with prevalence less than 1:50,000 do not need to provide a pharmacoeconomic assessment.
Exceptional access means the drug is reimbursed for a certain patient or patient group. This decision is a subject of the health insurance company and is mainly dependent on negotiations with the manufacturer. There is no special budget dedicated for exceptional reimbursement; it is a part of the budget for all medicines. There are no clear criteria for exceptional reimbursement. Neither the orphan status, medical need, or existing alternative treatment is considered.
In this study, we strictly used the definition of the OMP according to the European Commission definition (Regulation EC, 2000). The list of drugs with valid orphan status comes from the European Medicines Agency (EMA)—supplementary file (Agendas, 2018). The OMP should have at least one valid orphan designation (OD) and marketing authorization as the OMP for treatment of rare condition/conditions between Jan 1, 2010, and Dec 31, 2019. For every OMP, the time between EMA approval and OD expiration, withdrawal, or approval surrender has been established. All data collected and described below were studied for the lifetime interval of a particular OMP. Together, 167 OMPs fit this criterion.
The data about access to OMPs in Slovakia were acquired mainly from publicly available data sources at the national level. The full list of OMPs reimbursed in Slovakia and their consumption comes from the National Health Information Centre database. The list of directly available OMPs for Slovak patients comes from the positive drug list published on a monthly basis on the website of the Slovak Ministry of Health. Drugs that were present in the database of the National Health Information Centre but were missing in the positive drug list have been marked as drugs reimbursed on exception.
The time to reach the Slovak market was counted as the time between the EMA marketing authorization date and the date of the first appearance of the OMP in the positive drug list. The data about the total number of patients treated with a particular OMP/year, as well as the total number of unique patients treated with a certain OMP, come directly from payers–health insurance companies. All three insurance companies kindly provided the data about insured patients treated with every OMP.
The data about prevalence at the time of marketing authorization come from the OD. This number was used to count the theoretical estimation of the total number of patients in Slovakia with a certain rare disease. Out of the theoretical estimation of the total number of patients in Slovakia, the percentage of really treated patients with a certain disease was counted.
RESULTS
Access to OMPs: Europe vs. Slovakia
In ten years (2010—2019), Slovak patients were treated with 52% (87) of the available OMPs. Out of them, 21 OMPs were on the positive drug list before the changes of the reimbursement act in 2011; 34 other OMPs were added to the positive drug list in the period 2011—2019. The remaining 32 OMPs were provided on exception.
Since the healthcare reform in 2011, the annual growth of new OMPs to Slovak patients was rather low (Figure 1). Meanwhile, during the years 2010–2019, every year on average, 11.3 [4–22] OMPs were authorized in Europe annually; the average of new OMPs accepted in the positive drug list in Slovakia every year was less than half of the European average 4.3 [0 -11]. If we consider the availability on exception, on average, another 3.3 OMPs per year [0—13] were available for Slovak patients. However, there were years, such as in 2019, when no OMP was provided on exception.
[image: Figure 1]FIGURE 1 | New OMPs authorized in the European Union vs. new OMPs accessible/available in the Slovak Republic. * New pricing and reimbursement Act, ** Novelization of the pricing and reimbursement Act.
OMPs Missing on the Slovak Market
Further detailed analysis of the availability of OMPs in Slovakia identified an increasing number of missing OMPs on the national market in Slovakia, 43% in 2010 vs. 53% in 2019 (Figure 2). Still, every second OMP available in Europe was missing in Slovakia. In ten years, together, 87 OMPs were used in Slovakia. Considering the access and using the terminology of Pejcic et al. (2018), 62% of them have been accessible for any patient with a given indication in the ten-year period. The remaining 38% of OMPs were available on exception.
[image: Figure 2]FIGURE 2 | Access to OMPs in Slovakia. * New pricing and reimbursement Act, ** Novelization of the pricing and reimbursement Act.
OMPs According to ATC Classification
Figure 3 shows access to OMPs in Slovakia according to anatomic-therapeutic classes (ATC classes). In ATC classes D (dermatological), G (genitourinary system and sex hormones), and R (respiratory system), no OMP is accessible in the SR. On the other hand, all OMPs indicated for rare musculoskeletal diseases are accessible in the SR. Only 18% of OMPs indicated for rare oncologic diseases are absolutely missing. However, almost half of the antineoplastic and immunomodulating agents are provided on exception. In the ATC class A (alimentary system), almost every second OMP indicated for a rare metabolic disease is missing. However, rare metabolic diseases in Slovakia are treated with accessible OMPs rather than available OMPs.
[image: Figure 3]FIGURE 3 | Access to OMPs in Slovakia.
Time to Reach the Slovak Market
In the 10 years reviewed, the delay to reach the Slovak market was on average almost 4 years, 43.5 months [6—202 months]. Figure 4 depicts an average delay in OMPs accessible for every patient. It stresses the fact that the medicines which reached the market due to the reimbursement novelization in 2018, were those that were authorized in the EU 3 years—38.9 ± 10.5 months earlier, respectively, 5 years earlier, 57.0 ± 15.6 months earlier in 2019. Considering another fact, there exists an exceptional reimbursement of OMPs in Slovakia; more than half (57.1%) of the OMPs which reached the Slovak market in 2018 were available on an individual basis before, respectively 58.3% of the OMPs in 2019.
[image: Figure 4]FIGURE 4 | Average time delay in access to OMPs in Slovakia, the impact of the health reform, and novelization of the pricing and reimbursement Act, SEM = standard error of the mean, * New pricing and reimbursement Act, ** Novelization of the pricing and reimbursement Act.
Expenditure for OMPs
An overall analysis of expenditure for OMPs during the years 2010–2019 shows an increase (Table 1). The detailed comparison of costs of accessible and available exceptionally reimbursed OMPs indicates an extensive increase of drug expenditure for the treatment of patients with rare diseases in the exceptional regime. As seen in our data, there is no relationship between the expenditure for OMPs given on exception and directly accessible OMPs on the positive drug list. However, as seen in Table 1, the increase of expenditure for OMPs from the total expenditure for medicines in Slovakia was rather gradual, whereas the increase of expenditure for OMPs on exception was unpredictable.
TABLE 1 | Trends in expenditure for OMPs and cumulative number of rare disease patients treated with OMPs per year.
[image: Table 1]Patients Treated With OMPs
The data set described above refers to 8,815 individual patients treated with OMPs in Slovakia in 10 years. In the 10 years, the total number of patients treated with OMPs increased by 52% compared to the baseline.
The average number of patients treated with OMPs per year was 1,825 pts [1,449–2,197], and the trend was increasing, with a deep decrease in 2013 and a very mild increase in 2019. Table 1 represents the cumulative number of patients treated with OMPs per year, considering the way of access. The proportion of patients treated with exceptionally reimbursed OMPs varied from 3.1% in 2010 to 18.9% in 2017.
Prevalence at the Time of Orphan Designation vs. Real Number of Treated Patients
The real number of treated patients (8,815) is markedly lower than the theoretical estimation according to the prevalence in OD at the time of marketing authorization (84,399 patients). Together, treated patients in Slovakia account for 10.4% of the theoretical estimation according to the prevalence in OD at the time of marketing authorization. There were just 11.5% OMPs that were used in more than 20% of rare disease patients according to theoretically estimated patients’ number in Slovakia. Most of the OMPs (40%) were indicated for oncologic diseases. The majority of the OMPs in Slovakia (48.3%) were used in 1–9% of the patients out of the theoretically estimated total number of patients with a certain rare disease (Figure 5).
[image: Figure 5]FIGURE 5 | OMPs accessed in the SR, classified according to the percentage of treated patients. The Percentage is counted out of the patients’ number theoretically estimated from the prevalence in orphan designation at the time of marketing authorization.
DISCUSSION
Differences in access to OMPs has been an ongoing problem since orphan drug regulation was introduced (Parisse-Brassens, 2009; Tejada, 2011). The data from Slovakia are usually absent in different international comparisons analyzing access to OMPs. Importantly, several methods or subsets of analyzed OMPs are used, thus hindering direct comparisons. For example, medicines that were already without orphan status at the time of analysis are counted as OMPs (Detiček et al., 2018). Although using this approach overestimates the real number of available OMPs on the national market, it still successfully identifies the differences in access between countries. Germany and France are identified as countries with a higher number of OMPs in comparison to Central European countries such as Slovakia and Poland, where a substantial space for improvement is present (Detiček et al., 2018; Stawowczyk et al., 2019; Zamora et al., 2019; Czech et al., 2020). Nevertheless, in our study we analyzed OMPs only with valid OD. According to our results in the past years (2010–2019), every other OMP in Slovakia was missing, and the trend was negative. This is in line with the published data about low access to OMPs in other Central and Eastern European countries (Caban et al., 2016; Logviss et al., 2016) as well as Balkan and Eurasian countries (Iskrov et al., 2012; Pejcic et al., 2018; Czech et al., 2020). On the other hand, it is in deep contrast with Germany, France, and the Netherlands (Orofino et al., 2010; Bourdoncle et al., 2019; Czech et al., 2020), where access to OMPs is much better. The delay in access to OMPs in Slovakia is extremely long if compared with other countries (Detiček et al., 2018). OMPs are launched in Slovakia on average 3 or even 5 years after the drug has been authorized. None of the novelizations managed to change the situation and support timely access of OMPs to the Slovak patients. Drugs that were added to the positive drug list in 2018, thanks to the long-expected reimbursement novelization, were mainly drugs that were used in exceptional regimes before. Thus, the novelization in 2018 did not bring new innovative treatment options to rare disease patients or healthcare professionals. It just managed the uncertainty of access and the administrative burden of the healthcare professionals when treating with exceptionally reimbursed OMPs.
Factors that influence the delay of OMPs when coming to the national market are the population size, total healthcare expenditure per capita, rare disease policy, and level of expertise, as well as pricing and power in reimbursement, negotiations, and the company’s decision to delay the OMP in the country due to reference pricing. From this point of view, Slovakia is a post-socialistic country with lower healthcare expenditure per capita than the European average, lacking experience in rare disease policy and expertise (Kanavos et al., 2017; Czech et al., 2020). A further obstacle is the uniform reference pricing as Slovakia has the third cheapest drugs in the European Union. The OMP status is considered minimally. As described by some authors, external reference pricing has perverse consequences when country-specific economic parameters are considered (Young et al., 2017). This is also the case in Slovakia. Since Slovakia was missing in their analysis, we searched for countries with a similar GDP spent on health care according to the OECD and at the same time countries involved in the analysis of (Young et al., 2017; OECD, 2019). These were Greece and Poland. We identified that OMPs in Slovakia are between 2.95 times [1.45–4.65] (Greece) and 5.35 times [4.21–7.37] (Poland) more costly than those of the United Kingdom. On the other side, the budget impact of OMPs in Slovakia in 2019 was 5.3%, which fits with the estimation by Schey (Schey et al., 2011).
Pricing and power in reimbursement and negotiations in Slovakia are poor. Although Slovakia signed together with other Visegrád countries (Poland, Czech Republic, and Hungary), Croatia, and Lithuania, the memorandum of understanding of fair cooperation in the area of fair pricing for medicines does not take advantage of it (Annemans et al., 2017; Ministry of Foreign Affairs of the Republic of Poland, 2017). This approach seems to be more accepted by larger markets, but as seen in the example of BeNeLuxA, smaller countries can take the advantage of it as well (Michalopoulos, 2018). Of further concern is the fact that high costs for OMP are compensated by flat expenditure for non-OMPs and increased volumes of cheaper generics/biosimilars and developments toward more specialized targeting of diseases (Mestre-Ferrandiz et al., 2019). Clearly defined and transparent criteria for managed entry agreements (MEAs) respecting good practices in MEAs, respectively general procurement at the national level or even the international level, are one of the needed approaches also supported by the European Commission (Pauwels et al., 2017; Bucics, 2020). The alternative is patient supply on exception. However, this is highly unpredictable. As seen from our results in 2016, patients access 13 new OMPs via this route, whereas in 2019, no new OMP was reimbursed on an exceptional basis. This might be explainable by novelization in 2019 as well as the higher number of OMPs which were regularly launched on the Slovak market. On the other hand, exceptional reimbursement is not guaranteed in Slovakia, even if the medicine is the only therapeutic option for a patient, or there is an unmet medical need, respectively, if it is end-of-life medicine. No use of exceptional reimbursement of OMPs absolutely blocks access to medicines for patients who are in direct instead of dire need and need fast and flexible solutions. In this context, it is worth mentioning that in Slovakia, all medicines are paid from the same fund independently of the way of access. This is different from other countries such as the UK, Belgium but also Poland, Hungary, or the Czech Republic, where special funds exist for medicines that were not reviewed by the authorities or were not accepted or are financed via hospital extra budgets (the Netherlands) or are considering other criteria as the end-of-life criterion (Morel et al., 2013; Ferrario and Kanavos, 2015). Since expenditure for medicines in Slovakia was gradually increasing, together with the total expenditure for OMPs, ceasing the exceptional access to OMPs was the easiest option to lower the expenditure for medicines in a short time. However, this approach does not solve the budgetary uncertainty associated with OMPs in long term. On the contrary, it limits patients’ access to OMPs, negatively impacts healthcare professional motivation and involvement, and stresses the importance of clear criterion benchmarks and flexibility for exceptional reimbursement (Lagarde et al., 2019). It is also in deep contrast with the rare disease health policy in Slovakia (MZ SR, 2012; Slovak Alliance for Rare diseases, 2019; Hedley et al., 2021; MZ SR, 2021). On the other hand, it partially explains the late involvement of Slovakia in European reference networks. Slovakia is involved in seven European reference networks (ERNs) as an affiliated partner and in four ERNs as a full member (European Commission, 2021).
Apart from financial uncertainty, there exist other concerns, including bad estimation of the total number of rare disease patients and uncontrolled growth of the total number of treated patients. As presented in our results, these are rather unfounded in the case of Slovakia. Almost 9 in 10 OMPs available in Slovakia were used in less than 20% of patients estimated according to the prevalence in OD at the time of marketing authorization. It must also be considered that transparent tools exist for managing this kind of uncertainty such as cap fixation, outcome guarantee, coverage with evidence, access schemes, limiting prescribing to those subgroups who are most likely to benefit, use of biomarkers, or physician’s certification.
The European Commission is supporting the generation of more precise numbers about rare disease patients at the European level by creating European registries for rare diseases involving European reference networks (Hedley et al., 2018). Since 2016, Slovakia has been generating its rare disease registry. At the end of 2018, there were 6,071 laboratory-approved case studies of 500 different rare diseases. However, this registry includes a few patients with rare diseases treatable with OMPs. One reason for this might be that the registry is primarily run by the genetic society, mainly concentrated on genetic inborn errors, developmental disorders, and birth defects. Nevertheless, this imperfection is easily manageable even by the prepared novelization. One option might be that the condition to reimburse OMPs for rare disease patients is possible only in case the patient data are involved in the national rare disease registry. Another relatively easily manageable option is to connect the rare disease registry with other registries and newborn screening data. However, all of them might be just supportive of the most important action - to support the implementation of Slovak rare disease patients’ data in European registries. As seen in metabolic diseases, this is not the case, and data from Slovakia are missing in this analysis (MetabERN collaboration group et al., 2020). Although the current reimbursement legislation does not pay special attention to the creation of high-quality data sources, there is no doubt it is justified (De Jongh et al., 2021; Gutierrez et al., 2015).
Finally, a relatively low number of rare disease patients received treatment with OMPs. Only 10.4% of the rare disease patients received treatment out of the theoretical estimation according to the prevalence in OD. In the10-year period, the total number of patients treated with OMPs in Slovakia increased by 52% compared to the baseline (1,449 pts in 2010 vs. 2,197 in 2019). However, the total number of OMPs increased by 90% compared to the baseline. The expenditure for OMPs was steeply increasing; unfortunately, this is not the case for the total number of rare disease patients, who received treatment with OMPs. In 10 years, the number of rare disease patients treated with OMPs increased by 52%; however, the expenditure increased by 140%. No clearly formulated criteria for OMPs, including managed entry agreements, result in preferably negative decisions or no interest of the marketing authorization holder to launch the product in Slovakia compared to other countries, which look for innovative reimbursement approaches to provide the treatments for their population (Ferrario and Kanavos, 2013; Morel et al., 2013; EXPH (EXpert Panel on effective ways of investing in Health), 2018; Michelsen et al., 2020; Blonda et al., 2021).
Uncertainties will always exist and may also evolve. Some may be unavoidable at an early stage but may be addressed later. In Slovakia, the main issues seem to be a lack of mutual understanding between regulators, payers, and the pharmaceutical industry together with insufficient high-quality data sources to support evidence-based decisions and courage for innovative reimbursement approaches. Innovative reimbursement approaches need fully developed legislation with a sufficient space for discussions and data gathering. Of note are societal preferences. In this case, the Slovak population is supporting the weak ones. The solidarity of the Slovak society is evidenced by the treatment of spinal muscular atrophy (SMA). In an extremely short time, Slovak citizens crowdfunded for a single-dose adeno-associated viral vector gene therapy (Čiefová, 2020). Another example is the continuing strong support of the Slovak patients’ group for cystic fibrosis to the cystic fibrosis community in Ukraine (V4 Future CF, 2021). However, it needs to be translated into the willingness of politicians and into the legislative documents as the prepared novel of the reimbursement act.
CONCLUSION
The trend in accessibility and availability of OMPs in Slovakia between 2010 and 2019 was decreasing. In 2019, in Slovakia, every second OMP was missing. The implementation of the cost-effectiveness threshold directly in the pricing and reimbursement act created serious obstacles for OMPs to enter the Slovak market. None of the novelizations of the reimbursement act (2018, 2019) managed to solve the problem of insufficient access to OMPs. The average time for an OMP to reach the Slovak market was prolonged, reaching 4.8 years’ delay in 2019. OMPs were preferably directly accessible. The proportion of expenditure for OMPs out of the expenditure for all medicines increased by 53% in 10 years. In 10 years, the number of rare disease patients treated with OMP increased by 52%; however, the expenditure increased by 140%, mainly due to the extensive and unpredictable increase of expenditure for OMPs reimbursed in the exceptional regime. Only 10.4% of patients of the theoretical estimation according to the prevalence in OD at the time of marketing authorization were treated with OMPs in Slovakia.
The small drug market in Slovakia is even smaller when considering the low prevalence of rare diseases. Of note are further factors such as low GDP, insufficient and complicated data gathering, time and money complicated diagnostics, single-source financing, political rather than data-based decision-making, and legislation imperfections. On the other hand, a small population country is more manageable in case of precise data gathering and their interconnections and monitoring. High-quality data are necessary to form decisions based on data. The novel reimbursement legislation, which is in preparation in Slovakia now in 2021, creates a unique opportunity to do so and to adopt good practices from different European countries to support innovative treatments not only for rare disease patients but also to increase the quality of care for all citizens with innovative treatments.
LIMITATIONS
There are several limitations to our work. The first of them is the accuracy of the data regarding the expenditure. It does not reflect discounts provided by the marketing authorization holder; thus, the real expenditure for OMPs is overestimated. On the other hand, the discount could be provided on the regularly accessible OMPs and on the ones available on exception; thus, the proportionality of the data is relatively precise. Of note is also the fact that this data source is used in all statistics Slovakia provides and uses for further analyzing and decision-making. Moreover, a publicly available source of more precise financial data is missing. The second limitation is missing information about MEA. Since the information about MEA or the type of MEA is not publicly available, we did not have the opportunity to identify the type of MEA nor had the opportunity to identify the weaknesses of MEA.
A further limitation is in the total number of treated patients. Importantly, most of the OMPs in our analysis were not used for the whole 10 years; thus, it is challenging to identify the prevalence of patients with a certain rare disease as well as the total number of rare disease patients indicated for treatment with a certain OMP in Slovakia. The real numbers of rare disease patients in Slovakia were much lower than estimations according to the prevalence in OD, stressing the need for improvement in better diagnostics.
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Given that nanomedicines and follow-on nanosimilars have complex manufacturing processes and heteromolecular structures, the question is being raised in ever increasing frequency as to whether the current European regulation of medicines for human use is robust enough to authorise these medicinal products and their follow-ons. Until this can be achieved, there is a potential for patient safety to be compromised.
The current situation is that nanomedicines have the potential for being assessed under four different types of procedures: the national procedure, the decentralised procedure, the mutual recognition procedure, and the centralised procedure. In this context, it is important to note that a survey published in 2018 reported “…strong regional differences in the regulation of nanomedicines and confirmed the need for a harmonisation of information requirements on nano-specific properties” (Bremer-Hoffmann et al., 2018). Given their complex nature and the fact that each nanomedicine will have unique features, there is currently a lack of guidelines or protocols so that these medicines can be appropriately processed, which will provide a marketing authorisation (MA) that meets the demanding standards of today and thus ensure patient safety (Nanomedicines and Nanosimilars, 2021).
The EU Nanomedicines Regulatory Coalition (Nanomedicines Regulatory Coalition, 2021) currently comprising seven pan-European organisations is therefore advocating for all nanomedicines to be assessed by the EMA Centralised regulatory procedure (Patient Safety and Nanomedicines, 2020).
This is equally true of the off-patent follow-on copy products, or nanosimilars, as they are also called. Within this context, a centralised regulatory process that addresses this is needed at the EU level, and in the absence of a tailored regulatory pathway similar to that of the biosimilars, the European Alliance for Access to Safe Medicines (EAASM) strongly believes that all future nanosimilars should go through the Hybrid Application process (10.3) and not the Generics Application process (10.1). This pathway, if consistently applied and aligned to the draft guidance (European Medicines Agency, 2015) which the EMA has produced for specific types of nanomedicines, would ensure that follow-on copies are therapeutically similar to their originator and therefore improve patient safety.
There will be different manufacturers producing these similar products from different sites with differing manufacturing processes, and so the production of identical replicas of the originator product cannot ever be achieved (Ehmann et al., 2013; Marden et al., 2018). It is for this reason that a thorough clinical valuation must be carried out before an MA can be granted.
Patient harm has occurred when a nanosimilar has not had this rigorous safety and efficacy check established through a clinical trial (Rottembourg et al., 2011a) program.
This article endeavors to lay out the critical success factors that will enable a centralised procedure for nanomedicines and nanosimilars to be achieved.
METHODOLOGY
The recommendations of this article have been developed due to extensive desk research (Patient Safety and Nanomedicines, 2020) and in consultation with field experts in one-on-one interviews and through two round-tables which took place in the European Parliament in April 2019 (Event summary, 2019) and November 2020 and which were fully reported.
This has enabled the EAASM to adopt a robust strategy of a continuous extensive advocacy program with all influential stakeholders and the EU Institutions (Nanomedicines Regulatory Coalition, 2021).
This strategy aims to raise the political temperature (Letter to Commissioner for Health and Food Safety Ms. Stella Kyriakides, 2021) so that even more focus can be placed on the regulatory institutions to ensure that a fit-for-purpose regulatory pan-European procedure is adopted as quickly as possible.
The need for a harmonised centralised regulatory procedure is highlighted by three key factors:
1) The plethora of nanomedicines in the pipeline (see Figure 1; Table 1; Van Trier, 2021) which indicates the diversity and complexity of these medicines
2) The evolution of many NBCD marketing authorisations (of which many are nanomedicines and nanosimilars—see Table 2) adapted by Klein et al. (2019) which show the diverse nature of the regulatory routes. This gives rise to different national health agencies assessing these medicines and allows for the marketing of different brand names, which in turn makes PV linkage difficult and thus compromises patient safety.
3) Interchangeability of “similar” medicines requires strong central guidelines and education programs to ensure that hospital- and community-based policies are implemented by doctors, pharmacists, and nurses in a coordinated way.
[image: Figure 1]FIGURE 1 | Number of nanomaterial product applications submitted to CDER by year. Applications are separated as INDs, NDAs, and ANDAs.
TABLE 1 | Overview of the commercially available nanomedicines in the EU (Van Trier, 2021).
[image: Table 1]TABLE 2 | Overview of NBCD follow-on products approved in the EU via the three abbreviated applications: generic, hybrid, and biosimilar pathways, as well as new applications by originator companies via informed consent, sorted by authorization date since the first approval in 1999 until November 2018.
[image: Table 2]Nanocolloidal solutions of iron carbohydrates for intravenous applications are another example of frequently used nanomedicines. The first nanotechnology-based intravenous iron product was introduced in the 1950s and is now known as Venofer®. To overcome the high toxicity of iron (II) salts, iron in the form of polynuclear Fe(III)-oxyhydroxide core stabilized by a carbohydrate shell was developed. Intravenously applied Venofer® nanoparticles have been shown to be tolerated at more than 20-fold higher 50% lethal dose (LD 50) levels, compared to iron sulphate solutions in mice (Geisser et al., 1992).
After administration, the iron carbohydrate particles interact with the innate immune system for uptake and release of bioavailable iron (Geisser and Burckhardt, 2011; Koskenkorva-Frank et al., 2013). It is assumed that the characteristics of the nanoparticles affect the fate and disposition in the body (Toblli et al., 2009a; Toblli et al., 2009b; Toblli et al., 2012; Toblli et al., 2015; Toblli et al., 2017). There is a plethora of evidence showing that iron sucrose follow-on products from different manufacturers have different efficacy and safety profiles despite most of them complying with the USP monograph quality requirements (Rottembourg et al., 2011b; Lee et al., 2013; Agüera et al., 2015). Since the structural and functional relationships are not fully understood and, hence, the clinically meaningful critical quality attributes (CQAs) are not fully identified, the manufacturing process defines the product and is crucial for the consistency and quality of the end product and its clinical performance. A robust manufacturing procedure needs to be in place and thoroughly sustained in order to ensure batch-to-batch consistency. Hence, the call for a harmonised centralised regulatory process to ensure the highest safeguards against patient safety issues.
It should be noted that whilst the centralised procedure is already compulsory in a number of situations1, including all those products containing new active substances in, for example, the field of oncology and viral diseases, it does not cover all nanomedicines and nanosimilars. This means that a large number of innovative nanomedicines (including the COVID mRNA) go through the centralised procedure by default. The gap in the system is that for many nanomedicines (i.e., for other indications), it is not yet compulsory for all follow-on/nanosimilars.
As described, for example, by Klein et al., current different routes obtained for marketing approval allows the same nanosimilar to be registered under a variety of brandnames in different countries. This means that when adverse event cases are reported, it is hard to link these patient safety incidences.
As such, nanosimilars would benefit from a mandatory centralised procedure, as this will guarantee consistency in the scientific evaluation of such follow-on products. Another benefit of the centralised procedure is the guarantee of centralised safety monitoring and the obligation for the use of a single brand name throughout the EU. This will facilitate better traceability and adequate identification of product-specific safety issues for nanosimilars.
RESULTS
In 2020, a comprehensive scientific report (Patient Safety and Nanomedicines, 2020) was produced by the EAASM, and a leading politician who sits on the ENVI Committee, namely, MEP Maria da Graca Carvalho (Official website of MEP Petar Vitanov, 2021) (EPP, Portugal), stated in the foreword that (Patient Safety and Nanomedicines, 2021)
“A strong fit-for-purpose regulatory framework is needed, in order to build on all of the current knowledge and expertise. Only then will we be able to have new treatment opportunities that will benefit patients in a timely and safe way.”
An outreach petition encouraging interested parties to join have resulted in the following organizations (Table 3) becoming part of the Nanomedicines Regulatory Coalition, namely, European Alliance for Access to Safe Medicines, European Cancer Patient Coalition, European Liver Patients’ Association, European Parkinson’s Disease Association, European Renal Association, European Specialist Nurses Organization, International Alliance of Patients’ Organizations.
TABLE 3 | Nanomedicines Regulatory Coalition.
[image: Table 3]In addition, the EAASM has held focused interviews with leading MEPs (MEP Cyrus Engerer, 2021) whose major interest is health related and who were co-signatories to a letter sent to the EU Commissioner for Health and Food Safety, Ms. Stella Kyriakides, on 30 June 2021, to which a positive reply was received, and the Commissioner’s statement can be seen in Table 4 2.
TABLE 4 | Letter from the EU Commissioner for Health.
[image: Table 4]The lead rapporteur on the European Parliament INI report, MEP Dolors Montserrat3 (EPP, Spain), charged with challenging the Commission’s legislative proposal, was receptive to the recommendations that nanomedicines should be specifically mentioned in the INI report. The amendments will be voted in the EU Parliament plenary session in Q4 2021, and there is confidence that the inclusion of nanomedicines and nanosimilars will remain and thus be transposed into the EU Pharmaceutical Strategy master policy document that will ultimately result in new legislation.
For the current amendments that are in the Environment, Public Health, and Food Safety (ENVI) Committees’ INI report4 2021/2013/INI 08/11/2021, see Table 5.
TABLE 5 | ENVI report -2021/2013/INI.
[image: Table 5]MEP Petar Vitanov (Official website, 2021) (S&D, Bulgaria) was interviewed by the Parliament Magazine (Parliament Magazine Nanomedicines and Nanosimilars, 2021) and clearly stated the following:
“As an MEP actively involved in health care, and with the progress of the Pharmaceutical Strategy for Europe, it is the right time to set the scene for building a pan-European medical agency consensus so that regulatory weaknesses can be addressed through a robust regulatory pathway and thus provide medicines with the highest quality, safety and efficacy profiles for European patients.”
Following on from two Parliament round-table events, a third follow-up event is tabled for Q3 2021.
CONCLUSION
In the comprehensive Master Research protocol (Van Trier, 2021) thesis entitled “European stakeholders’ perspectives on the therapeutic opportunities and the regulatory challenges associated with nanomedicines,” the main conclusions under Section 6.3, “The Future of Nanomedicines,” were as follows (see Table 6):
TABLE 6 | “European stakeholders’ perspectives on the therapeutic opportunities and the regulatory challenges associated with nanomedicines.” Section 6: “The Future of Nanomedicines.”
[image: Table 6]This last sentence is a significant cause for concern and so the Nanomedicines Regulatory Coalition under the umbrella of the EAASM intends to continue its strong advocacy program to ensure the following:
• all nanomedicines and nanosimilars be assessed by the EMA Centralised Regulatory Procedure.
• a harmonization of information requirements of regulators in order to correctly characterize nanomedicines
• production of a scientific consensus on definitions for nanomedicines across Europe
• improved education and a fostering of awareness on the complexity and sophistication of nanomedicines among policymakers, prescribers, payers, and patients. This is especially relevant when it centers on issues of interchangeability
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A timely diagnosis is a key challenge for many rare diseases. As an expanding group of rare and severe monogenic disorders with a broad spectrum of clinical manifestations, ciliopathies, notably renal ciliopathies, suffer from important underdiagnosis issues. Our objective is to develop an approach for screening large-scale clinical data warehouses and detecting patients with similar clinical manifestations to those from diagnosed ciliopathy patients. We expect that the top-ranked similar patients will benefit from genetic testing for an early diagnosis. The dependence and relatedness between phenotypes were taken into account in our similarity model through medical concept embedding. The relevance of each phenotype to each patient was also considered by adjusted aggregation of phenotype similarity into patient similarity. A ranking model based on the best-subtype-average similarity was proposed to address the phenotypic overlapping and heterogeneity of ciliopathies. Our results showed that using less than one-tenth of learning sources, our language and center specific embedding provided comparable or better performances than other existing medical concept embeddings. Combined with the best-subtype-average ranking model, our patient-patient similarity-based screening approach was demonstrated effective in two large scale unbalanced datasets containing approximately 10,000 and 60,000 controls with kidney manifestations in the clinical data warehouse (about 2 and 0.4% of prevalence, respectively). Our approach will offer the opportunity to identify candidate patients who could go through genetic testing for ciliopathy. Earlier diagnosis, before irreversible end-stage kidney disease, will enable these patients to benefit from appropriate follow-up and novel treatments that could alleviate kidney dysfunction.
Keywords: patient similarity, electronic health records, medical concept embedding, rare disease diagnosis, screening, ciliopathy, unbalanced dataset
1 INTRODUCTION
Rare disease patients that have delayed diagnosis present disease progression, incorrect treatment, and complications that may be irreversible. For example, a significant proportion of patients having ciliopathies are diagnosed when they have kidney failure and about half of patients on kidney transplantation waitlists are classified as undetermined diagnosis (Schrezenmeier et al., 2021).
Ciliopathies are an expanding group of rare and severe genetic diseases related to the abnormal structure and function of cilia, ubiquitous cellular organelles involved in controlling key signaling pathways during development and tissue homeostasis. Cilia dysfunction can lead to diseases with a broad spectrum of clinical manifestations ranging from embryo fetal lethality and individual organ malformation, to multisystemic defects. Until now, there have been no treatment for ciliopathies, but only maintenance and palliative care. Meanwhile several candidate drugs are currently tested in animal models or in in vitro models (Stokman et al., 2021).
Two major obstacles must be overcome to provide early diagnosis to ciliopathic patients: the phenotypic and genetic heterogeneity of patients, and the growing pace at which new clinical phenotypes are being described. Nowadays, more than 50 clinically and genetically overlapping ciliopathy disorders linked to variants in about 180 established ciliopathy-associated genes have been reported (Reiter and Leroux, 2017). Despite this progress, our knowledge of ciliopathies is far from complete, as new clinical phenotypes are still being described, shedding new light on the role of the primary cilium in health and disease (Shamseldin et al., 2020).
A conspicuous example of the complexity behind the diagnosis of ciliopathies is the recent discovery of ciliary genes pathogenic variants in end-stage kidney disease adult cohorts: the NPHP1 homozygous locus-deletion was found in up to 0.9% frequency in adults raging 18–50 years of age (Snoek et al., 2018), along with a 0.3% frequency of other known ciliopathy-related gene mutations (Groopman et al., 2019). These studies, together with the fact that nonspecific clinical presentation is often missed due to a lack of suspicion for genetic tests, strongly suggest that ciliopathic patients are probably underdiagnosed.
In such complex situations, patient-patient similarity measures may be useful to search for potential ciliopathy patients in clinical data warehouses. Due to the wide adoption of electronic health records (EHR) systems in hospitals, patients’ data collected during care can be reused and mined to support diagnosis. To do so, we need a similarity model that considers the semantic relations between medical concepts and the different levels of relevance presented in patients’ EHRs—including incompleteness, inaccurate phenotyping, noisy phenotypes related to multiple comorbidities, and medical histories.
Recently, we developed a similarity method combining natural language processing (NLP) techniques, namely word embedding, and statistical modeling, to demonstrate the feasibility of screening a small patient cohort of 79 ciliopathies and 200 controls (Chen et al., 2021). The results showed a significant improvement in the enrichment of the number of ciliopathy patients among the top-ranked patients, compared with the baseline method that did not consider phenotype dependence and relevance.
The work presented here expands our previous preliminary study, as we 1) further assessed the adequacy of other existing embeddings for modeling medical concept dependence, 2) leveraged the similarity model by considering each diagnosis of ciliopathy as index (as opposed to using average similarity with all diagnosed patients) to take into account the high heterogeneity of ciliopathies, and 3) applied the developed model to two large-scale unbalanced datasets containing approximately 10,000 and 60,000 controls with kidney manifestations in the clinical data warehouse.
2 MATERIAL AND METHODS
2.1 Clinical Data Warehouse and Patient Phenotyping
This study was conducted as part of the C’IL-LICO project. This project was approved by the French National Ethics and Scientific Committee for Research, Studies and Evaluations in the field of Health (CESREES) under the number #2201437. It aims to develop transformative diagnostic, prognostic, and therapeutic approaches for patients suffering from ciliopathies. As a national reference center for rare and undiagnosed diseases, the Necker Children’s Hospital hosts the Imagine Research Institute, whose data repository contains more than 1800 patients with proven or suspected ciliopathy disorders. More than 1100 of them have bi-allelic variants in one causative gene identified. The clinical data warehouse (Dr. Warehouse) of Necker/Imagine contains EHR data from more than 700,000 patients. The high throughput phenotyping module within Dr. Warehouse (Garcelon et al., 2018) is based on the extraction of phenotypes encoded with the Unified Medical Language System (UMLS), a large thesaurus of medical terms and concepts from more than 200 different vocabularies. We used a definition of “phenotype” based on the UMLS, i.e., any concept assigned to 1 of the 12 semantic types (UMLS 2019AB release) belonging to the “Disorder” Semantic Group (McCray et al., 2001).
2.2 Patient Selection and Study Design
We considered two groups of patients: patients with ciliopathy disorders and non-ciliopathy controls.
Based on Dr. Warehouse, 329 patients with proven or suspected ciliopathy disorders had been followed at least once at Necker Children’s Hospital with EHR data available. To ensure inclusion of only patients with sufficient EHR information to characterize their health condition, we focused on patients with at least four distinct UMLS phenotype concepts. The concepts corresponding to the diagnosis of a ciliopathy, such as “Nephronophthisis” (C0687120), were removed to avoid bias.
The patient similarity method was applied to screen patients in Dr. Warehouse that had at least one kidney manifestation, to identify potential undiagnosed ciliopathy patients. More precisely, the target population for screening was selected as patients who had any automatically extracted UMLS phenotype concept subsumed by the term “Kidney Diseases” (C0022658) excluding known ciliopathies. This cohort is referred to as “other-nephropathy” controls. As the control cohort was built automatically based on the UMLS phenotype extraction of any kidney-related signs (from mild signs such as “polyuria” to end-stage kidney disease), it included patients of all ages (pediatrics and adults) and all types (native or transplant kidney disease).
2.3 Embeddings for Concept Similarity
The semantic similarity between two concepts was calculated using the cosine similarity between two embeddings. The embeddings of UMLS concept unique identifiers (CUIs) derived from a collection of 2.5 million French clinical narratives from Dr. Warehouse provided a good performance with the similarity method in a previous feasibility study (Chen et al., 2021). This embedding is referred to as cui_embd_fr in the following sections. We further assessed the adequacy of other existing embeddings for modeling medical concept dependence, including cui2vec and HPO2Vec+. cui2vec (Beam et al., 2019) contains embeddings of 109,053 UMLS CUIs, derived from multiple sources of medical data, including an insurance claims database of 60 million patients, 1.7 million full-text biomedical journal articles, and 20 million clinical notes. HPO2Vec+ (Shen et al., 2019) contains embeddings of 7258 terms from the Human Phenotype Ontology (HPO) trained from biomedical knowledge resources, such as Online Mendelian Inheritance in Man (OMIM), Orphanet, for HPO terms. To compare with the other two UMLS CUI embeddings (cui_embd_fr and cui2vec), the mapping between HPO terms and UMLS terms provided by the HPO consortium (HPO format-version: 1.2; data-version: releases/2020–12-07) was considered. Embedding of each HPO term was associated with all corresponding UMLS terms.
2.4 Patient-Patient Similarity
The similarity between two patients was calculated using an adjusted average best-match method, i.e., for each concept of each patient, the best match concept from the other patient was identified as the one that maximized the concept similarity, then concept similarities for all pairs of concepts were weighted averaged according to the relevance of each concept to each patient. More details are provided in (Chen et al., 2021).
Based on the pairwise patient similarity, we would like to measure an overall similarity between a patient and a group of patients, i.e., the diagnosed ciliopathy cases, to estimate the probability that the patient has ciliopathy. The first idea would be to consider the average similarity to all diagnosed cases. Intuitively, the closer patients are to the centroid of all diagnosed cases, the more likely they are to belong to the ciliopathy group. However, the underlying hypothesis is that all diagnosed cases are similar to each other and form a homogeneous group, which is inappropriate for ciliopathy because of its high clinical heterogeneity. Another option is to consider the maximum similarity to all diagnosed cases, i.e., the closer patients are to any of the diagnosed cases, the more likely they are to have ciliopathy. However, as we use EHR data that may contain relevant information but also noises, it may bring high uncertainty (analogy to “overfitting” in machine learning). We thus considered the average similarity to the five most similar diagnosed ciliopathy cases (referred to as max5-average in the following sections) to improve the robustness. This process shares the idea with a k-nearest neighbor classification where the neighbors are searched within the set of cases and an average similarity to searched neighbors was considered for ranking. The average, max, and max5-average correspond, respectively, to the average similarity to “all case neighbor,” “1-nearest case neighbor” and “5-nearest case neighbor.” Then all patients from the target screening population were ranked in the order of decreasing “overall” similarity (average, max, or max5-average).
We also considered the average similarity to each subtype of ciliopathies (such as nephronophthisis, Senior-Loken syndrome, Jeune syndrome, etc.) to measure the overall similarity between a patient and a subgroup of diagnosed ciliopathy cases. The final rank was based on the smallest rank obtained from all subtype averages (referred to as best-subtype-average in the following). An illustrative example is given in Table 1.
TABLE 1 | Illustrative example best-subtype-average ranking model.
[image: Table 1]2.5 Evaluation Measures
The proposed approach aims at screening for likely undiagnosed ciliopathy cases in a specific population. To evaluate the performance, EHR data from diagnosed ciliopathy cases and “other-nephropathy” controls were pooled. Each diagnosed case was considered as an index. The patient-patient similarity was calculated between each patient (case or control) and each index. The self-similarity (similarity between a patient and themselves) was set to NA. Then all patients were ranked with different ranking models (average, max, max5-average, and best-subtype-average) as described previously.
Based on these ranking models, the first k top-ranked patients were predicted as suspected ciliopathy patients for some fixed k. Then the most common measures of evaluation, such as precision and recall, can be determined at k. More precisely, the precision (or positive predictive value) is calculated as the proportion of true ciliopathy cases at top k to the total number of patients predicted to be ciliopathy cases (k). The recall (or sensitivity) is the proportion of true ciliopathy cases at k to the total number of true cases. Evaluation of the models was based on the precision-recall curves and partial receiver operator characteristic (ROC) curves. As the “full” curves are not very informative for the screening task with a large number of negative conditions, we focused on the top-ranked list. The minimum number of patients that would need to be screened to detect m true ciliopathy cases for m = 5, 10, 50, 100 were reported.
3 RESULTS
3.1 Patients and Phenotyping
The ciliopathy data set comprises 253 previously diagnosed ciliopathy cases with at least four distinct UMLS phenotypes automatically extracted from their EHR data in Dr. Warehouse.
Two control cohorts were considered. First, we reused the set of “other-nephropathy” patients in Dr. Warehouse presented in our previous study (Chen et al., 2019) as the control cohort 1, which comprised 10,462 patients with the same inclusion criteria based on the number of minimum distinct UMLS phenotypes. Only “active” patients with the latest record after January 1, 2017, in Dr. Warehouse were included in this set. All patients (253 cases and 10,462 controls) presented 8698 distinct UMLS phenotypes. Based on this dataset, we evaluated different embeddings and different ranking models.
Then, to assess the performance of our proposed method on a larger scale dataset with a more imbalanced case-control ratio, we built a second control cohort with the same method but removed the restriction on the date of the latest follow-up in Dr. Warehouse, which thus includes all very old and inactive patients as well. The second control cohort initially comprised 62,117 “other-nephropathy” patients, and after applying the same exclusion criteria based on the minimum number of phenotypes, 58,249 patients were retained. In this case, all patients (253 cases and 58,249 controls) presented 12,128 distinct UMLS phenotypes. An overarching flow diagram is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Overarching flow diagram.
3.2 Comparison of Different Embeddings
3.2.1 Coverage of Different Embeddings
Using control cohort 1, cui_embd_fr was calculated for all 8698 UMLS phenotypes. As for cui2vec, since UMLS is a large thesaurus containing more than 4 million CUIs, although the pre-trained cui2vec contains 109,053 CUIs, only 72.4% of extracted UMLS phenotypes (6296 of 8698) were available in the pre-trained cui2vec. The 10 terms that were most frequently absent were “Pyothorax-Associated Lymphoma” (C1709781), “Transplant” (C3841811), “Monoclonal” (C0746619), “Organ finding” (C0941132), “Urine microscopy leukocytes present finding” (C0555120), “Ring dermoid of cornea” (C1867155), “Immunosuppression” (C4048329), “Anticoagulation (finding)” (C2919015), “Therapy cessation” (C1699848), and “Peroxisome Biogenesis Disorder, Complementation Group R” (C1866352). Among them, three absent terms correspond to noisy extraction, mainly due to French ambiguous abbreviations, such as “Pyothorax-Associated Lymphoma” - “pal”, “Ring dermoid of cornea” - “rdc”, and “Peroxisome Biogenesis Disorder, Complementation Group R” - “cgr”.
Regarding HPO2Vec+, only 24.5% of extracted UMLS terms were successfully mapped to HPO terms (2134 of 8698) via the conversion algorithm provided by HPO. The 10 most frequent unmapped terms were “Systemic arterial pressure” (C1272641), “Hypertrophy” (C0020564), “Recurrence (disease attribute)” (C2825055), “Hypersensitivity” (C0020517), “Cyst” (C0010709), “Communicable Diseases” (C0009450), “Cicatrix” (C2004491), “Urate level - finding” (C0729829), “Disease regression” (C0684320), and “Androgen-Insensitivity Syndrome” (C0039585). Among them, some terms do not exist in HPO as they are not considered as phenotypes in HPO, such as “Systemic arterial pressure”; and most terms could not be mapped due to lack of precision, such as “Cyst” in UMLS vs. “Renal cyst”/“Pulmonary cyst”/“Bone cyst”/etc., in HPO. Among 2134 mapped HPO terms, 1587 were available in HPO2Vec+. The 5 most frequent absent HPO terms were “Moderate albuminuria” (HP:0012594), “Crackles” (HP:0030830), “Macroscopic hematuria” (HP:0012587), “Renal tubular epithelial necrosis” (HP:0008682), and “Addictive behavior” (HP:0030858). The mutual coverages of the different embeddings are shown in Figure 1.
3.2.2 Performance of Different Embeddings
With the aim of assessing the adequacy of different embeddings for modeling medical concept dependence, we first restricted this analysis to the UMLS concepts available in both pre-trained cui2vec and HPO2Vec+. The inclusion criteria based on the minimum number of phenotypes was applied based on this list of 1587 phenotypes, i.e., each patient presenting at least four of these concepts. The dataset comprised 9472 patients (216 ciliopathy patients and 9256 controls). The number of phenotypes for each ciliopathy patient ranged from 4 to 130, with a median value of 18 (interquartile 8–33). The number of phenotypes for each control patient ranged from 4 to 161, with a median value of 18 (interquartile 9–34). There is no significant difference between ciliopathy cases and controls regarding the number of phenotypes.
We first projected the three embeddings of 1587 phenotypes onto a two-dimensional plot for visualization using Uniform Manifold Approximation and Projection (UMAP) (Figure 2). The phenotypes were colored according to their hierarchical categories in HPO. More precisely, we considered the direct descendants of “Phenotypic abnormality” in HPO, such as “Abnormality of the nervous system,” “Abnormality of the genitourinary system,” etc., as phenotype categories. As shown in Figure 2, phenotypes belonging to the same category were generally better grouped together with cui_embd_fr and cui2vec than with HPO2Vec+.
[image: Figure 2]FIGURE 2 | Phenotype projection of different medical concept embeddings. The phenotypes were colored according to their hierarchical categories in HPO.
All three embeddings (cui_embd_fr, cui2vec, and HPO2Vec+) were then used to calculate the concept similarity for the same dataset. Patient-patient similarities were calculated with adjusted average best-match aggregation between all patients (cases and controls) and each ciliopathy case. All patients were ranked according to the average and max similarity to all ciliopathy cases. In terms of screening performance, the results are summarized in Table 2. The minimum numbers of patients that would need to be screened to detect m out of 216 ciliopathy cases are shown for different embeddings and different values of m. The precision-recall curves are shown in Figure 3 with a zoom for small values of k. The two UMLS CUI embeddings (cui_embd_fr and cui2vec) outperformed HPO2Vec+. Using less than one-tenth of learning sources, cui_embd_fr achieved comparable performances compared to cui2vec, which implied the interest in a center and language specific embedding.
TABLE 2 | Comparison of different embeddings.
[image: Table 2][image: Figure 3]FIGURE 3 | Precision-recall curves with a zoom for small values of k (k<=200) for different embeddings.
As discussed before, a significant proportion of UMLS concepts did not have any corresponding terms in HPO, and some mapped HPO terms were not in the pre-trained HPO2Vec+, including concepts that may be important for characterizing ciliopathy and other nephropathy patients, such as “Diabetic Nephropathy” (C0011881) not mapped to HPO, and “Moderate albuminuria” (C1654921, HP:0012594) mapped to HPO but absent in the pre-trained HPO2Vec+. Therefore, we enlarged the dataset by including all UMLS phenotypes with the two CUI embeddings available and further compared cui_embd_fr and cui2vec. This dataset comprised 10,447 patients (248 ciliopathy cases and 10,199 controls), representing in total 6294 distinct UMLS phenotypes. The results are shown in Table 2. Compared to the first dataset with only 1578 phenotypes, the performances with both CUI embeddings were improved, as more patient information was considered. The two CUI embeddings still provided comparable results, confirming the interest of a language and center specific embedding since cui_embd_fr was derived from much smaller learning sources than cui2vec.
Finally, as a supplementary analysis, we included all 8696 UMLS phenotypes and re-calculated the performance of cui_embd_fr. The results were not further improved (Table 2), suggesting the presence of redundancies and noises in EHR data.
3.3 Comparison of Different Ranking Model
Based on the results shown in Section 3.2, we focused on cui_embd_fr in the following analysis to include all extracted UMLS phenotypes as it provided the same level of performance as cui2vec and much better performance than HPO2Vec+.
3.3.1 Subtypes of Ciliopathies
The genetic data for all ciliopathy patients with at least four distinct “Disorder” UMLS phenotypes were collected. The precise diagnosis was made and normalized to Orphanet if possible. Pathogenic variants of 39 ciliopathy-related genes were identified in 169 patients (66.8%). Eleven ciliopathy types were present in at least three patients in our data set: Nephronophthisis (NPH), Jeune syndrome (Jeune), Senior-Loken syndrome (SLS), Joubert syndrome (JBS), infantile nephronophthisis (Inf-NPH), nephronophthisis with brain developmental damages (NPH-Brain), Saldino-Mainzer syndrome (SMS), Leber congenital amaurosis (LCA), Joubert syndrome with renal defect (JBS-R), Bardet-Biedl syndrome (BBS), and Joubert syndrome with oculorenal defect (JBS-OR), with 3–41 patients. The most frequent was nephronophthisis. Other diagnoses with only one or two patients were not considered for calculating subtype-average similarity. The internal-external group average similarities for these 11 most frequent ciliopathy subtypes are shown in Figure 4, illustrating the high heterogeneity of ciliopathies and the overlap of phenotypic representation among the different subtypes.
[image: Figure 4]FIGURE 4 | Internal-external group average similarities for 11 most frequent ciliopathy subtypes.
3.3.2 Comparing Performance Between Ranking Models
For each patient (ciliopathy case or control), the average similarities with each considered subtype were calculated, and the ranks were obtained for each subtype as rank_NPH, rank_Jeune, rank_SLS, etc. The minimum value of all ranks was used for the final ranking. We compared the performance between the four ranking models: mean, max, max5-average, and best-subtype-average. The distribution of the four ranks is shown in Figure 5. The 10, 20, and 50% quantile were indicated, which represent the minimum number of patients that would need to be screened to include x% of the true ciliopathy cases, thus correspond to the true positive rate (TPR, or sensitivity, or recall) of 10, 20, and 50%. The minimum number of patients that would need to be screened to detect 50 out of 248 ciliopathy cases (corresponding to a TPR of 20.2%) was 272 for best-subtype-average (precision of 18.4%), compared to 957, 697, and 614 for average, max, and max5-average ranking models (precision of 5.2, 7.2, and 8.1%, respectively), which indicated that the ranking model with best-subtype-average performed the best for true cases.
[image: Figure 5]FIGURE 5 | Distribution of ranks of diagnosed ciliopathy cases obtained from different ranking models.
The precision-recall curves and the partial ROC curves are shown in Figure 6 for the four ranking models. We observed that the ranking model by best-subtype-average can significantly improve the performance, especially for small values of k, which is of particular interest as we aim to identify suspected ciliopathy patients at the top-ranked list who would benefit from genetic testing. Given that random testing applied to the same data set would require testing 2106 patients in order to detect 50 ciliopathy patients (prevalence in the data set of 248/10,447), we can conclude that the best-subtype-average ranking model with medical concept embedding improved detection of ciliopathy patients by more than sevenfold.
[image: Figure 6]FIGURE 6 | Precision-recall curves and the partial ROC curves for different ranking models.
3.4 Performance on Larger Scale Dataset With Extremely Unbalanced Case-Control Ratio
We developed this method to screen large clinical data warehouses to detect undiagnosed patients with rare conditions. In such situations, the absolute value of evaluation metrics may be meaningless as an unbalanced case-control ratio may inflate type I error. For example, in a dataset with 100 cases and 100 controls (1:1 case-control ratio), an algorithm with false positive rate (FPR, or probability of false alarm) of 5% can achieve 95% precision@100; while in an imbalanced dataset with 100 cases and 1000 controls (1:10 case-control ratio), the precision@100 decreases to 50% with the same FPR of 5%, and in an extremely imbalanced dataset with 100 cases and 10,000 controls (1:100 case-control ratio), the precision@100 may fall to nearly 0 with an algorithm with FPR under 5%. In a real-life application, a rare disease is defined in Europe as a disease affecting less than 1 in 2000 citizens, which is an extremely imbalanced situation. Therefore, we further assessed the performance of our proposed method on a larger dataset with diagnosed ciliopathy patients pooled with patients from control cohort 2, and compared the results between the two situations with a random model.
The proposed ranking model using cui_embd_fr and best-subtype-average similarity was applied, and the results are shown in Table 3. The prevalence of cases using control cohort 2 was about one-fifth of the prevalence using control cohort 1. Therefore, with a random model to detect the same number of true cases, the minimum number of patients that would need to be screened increases fivefold. For example, to detect 30 out of 253 ciliopathy patients by random testing, 1244 and 6937 patients would need to be screened based on a prevalence of cases using control cohort 1 and control cohort 2, respectively; while with our proposed method, 102 and 290 patients would have to be screened in the two case-control ratio settings, corresponding to, respectively, 12.2- and 23.9-fold improvement in the enrichment of ciliopathy patients among the top-ranked patients. The enrichment factor is not constant, implying the effectiveness of our method in a large-scale extremely unbalanced dataset.
TABLE 3 | Performance in two unbalanced datasets.
[image: Table 3]3.5 Clinical Evaluation of Top Similar Control Patients
We performed a more detailed evaluation of the EHRs of the top-ranked patients. More precisely, we went through the final ranking of patients from most to least similar to the ciliopathies, and asked ciliopathy experts (SS, MZ) to review the EHR of the 20 first met controls to analyze their profiles. At this point, 17 ciliopathies were included as well.
Among 20 control patients, 14 patients were diagnosed with or suspected of a genetic disease. In 4 of them, the cause of the genetic disease was pathogenic variants related with ciliary function (2 confirmed cases, 2 suspected), such as PMM2 (Dorval et al., 2021) and HNF1B (Gresh et al., 2004), carrying overlapped phenotypes with ciliopathies. Ten patients were diagnosed with or suspected to have a genetic disease that affects the process of development; they presented multisystemic malformations or developmental disorders overlapped with ciliopathies (4 confirmed, 6 suspected), such as congenital anomalies of the kidney and urinary tract (CAKUT), Kabuki syndrome, and Dravet syndrome, 9 out of 10 being differential diagnosis of ciliopathies. The 8 patients classified as suspected had not been provided with a molecular diagnosis yet.
Five patients were unlikely to have any genetic disorders, and the following diagnosis was established: Lithium induced nephropathy (1 case), IgA nephropathy (1 case), post-pneumococcal hemolytic-uremic syndrome (1 case), and non-genetic neonatal disorders (2 cases) (oligohydramnios and cortical necrosis). A high similarity with ciliopathies was due to comorbidities. Finally, 1 patient died before receiving a diagnosis.
Therefore, our results can be summarized as follows: if we consider the set of 37 similar patients, we obtain 17 ciliopathies and 4 cases of genetic disease caused by a pathogenic variant related with ciliary function (21 “true positives” (57%) if we define a true positive as having a mutation related with cilia), and 9 more patients with a differential diagnosis whose phenotypic descriptions overlap with ciliopathies (30 cases where the similarity algorithm was successful (81%)).
4 DISCUSSION
Underdiagnosis and delayed diagnosis is a common key challenge for many rare diseases (Faviez et al., 2020). Several studies confirmed the central role of data mining techniques applied to EHR data to identify cases of rare conditions, either genetic or not. For example, Doyle et al. reported that lack of suspicion, nonspecific symptoms, and co-existing conditions are frequent diagnosis difficulties for nontuberculous mycobacterial rare lung disease, and screening for likely undiagnosed cases in the primary-care population is a feasible solution (Doyle et al., 2020). Savolainen et al. demonstrated the feasibility of using EHR data to identify undiagnosed patients suffering from Gaucher disease, a rare inherited multiorgan disorder that is often delayed diagnosed due to a broad spectrum of symptoms and lack of disease awareness (Savolainen et al., 2021). At Necker/Imagine Institute, Dr. Warehouse integrated with NLP of unstructured narrative reports was demonstrated valuable to make diagnosis of Dravet syndrome earlier (Barco et al., 2021), and to identify 2 undiagnosed patients with a KCNA2 variant in neurodevelopmental syndrome (Hully et al., 2021) based on similarity matching with other patients from the local data warehouse.
The similarity-based approach that we have developed re-used a comprehensive phenotypic description of patients based on their EHR data to detect ciliopathy patients in a clinical data warehouse. Unlike other studies using only a limited set of features presented in EHR, such as International Classification of Disease (ICD) codes (Griffiths et al., 2020), or a set of pre-defined disease specific phenotypes (Savolainen et al., 2021), we extracted all UMLS medical concepts in EHRs. Our results showed that the performance can be improved by including more phenotypes (6296 vs. 1578 phenotypes). However, using all 8698 medical concepts extracted from EHRs did not lead to further improvement compared with 6296 phenotypes, suggesting the presence of redundancies and noises in EHR data. The dependence and relatedness between phenotypes were taken into account in our patient similarity model through medical concept embedding. We did not consider the information content (IC)-based semantic similarities, such as the Resnik (1995) and Lin (1998) similarity, or the pathway distance-based semantic similarities, such as the one mentioned in Yang et al. (2021), because these similarities require an ontological structure more formal than the UMLS Metathesaurus. Moreover, some concepts can be close in the ontology, but very different from a semiological point of view as they have different pathogenesis: this is the case, for example, between “Type 1 diabetes” and “Type 2 diabetes”, or “chronic renal insufficiency” and “acute renal insufficiency.” The relevance of each phenotype to each patient was also considered by adjusted aggregation of phenotype similarity into patient similarity. As most of the NLP efforts were focused on English texts, using multilingual reference terminology enables us to leverage and to evaluate existing embeddings learned from English medical data sources for French clinical narratives. To address the phenotypic overlapping and heterogeneity of ciliopathies, each subtype was considered individually to calculate the average similarity. Then, as suggested by ciliopathy experts (McConnachie et al., 2021), the different subtypes of ciliopathy were considered as a continuum of disorders for the diagnosis task, and the minimum value of all ranks with different subtypes was considered. Our final ranking model based on the best-subtype-average outperformed other ranking models, which supports and reinforces this idea. We demonstrated the effectiveness of our screening approach in an unbalanced condition, using two control cohorts with about 1:40 and 1:200 case-control ratio, respectively, which is more in line with real-life rare disease diagnosis and also an important issue in big healthcare data as mentioned in Wolford et al. (2018). Twenty top-ranked control patients that were similar to ciliopathies patients were reviewed. Most of them (70%) were diagnosed with or suspected of a genetic disease that clinically overlaps with ciliopathies, involving genes either having direct impact on ciliary function, or relating to a differential diagnosis of ciliopathies. Such good performance is very encouraging and we plan to apply our algorithm to external data warehouses.
This kind of screening approach should be distinguished from diagnosis supporting systems that were developed for clinicians that face a new patient and have all information on desk: these systems aim at reducing miss rate (prioritizing recall/sensitivity), and a false alarm (type I error) is less critical in the diagnosis scenario. In contrast, our screening approach is an automated system expected to address underdiagnosis issues of rare diseases in a large clinical data warehouse. In that situation, the system uses routine care data with patient information that can be less precise and less comprehensive, and the objective is to maximize the hit (prioritizing precision). In doing so, we expect that top-ranked patients will benefit from genetic testing, and thus can be diagnosed earlier before the development of irreversible lesions. Therefore, the purpose is to find patients that should be tested and followed-up by experts. Moreover, it could be possible that some top-ranked patients presenting similar clinical profiles but not carrying a known pathogenic variant in ciliary genes may benefit from the same treatment.
As for ciliopathies, it could be interesting to apply our approach to screen populations known to be associated with a considerable proportion of ciliary disease, such as retinal dystrophy patients, as 30% of patients with isolated retinitis pigmentosa (RP, a genetic disorder of the eyes affecting 1 in 4000 people) are ciliopathy patients. We should notice that diseases’ prevalence in our evaluation datasets may be different from that in the general population. As Necker Children’s Hospital is a reference center for genetic diseases, the local data warehouse includes a larger number of patients with ciliary disease (in particular, renal ciliopathies) compared to other centers. Indeed, in our dataset 86% of diagnosed ciliopathy cases have kidney impairment extracted from EHR. Meanwhile, it is particularly challenging to distinguish between patients with isolated nephronophthisis and many other nephropathies, as renal impairments generally present with nonspecific features in isolated nephronophthisis patients. Therefore, we considered two nephropathy cohorts as control cohorts to evaluate our approach, the first one with about 10,000 patients, and the second one with about 60,000 patients. Both control cohorts were built automatically based on the UMLS phenotype extraction of any kidney-related phenotypes (from mild signs such as “polyuria” to end-stage kidney disease), including patients of all ages and all types (native or after kidney transplantation). Therefore, the inclusion of demographic data such as age at chronic kidney disease onset, and exclusion of phenotypes occurring after dialysis or kidney transplantation are likely to improve performance of such an approach. A pre-exclusion of patients unlikely to have genetic disorders (such as those diagnosed with a lithium-induced nephropathy or IgA nephropathy who were found among the top-ranked similar controls) could be considered as well.
There are several limitations in this study. As our proposed approach is trying to match a patient’s phenotypes to a subgroup of diagnosed ciliopathies in Dr. Warehouse, the performance highly depends on the quality of patient’s phenotyping from EHR for both cases and controls. In this work, patient phenotypes were extracted from EHRs in Necker Children’s Hospital and were not inclusive of medical visits and treatments outside Necker Children’s Hospital, thus the phenotyping can be incomplete. On the other hand, false positive extractions of phenotypes were observed, many of them being related to polysemy and abbreviation as shown in Section 3.2.1. Further efforts are required to improve the quality of phenotype extraction. In this work, we did not take into account the longitudinality of phenotypes. A patient was represented as a “bag” of all their phenotypes, including early signs, symptoms during disease progression, irreversible damages, and post-treatment symptoms (such as post-transplantation phenotypes). It would be interesting to use only phenotypes before the diagnosis as indexes to search for similar patients and eventually determine at which stage the presented phenotypes enable early diagnosis of ciliopathy (hopefully, before the onset of chronic kidney disease). Moreover, the phenotypic similarity should take into account the longitudinality to be able to distinguish, for example, two patients with both kidney and eye abnormalities, one patient with early onset of kidney disorders and progressive eye abnormality in adulthood and the other patient with eye abnormalities in infancy then late onset of renal affection. To address all these issues, solutions for automatically extracting phenotype temporal relations and their chronological timeline should be considered in the future.
Our results suggest several clinical and methodological perspectives. The next step will be to perform the similarity-based screening in other hospitals. As Necker Hospital is a national reference center for rare and undiagnosed diseases, it is less probable to identify mis/underdiagnosed patients without any genetic investigation in its local data warehouse. Therefore, we could expect even better results in other hospitals. Regarding the methodology, an embedding derived from a larger number of rare disease data sources may potentially improve the modeling of the dependence between medical concepts. Generating synthetic patients could be considered to better represent each subtype of ciliopathies. It is foreseeable that further improvements may be achievable by integrating complementary information. For example, disease descriptions extracted from HPO, Orphanet, and OMIM can be used to exclude patients who are similar to ciliopathy but even more similar to other diseases to address the differential diagnosis issue. In addition to the phenotypic similarity, patients’ biological data can also be integrated to the similarity model. In the future, for the diagnosed ciliopathy patients, omics data and new knowledge on pathways should be integrated together with clinical data to regroup clinically similar ciliopathies that may benefit from the same molecule.
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Bladder pain syndrome/interstitial cystitis (BPS/IC) is a debilitating pain syndrome of unknown etiology that predominantly affects females. Clinically, BPS/IC presents in a wide spectrum where all patients report severe bladder pain together with one or more urinary tract symptoms. On bladder examination, some have normal-appearing bladders on cystoscopy, whereas others may have severely inflamed bladder walls with easily bleeding areas (glomerulations) and ulcerations (Hunner’s lesion). Thus, the reported prevalence of BPS/IC is also highly variable, between 0.06% and 30%. Nevertheless, it is rightly defined as a rare disease (ORPHA:37202). The aetiopathogenesis of BPS/IC remains largely unknown. Current treatment is mainly symptomatic and palliative, which certainly adds to the suffering of patients. BPS/IC is known to have a genetic component. However, the genes responsible are not defined yet. In addition to traditional genetic approaches, novel research methodologies involving bioinformatics are evaluated to elucidate the genetic basis of BPS/IC. This article aims to review the current evidence on the genetic basis of BPS/IC to determine the most promising targets for possible novel treatments.
Keywords: gene expression, adhesion molecules, targeted treatment, rare urinary disease, bioinformatics
INTRODUCTION
Bladder pain syndrome/interstitial cystitis (BPS/IC) is a debilitating pain syndrome with unknown etiology (Ueda et al., 2021). BPS/IC is defined as a rare disease with an ORPHA code of 37202. Although different terminologies have been used in the literature, BPS/IC refers to “a clinical syndrome characterized by the complaint of suprapubic pain related to bladder filling, accompanied by other symptoms, such as increased daytime and nighttime frequency, in the absence of proven urinary infection or other obvious pathology” (van de Merwe et al., 2008). As the definition implies, BPS/IC is essentially a pain syndrome defined by excluding other causes and pain mainly perceived as related to the bladder with co-existing lower urinary tract symptoms (such as urgency and frequency). There are no disease biomarkers that can aid in diagnosis (Neuhaus et al., 2021). BPS/IC remains largely unknown in many aspects, including its epidemiology, pathophysiology, and clinical characteristics (Akiyama et al., 2020), which has direct implications on its treatment which is still symptomatic with limited efficiency that inevitably adds to the suffering of patients.
The exclusion of confusable diseases is the mainstay in the diagnosis of BPS/IC. Cystoscopy is usually necessary to rule out underlying pathologies and to screen for typical bladder lesions associated with BPS/IC patients (Parsons et al., 2021). Although cystoscopic examination may be completely normal in a significant proportion of patients, reduced bladder capacity, glomerulations on cystodistension, and Hunner’s lesion (Hanno et al., 2015) can be diagnostic for BPS/IC. Therefore, BPS/IC presents in a large spectrum in the clinic. However, several phenotyping systems have been suggested, which are mainly based on cystoscopic findings, such as Hunner’s lesion BPS/IC and non-Hunner’s lesion BPS/IC. This may be useful in the evaluation, management, and follow-up of patients, as well as in basic scientific research.
The genetic basis of BPS/IC is not fully elucidated. BPS/IC is known to have an association with other unknown pain syndromes such as fibromyalgia and irritable bowel syndrome. Furthermore, BPS/IC was more prevalent in first-degree relatives of women with BPS/IC and monozygotic twins (Cassão et al., 2019). Nevertheless, genes related to the immune system and pro-inflammatory chemokines have been investigated in one study (Ogawa et al., 2010), and a few others tried to define differentially expressed genes (DEGs). However, a specific molecular pathway and potential targets for treatment have not been identified yet.
Like other rare diseases, real advancements in the treatment of BPS/IC necessitate the use of novel, non-traditional research methodologies when designing basic scientific and clinical studies (Kesselheim and Gagne, 2014). Moreover, collaborations between countries and joint work of researchers and clinicians from different disciplines are encouraged to make the best use of the limited patient data that is available. A key area of collaborative work in BPS/IC research is in the area of molecular biology. Transcriptome data can be used as a common source of large-scale molecular data. High-throughput methods, such as microarray technology, create vast quantities of genomic and expression data, which are readily accessible through numerous electronic databases. This massive amount of data can be analyzed using various methods and statistical approaches. One of the most frequent first strategies before wet lab investigations is bioinformatics, which is the intersection point of biology, information, and computational sciences (Hanauer et al., 2007). The computational method combines several databases, including text-mining, and employs multiple statistical analyses on the expression microarray data, thus allowing for the emergence of a more comprehensive overview of the pathology.
A bioinformatic approach was previously adopted by a few other researchers (Gamper et al., 2009; Liu et al., 2020; Saha et al., 2020) to study gene expression profiles. However, the utility of comparing data on different clinical phenotypes has not been investigated before. The current study aimed to compare DEGs in different disease phenotypes, including Hunner’s lesion and non-Hunner’s lesion BPS/IC using various bioinformatic analytical tools and publicly available transcriptome data, with the end purpose of identifying viable targets for BPS/IC therapy.
METHODS
Interstitial Cystitis Gene Expression Data Sources
An initial search was conducted on NCBI GEO datasets using the search term BPS/IC, and only gene expression arrays in humans were selected for further analysis. Animal studies and the studies that compared BPS/IC with other diseases were excluded. Three different datasets were downloaded from the gene expression omnibus (GEO) database (GENEONTOLOGY, 2021), including GSE11783 (Illumina) (Gamper et al., 2009), GSE28242 (Illumina) (Blalock et al., 2012), and GSE57560 (Illumina) (Colaco et al., 2014).
Identification of Differentially Expressed Genes
An online easy-to-use interactive web tool, GEO2R (Barrett et al., 2013), was used to analyze the raw data of microarrays and identify differentially expressed genes (DEGs) between patient and healthy control groups. GEO2R uses moderated t-statistic to compare gene expression levels in different groups. The p-value < 0.05 and logarithmic fold change |log2FC| ≥ 2 were used as the threshold to obtain statistically significant DEGs. Hence, upregulated genes (p-value < 0.05, log2FC ≥ 2) and downregulated genes (p-value < 0.05, log2FC ≤ −2) were grouped depending on their expression levels in respect to the cut-off values. The cut-off values were kept at a stringent level to identify the most prominent probes.
Experimental Design
The grouping within the datasets was kept unmodified as described in each corresponding dataset: GSE11783, GSE28242, and GSE57560. This allowed for the pooling of the probesets from the three datasets in respect to their pathology in two subgroups and one control group. The first subgroup corresponded to BPS/IC patients with Hunner’s lesion and/or other features of more advanced disease such as low bladder capacity (HLD). The second group was composed of BPS/IC patients without Hunner’s lesion and/or with normal bladder capacity (non-HLD). Normal healthy samples from each dataset were pooled together (Control, Ctrl). Patient numbers in each dataset, general information on GEO datasets, and platforms are provided in Supplementary Table S1. Patient and control samples of each dataset are listed in Supplementary Table S2. To warrant homogeneity of samples, male subjects have been excluded from the analysis when possible.
Comparisons were made between the three subgroups: HLD, non-HLD, and Ctrl. The analysis was restricted to the common upregulated and downregulated probesets. Up- and downregulated probes were visualized with volcano plots using the bioinfokit tool (Bedre, 2021). Common DEGs for up- and downregulated probesets in the three datasets (GSE11783, GSE28242, GSE57560) were identified with Venn diagrams using the online tool “Bioinformatics and Evolutionary Genomics” (Bioinformatics and Evolutionary Genomics, 2021). Heat maps and hierarchical clustering analysis were performed with the bioinfokit tool (Bedre, 2020). To create the expression matrix used to generate a heat map of common genes and samples, the most significant probe (the smallest p-value) was selected across all probes representing a gene.
Protein–Protein Interaction Construct, Functional Enrichment, and Pathway Analysis
Protein–protein interaction (PPI) networks for differentially expressed genes (DEGs) were built. Gene Ontology (GO) enrichment and pathway analysis of up- and downregulated probesets were performed using the Enrichr Classification System database (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). Enrichr is an easy-to-use gene set enrichment analysis tool. The genes were enriched for biological process (BP), molecular functions (MF), and cellular components (CC). The Enrichr database provides for a comparison of a variety of pathway databases for a single inquiry. For this study, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was selected, as it was one of the most recently updated databases (KEGG 2021) (Kanehisa et al., 2021).
Candidate Hub Protein Identification
Candidate hub genes were identified using the cytoHubba in the Cytoscape v3.8.2 software. cytoHubba is a ready-to-use plug-in that predicts and explores significant nodes and sub-networks. All genes were sorted by degree score, and hub genes were restricted to the top ten.
RESULTS
The up- and downregulated probesets for each dataset were visualized with Volcano plots (Supplementary Figure S1). Among the statistically up-and downregulated probesets of the three datasets (GSE11783, GSE28242, and GSE57560), the comparison with Venn diagrams for the upregulated probesets between three comparison groups—HLD vs. non-HLD, HLP vs. Ctrl, and non-HLD vs. Ctrl—revealed 116, 185, and 7 overlapping probesets, respectively (Supplementary Figure S2, Supplementary Table S3). Similarly, the comparison for the downregulated probesets revealed 30, 122, and 1 overlapping probesets, respectively (Supplementary Figure S2, Supplementary Table S4).
A specific clustering of genes was not detected in the three dataset heat maps analysis; however, a clustering was noticeable in the downregulated genes for the HLD vs. Ctrl comparison (Supplementary Figure S3).
Protein–Protein Interaction Construct and Gene Ontology Enrichment Analysis
PPIs were built for the three-group comparisons using the common up- and downregulated probes of the three datasets. The probes were enriched for the BP, MF, and CC aspects for all three comparison groups. Among the three datasets, a Gene Ontology (GO) enrichment analysis was performed for the mutually significant 116, 185, and 7 upregulated (Figures 1A–C) and 30, 122, and 1 downregulated (Figures 2A–C) probesets with Enrichr, for each comparison group (HLD vs. non-HLD, HLD vs. Ctrl, non-HLD vs. Ctrl). The genes were enriched for BP, MF, and CC aspects and provided the top ten significant terms in a graphical format which was also available in a tabular format. Among the upregulated probesets for each analysis group (HLD vs. non-HLD, HLD vs. Ctrl, and non-HLD vs. Ctrl), the top 10 occupants for BP, MF, and CC were terms related to immunity. For HLD vs. non-HLD analysis, GO ontologies revealed significance for cytoplasmic vesicle membrane, secretory granule membrane, and MCH class II protein complex terms for BP, MHC class II activity and complement receptor activity for MF, and endoplasmic reticulum membrane and MCH class II protein activity for CC. For HLD vs. Ctrl, analysis of the GO enrichment demonstrated neutrophil and granulocyte chemotaxis, migration for BP, chemokine and MHC class II receptor activity for MF, and MHC class II protein complex for CC. The non-HLD vs. Ctrl comparison GO analysis showed significant enrichment for “neutrophil degranulation” for BP and “azurophil granules” for CC. As for the downregulated probesets, “epithelial cells differentiation” GO term was among the significant terms for BP (HLD vs. non-HLD), “cell junction assembly” for BP, and “desmosome” and “cell-cell junction” for CC (HLD vs. Ctrl).
[image: Figure 1]FIGURE 1 | Gene Ontology (GO) and putative pathways of common upregulated DEGs in BPS/IC obtained for HLD vs. non-HLD, HLD vs. Ctrl, and non-HLD vs. Ctrl subgroup analysis. The GO terms were extracted from the Enrichr platform in the form of bar graphs for each subgroup analysis, in which the color and length of the bars decrease as the significance decreases. Significant (p-value < 0.05) GO terms were analyzed for (A) biological processes, (B) molecular functions, and (C) cellular components aspects, and (D) top 10 significant putative pathways predicted with the Enrichr platform obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG).
[image: Figure 2]FIGURE 2 | Gene Ontology (GO) and putative pathways of common downregulated DEGs in BPS/IC obtained for HLD vs. non-HLD, HLD vs. Ctrl, and non-HLD vs. Ctrl subgroup analysis. The GO terms were extracted from the Enrichr platform in the form of bar graphs for each subgroup analysis, in which the color and length of the bars decrease as the significance decreases. Significant (p-value < 0.05) GO terms were analyzed for (A) biological processes, (B) molecular functions, and (C) cellular components aspects, and (D) top 10 significant putative pathways predicted with the Enrichr platform obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG).
Pathway Analysis
The pathways observed from KEGG for the commonly upregulated probesets for each comparison group are revealed as follows: cell adhesion molecules pathway was the second most significant pathway within the 116 mutual proteins for HLD vs. non-HLD; cytokine-cytokine receptor interaction was the most significant pathway and cell adhesion molecules pathway was the 12th most significant predicted pathway for the 185 overlapping proteins for HLD vs. Ctrl; and among the seven common proteins for non-HLD vs. Ctrl, only seven pathways were predicted, where the “neutrophil extracellular trap (NET) formation” was first in line (Figure 1D; Table 1). Among the commonly downregulated probesets, “calcium signaling pathway” and the “neuroactive ligand-receptor interaction” pathways for non-HLD vs. Ctrl comparison were predicted to be significant (Figure 2D).
TABLE 1 | Pathway analysis for commonly upregulated probes in each analysis group and their respective p-values, odds ratio, and predicted enriched proteins within each pathway (HLD: Hunner’s lesion disease; non-HLD, non- Hunner’s lesion disease; Ctrl, control).
[image: Table 1]Hub Protein Identification
For the three group comparisons, cytoHubba was used to find hub genes. The identified hub genes showed close relation as represented in the STRING format for three analyses: HLD vs. non-HLD, HLD vs. Ctrl, and non-HLD vs. Ctrl (Figures 3A,B).
[image: Figure 3]FIGURE 3 | PPI network of common genes and hub genes were identified using Cytoscape and cytoHubba plug-in, respectively, for HLD vs. non-HLD, HLD vs. Ctrl, and non-HLD vs. Ctrl subgroup analysis. (A) Hub genes are colored from yellow to red, with red being the most important. (B) Expanded network with first-stage nodes of hub genes; from yellow to red color indicating higher importance for red hub genes; and blue nodes represent DEGs.
DISCUSSION
This study identified several hub genes/proteins and pathways coding the molecules, expressed on the leukocytes and epithelial cells, which imply an increased inflammation and cell adhesion processes in BPS/IC. Our approach was novel in that we have performed bioinformatic analysis combining and comparing the available datasets in clinically meaningful phenotypes of patient groups. Although this approach considerably increased the number of performed analyses and restricted the number of patients with pathology by keeping them in separate groups (Hunner’s lesion and non- Hunner’s lesion), this has provided a new perspective on the involvement of prevalent molecular expressions and pathways at various phases, including the transition from healthy to low pathology compared to the development of advanced disease.
Comparing pooled data from different phenotypes of BPS/IC, three genes were differentially upregulated in patients with low pathology, AQP9, S100A8, and FPR1. These genes are responsible for promoting cell migration, chemotaxis, and regulation of cell volume of neutrophils and monocytes. Therefore, they mainly act in the early phases of inflammation. Further comparisons between patients with Hunner’s lesion revealed other differently upregulated genes, including but not limited to ITGB2, ITGAX, CD53, CD69, SELL, IL-6, CTLA4, CCL2, and CHI3L1. These genes are responsible for the maintenance of inflammation and therefore are thought to play a role in chronic inflammation.
Enriched GO Terms for Pathology Comparisons
The GO terms for non-HLD vs. Ctrl comparison predict increased “neutrophile activity and degranulation” for the GO: MF aspect accompanied with an increased “activity in azurophil granules” for the GO: CC aspect. GO terms for HLD vs. non-HLD comparison predict “local inflammation”; demonstrating increased “antigen presentations with MHC antigen receptor and complex”, whereas the HLD vs. Ctrl comparison demonstrates a full-blown inflammatory response with increased “chemotaxis and migration of polymorphonuclear cells” and “increased cytokine and chemokine signaling,” still accompanied with “MHC class II receptor activity.”
In terms of GO: MF, the different ranks of antigen processing molecules (1st for HLD vs. non-HLD; 6th for HLD vs. Ctrl) are noteworthy. This demonstrates the physiological escalation of an immune response, which begins with chemotaxis and migration and then shifts to antigen presentation and signaling, which is complemented with adhesion molecules.
Predicted Prevailing Pathways for Pathology Comparisons
The NET formation was the most significant pathway for non-HLD vs. Ctrl comparison for the upregulated common DEGs. Moreover, the Ca signaling pathway was significantly predicted for downregulated DEGs. Cell adhesion pathways prevailed for the HLD vs. non-HLD (2nd row) comparison, and the NET pathway was significantly predicted (10th row). Several inflammatory and immune pathways dominated the top 10 predicted pathways for the HLD vs. Ctrl comparison, while the cell adhesion pathway occupied the 12th row. When examining the pathology’s progression, the anticipated pathways make sense, allowing one to observe a growing inflammatory response step by step, as indicated by the three groups in this study.
The observed NET formation in the early stages of the disease demonstrates the initiation of the inflammatory processes. NETs are DNA scaffolds surrounded by granule-derived proteins from neutrophils and eosinophils, and they have been described as part of immune system defense mechanisms not just for antimicrobial defense but also for a range of sterile inflammatory and autoimmune diseases (Yousefi et al., 2008; Lande et al., 2011; Boeltz et al., 2019). There is evidence that BPS/IC is an inflammatory condition (Cervigni and Natale, 2014). The predicted NET pathways in this study for non-HLD vs. Ctrl and HLD vs. non-HLD comparisons along with the chemotaxis and adhesion pathways support the presence of a sterile inflammation process that escalade into the debilitating syndrome with its accompanying manifestations.
On the contrary, this analysis has demonstrated the presence of a strong inflammatory response in the advanced pathology group, with several cytokines, and chemokine signals, creating increased chemotaxis and migration of neutrophils.
As for the difference between advanced (HLD) and early (non-HLD) pathology stages, the comparison reveals an increase in the expression of antigen-presenting receptors, complement binding regions, and chemokine receptors, thus the activity in the intracellular membranes (BP, MF, and CC aspects) in the HLD group, which collectively produce enhanced cell adhesion pathways. Simultaneously, there is still a considerable persistence of NET formation, implying that the inflammatory process will continue.
Apart from the scrutinized pathways herein, rheumatoid arthritis and autoimmune thyroid disease pathways were also predicted to be significantly related to the common upregulated DEGs. This suggests that these DEGs can be associated with autoimmune diseases. In addition to the hub genes when investigated, some have been previously reported for Graves disease, Hashimoto thyroiditis, celiac disease, and systemic lupus erythematosus.
Furthermore, the heat maps did not generate clear clusters of genes/proteins for the three comparison groups. This might be due to low numbers of overlapping genes/proteins for disease groups (HLD and non-HLD). This could be partly attributable to the clinical heterogeneity of patients with advanced pathology included in this study.
Hub Genes and Associated Diseases
The predicted hub genes for the analyses support the significant pathways and GO enrichment terms. Only three hub genes were identified for non-HLD vs. Ctrl comparison, AQP9, S100A8, and FPR1. AQP9 was previously reported in the top 25 hub gene list in the Gamper and colleagues (2009) in their gene expression profile study conducted with ulcerative IC (Gamper et al., 2009). AQP9 is a member of a subset of aquaporins called aquaglyceroporins and encodes a protein that is reported to play an active role in the volume regulation of neutrophils and their migration (Karlsson et al., 2011). FPR1 encodes a receptor of mammalian phagocytic cells and mediates their response to invasion by activating microbicidal, secretory, and chemotactic functions in vitro (Murphy et al., 1993). S100A8 is a member of the S100 superfamily of proteins containing calcium-binding regions. The protein calprotectin comprises S100A8 and S100A9 subunits, which are abundantly expressed on neutrophils, monocytes, and early differentiation stages of macrophages. When S100A8/S100A9 complex is released by activated granulocytes, the complex acts as a cytokine and bind to cell surface receptors, which trigger signaling pathways involved in the inflammatory processes. The complex plays critical roles in numerous cellular processes, including cell cycle progression, cell survival, proliferation, differentiation, and cell migration (Koy et al., 2013; Shabani et al., 2018).
Hub genes in the HLD vs. non-HLD comparison are all observed to be part of immune system signaling pathways, with most of them being surface molecules. Some of the 10 hub genes were examined in further depth.
PTPRC, also known as CD45, is a major naïve leukocyte cell surface molecule. It is essential for activation of T and B cells by mediating cell-to-cell contacts and is also involved in integrin-mediated adhesion and migration of immune cells (Jacobsen et al., 2000).
CD53 encodes a cell surface panleukocyte glycoprotein that is known to complex with integrins, and contributes to the transduction of CD2-generated signals by T cells and natural killer cells. The deficiency of this protein is linked to immunodeficiency with recurrent infectious diseases (Angelisová et al., 1990). The prominence of naïve lymphocytes in the HLD group in comparison to the non-HLD group suggests an initiation in the pathology.
ITGB2 (CD18) encodes the beta subunit common to the three alpha integrin chains ITGAL (CD11A), ITGAM (CD11B), and ITGAX (CD11C). These cell surface membrane glycoproteins form leukocyte-specific integrins. Their function is to promote adherence of neutrophils and monocytes to stimulated endothelial cells. ITGB2 protein genetic defects in ITGB2 are associated with leukocyte adhesion deficiency (Barclay et al., 1993). CD48 is a member of the CD2 subfamily of immunoglobulin-like receptors and a surface protein of lymphocytes and endothelial cells (Yokoyama et al., 1991). CD69 encodes a member of the calcium-dependent lectin surface glycoprotein, which appears at the earliest on lymphoid cells upon activation. It is involved in lymphocyte proliferation and functions as a signal-transmitting receptor in lymphocytes (Cambiaggi et al., 1992). In addition, CHI3L1 was the single common upregulated gene for all three datasets, encoding the lectin-type YKL-40 cell adhesion protein, one of the main human articular chondrocyte proteins. It is also expressed on activated macrophages and neutrophils (Liu et al., 2020). Although this gene did not appear in the top predicted pathways and hub genes, its expression has previously been reported in the serum and urine samples of IC patients (Richter et al., 2010) and increased expression on macrophages and mast cells in the detrusor muscle (Liu et al., 2020).
The hub genes suggest that, from the early stages of the disease to more severe pathology, the inflammatory process is maintained by increased expression of cell adhesion molecules, including integrins and lectins, which enhance cell-to-cell contact between T and B lymphocytes and possibly other subtypes of leukocytes with epithelial cells of the bladder.
Hub genes for HLD vs. Ctrl comparison display two cell surface adhesion molecules in the top ten list, ITGAX integrin and SELL a lectin, belonging to a family of adhesion/homing receptors. SELL protein operates with a calcium-binding epidermal growth factor-like domain. It is required for binding and subsequent rolling of leucocytes on endothelial cells, facilitating their migration into sites of inflammation (Siegelman and Weissman, 1989). Together with ITGAX, they provide for leukocyte and epithelial cell adhesion during the inflammatory process and other cell adhesion molecules that were not highlighted in the top ten. This comparison, however, yielded more B- and T-cell activators, cytokines, and their receptors, which seems logical as the analyses compared severe/advanced pathology with healthy subjects. Some of the top ten hub genes discussed here characterize a progressive chronic inflammatory process. It is noteworthy that some of the hub genes have been previously associated with autoimmune disorders. CD19 is a well-known cell surface protein restricted to naïve B lymphocytes. FCGR3A encodes a receptor for the Fc portion of immunoglobulin G and is expressed on the natural killer cell surface as a membrane glycoprotein. IL-6 is a pro-inflammatory cytokine that functions in the maturation of B-cell and T-cell regulation and takes part in the acute phase of inflammation. Additionally, it is acknowledged as an endogenous pyrogen capable of inducing fever in people with autoimmune diseases or infections (Ishihara and Hirano, 2002; Mucida et al., 2007). CTLA4, a member of the immunoglobulin family, encodes a protein that transmits an inhibitory signal to T cells. Mutations on this gene have been associated with several autoimmune conditions (Schneider et al., 2006). CCL2, also known as monocyte chemotactic protein-1 (MCP1), is one of the several cytokines involved in immunoregulatory and inflammatory processes, generating chemotactic activity for monocytes and basophils (Corrigall et al., 2001). This molecule could be reasonable for BPS/IC as mast cell infiltration is well-documented (Peeker et al., 2000).
Interestingly, a member of the matrix metalloproteinase (MMP) family, MMP9, was observed in the top ten hub genes in HLD vs. Ctrl comparison. MMPs are involved in remodeling the extracellular matrix (ECM) in health and disease. MMPs degrade components of ECM during inflammation. Therefore, MMPs have been suggested to play a role in chronic inflammation and tissue fibrosis (Cai et al., 2008). Thus, MMPs might be involved in ECM changes leading to reduced bladder capacity in BPS/IC.
Possible Treatment Options
Estrogen-related pathways are observed with a higher prevalence in women (Berry et al., 2011). Thus, the very few male samples have not been considered to avoid confusing findings. However, proteins and pathways related to estrogen and progesterone have not been acquired in this study; rather, the findings focused on inflammation and adhesion molecules, bringing to light the concept of anti-adhesion molecular therapy possibilities.
A mechanistic discussion on cell adhesion molecules and their functions and regulations for the immune system exceeds the aim of the study and has been elaborated in detail elsewhere (Albelda et al., 1994; Zundler et al., 2017; Harjunpää et al., 2019). However, the results obtained herein suggest that BPS/IC might benefit from anti-adhesion agents as a potential repurposing treatment. Successful examples of anti-adhesion molecule therapies exist for inflammatory bowel diseases (IBDs), such as Crohn’s disease (CD) and ulcerative colitis (UC), which are, similar to BPS/IC (Riedl et al., 2013), characterized by chronic inflammation, and associated with considerably reduced quality of life (Lönnfors et al., 2014). Currently, a monoclonal antibody is successfully implemented worldwide in the treatment of CD and UC. The concept behind these small molecule antibodies is to inhibit surface molecules on T cells (integrins) that control their ability to attach to the gut’s endothelial surface. Likewise, although the molecular pathophysiology of BPS/IC is yet to be fully understood, an anti-adhesion strategy is proposed here. Molecular and structural binding of adhesion molecules on bladder epithelial cells can be studied, which can pave the road for repurposing treatment strategies.
Up-to-date, three groups of animal models are being used to study BPS/IC: bladder-centric models, models with complex mechanisms, and psychological and physical stressors/natural disease models. Because of the complexity of the clinical presentation, it is recommended that various models be used to disclose the molecular components of BPS/IC (Birder and Andersson, 2018). The hub proteins identified in this study are strong candidates for future studies with animal models.
CONCLUSION
In conclusion, we have demonstrated bioinformatically for the first time the genes that were differentially expressed in patients with two different phenotypes of BPS/IC and controls. The genes coding for proteins acting in acute inflammation were active in the early phases of the disease, whereas molecular pathways active in chronic inflammation were more prominent in the later stages of the disease. This suggests that BPS/IC could present in a spectrum regulated by adhesion molecules maintaining acute and chronic inflammation.
The expression levels of the defined molecular targets can be suggested as candidate biomarkers to identify the level of pathology for treatment purposes. Furthermore, the identification of specific anti-adhesion molecules to delay the inflammatory process is proposed. The correct anti-adhesion therapy might assist in reducing the progressive sterile inflammation and benefit the current anti-inflammatory treatment regimens.
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Background: Rare cancers occur with an incidence of no more than six cases per 100,000 people according to the definition used by the Surveillance of Rare Cancers in Europe project. For a variety of reasons (low prevalence, cytotoxicity), it is challenging to perform the necessary clinical studies to investigate the safety and efficacy of investigational medicines against such rare malignancies, reformulating even at the earliest stages of the drug development process. This article investigates the differences between phase I rare cancer trials performed in commercial (companies) and non-commercial settings (academic hospitals).
Materials and Methods: The differences were explored through the conduct of semi-structured interviews with three different stakeholder groups: representatives from academia (n = 7), representatives from companies (n = 4) and representatives from patient organizations (n = 4). All the interviews were transcribed verbatim and analyzed in NVivo using the framework method.
Results: According to the interviewees, the academic and commercial stakeholders collaborate in the majority of phase I rare cancer trials. In general, the commercial partner finances the trial, whereas academia is responsible for the execution of the study procedures. The average cost of undertaking these trials is difficult to estimate because it depends on what is specifically requested during the trial. The 3 + 3 study design remains the most widely used design and the use of expansion cohorts is controversial. With regard to the regulatory aspects of phase I rare cancer trials, it was expressed that a good regulatory framework facilitates the conduct of these studies, but that increased regulation and oversight also has drawbacks, e.g., differences in standards between different ethics committees, over interpretation of the rules, insufficient availability of qualified personnel and higher workloads. The patient organization representatives claimed that patients experience no differences in terms of accommodation, compensation and paperwork between the academic and commercial settings or the degree of follow-up. They also believed that the direct input of patients can bring added value to such studies not only with regard to the recruitment process and the feasibility of the study but also the legibility of the informed consent forms.
Conclusion: The growing need for first-in-man trials in rare malignancies needs to be highlighted, as difficult as they are to undertake and to co-develop, not only because rare cancer patients deserve an appropriate treatment, but also because these medicines represent the future of cancer therapy in the precision medicine era. Cooperation of commercial and academic sites are needed. Patient organizations need to be educated to take part in this process.
Keywords: rare cancer, phase I clinical trials, medical oncology, first in human, orphan drug, basket trial
INTRODUCTION
Rare Cancers
Definition of Rare Cancers
The definition (Gatta et al., 2011) of rare cancers is not internationally standardized. According to the Surveillance of Rare Cancers in Europe (RARECARE: http://www.rarecare.eu/) project, the incidence of a malignancy should be no higher than 6 cases per 100,000 people per year to be considered rare. This implies that fewer than 30,000 new rare cancer cases are diagnosed in Europe every year.
Nevertheless, since there are 186 different types of rare cancers known (Gatta et al., 2011), their disease burden is high, amounting to 22% of all cancers in the European Union, affecting more than 4.3 million citizens. Moreover, this is likely still an underestimation (Komatsubara and Carvajal, 2016) of the incidence of these diseases because of the change in classification of cancers over time from a histological to a molecular-based taxonomy. In the histological classification (Boyd et al., 2016), tumors were classified as rare on the basis of satisfying one of two definitions. The first definition considers a tumor rare if it originates from cell types that do not often cause cancer. The second definition states that rare tumors are histologically defined subgroups of more common cancers. In the molecular-based classification (Boyd et al., 2016), which is used most often nowadays, tumors are rare if they have a distinctive histology and underwent a molecular alteration, such as mutations or other genomic aberrations. Tumors are also described as rare if they only have molecular alterations. Because of this shift in the definition of rare cancers, they are diagnosed more often today and the number of cases will therefore in all likelihood continue to rise over time.
More advanced research efforts also contribute to the rising number of rare cancers, as cancers that used to be classified as common are now becoming rare due to the development and use of diagnostic tools based on the detection of genetic mutations (Billingham et al., 2016). There is a clear and rising need for accurate methods to assess the safety and efficacy of novel clinical interventions against these malignancies due to the emergence of more personalized treatments and the increasingly detailed molecular characterization of cancers.
Treatment of Rare Cancers
Although there is often a lack of therapeutic options for rare cancers, the available treatments do show very high response rates (Olver, 2016). The reason for this is that rare cancers typically display less patient variability in genetic mutations compared to common cancers. As a result, treatments for rare cancers, if they are available, are more precise and targeted to the mutation. At present, the European Medicines Agency (EMA) has granted marketing authorizations to 205 orphan drugs, of which 61 were indicated for rare cancers (Wirth and Ylä-Herttuala, 2014; Kato et al., 2015; EMA, 2018; Ginn et al., 2018). Only 36 of these went through a first-in-man clinical trial before authorization as the other 25 were repurposed.
Challenges of Rare Cancers
The diagnosis and treatment of rare cancers are often suboptimal due to limited knowledge and expertise on the part of treating physicians (Gatta et al., 2011). As a result, the survival rate (Olver, 2016) of rare cancers is lower than the survival rate for more common ones. It is therefore important that an improvement in diagnosis and treatment of rare cancer care (Gatta et al., 2011) is established. One of the suggested solutions is to centralize care at specialized centers When further examining the late diagnosis of most rare cancers (Blay et al., 2016), this can be explained by low diagnostic precision, which is determined by the awareness, experience and competence of the medical team. A lack of diagnostic precision can also result in the mismanagement of care. All these challenges increase the overall burden of rare cancers (Gatta et al., 2011). This pinpoints to an urgent need for new and effective treatments for rare cancer patients. To address these challenges, a European partnership has been established under the name Rare Cancers Europe (RCE: https://www.rarecancerseurope.org/) (Casali et al., 2015).
Phase I Clinical Trials
Clinical trials (Dooms, 2017) are conducted to evaluate the safety and/or the efficacy of (investigational) medicinal products developed for a specific disease. Phase I trials (“First-in-Human,” “Early phase”) are the first studies performed in humans and explore the optimal dose, the safety and the tolerability of the investigational drug. In general, phase I clinical trials are conducted in a small group of healthy volunteers. Exceptionally, these First-in-man studies can also be conducted in patients. An example of a field in which this occurs is oncology (Ursino et al., 2017), given the potential cytotoxicity of these drugs. For gene-editing products (Dooms, 2017), it is also difficult to conduct a phase I clinical trial in healthy volunteers since doing so would also be considered unethical.
Challenges of Phase I Clinical Trials for Rare Cancers
To conduct a robust clinical trial, a sufficient number of patients needs to be enrolled. This already creates one of the first major challenges for rare cancer clinical research, since the number of patients is very limited (Casali et al., 2015).
One of the potential ways to address this challenge is through increased international collaboration and making use of the European Reference Networks EURACAN (https://euracan.eu/) and PaedCan, (https://paedcan.ern-net.eu/), which will boost the number of patients eligible for recruitment. However, such collaborations also pose a few additional challenges (Komatsubara and Carvajal, 2016). Firstly, reaching a consensus about the design and management of the trial is often a problem in practice, as approaches thereto can differ from region to region. Additionally, there are differences in clinical research laws and regulations between countries, although these may be addressed by new Clinical Trial Regulation. A third problem is a logistical one and relates to the distribution of resources/facilities between study centers as we study rare conditions. Lastly, the difficulty with separating different cancer types into even smaller subgroups (Blay et al., 2016) is that it can lead to an increase in the number of clinical trials needed. Considering the high costs associated with conducting clinical trials today, there is often a lack of sufficient funding available for such trials, and multiple outside sources of funding therefore need to be combined. All of these challenges indicate that new methodologies are needed for which a smaller number of patients have to be recruited.
Methodology of Phase I Clinical Trials for Rare Cancers
Traditional Trial Designs
One of the most widely used study designs in phase I oncology trials is the 3 + 3 design (Le Tourneau et al., 2009). In this design, three patients are initially treated with a safe dose that is based on toxicological data derived from studies in animals. If none of these patients experience toxicity, three additional patients are given a slightly higher dose for a certain period of time. This cycle continues and the dose progressively increases until two of the three patients within a cohort experience dose-limiting toxicities. However, if only one of the three patients experiences toxicity, then three new patients are treated with the same dose. The dose that is considered the right dose is the dose just below the toxic threshold.
This study design is considered a safe method for finding the right dose for the subsequent phase II studies. Another advantage of this design is that it generates information about pharmacokinetic variability. A remark that has to be made here is that within this approach, many patients are treated with a low and perhaps even sub therapeutic dose.
However, at present, phase I clinical trials are usually not only looking to produce safety or pharmacokinetic data. By adding dose expansion cohorts (Iasonos and O'Quigley, 2015) (i.e., additional groups of patients) to early phase studies, efficacy can be determined at an early stage and the most promising drugs can be singled out. This can save sponsors time and money down the line and such an approach will be advantageous for patients as it speeds up time to orphan drug authorization.
Another traditional early phase trial setup is the rolling six design. This study design (Doussau et al., 2016) has a similar approach to a 3 + 3 design. Here, six patients are treated with the same dose. To find the next dose which the following patient cohort will be treated with, a number of different factors are considered, including the number of participants enrolled at that moment, the number of participants that experience toxicity, and the number of patients who are being screened for participation. A decrease in dose is applied when two or more patients experience toxicity at a certain dose level. Otherwise the dose will be increased.
New Trial Designs
To tackle the challenges (Renfro and Sargent, 2017; West, 2017; Woodcock and Lavange, 2017; Park et al., 2019) accompanying the conduct of clinical trials in rare cancers, new types of trials have been designed, namely the umbrella, basket and platform trials. The main advantage (Park et al., 2019) of these new trials designs is that they can be adapted depending on the research objectives and the indications of interest.
*The umbrella trial (West, 2017) divides patients into groups with the same basic cancer type. Afterwards, molecular marker tests for different potential targets are carried out. Based on the presence of a mutation matched to a potentially effective treatment for that marker, the patients are assigned to different arms of the study. In some cases, the presence of a specific marker does not have to be tested and patients are randomized to a “default arm” consisting of a treatment strategy with broad activity. During the study, arms can open or close when the trial is modified based on the emergence of new targets or treatments.
*Basket trials (West, 2017) include patients who have the same genetic driver mutations, but different tissues or organs of origin. These patients are given the same novel treatment with the specific marker that they all have in common as a target. The experimental treatment is therefore administered based on the mutations underlying the tumor instead of its tissue or organ of origin.
*Platform trials are also called the multi-arm, multi-stage design trial (Park et al., 2019). By using this trial design, a multitude of interventions can be tested and compared to a control group. Rules for adapting the trial protocol are formulated prior to the start of the study. These rules ensure that ineffective treatment options can be dropped and that new interventions can be added. This implies that the research question can change over time based on new data that becomes available. This trial design ensures research can be done more efficiently.
Besides these new study designs, Bayesian methods (Berry, 2006) are also used more and more in clinical trials because they allow adaptation of the study design based on information that becomes available during the trial.
*A Bayesian clinical study design (Pallmann et al., 2018) continually calculates the probability distribution for certain outcomes based on changes in the data. Because of this, it can combine and assess newly available data together with already existing data. This also means that the investigator can make clinical decisions (Casali et al., 2015) during the trial based on the probability distribution. This statistical method is becoming more popular in phase I trials and is also being implemented into umbrella and basket trials.
MATERIALS AND METHODS
The objective of this paper is to determine the important differences and possible cooperation between non-commercially funded phase I rare cancer trials executed in a non-commercial setting (“academic”) and commercially financed early phase rare cancer studies conducted in a commercial/non-commercial setting. The different aspects were explored through semi-structured interviews with relevant stakeholders. No quantitative data were collected. Instead, qualitative information such as opinions, remarks, concerns and thoughts of experts and patient organizations were collected. No existing contracts between the sponsor and the trial center were examined.
Purposive (dedicated institutions) and snowball sampling methods were used to select the study sample. Three different groups of participants were interviewed. The first two groups were clinicians (“academics”) involved in a non-commercially funded early phase clinical trial for rare cancers conducted in a non-commercial setting and clinicians involved in a commercially funded early phase clinical trial for rare cancers conducted in a non-commercial/commercial (“institunional”) setting. These groups were interviewed to gain insight into the organization of these clinical trials and to investigate the perceived differences between these two settings. The third group of interviewees was composed of representatives of organizations for patients with rare cancers. They were interviewed to further understand the patient’s perspectives on the differences between the two groups mentioned above, as well as to find out how patient organizations are involved in these trials. Inclusion criteria for clinicians were that they had to be involved as an active investigator in a phase I clinical trial for rare cancers in adults within Europe. Representatives of patient organizations needed to represent a European (rare) cancer patient organization and were contacted during meetings, calls, courses, consultations and the like.
This study ran from the first of September 2019 until the end of March 2020.
Participants fitting the inclusion criteria were selected based on their expertise as well as on suggestions made by the interviewees themselves. Next, the candidates were invited to participate by e-mail. If they showed interest to participate in this study, they were sent an informed consent form mentioning the practical details surrounding the study and explaining its objectives. Once they had returned the signed consent form, an interview was planned and conducted. As participants were working in different European countries, the interviews were conducted via Skype®. The interview session was recorded using Skype’s® built-in recording function, which the participants were aware of and had agreed to by signing the informed consent form. On average, an interview took about 45 min. After the interviews had been conducted, they were transcribed verbatim. Once this was completed, the interview recordings were deleted and the transcripts were qualitatively analyzed in NVivo exclusively using the framework method (Gale et al., 2013). Reading and coding was done by two students and one experienced researcher. The themes emerged from an extensive literature search.
RESULTS
Research Sample
In total, 87 possible participants were contacted, of whom 15 agreed to take part in the study and were subsequently interviewed.
Because this study focused on the European setting, participants from different European countries were included. The representatives from the commercial side included employees of the medical department of large pharmaceutical companies (i.e., international companies that have offices all over the world). For the academic side, clinical oncologists from five different EU countries were included.
Setting
From the interviews, it became clear that phase I clinical trials for rare cancers are almost never executed in the clinical trial units of the pharmaceutical companies but generally in academic centers with experienced investigators and study nurses/pharmacists, responsible to perform the trial as well as patient care. Bearing in mind that rare cancer patients are often taking multiple concomitant medicines, the guidance of these patients by (clinical) hospital pharmacists is important. Another reason why these trials are generally performed in a hospital setting is that they often require extensive resources (e.g., MRI, CT scans, bone marrow punctures), which are readily available in an academic hospital setting.
An important remark made is that early phase clinical trials are often not specific to one cancer type. The study population often includes both common and rare cancer patients.
Financing
Funding Mechanisms
Three different mechanisms of financing phase I clinical trials for rare cancers emerged from the interviews. The vast majority of studies are financed by pharmaceutical companies. In most cases, a pharmaceutical company has developed an investigational (orphan) medicinal product that they want to test in patients. To do so, they seek contact with academic centers and negotiate the needed budget with them. Representative 2 from the commercial side noted that they often cooperate with the same academic centers: “We always try to start from previous experience in the hospital, because we try to have some fixed costs, like the MRI and CT.” Secondly, representatives 4 and 6 of the academic side claimed that in rare cases the trial can also be co-financed by the academic center itself. However, support from the pharmaceutical industry is still needed in this case, mostly because of the limited budget of the academic centers. A third, but very rare, possibility is that an early phase trial for rare cancers can also be fully financed by independent organizations or with public means. This possibility was raised by representatives 2 and 5 from the academic side. For example, the KCE Trials Program in Belgium (https://kce.fgov.be/nl/kce-trials) can do that but has so far not yet funded any phase I clinical trials.
Costs of Execution
Most of the participants stated that the specific budget assigned for the execution of these clinical trials is difficult to estimate. For example, representative 2 of the commercial side said the following: “The costs really depend on what is requested in that trial. For example, if you need a lot of MRIs and a lot of bone marrow biopsies, then the price will immediately increase.” Based on the pooled statements of all the interviewees, it can be estimated that the amount ranges between 10.000 and 50.000 euros per patient, but this is certainly not always the case.
Participant Compensations
All interviewees asserted that the patients who enter a First-in-Man clinical trial for rare cancers are not compensated for their participation, unlike the healthy volunteers taking part in phase I studies for other indications. Representative 4 of the academic side stated: “That is because we really want to avoid the situation that patients are participating in trials because of the income that it produces. So, it has to be a free choice.” Paying the patient for participating is not seen as ethical. However, participants do get compensated for the costs associated with their participation in the trial (e.g., overnight stays in a hotel, transportation to the hospital, parking costs) by the party funding the trial.
Regulation and Oversight
Inspections and Audits
During the interviews it became clear that the way in which internal and external audits and inspections are conducted in the course of a phase I clinical trial for rare cancers is generally the same all over Europe. Nevertheless, their frequency varies greatly.
While the frequency of inspections varies, in general it can be stated that they occur between once every year and every 3 years. For example, representative 2 from the commercial side said that they occur once a year, while representatives 4 and 7 from the academic side mentioned that they take place every 2–3 years.
The audits can be divided into two groups: the internal audits and the external audits.
The internal audits are organized by the company/hospital itself. Both the representatives of the academic and commercial sides mentioned that they happen very often. Representative 1 of the commercial side made the following statement in this regard: “So the internal audits, we do them very frequently. At least 2 times a year, so that we have this constant monitoring of quality. Not only through inspections, but also through regular trainings, learnings, compliance sessions et cetera.”
External audits are organized by the sponsor, so most of the time by pharmaceutical companies. Their intensity varies, but a general trend was observed. “It all depends on your recruitment. So, the higher the recruitment, the higher the chance you get an audit,” representative 2 of the academic side claimed.
Positive Regulatory Aspects
First, four interviewees claimed that some European countries have a more favorable regulatory environment for conducting early phase clinical trials for rare cancers, for example because of faster approval times of study protocols by local ethics committees. Representative 1 of the commercial side stated for Belgium in particular: “We have an authority that secures a very quick turn-around. This turn-around between submission and approval by regulatory authorities is 2 weeks, which is extremely competitive when we compare it to other countries.” This advantage sets Belgium apart from other European countries, and is therefore seen as an attractive country to execute clinical trials.
A second positive regulatory aspect that was mentioned is the Clinical Trial Regulation (Regulation (EU) No. 536/2014, expected to come into application soon), which was composed with the aim of creating a favorable environment for the execution of clinical trials in the European Union and ensuring a more uniform interpretation and application of laws pertaining to clinical research across Europe. Thirdly, it became clear from the interviews that the possibility to request early scientific advice by regulators was considered very helpful. Representative 1 of the commercial side stated the following: “Whenever we do a phase I trial, we always seek the opportunity to engage with regulatory authorities to address their questions and to address the concerns that we have before we set the trials up.” This gives the trial sponsors the opportunity to improve the quality of the study.
In general, the interviewees highlighted that First-in-Man clinical trials for rare cancers are heavily regulated. They highlighted the necessity of regulatory measures to ensure the protection of the participants. For example, representative 7 of the academic side claimed that “the rules are necessary because you have a group of patients who does not have standard options anymore or does not have standard options at all. So you have to protect patients from mistreatment by sticking to the rules.”
Challenges at the Regulatory Level
Representative 7 of the academic side claimed that every hospital has its own ethics committee and that this is accompanied by a number of challenges. The first one is that the decision-making process can take a very long time, as the members of the committees are often clinicians who have to combine their assessment of trial protocols with their usual day-to-day clinical work.
The second challenge relating to the ethics committees of different hospitals is that there is little harmonization between them. This makes it difficult to know which data are needed for each committee. If there could be more standardization of the data that have to be submitted, it would simplify the process of submitting a trial protocol to the ethics committee. This last challenge was also cited by representative 4 of the commercial side.
As mentioned above, the laws and regulations pertaining to the conduct of clinical trials need to be respected. However, there were some comments from interviewees about the interpretation of the rules. To illustrate this, the example of informed consent forms was mentioned. These documents are needed to inform the patient, but the interviewees lamented the fact that newer versions are often released and that these need to be signed again by the participants. Representative 5 of the academic side mentioned the following in this regard: “The interpretation of the rules makes it very difficult to perform these trials.”
To set up a phase I clinical trial, you not only need experienced study staff, but also a sufficient number of people coordinating the trial and communicating with the regulators. If you have a lack of personnel, the organization of a clinical trial can be very challenging, but if you have these human resources, it becomes more feasible. Representative 3 from the commercial side stated the following: “The burden of the regulations depends on the quality of the regulatory affairs people; how much experience they have and how good they are in the communication with the agency.” The problem is often that qualified study personnel are insufficiently available, which results in clinicians also having to do the regulatory work, while they ideally want to spend as much time as possible on providing care to the patients.
The trial execution itself also demands great efforts from health care providers. To illustrate this, representative 3 of the commercial side made the following remark: “You are responsible, so you need to have a physician 24 h, 7 days out of seven, in the hospital.” In phase I trials for rare cancers, the participants are patients, meaning that they are ill and require much more care than a healthy volunteer.
METHODOLOGY
Number of Patients
The number of participants varies widely for early phase clinical trials in cancer. If the trial only focuses on one specific subtype of rare cancer, then the number of patients included is usually not more than six. If the trial includes different types of rare cancer however, then the number of participants can be as high as 40.
Study Designs
During the interviews it became clear that one of the most commonly used study designs is still the 3 + 3 design. This is typically the study design that is used to find the right dose. A remark that was made by representative 2 of the academic side was that in the dose escalating part of the study, rare cancer patients are usually not involved. Most of the time, they are enrolled into expansion cohorts, commonly used in phase 1 rare cancer clinical trials. “The expansion part is very often in specific diseases, so that you have a certain understanding, in which disease you would put a certain drug.” Representative 6 of the academic side mentioned that these expansion cohorts have been changing over the years: they are becoming larger in size. As a result, the phase II trials are sometimes replaced by expansion cohorts. Corroborating this, representative 2 of the academic side made the following observation: “We have less and less phase II trials and more and more phase I expansions.”
Representative 5 of the academic side stated that for immunotherapy in particular, this 3 + 3 design is sometimes replaced by the rolling six design.
Basket trial designs are used in phase I clinical trials for rare cancers, although they can also be implemented into the other phases of clinical development. These trials select patients based on their tumor characteristics and include all types of cancers, both common as well as rare ones. Representative 4 of the academic side claimed that this study design is slowly replacing the “all-comers approach” (i.e., no or very few restrictions on the type of tumors included in the trial). The basket trial was considered a huge improvement over such past trial designs by the interviewees. To illustrate this, representative 4 of the academic side made the next remark: “Until a couple of years ago we used the ‘all-comers trial’. You just had a trial that does not specify which tumor type of patients could enter. So, we were using the power of serendipity, just coincidence, to find certain correlations.” This serendipity is now partly excluded because clinicians are gaining much more knowledge about which patients are going to respond by examining their underlying mutations.
The umbrella trials are also becoming more popular. Again, these trial designs are not exclusive to phase I clinical studies and can be used in all other phases of clinical development as well. Umbrella trials are especially relevant for rare cancers because they can tackle the problems inherent to rare diseases since they include all types of mutations within a certain cancer.
However, representative 2 of the academic side noted that these two study designs necessitate a shift in the recruitment strategy of these trials. More specifically, the mutation that causes the cancer needs to be identified before the patient can enter the trial. “You have the definition of your rare cancer based on the incidence, that is calculated based on the histology. But this study design is based on genomics.”
Bayesian methods are also used more often. They can considerably speed up the conduct of an early phase rare cancer clinical trial. This was mentioned by several representatives of the academic side. Representative 6 explained this as follows: “Bayesian designs are accelerated designs, where for example, there is an acceleration within the patient. If there are no signals within the patient, using a Bayesian design, the dose can be escalated more quickly.”
Representative 4 of the academic side stated that the platform trials are starting to be used more frequently. Their main advantage is the possibility to change the investigational drugs and/or targets. However, the continuous analysis of the data necessary to determine which new drugs can be introduced into or excluded from the trial is accompanied by a large organizational burden.
International Collaboration
There was some disagreement among the participants regarding the extent to which international collaboration occurs for First-in-Man clinical trials in rare cancers. Some interviewees stated that it happens regularly. For example, representative 2 of the academic side made the next statement: “I’m not aware of any clinical trials for rare cancers that are specific to only one country. For me it’s not reasonable. So these phase I trials have at least two countries and this can go as high as 10 countries in phase I.” Other participants claimed the opposite, including representative 3 of the commercial side: “I don’t think that cooperation happens so much. I think usually for phase I you try to limit it to one or two centers.” When the answers were examined in more detail, it can be concluded that all the academic representatives mentioned that international collaboration happens, while most of the commercial representatives stated the opposite, i.e., that it was not common practice to collaborate across borders.
The understanding of what exactly constitutes international collaboration also varied among the interviewees. For some of them, collaboration implied that they would refer patients to other centers. Others believed that this meant that multiple centers in different countries are working on the same trial. The latter type of collaboration is mainly organized by pharmaceutical companies. Representative 7 of the academic side stated the following: “The international cooperation is mainly set up by the pharma, because they organize all the regulatory aspects for the separate countries.”
One point of agreement among all the interviewees is that the main advantage of research collaborations is that they allow the investigators to tackle the challenges associated with the rarity of the diseases under investigation. Representative 2 of the academic side stated the following: “The biggest challenge for these clinical trials is to find the patients, because they have rare tumor types. And it is impossible to do without international collaboration.” International reference centers need to be established to which all patients with a specific rare disease can be sent. It is considered more valuable to have one study with five patients than five studies with one patient.
With respect to the type of international collaboration where multiple centers are working on the same trial, in this situation the sharing of information in order to compare different approaches was also deemed very important by the interviewees. Representative 6 of the academic side stated the following about this subject: “If a patient gets treated in the Netherlands, and a patient gets treated in France, on paper they may all be the same. But the reality is different.” It is important to foster an environment in which information and methods can be shared between these settings. However, representative 4 of the academic side stated the following about this type of collaboration: “I am reluctant to do it, because it is such an intensive approach and a financially intensive way of performing trials.”
During the interviews, it became apparent that there is also some degree of competition between the centers. Doctors do not want to lose their patients by referring them to another center or country where the clinical trial is being performed. Efforts to harmonize the conduct of phase I trials in rare cancers may also undermine the competitive advantage some countries have as hosts of clinical research activities. For Belgium for example, an interviewee from that country did not want to sacrifice the short timelines discussed above: “If Belgium is no longer involved in approving the project, because it is in another country, then it can take up to 60 days and this comparing to the 14 days for phase I trials that we now have, is of course troubling.” It is therefore important to ensure that harmonization efforts do not slow down the conduct of phase I clinical trials in rare cancers at the country level.
Financial Aspects
Many interviewees stated that a phase I clinical trial, being only a part of the complete clinical research package, is very expensive. The cost of such trials is not only determined by the cost of treating the patient, but also the organizational activities behind the study, the manufacturing of the investigational product etc. As mentioned above, the shift towards new trial designs implies that more trials will have to be initiated to treat the same number of patients. “Less and less patients are enrolled in one clinical trial and then the total setup cost for clinical trials will become higher, because you have less patients (per trial),” representative 2 of the academic side argued.
Another financial challenge that was mentioned by the representatives from the academic side is to get pharmaceutical companies interested in sponsoring these clinical trials. Representative 7 of the academic side claimed that “up till now it was mainly the big tumor groups pharma was interested in. Because those where the groups to which they could sell their products in the end.” This interviewee also mentioned that clinicians can play an important role in trying to raise the interest of pharmaceutical companies: “we need to talk to them and express the medical needs. You have examples of successful stories like imatinib in GIST (gastrointestinal stromal tumor), which is a rare cancer. And there was nothing for that, but imatinib is now the first line treatment of choice.”
Patients’ Perspectives
Accommodation
There was a strong consensus among the interviewees that the accommodations of commercial and academic-sponsored phase I rare cancer trials were very similar. If the subjects have to stay overnight, they will be assigned a hospital room ensuring close proximity of experienced clinicians. Patient organisation representative 2 stated that the trial should be conducted in a single-person room because patients need privacy. Patient organisation representatives 1 and 3 on the other hand believed that the possibility of conducting the trial at home would be more convenient for the patients.
Financing
Two of the four interviewed patient organisation representatives were not certain whether or not patients receive compensation for their participation in early phase trials for rare cancers. Regardless, all representatives believed that patients would not take part out of any financial motivations, but because the trial could give them access to a potentially beneficial drug. One representative from the academic setting remarked that they want to avoid situations where cancer patients participate in a phase I trial because of the accompanying monetary compensation. Commercial setting representative 2 mentioned that patients receive monetary compensation to cover the costs they face as a result of participating in the trial.
Follow-Up
All patient organisation representatives believed that the follow-up during the trial is very well organised and accurately documented according to the study protocol. According to one representative, patients would prefer to be more involved in the process and submit data and/or comments themselves via apps. Some experts representing the commercial setting emphasised that it is crucial to continue providing care to the patient even after the trial has ended, for example, by applying a roll-over protocol which enables patients to continue receiving the treatment within the context of a new research question. Patients can also be referred to different trials, potentially even organised by a different company. The participants can also keep on receiving the investigational drug in case they experience any benefit from it.
Administrative Burden
According to two of the patient organisation representatives, patients are confronted with lots of paperwork and many different documents as part of their participation in phase I rare cancer trials, such as summaries of the trial protocol. Two of the patient organisation representatives believed that many patients do not experience this paperwork as burdensome, since they did not think patients read these forms very thoroughly. One patient organisation representative felt that patients do not have enough time to read through the entire information sheet and do not fully understand what is written in this document.
Recruitment
Recruitment Through Hospitals
Two experts, representing the academic setting, mentioned that participants are recruited by clinicians in the participating hospitals directly. Similarly, two representatives of the commercial setting said that the treating physician is mostly responsible for the recruitment of patients for early phase cancer studies. Most patient organisation representatives also confirmed that the recruitment of patients takes place in the hospital by their treating physicians.
Recruitment Through Networks
One expert representing the academic setting mentioned that most participants of early phase rare cancer trials are referred to their hospital by colleagues from other hospitals. Another academic setting representative stated that they recruit patients using the networks they established together with smaller hospitals. This expert wanted to emphasize that it is regrettable there are only two European-wide networks for rare cancers (EURACAN and PaedCan) because these are very much needed for ultra-rare tumours. A third expert representing the academic setting remarked that in Netherlands, 14 centres for juvenile melanoma cooperate intensively. Patients can be referred to one of these centres by their oncologist, ophthalmologist and sometimes their general practitioner.
Recruitment Through Patient Organisations
All representatives of patient organisations stated that their members share experiences about early phase clinical trials. This can stimulate other patients to participate. Only one patient organisation representative mentioned that patients consult them asking if there are any trials they can participate in. Three of the academic setting representatives said that for the recruitment of participants for First-in-Man rare cancer trials they did not yet work together with patient organisations. They hoped that those patient organisations would inform patients of the existence of such trials to convince them to participate.
Motivations for Participating
The patient organisation representatives and the experts from the commercial and academic settings all echoed the same sentiment: “If it is not helpful to the patient, it may well be helpful for other patients with the same disease.” Every interviewee mentioned that a lack of available treatments is one of the main reasons to participate.
Role of Patient Organizations
One commercial setting representative believed that all large companies are now looking into how they can involve patient organisations to help them set up a protocol addressing patients’ needs. Another expert representing the commercial setting claimed that local patient organisations are not always being involved due to the global nature of their companies’ studies. Commercial setting representative 2 claimed that their company is conducting patient-centric remote trials, whereby patients do not have to visit the hospital at all. According to representatives of both commercial and non-commercial settings, the involvement of patient organisations provides an added value to phase I trials and can improve the design and feasibility of the trial and the legibility of the study documents. Patient organisation representatives additionally mentioned that in recent years, there have been stories about trials going wrong and that the public often thinks that the participating patients were not adequately informed of the risks of the study, but these are only exceptional cases. Usually, the majority of the patients are pleased about the way a trial is executed. In case the trial procedures are too complicated or too burdensome, patients might drop out, severely complicating the conduct and analysis of the study. Medicines that can be applied at home are preferable, but this is not always possible.
Evolution Over the Next 10 years
Rise in Amount of Studies
Due to the increasing development of personalized medicines, there are much more target pathways that can be tested. This testing is usually done in a phase I clinical trial. This is why the amount of early phase studies in rare cancers in all likelihood is going to rise over the next years. Additionally, due to the emergence of new study designs, more studies will have to be initiated to treat the same amount of patients as before.
More Collaborations
In the future, there will likely be much more centralization of clinical trials through the setup of international collaborations. Representative two of the academic side stated: “I think networks will be key, so opening different trials in different centers and just sending the patients to the right trial.” Within the European Reference Networks EUROCAN for rare adult solid tumor cancers and PAEDCAN for pediatric oncology are installed.
Other Study Designs
The used study designs will keep changing more and more to basket and umbrella trials. Platform trials will also become more popular due to the possibility of plugging in different kinds of therapeutic entities. So, the interviewees expect a shift toward more intelligent and adaptive study designs.
More Targeted Treatments
Nowadays, whole genome sequencing can be performed. As a result, much more information is available for making predictions on whether patients are going to respond to a treatment or not. In the future, increasingly targeted treatments, more tailored to the patient, will be investigated in phase I trials. The treatments themselves are also going to change. The interviewees predicted that there will be a strong increase in the development of immunotherapies and gene therapies.
DISCUSSION
The Organization of Early Phase Clinical Trials for Rare Cancers
First-in-man clinical trials for rare cancers are mostly set up through collaborations between the academic and the commercial side. Clinicians in academic hospitals have much more experience with rare cancer cases but the commercial side was not interested in rare cancers until the introduction of the Orphan Drug Directive (EC 141/2000), since this did not represent a large enough target market for selling their products. However it is not possible to support this conclusion with literature as no specific data can be found about this subject.
Financing of Early Phase Clinical Trials for Rare Cancers
Compared with the available literature concerning early phase clinical trials for common cancers (Chakiba et al., 2018), a notable difference is observed in the amount of industry sponsored trials. In common cancers, 53% of the phase I clinical trials are sponsored by industry, while this paper concludes that the vast majority of rare cancer trials are industry-sponsored. An explanation for this difference can be found in some of the statements that the representatives of the academic side made. They stated that they were not able to properly initiate international collaborations themselves because they could not organize the regulatory aspects in the different countries, and that these were always set up by the commercial sector. As described in the section above, first in man clinical trials for rare cancers require international collaborations to tackle the problem of rarity. Therefore, it makes sense that academic centers cannot set up these trials by themselves and that this mainly has to be done by pharma companies. However, there is no literature available to corroborate this potential explanation.
Though, the article by Kummar Kakkar et al. (Kumar Kakkar and Dahiya, 2014) presents another explanation. It is seen that more and more pharmaceutical companies are becoming interested in developing drugs for rare diseases because of the benefits associated with the Orphan Drug Regulation (e.g., short clinical development timelines, market exclusivity for 10 years, etc.). On top of these benefits, the article of Attwood et al. (Attwood et al., 2018) made the remark that 29% of these orphan drugs now have large patient populations and thus have high profit margins and several authorized orphan drugs for rare cancers got multiple rare cancer indications (Dooms, 2017). The combination of these benefits and high profits can be an explanation for the higher amount of pharma sponsored trials in rare cancers than in common ones. The average cost to execute these trials roughly lies between the 10.000 and 50.000 euros per patient. It is however difficult to generalize this estimation because it depends on what specifically is requested within the procedure. The patients are compensated for the costs associated with their participation (lunch—travel) but never rewarded, as this is considered not ethical.
METHODOLOGY OF PHASE I CLINICAL TRIALS
When the available literature on the methodology of phase I trials in general is consulted (Wong et al., 2016), a strong convergence with the conclusions concerning the designs of early phase rare cancer trials can be observed. While new trial designs have been developed over time, the classical 3 + 3 design remains the most used design in phase I rare cancer trials. According to Wong et al. (Wong et al., 2016), this is mainly because clinicians have not yet fully mastered the use of such new study designs, and because their novelty complicates the approval of the trial protocol by ethics committees. Additionally, they also necessitate better communication between the sites. This undermines the many benefits (Manji et al., 2013; Wong et al., 2016) of these new designs. Although the article by Wong and colleagues (Wong et al., 2016) focuses on common cancers, its conclusions likely apply to first in man rare cancer trials as well.
The use of expansion cohorts was also mentioned. During the interviews, it was observed that this is still controversial: some participants fully support these, while other participants think their use should be limited. In the available literature (Manji et al., 2013), it is mentioned that the use of expansion cohorts is rising but that there is still no consensus about when they should be introduced into a trial. Their major advantage is that they could be used to determine the efficacy of the drug early on and to therefore minimize the need for a phase II study to be performed. These benefits were also brought up by representative 6 of the academic side, who highlighted the negative aspects of these cohorts as well. For example, expansion cohorts often lack statistical power due to the limited number of patients included. This is also mentioned in the literature (Manji et al., 2013).
International Collaboration
The need for international collaboration in early phase clinical trials for rare cancers is clear, both from the interviews and from the available literature (Gatta et al., 2011), as they remain the only feasible solution to tackle the issue of rarity. However, this international collaboration is also accompanied by some challenges mainly by different national regulations.
The challenges mentioned by the interviewees are corroborated by the available literature. For example, it is difficult to come to a consensus when multiple different countries are involved (Komatsubara and Carvajal, 2016). Furthermore, it is also important that incentivizing policies instituted by individual countries with respect to the conduct of trials remain in place.
The Evolution of Early Phase Clinical Trials for Rare Cancers
It was mentioned that there will likely be a rise in the number of phase I rare cancer trials in the coming years due to the evolving science behind cancer (i.e., more tailored medicines, more rare cancers due to more detailed genome sequencing). When there is already treatment available, the pharmaceutical industry will not be eager to invest. This conclusion is certainly substantiated in the literature (Blay et al., 2016; Boyd et al., 2016; Komatsubara and Carvajal, 2016).
Patient Organization Representatives
Sufficient understanding about phase I clinical trials was hard to find in this group of participants and they were not aware about the academic and/or commercial setup of the study. Ambiguity about financial costs/compensations can be explained by the fact that these patients are terminally ill and regularly hospitalized. A financial compensation (travel and food) was generally considered inferior to a possible positive effect in treatment. Insurances for clinical trials never compensate the patients. Concerning the follow-up, Hutchison (Hutchison, 1998) could demonstrate that nursing and clinical care/attention in phase I cancer studies was mostly experienced by subjects as “very good” or at least “just right”.
According to two of the patient representatives, the participants have to deal with lots of paperwork and the informed consent does not seem to be read thoroughly. This was also reported by Hutchison (Hutchison, 1998) who confirmed that patients were not always interested in all the details of the study.
Recruitment of Subjects
One center will never have sufficient patients for this type of study and needs to collaborate, sometimes internationally, as mentioned by one academic and Fox et al. (Fox et al., 2017).
Financing seems to be the main hurdle but pharmaceutical companies can bring in some funding besides their international network. Also governmental arrangements and a strong collaboration with international trial groups needs to be achieved (Fox et al., 2017). Mandrekar et al. (Mandrekar et al., 2015) and all our patient representatives confirmed that participation in early clinical trials for rare cancer was experienced as positive and stimulating to convince other participants as the ineffectiveness of other treatments was the main stimulus (Dolly et al., 2016; Catt et al., 2011).
Role of Patient Organizations
All patient organization representatives indicated that they would like to be involved more but that they were not aware of all the different first in human studies. Organizations like the Patient Focused Medicines Development initiative (https://patientfocusedmedicine.org/about-pfmd/) can assist in the design and the development of research and medicines by focusing on unmet patient needs. Moreover, patients would like to help in increasing the legibility of the informed consent form (34). No data could be found and no participants expresses any preference for academic nor commercial studies.
LIMITATIONS
A major limitation of this study is the small number of participants. Only 15 participants were interviewed, despite 87 experts contacted. This is a very low response rate (17.2%), and data saturation was therefore not reached.
Another limitation is that experts from only five different European countries were included. As a result, the participants are not a good representation of the target population and caution should be taken when these results are generalized to the broader European setting. Further research is necessary to fully support this generalization.
CONCLUSION
Representatives of the academic and the commercial sites collaborate in the majority of early phase rare cancer clinical trials: the commercial partner finances the trial, whereas academia is responsible for the execution of the procedure of the trial. A very limited budget is available to execute pure academic studies for rare cancers.
Audits and inspections are conducted in the premises executing these trials, but the frequency and setup varies widely. The inspections are mainly organized by the national health authorities and they take place between once every year and every 3 years. The internal audits are organized by the company/hospital itself and happen very frequently. The external audits are organized by the sponsor, and their intensity is directly proportional to the recruitment of the trial. Belgium has short timelines, the possibility to ask for advice and strict but correct regulations. However, also some negative aspects were mentioned, like the difference between different ethics committees, the over-interpretation of the rules, the insufficiently available qualified personnel and the high burden for them.
Research into the methodology of phase I clinical trials for rare cancers revealed that the 3 + 3 design remains the most widely used design and that the use of expansion cohorts remains controversial.
During the interviews, the importance of international collaboration was emphasized, as this is the best approach to tackle the issue of rarity. However, a more centralized approach needs to be balanced with efforts to incentivize clinical research on the national level.
Patients experience no differences between academic and commercial early phase clinical trials nor in participation nor in transport to the setting nor in follow-up. Patient organizations may contribute in recruitment, feasibility and legibility of the informed consent forms.
Finally, the growing need for first in man rare cancer trials is high, not only because rare cancer patients deserve the best treatment, but also because medicines developed for the treatment of rare cancers represent the future for cancer therapy in general.
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~Altemative iy vales thatwere generated thoucha
vignette stucy (Bastia et al) do ot have these
mehoddogicd limtatons but also had limited face:
vaidiy (vignette study based on EQ-6D assessment
by cinicens)

~Approach to gererats cargiver disuities not
suficienty justfled and theirinclision intodices more
uncertainy (under ifheatth sate impect is same for
pafent and caregiver,lack of face vality in patient
il affects caregiver isutites, cabuitions are
artitary and based on other health sttes to the one
beng valied)

3.5% for costs and health outcomes

France (Haute Autorité de Sants, 2017)

Healthoare payer perspective (health insurance
and out-of-pocket expenses)

‘Gost-efectiveness andyss for EO (type ) SMA
(LYG) + costuy analyss for LO (type I) SMA
oY)

~Cost-utiity analysis not reiable for SMA | due
to insufcient information on QoL
~Cost-effectiveness analysis not relevant for
‘SMA Il terms of LYG as impact on ife
‘expectancy is not demonstrated

2 models:

-EO SMA (type 1)

-LO SMA (only type I

“Not enough refevant information provided to
perform cost-utity analyss of ype Il VA
patients

‘Standard of care, consisting of
~Respiratory care
~Gastrointestinal care
~Nutriional care

~Orthopedic care
Neurological care

~Paliative care

~Choice of comparator is consistent with
avaiable data

“EO SMA (ype I): 5 years
~LO SMA (only type I): 60 years.

‘Short tme horizon for EO SMA patients seems
‘consenvative but is adapted o France where
assisted ventlation i not used to projong fe of
these patients

-EO (ype ) SMA patient subgroup: aged
<7 months atnclusionand onset ofsymptoms
6 months after birth

-LO (type 1) SMA patient subgroup: aged
2-12 years and onset of symploms >6 ronths

~Distinction between type | and Il patients
‘acosptable but may be more complex in real
ffe. The classifcation depends on the age of
diagnosis and motorical capacites that can be
obtained, yet in rare diseases, this may be
‘compromised due to diagnostic delays that are
observed in practice

~Transposabilty of resuits to French practice s
wnknown

~Drect medical costs: technology and health
state maintenance, end-of-ife costs for EO
{type 1) SMA

~Drect nonmedical costs: transport

~Potential underestimation of administration
costs.

SMAL LYG (SMA ) and QALY gains (SMA 1)
Base case resuts including the caregiver
perspective were not generated

Calculation of utites:
~Utiities in the LO were derved from mapping
PedsQL onto the EQ-5D scale using a
published algorithm

~Values for EO model were based on LO
tities

-Limited transferabity of early-onse CT data
10 curent cirical French practice

~Galcuated ulity values were Specic to the
Brtish population. Methodology used o obtain
QoL data was not vaidated for a French
population. Consistency between
interpretation of Btsh and French
interpretation of QoL scores was questioned

49% for costs and health outcomes

~Potential underestimation of administation
costs

~Overall sunival too optimistic:

~Uncertainty about long-emn sffects
~Assumptions of "o deteroration’” o
nusinersen-treated patients and “no
improvement” for patients treated according to
the standard of care e too optimistic and do
ot refect G dta

‘The US (Ellis, 2019)

~Healthcare payer perspective
“Modified societal perspective as
soenario analysis

Cost-effectiveness (LYG) + cost-utiity
analysis (QALY)

Nusinersen was discussed in context of
Zolgensma reimbursement

3models: -EO SMA (type |
-LO SMA (ype Il and Il
-Presymptomatic SMA

‘Standard of care, consisting of
Respiratory care
“Gastrointestinal care
Nutritonal care

Littime horizon for both models (no
futher detals)

“EO SMA (type | (mean inial age:
4.4 months)

-LO'SMA (ype Il and I (mean itial age:
2years)

-Presymptomatic (mean intial age:

21 days)

“EO (type ) SMA patients.
-LO (ype Il and 1) SMA patients
-Presymptomatic SMA patients

“Nusinersen indicated for all SMA types
despite only being studied inSMA types|,
1, and Il

~Uncertainty regarding transirabilty of
resuls from CT, wth smal patent samples
andimtedreqirements for patidpaton, o
larger patent group.

Insufiient evidenoe for long-term safety
and efficacy

~Healthcare payer perspective:

~Direct mecica coss: techndogy and
heaith stete mantanance

Modified societal perspective:
~Direct normecical cogts (such as moving
or modying the home and purchasing or
‘modying a venclg and productvily gains
for patens

Nusinersen was discussed in context of
Zolgensma reimbursement

39% for the costs and health outcomes

“Uncertainty about long-term effects of
repeated lumbar puncture

“Trals of Spinvaza® and Zolgensma®
‘cannot be compared because the
baseline properties dffer

Medical chief of Cure SMA added
addiional comments:

~Assumptions for the survival rates forthe.
nonsiting group were incorrect

-Overal, ICER thveshold is too low to
meet challenges related to the rare
disease (should be $500 000 instead of
$150 000 per QALY)

“The mentioned “controversies” in the
CTs are common

‘The Netherlands (Zorginstituut Nederland,
2018; Nederland Zorginstituut, 2019;
Bruins, 2019)

‘Societal perspective

Cost-utiity analysis (QALY) + cost-effectiveness
analys's (LYG)

2 Markov modsls
<EO SMA (type |)
-LO SMA (e Il and I

~Overall, model structure was suffcient

~Reasons for stopping therapy poorly
substantiated

Standard of care, consisting of
“Respiratory care
~Gastrointestinal care
Nutrifonal care

~Orthopedic care.

Lifetime horizon
“EO SMA (iype I): 40 years (resuts measured
over a period of 13 months)

~LOSMA (type Il and I: 80 years (esuits
measured over a period of 15 months)

‘Time horizon deemed appropriate

EO (type 1) SMA patient subgroup: frst
symptoms at age <6 months and ilness
duration <13 weeks at the start of treatment
(data from ENDEAR trial ith aditional deta
from CS3A tria)

LO (type Il and ) SMA patient subgroups firt
symptoms before age of 20 months and ness
duration <25 months at the start of treatment

ZIN compared patients from ENDEAR and
CHERISH trial to Dutch cinical practice, based
‘on Dutch SMA study by Wadman et al. Type |
‘SMA correspond between ENDEAR and the
Dutch study. LO SMA type Il and Il patients
from the CHERISH trial correspond o the type
Ila/b patients in Netherlands (and not type i or
)

Direct medical costs: technology and heath
state maintenance

Direct nonmedical costs: incltransportand
productivty losses)

Indirect nonmecical costs (incl. productivity
losses of caregiver and patient for typelland
111 SMA)

~Appropriateness and accuracy of costs
such as legal assistance, adaptations to
house or car, and inclusion of productivity
losses as cost components in the indirect
nonmedical costs were questioned. ZIN
believes the friction cost method 1o be more
appropriate

“Major differences in yearly cos/SMA type
between studies used as a data source for
‘cost estimates, leading to uncertainty on the
methods used to define these costs

LYG and QALY gains.

Calculation of utiities:
~Utiities in the LO model were derived from
mapping PedsQL from SMA patients enrolledin
the CHERISH (SMA 1) trial on to the EQ-50
scale on 1o the EQ-5D scale using a published
agorithm

~Values for infantil-onset model were based on
later-onset utlifies

Issues with methods calculating utites:
1)Mapping of PedsQL scores to EQ-5D scores
is a less vaid method than measuring EQ-5D-
3L scores directly, SF-6D, HUI, or domain or
disease-speciic questionnaires

2) Mapping method has not been valdated for
this specific patient population

3)PedsQL was used even for patients reaching
adulthood

~Somario andyses explored diferent metods to
determine uties, rendering divergent outcomes.
‘This generated uncertanty about QoL i the.
mode

“Rather optimistic estimation of long-term
outcomes

4% for costs, 1.5% for outcomes

Canada (CADT common drug review,
2018)

Healthoare payer perspective

‘Cost-tity analysis (QALY)

3 models: -EO SMA type |
-LO SMA type I
-LO SMA type Il

Standard of cae, consisting of
Respialory care

Nutronal care

-Orthopedic care

<EO SMA type I: 25 years
-LO SMA type I: 50 years
-LO SMA type Il: 80 years

~Model does ot adequately consider the
impact of stopping nusinersen due to
worsening of disease

“The sed time horizon was not appropriate
for the scenarios considering Biogen reports
‘specific ages

“EO (type ) SMA patients
-LO (types ll and Ii) SMA patients.

~Cliicd trél data are considared insufficent to
‘support econanic evaluaton. Trl patents
represant only a subset of SMA Thereis
especially a lack of data appropriate {0 assess
effectivencss ofnusiersenin SMAtype ll. Ao,
patentageincirical tid (CT) mor kel to faver
response compared to red-vort praciioe

~Lack of transparency on reporting of cost
estimates. Healthcare costs seem 1o be
obtained from a German study by Kiug et a,
(2016)

~Methods for extrapolaionof costsof caretothe
‘Canatfian context are imted. However, imted
impact of adkitona healthcare cost expected
given the costs of nusiersen

LYG and QALY gains

Calculation of utilties:
~For SMA types 1 and Il a vignette study was
used. The authors consulted SMA experts to
provide heaith state descrptions. After, EQ-
5D-Y was used by the experts to rate those
health states made by the authors

~For SMA type l the utiies were derived from
mapping PedsQL onto the EQ-5D scale using
 published algorithm

Uity values were, among others, derived
from an unpublished study on QoL (Bastida
etal)

-Inadequate methodology to estimate ity
values:

1) Experts shouid have estabished the heaith
states instead of the authors. Experts can
make diferentinterpretations about the health
states since “might have" i frequently used. 2)
Mapping shouid be avoided and direct
measurements are preferred according to the
recent CADTH guidelines

“Inappropriate assumptions refaing to
mortalty for SMA I and Il

~Model includes relative states (related to the
baseline patient characterstics) over absolute
states such as the Hammersmith Functional
Motor Scale-Expanded (HFMSE) scores, as.
preferred by the HTA body

1.5% for costs and health outcomes.

“Not encugh data to conduct stratficaton by
disease status wihin SMAtype, forinstance.
stratfied cost-efectieness araiyss by age
-Assumptions on long-term outcomes
(disease progression, mortalty) with
nusinersen considered too optimistc

1) Al patients on nusinersen are assumed to
improve even after the CT period whereas
patients from the control group worsen/
emain at the same level Such assumptions
regarding the disease progression are
uncertain

2) The assunpion thet 50% of the tye
paferts who camt wak and are recshing
nusiersen vil gan amtuaton after 24 morths
of CT periodis nctjustfied. CS2 and CS12
studes are not comparatie whereby the
effctiveness coud not be provenin type I
paterts

3) Achieving milestones assumed to lead to
reduced mortaity, whie there is no data
proving this
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Jurisdiction

Ireland (National Centre for

Pharmacoeconomics (NCPE), 2017)

instituion Biogen
Year of 2017
publication

Base case analysis
Fary-onset SMA

incremental LYG
incremental
QALYs

ICER (E1.YG)
ICER (€/0ALY)

€463,726.07
€512,84380

Average
ncremental cosy
patint

Eary-onset SMA +
caregiver ulites

incremental LYG
incremental
QALYs

inflated

ICER (EAYG)
ICER (€/QALY)
Average
inoremental cost/
patient

€253,502.37

Late-onset SMA

incremental LYG
incremental QALY

ICER (E1YG)
ICER (€/ALY)

€3998625.72
€2,156,623.69

Average
icremental cost/
patint

Late-onset SMA +
caregiver ulities

incremental LYG

incremental QALY

ICER (E1.YG)

ICER (€QALY)  €1,061371.91

Average
ncremental
cost/patient

Deterministic sensitivity analysis

Early-onset SMA o tomado,
(three most diagram provided,
nfluentia ICERis sensitive to
variables) ~Discounting %
“Mortalty risk
factor
~Vial price:
~Patient utity
Late-onset SMA  No tomado.
three most diagram provided,
nfluential ICERis sensitive to
variables) ~Discounting %
~Patient utity
Vial price

Probabilistic sensitivity analysis

Earty-onset SMA  Mean ICER:

€498,480

Late-onset SMA  Mean ICER:
€2,107,108
Inclucing caregiver
QALYs:
€1,037.003

Comments of the  —

HTA body

Jurisdiction England/Wales

instituion Biogen

Year of publication 2016

Base case analysis
Earty-onset SMA

incremental LYG
incremental QALY
ICER (EAYG)
ICER (€0ALY)
Average
icremental
costpatent

595
587

€492:349.77
€2,642,072.75

Eary-cnset SVA +
caregiver utiies

incremental LYG
incremental QALY
ICER (€AYG)

595
544

CER (€/0ALY)  €486,015.49

Average €2,642,072.75
ncremental

cost/patient

Late-onset SMA

ncremental LYG  1.38

incremental QALYs  2.37

ICER (€A.YG)

CER (€0ALY)  €1513499.17

Average €3,580,776.32
ncremental
costpatient

Late-onset SMA +
caregiver utites

incremental LYG
incremental QALY
ICER (E1YG)

138
33

€1,084,900.42
€3,580,776.32

ICER (€/0ALY)
Average
incremental
cost/patient

Presymptomatic
SMA

incremental LYG
incremental QALY
ICER (EAYG)

ICER (€/ALY)

Deterministic sensitivity analysis

Scotland (SMC, 2018)

‘Sweden (NICE, 2018)

National Gentre for Bogen Scoftsn Medicines  Biogen ‘Swedish Dental and
Pharmacoeconomics Consortium (SMC) Pharmaceutical
(NCPE) Benefits
Agency (L)
- 2017 - 2016 2016
- 555 - - 211
i 5.02 - 4 Between 1.78
and 133
- - - - €489,978.31
- 850718 — - Between
€583,085.62 and
€779,435.06
- €2,550,615.71 - - —
= = = 453 =
- - - Patint: 5.93; -
caregiver: 3.83
- - - €467.85036 -
= 0024748 — €217,142.00 -
- - - - Only SMAII
= 138 = . 191
- 229 - - CHERSH: 3.2;
Jones etal: 533
] = - - €2.053.405,30
- €1,926,380.77 = s Between
€736,298.03 and
€1,207.144.31
- 41088874 — = -
- = - SMAK 191 SMA  —
110
= - = SMA Il: 10.25 =
(patent); 161
(caregiver): SMA Il
1.63 (patient); O
(caregver)
- - - SMAL -
€2,005,794.20
= €1.36553920  — SMAI: €322,867.74; —
SMA Ill:
€1,564,889.30
No tomado dagram Notomado  ICERis sensifive o No tomado diagram  No tomado dagram
provided, ICER is diagram ‘mortality risk factors  provided, ICER is provided, ICER is
sensitve to provided appled sensive fo sensive to
Costeffectiveness “Utity estimates  -Caregiver utity
improvement when estimates
treatment gien at ~Extrapolaton of
-Age at symptom onset survival
<12 weeks “Utity estimates
-Disease
duration<12 wesks
= No tomado. ICER is sensitive to  No tomado diagram  No tomado diagram
diagram mortality risk factors  provided, ICER is provided, ICER is
provided applied ‘sensitive to ‘sensitive to
-Utity estimates  -Treatment
interuptions
~Time horizon
Uity estimates
“Uncertanty on longtem  — -Optimistic - Limited
reatment effectiveness. assumptions of the Gocumentation
efficacy company regarding available on:
~Uncertain translation of long-term treatment -Swedish SMA
motor milestone gains to efficacy population data
QALY gans -Limited CT deta “Long-term
“Uncertain HRQoL regarding long-term effectiveness data
assessment survival QoL estimates.
~Uncertain utity estimates “Uncertain modeing Treatment
(especilly for SMA type | of ong-tem sunival continuation
patients) pattems.
~SMIA Il patients
populaion

(NICE, 2018; NICE, 2019)

National Institute for Health
‘and Care Excellence (NICE)

2018

52

€508,895.71

347

76289482

731

€493,755.77

476

€764,425.24

arty-onset SMA  Tomado diagram  No tomado diagram
(three most provided provided, ICER s
inflential variables) -Vial price: sensitive to

-Utity estimates Utity estimates

(standsiaks -Overalsurvival beyond CT

wnaided) time horizon

“Mortaty risk factor -Mortalty rates appied
Late-onset SMA Tomado dagram o tomado diagram
(three most provided provided, ICER s
influntiel variables) -Utiy estimate sensive to

(waks unaided” and Uity estimates

s without support  -Mortalty rates applied

but does not rol")

Vi price

“Mortaity risk factor
Presymptomatic  — &
SMA

Probabilistic sensitivity analysis

Eary-onset SMA  Mean incremental
LYG: 59

Mean incremental
QALY: 5.32
Mean ICER (cost/
QALY): £405,792
Mean incremental
cost/patient;
£2,157.262

Late-onset SMA  Mean incremental

LYG: 1.32
Mean incremental
QALY: 2.28
Mean ICER (cost/
QALY): £1,284614
Mean incremental
‘cost/patient;
£2,930.226

Comments of the
HTA body

*All costs were adjusted to 2079.

Mean incremental
QALY: 529

Mean ICER (cosVQALY):
£408,712; £404,270 .
caregiver QALY)

Mean incremental cost/
patient: £2,160,048.

“The probabily that
nusiersen was cost-
effoctive at an ICER
thieshdd of £387.000/
QALY was approxinatey
o0

Incremental QALY: 2.28

ICER (cosUQALY)
£1,286,149; £933,088
ol caregver OALY)
Incremental cost/patint:
2938441

The prebabty that
nushersen was cost
effctive at an ICER
threshdd of £500,000/
QALY was approximatey
200

No evidence reiting to
type 0 and type IV
~Company's implemented
models are umecessarly
complex

-Assumptions of no
deteroration for nusiersen
and no improvement for
usual care are highly
optimistic and do not
refect the abserved trl
data

-Assumptions regarding
expected trajectory of
nusinersen-treated
patients through modeled
motor miestone health
states are highy favorable:

~Assumptions on expected
sunvival of patients on
nusinersen are too
optinistc. Company's.
approach is complex,
resuling in less
transparency. Uncertainty
regarcing transferabilty of
the results seen in the data
sources as external data s
used

France (Haute Autorité de Sants,

2017)
Biogen The Economic and
Public Heallh
Comittee
(CEESP)
2017 =
091 -
€950,380.19 =
€863,275.86 -
or2 -
€2,719,821.87 -
€1,046,023.74 -

Tomado diagram
provided
~Nusinersen via
price

~Estimated
hospitaization
ratios

~Costs for
neurologic and
other care for type

Tomado diagram
provided
Nusinersen via
price

Uity estimate for
patient state:
‘worsened

Uity estimate for
walks unaided

Mean ICER (cost/
LYG): €957.200
‘The probabilty that
nusinersen was.
cost-effective was
80% fora
wilingness 1o pay
of €125
milionLYG

ICER (cost/QALY):
€2,570,106

‘The probabilty that
nusinersen was.
cost-effective is
80% fora
wilingness 1o pay
of €313 millor/
ALY

SMA: -Lack of
QoL data avalable
10 conduct the.
recommended
cost-uity analysis
~Limited
transposabilty of
clical
effectiveness.
resuts from
England to France.
“Unreaiisic
caloulation of
transiion
probabiities

SMA Il Unrealistic
caloulation of
transiion
probabilties
~Great uncertainty
associated with the
refabilty of Qo
data colected

Biogen

‘The US (Elis, 2019)

Institue for Cinical and
Economic Review

2017

524
278
€550,343.00
€1,007,256.64

524
278

€400,164.66 (healthcare
sector perspective)
€555,930.71 (modified
societal perspective)
€755,565.65 (healthcare
sector perspective)
€1,048,450.06 (modiied
societal perspective)

0
094

‘Spinvaza dominated
by BSC
€7,607.792.44

)
094

‘Spioraza dominated
by BSC
€7,607,792.44

17.07
1569

€608,175.66 (healthcare
sector perspective)
€589,519.96 (odified
societal perspective)
€661,344.39 (nealthcare
sector perspective)
€640,823.12 (modified
societal perspective)

No tornado diagram
provided, ICER s sensitive.
o the utity when in the.
“sitting” heaith state and
the healthcare costs in the.
“not sitting” health state

No tornado diagram
provided

No tornado diagram
provided

‘The Netherlands (Zorginstituut Nederiand, 2018;
Nederland Zorginstituut, 2019; Bruins, 2019)

Biogen

2017

7.28
593

€431,21438
€520,749.01

€3,139,082.14

2.1
353

€1,873658.78
€1,117,17897

€3,9436192

Tornado diagram
provided

~Discounting % (costs.
and outcomes)

~Vial price:

Month after patients stil
on treatment in “stands.
with assistance” stop.
improving

Tomado dagram
provided

~Discounting % (costs.
and outcomes)

~Vial price:

~Month after patients in
the “stands/waks with
assistance” stage stop
improving or reach a
plateau

Mean ICER (1,000
simulations): €503,740/
QALY
Costeffectiveness
probabilty (WTP of
€80,000/QALY): 0%

Mean ICER (for 1,000
simulations)
€1,082249/QALY
Costefectiveness
probabilty (WTP of
€80,000/0ALYY: 0%

Zorginstituut
Nederland (ZIN)

2017

€632,801.85

€179293858

~Large uncertainty
regarding calculated
ICERS due to long-term
effects of nusinersen,
utites, and cost
estimations;

“Modes estimate cost-
effectiveness of SMA |, I,
and Il subgroups with
reltive short disease
duration (ths target
‘popuation accords with
optimized popuation
scenario used for budget
impactanalysi). Therefore
highiy ey that ICER
calcuiated by Biogenis the
most optimisticAavorable
scenario i the lower lmit
ICER)

Canada (CADT common drug review, 2018)

Biogen
2017

4791

4801
€464,890.59
SMAIL 2479
SMAII 0
SMAIL: 3675
SMAII: 1563

SMAIL: €2,153,469.92
SMAI: €1,994,745.73

No tomado diagram
provided

No tomado diagram
provided

For all three SMA types,
the probabiity that
nusinersen was cost-
effective assuming an
ICER threshoid of
$300,000/QALY was 0%

The probabilty that
nusinersen was cost-
effective at an ICER
threshoid of $300,000/
QALY was 0%

Canadian Agency for Drugs
and Technologies in Health
(CADTH)

2017
1.48

025
€6,399.097 41
SMA IO
SMA IO
SMA I 028
SMAI: 056

SMA Il €17,034,245.87
SMA Il €4,189,626.81

No tomado diagram
provided

No tomado diagram
provided

For al three SMA types, the
probabiity that nusinersen
was cost-eflective
assuring an ICER
threshold of $300,000/
QALY was 0%

For al three SMA types, the
probabiity that nusinersen
was cost-effective at an
ICER threshod of
$300,000/0ALY

remained 0%

~Findings of CDR reanalysis
were simiar to the
manufacturers, in that
nusinersen was not cost-
effective for the three SMA
types

~CDR reanalysis noted
much higher CURS. Resuts
for type Il SMA shoud be
considered speculative:
giventhe lack of appropriate
cinical data.
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Jurisdiction

Time horizon

Target
population

Costs/patient

Budget impact
) resuts

Scope of costs

Source of data

Comments of
the HTA body

Jurisdiction

Time horizon

Target
population

Costs/patient

Scope of data

Comments of the
HTA body

Source of data

Comments of the
HTA body

Ireland (National Centre for

Pharmacoeconomics (NCPE),

2017)

5years =

Gross BI

-EO SMA: €19,670,000.00
L0 SMA: €18,610,000.00 total

gross: €38,180,000.00
NetBI

~EO SMA: 5 patients in year 1

tising o 6 patients in year 5
-LO SMA: 43 patients in year 1,

tising to 48 patients n year 5

company

EO: €19,890,000.00
-LO: €17,990,000.00
Total net BI: €37,830,000.00

Report mentions "budget impact for  —

o

ssinersen” without futher

speciication

Germany (IGWIG, 2017)

Number of patients (type -V SMA)
841-1,061

-EO SMA type I: 70-120 patients

“LO SMA type Il: 360440 patients.
-LO SMA types lI-IV: 410-500 patients

Total costs per patient
- €621,354.48/year 1

- €310,877.58€-€310,942.95/subsequent
year

The annual therapy costs for maintenance

therapy correspond to the costs of medicines.
and the costs of aditionally required heaith insurance services (lumbar

puncture)

~Uncertain number of patients in the GKV
target population, although largely plausiole

Scotland (SMC, 2018)

‘The Bl analysis was conducted
‘according to an MEA, more
specifcaly a patient acoess
scheme, negoiated with the

Sweden (NICE, 2018)

Number of patients: 200-300
“EO SMA type I: 6-9 patients

-LO SMA type Il: 50-75 patients.
“LO SMA type Il 200-250 patients

No public data on the number of
patients eigble for treatment with
nusinersen

Total costs per patient
~Costiyear per patient in year 1:
€467,973.00

~Costiyear per patent in the
folowing years: €233,987.00

After MEA proposal: no data on
budget impact analysis publicly
avalable

~Uncertain number of patients to be
treated in the long-term. Within the
target popuation, it is dificult to
estimate those for which nusinersen
might be relevant. Depends on, for
instance, scoliosis surgery and
mental state

~Uncertain treatment duration in
cinical practice

~Also, patient numbers are expected
toincreaseif nusinersen prolongs e
of patients with severe SMA

France (Haute Autorité de Sants,

2017)

5 years (2017-2021)

‘The Netherlands (Zorginstituut
Nederland, 2018, Nederland
Zorginstituut, 2019; Bruins, 2019)

3years
3 scenarios analyses

“Therapeutic added value scenario: 104
patients are qualifid for treatment with
nusinersen in 2020

~Optimized population scenario (i
nusinersen is only avalabe for those
patients for who the cinical effect is
highest)

“Maximum scenario (nusinersen
avalable for al patients)

Total costs per patient per year
-€499,800.00/patient i year 1 for SMA
Lo il

- €249.900.00/patient in the following
years for SMA L I, or i

From perspective 1: nusinersen
alone (excl. standard of care)

Bl 1n 2020: €29,738,10000 for
therapeutic added value, €2324070000
for optmized scenar, €79,468,20000
for maxinum soanario

Broader perspective: nusinersen
alone + drug administration costs
(epidural injection)

Bl in 2020; €30,084,334.00 for
therapeutic added value, €23521374.00
for optimized scenar, €80,163,52300
for maxinum scamario

ZIN prefered soerer patents for which
nusiersen demonstrated added vale
(1,040 patients in 2020)

Perspective 1: budget impact for
nusinersen, broader perspective:
nusinersen and admiristration costs.

“Uncertain number of eligible patients.
Lileong treatment needed
-Recommended pay-for-performance
agreement

~High addtional costs when nusinersen
added to package (29,700,000.00 in
2020)

5 years (2019-2028)

The US (Ellis, 2019)

Belgium (RIZIV Dienst voor de
Geneeskundige Verzorging; RIZIV
Dienst voor de Geneeskundige
Verzorging; RIZIV Dienst voor de
Geneeskundige Verzorging; RIZIV
Dienst voor de Geneeskundige
Verzorging, 2018; Beleidscel van de
minister van Sociale Zaken en
Volksgezondheid, 2018)

3years

~SMA I: 18 patients in 2018 (incidence:
7 patientsyear)
~SMA I: 27 patients in 2017 (incidence:

3 patients/year)
~SMA Il 3 patients (incidence: 1 patient/

year)

Total BI for SMA type I, I, Ill, and
presymptomatic patients (company.
‘estimates based on study population)
Bl year I: €40,000,000.00

Bl year Il: €26,000,000.00

Bl year Il €28,000,000.00

~Uncertain percentage of patients who wi
stop treatment after 14 months

Bl costs expected to be larger in real
practice (type I: 85%, type I 60%, and
type I 10%)

‘Canada (CADT common
drug review, 2018)

Number of patients
SMAL 114 patients

“SMA I1: 392 patients.

-SMA I 454 patients

Estimated number of new patients/
year: 80-130

SMA type IV patients are excluded
from the analyses as these patients.
are not expected to be treated with
nusinersen, athough eligivle to
nusinersen treatment according to
MA indication

~Health insurance perspective for
type 1,11, and Il SMA patients
(ciferent perspective compared to
the economic evaluation)

~Underestimation of nusinersen
doses administered

~Uncertainty regarding transferabilty of the prevalence rate for EO SMAfrom  -Potential underestimation of eigivle

1987 o the current care as wel as prevalence rate for LO

‘SMA derived from Norwood et al. study

popuiation due to intransparent and
irreproducible calcuation method.
For instance, the estimation for EO
SMA type | patients, eligible for
treatment with nusinersen,
exciuded a proportion of patients.
expected to develop arthrodesis,
whichis a contra-indication for
nusinersen. On the other hand, EO
SMA type | patients have a ffe
expectancy of below the age of 2
vears whie arthvodesis is expected
to occur around the age of 12
~99% of Bl costs assocated with
nusinersen acquisiion (50%

vial price reduction imples 50%
decrease in B)

~EO SMA type I: 215 new patients
‘each year of which 75% eligile for
treatment with Spinraza vs. 25%

with BSC in absence of Zolgensma.

Total costs per patient
~Presymptomatic SMA
$573,900.00 per year

Drug costs (presumably
per patient)
~$708,000.00/year 1
~8354,000.00/subsequent
year

-Drug costs (o further nfo)
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Disease

Epidermolysis bullosa

JEB
DEB

RDEB (COL7A1)

Fabry disease

fchthyosis

ARCI TGM1 deficient

Netherton Syndrome

Pachyonychia

congenita

Variegate parophyria

Study ID number

NCT03490331 hologene 17
NCT04173650

AGLE-102 study

UMIN 000028366

NCT04186650
NCT04227106, NCT02984085 and
NCT01263379
NCT02810951, NCT02493816 and
NCT04213261
NCT04186650
NCT03536143 and NCT03605069

NCTO03605069

NCT 02579369

ALLU-ASC-DFU

NCT04520022

NCT04153630

NCT03529877

NCT02323789
https://fundingawards.nihr.ac.uk/award/
NIHR127963

NCT02800070; NCT03454893
NCT04046224 and NCT04040049
NCT04519749

NCT04047732

NCT01545323

NCT00716014

NCT03338816

Type of therapy

Cell therapy
Ex vivo gene therapy with corrected epidermal stem cells
appiication on wounds of extracelular vesicie (EV) product containing mediators derived from
normal allogeneic donor MSCs
Topical appiications of human MSCs derived from adipocytes (ALLO-ASC sheef)

Gene transfer
ex vivo gene transier using corrected keratinocytes and fioroblasts in skin equivalents
Ex vivo gene therapy with corrected keratin sheets

Ex vivo gene therapy with corrected fibroblasts (FCO7)

ex vivo gene therapy with corrected keratinocytes and fioroblasts in skin equivalents

in situ (skin appiication) gene correction with Beremagene geperpavec gel (KB103)
Antisense oligonucleotides

AON targeting exon 73 of COL7A1 RNA in a carbomer-based hydrogel (Q313)
Cell therapy

Topical Alogeneic MSCs cells on a polyurethane sheet

IV Allogeneic Umbilical Cord Blood-derived MSCs

IV MSCs derived from bone marrow (BM-MSCs) from a haplo-identical donor
IV allogeneic ABCBS+ SCs

IV allogeneic MSC

IV mesenchymal stromal cel infusions

Gene transfer
Ex vivo gene transfer using a lentivirus carrying GLA corrected stem cells
in vivo gene transer to hepatocytes with GLA carrying adeno associated virus.
Invivo gene transfer using a GLA carrying adeno-associated virus composed of a capsid with
high cardiocyte transducing capacity

Gene transfer
in situ gene transfer with KB105, a replication-incompetent, non-integrating HSV-1 vector
expressing human TGM1 formulated as a topical gel

Gene transfer
Ex vivo gene transfer with autologous epidermal sheets generated from genefically modified
skin stem cells

Silencing RNA
TD101 targeting N171K in KEA

Si-RNA
AStudy to Evaluate the Efficacy and Safety of Givosiran (ALN-AS1) in Patients With Acute
Hepatic Porphyrias (AHP), including variegate porphyria
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Term p-value 0Odds ratio Genes

HLD vs. Cell adhesion molecules (2nd row)  1.484E- 20.431062509236 CD274; SELPLG; [TGA4; ITGB2; HLA-B; ITGAL; PTPRC; HLA-DMB; SELL;

non-HLD 13 HLA-DPB1; HLA-DRA; CD226; HLA-DQA2; HLA-DQB1
Neutrophil extracellular trap 1.330E- 11.59796682718031  CR1; SELPLG; NCF1; PRKCB; CLECT7A; ITGB2; FPR1; CYBB; TLR8; FPR3;
formation (10th row) 18 ITGAL

HLD vs. Ctrl  Cytokine-cytokine receptor 4922E-  10.200821532316631 CCL23; CCL21; TNFRSF; CXCRS; IL5RA; TNFRSF11B; CXCL1; PPBP;
interaction (1st row) 15 (CXCL13; CXCL2; IL6; CCLS; IL2RA; IL21R; CD27; CCL2; CCR7; LTB;

CCL19; CCL18; TNFRSF4; RELT; CCL17
Celladhesionmolecules (10throw)  8.999E-7 ~ 8.439670697195782  SELL; CD6; CD28; HLA-DPB1; CTLA4; ICOS; TIGIT; HLA-DOB; HLA-DQAT;
HLA-DQB1

non-HLD vs.  Neutrophil extracellular trap 0001808 42.36577540106952  AQP9; FPR1
Ctri formation (1st row)

2The genes/proteins in bold are also hub proteins identified with the cytoHubba.
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Case-control ratio

Prevalance

k for m true positives

Random model

Ranking model with cui_embd_fr and best-subtype-average similarity
Emrichment factor

Control cohort 1

Control cohort 2

253:10,235
- 2%
m=50 m=30
2072 1244
272 102
76 122

m=20
829
62
134

253:58,249
~0.4%
m =50 m=30
11561 6937
939 200
123 29

m =20
4625
130

356
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Evaluation set Embedding Ranking model k for m true positives

100

m=5 m=10 m=50 m=

1587 CUIs cui_embd_fr average 19 49 1056 3781
max 47 99 1071 3036

cui2vec average 13 63 1247 3826

max 48 67 1253 3530

hpo2vec average 155 355 2263 4765

max 61 136 1598 3908

6294 CUIs cui_embd _fr average 7 50 957 3211
max 25 2 697 2546

cui2vec average 13 69 1201 3,160

max 23 51 kakl 2728

8696 CUIs cui_embd _fr average 15 43 847 3,158
max 18 80 538 2175

The best results were in bokd.
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Patient 1
Patient 2
Patient 3

Subtype 1 Subtype 2 Subtype 3
Avg. Similarity Rank Avg. Similarity Rank Avg. Similarity Rank
09 1 05 1 0.1 3
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Differences

System buider
Launch time

Construction
background

Main purposes

Primary objectives

Rare diseases

Number of forms
used for data
collection

National rare diseases
registry system of
China (NRDRS)

Peking Union Medical College Hospital (PUMCH)
July 2017

Relies on the National Key Research and
Development Program of China
(2016YFC0901500) and was established
primariy for cohort studies of rare diseases

1. Buit for the “Rare disease Clinical Cohort
Study” project. It is a registration platform for
patients with rare diseases

2. Provides the public with information to increase
their knowledge of rare diseases and share some
of the data on rare cases

1. To establish unified technical standards and
norms for the registration of rare diseases

2. To form a national rare disease research
cooperation network by combining top-level units

3. To carry out the registration and research of
rare diseases nationwide

4.To promote the ciinical diagnosis and treatment
abilty of rare diseases in China

Public and qualified clinical researchers

Multiple diseases

Multiple sets of data collection forms are provided
by the creators of each rare disease cohort.
Researchers can design different disease forms
according to different research needs

National rare diseases
case reporting system
of China (NRDCRS)

National Health Commission
November 2019

Collects information on patients with rare
diseases based on the NNRD.

Provides medical staff with direct case
histories on the reporting of rare diseases

1. To obtain epidemiological information on
rare diseases and to assist in formulating a
definition of rare diseases

2. To establish a patient address book to
facilitate a connection between diagnosis and
treatment needs and clinical trials

3. To support the establishment of a standard
diagnosis process and the development of
diagnosis and treatment guidelines, and
ciinical pathways

4. To support the decision-making of the
health commission and the medical insurance
management department

Designated hospital reporters, hospital
administrators, provincial administrators, and
national administrators

Multiple diseases

Al rare diseases share a set of data collection
forms to collect basic information, general
conditions, diagnosis and treatment
information, disease family history, diagnosis
and treatment costs, medical records, and
examinations of patients with rare diseases

Direct patient reporting
system of rare
diseases (DPRSRD)

China Alliance for Rare Diseases (CHARD)
November 2019

It supplements the NRDCRS, and used the
abilty of PAGs to identify patients with rare
diseases and collect information on each
patient as completely as possible

1. Provides rare disease patients and their
families with a tool to report on rare diseases

2. Supplements the NRDCRS to improve the
data integrity of patients with rare diseases

To collect comprehensive information on each
rare disease patient

Patients with rare diseases and their families

Muitiple diseases

Al rare diseases share a set of data collection
forms to collect data. The field settings are
almost the same as those of NRDCRS, except
that data upload is not supported
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Outcome

Process

Structure

Multicenter
research
groups

Informatics infrastructure

NRDRS NRDCRS  Other rare
Knowledgebase disease
construction information
Patient privacy protection  system (e.g.
Links to international DPRSRD)

terms

Rare diseases epidemiology

Medical professional

training

Government-led

Scientific
research
projects

Policy
making
g

NNRD)

Patients referral and hierarchical medical

system

Direct
reporting of
rare
diseases

Improving the accessibility of health services for rare diseases

Multi-stakeholder involvement
Government  Hospitals ~ Research
institutions.

Patients.

Expert consensus on HTA of OMP

Medical
industries
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Nanomedicine
class

Nanoparticles

Liposome

Lipid nanoparticles

Nanocrystals

Iron-carbohydrates

Active substance

Albumine-particle
Bound pacitaxel

Y90 ibritumab tiuxetan
Glatirimer acetate

Cytarabine
Mifamurtide

Morphine
Doxorubicin hydrochloride
Doxorubicin hydrochloride

Amphotericine B
Daunorubicin
Cytaribine daunorubicin
Amikacinesulfaat

Irinotecan

MRNA encoding for SARS-CoV-2
Spike protein
Patisian

ChAdOx1-S
Encoding the
SARSCoV-2
Spike glycoprotein
mRNA encoding
for SARS-CoV-2
Spike protein

Paliperidone palmitate
Onlazapine pamoate

Aprepitant
Fenofibrate

Feric carboxymaltose
Iron (3) isomaltoside
Iron (3)-hydroxide
Dextran complec

*Designated omhan medicine

Brand name

Abraxane

Zevalin
Copaxone

DepoCyt
*Mepact

DepoDur
Caelyx
Myooet

AmBisome
DaunoXome
“Vyxeos
“Arikayce
Iyposomal
*Onyvide

Comimaty
Onpattro

Vaxzevria

Spikevax

Xeplion
Zypachera

Emend
Tricor
Lipanthyl
Lipidil

Ferinject
Monofer
Ferrosat

Pharmaceutical form

Powder for suspension

Solution for infusiion
Solution for injection

Suspension for injection

Powder for concentrate for dispersion for
infusion

Suspension for injection

Concentrate for suspension for infusion
Powder, dispersion, and solvent for
concentrate for infusion

Powder for solution for infusion
Concentrate for solution for infusion
Concentrate for solution for infusion
Nebulizer dispersion

Solution for infusion
Concentrate for dispersion for injection
Intravenous infusion

Suspension for injection

Dispersion for injection

Prolonged release suspension for injection
Powder and solvent for prolonged release
suspension for injection

Capsule

Tablet

Solution for infusion
Solution for infusion
Solution for infusion

Indication

Breast neoplasm
Non-small-cell lung cancer
Pancreatic neoplasms
Folicular lymphoma
Multiple sclerosis

Lymphomatous meningitis
Osteosarcoma

Pain
Kaposi sarcoma
Metastatic breast cancer

Fungal infection
HIV-related Kaposi sarcoma
Leukemia

NTM lung diseases
Pancreatic cancer

COvID-19

Polyneuropathy of heredittary TTR-

mediated amyloidosis (hATTR)
COVID-19

COVID-19

Schizophrenia
Schizophrenia

Nausea and vomiting
Hyperlipidaemia

Iron deficiency
Iron deficiency
Iron deficiency
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Step

Pharmacotherapeutic
rationale

Setting
Nurmber of patients

Sourcing of API and supplier
audit

APl qualty control

Formulation development

Batch size

Product validation

Stabilty

Medicinal product quality
control

N/A = not applicable, DMF = Drug Master File, QC = Qualty Control, GMI
Deviation, AH = Relative Humidity, BASD = bile acid synthesis defect, ZS!

Chenodeoxycholic acid

The efficacy and safety of CDCA for the treatment of CTX has
been demonstrated by multiple studies since the seventies
(Salen and Steiner, 2017; Berginer et al, 1989; Salen et al.,
1991; Batta et al., 1985; Stelten et al, 2019; Verrips et al,
2020), EMA (2016)

Standard care
60

APl supplier found in the Netherlands
GMP API manufacturer resides outside the EU.

“The manufacturer was audited on site by a subcontracted third
party. The manufacturer was willing to share the DMF, which
gave full insight into the API synthesis route and allowed for
adequate API quality assessment

AP synthesis route is comparable to Ph. Eur. synthesis route
with no criical deviations. APl QC-analysis was performed
according to general Ph. Eur. monograph Substances for
Pharmaceutical Use (Ph.Eur., 2018b) and specific Ph. Eur.
substance monograph Chenodeoxycholic Acid (Ph.Eur.,
2017a). A subcontracting GMP QC laboratory performs EU
QC-analysis on each batch. In-house identity testing through
infrared spectroscopy on each container

BCS classification: II
Broad therapeutic window, dose titration based on serum
biochemical profile and liver transaminases levels. (in)
compatibility with known excipients: N/A

Capsules formulation Chenodeoxycholc acid

CDCA-Leadiant” 250 mg Maize starch

(Leadiant, 2017)

Pharmacy compounded CDCA  Coloidal anhydrous siica

25-250 mg Magnesium stearate
Water
Size 0 hard gelatin
capsule
Chenodeoxycholic acid
Lactose monohydrate
Colloidal anhydrous siica
Size 3-0 hard gelatin
capsule

100400 capsules

No initial product validation required

Product validation required due to the amount of batches
compounded per year (n > 50)

Tests: appearance, identity, LOD, content, content uniformity,
related substances, microbiological quality, dissolution- and
disintegration rate

6 months (15-25C)

Based on API- and excipients properties described initerature

QG analysis (n = 10) on appearance, average weight (deviates
<3.0% from theoretical weight), uniformity of mass (RSD
<4.0%) and homogeneity (indicated by average weight and
uniformity)

Performed during production process

Cholic acid

Paucity of clinical evidence for the efficacy of CA treatment of BASDs or
ZSD. EU authorization was based on case reports of confirmed or
suspected 3p-HSD (1 = 21) and A4-3-0x0R (n = 7) patients treated with
CA (Laboratoires CTRS, 2013), Kiouwer (2019)

Clinical trial
20

APl supplier found in the Netheriands
GMP API manufacturer resides outside the EU.

The manufacturer had recently been audited on GMP and shared the audit
report. The manufacturer was not wiling to share the DMF, but could
provide the necessary information, data and statements to allow for
adequate API quality assessment

No specific Ph. Eur. synthesis route or monograph available
API specifications were determined based on the synthesis route and
general Ph. Eur. monograph Substances for Pharmaceutical Use (Ph.Ew.,
2018b), and specific Ph. Eur. substance monographs of related
substances Chenodeoxycholic Acid (Ph.Eur., 2017a) and
Ursodeoxycholic Acid (Ph.Eur., 2017b). A subcontracting GMP QG
laboratory performs EU QC-analysis on each batch. In-house identity
testing through infrared spectroscopy on each container

BCS classfication: I
Broad therapeutic window, dose titration based on serum biochemical
profile, liver transaminases levels and side effects (injcompativiity with
known excipients: N/A

Capsules formulation

Orphacol” 50 and 250 mg (Laboratoires

Cholic acid
Lactose monohydrate

CTRS, 2013)
Pharmacy compounded CA Colloidal anhydrous siica
25-250 mg Magnesium stearate
Size 3 and O hard gelatin
capsule
Cholic acid

Lactose monohydrate
Colloidal anhydrous siica
Size 3-0 hard gelatin
capsule

200-1,200 capsules

Initial product validation required and performed on worst and best case
formulation (n = 3)

Tests: appearance, identity, LOD, content, content uniformity, related
substances, microbiological quality, dissolution- and disintegration rate

3 months (15-25°C)

On-going stabilty study performed on worst and best case formuiation (n
= 3) under normal conditions (25 + 2'C/60 + 5%RH) and stressed
conditions (40 + 2'C/75 + 5%RH)

QC analysis (n = 10) on identity, appearance, average weight (deviates
<3.0% from theoretical weight), uniformity of mass (RSD <4.0%) and
homogeneity (indicated by average weight and uniformity)

Performed ater production process by independent QC laboratory

00d Manufacturing Practice, EU = European union, LOD = Loss on Drying, RSD = Relative Standard
‘elweger spectrum disorders, AP| = Active Pharmaceutical Ingrediient, CTX = Cerebrotendinous

Xanthomatosis, CDCA = chenodeoxycholic acid, CA = cholic acid, BCS = Biopharmaceutics Classification System, 3p-HSD = 3-hydroxy-A5-C27-steroid oxidoreductase, A4-3-0x0R =
A4-3-oxosteroid-5p-reductase, Ph. Eur. = European Pharmacopoeia
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Year % For % Of ‘Cumulative number ‘Cumulative number Cumulative number

OMPs from exceptionally reimbursed of patients of patients of patients
expenditure for OMPs from treated with treated with treated with
all medicines expenditure for accessible OMPs exceptionally reimbursed OMPs
all OMPs OMPs
2010 28 22 1,405 44 1,449
2011 34 4.7 1,739 72 1,811
2012 37 8.1 1,781 58 1,832
2013 32 e 1,375 108 1,483
2014 36 172 1527 152 1,679
2015 37 234 1,562 231 1,783
2016 42 27.0 1,583 205 1,878
2017 42 208 1,635 309 1,944
2018 47 16.0 1,873 309 2,182
2019™ 5.3 14.2 1,926 2n 2,197

* New pricing and rembursement Act. ™ Novalization of the pricing and reimbursement Act
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Ingredient

Mannitol
Betaine

Cholic acid
Cholic acid
Zinc (Sulphate)
Bromelain
L-Caritine
Folic acid
Biotin
Cannabidiol
Riboflavin
pThyroid Horm
L-Citrulline
Creatine
L-Oysteine
D-Mannose
D-Ribose
Giycine

Uridine
Beta-carotene
Coenzyme Q 10
L-Arginine
Magnesium salts

Drug
Name

Bronchitol
Cystadane
Kolbam
Orphacol
Wilzin
Nexobrid
LevoCaril
Folavit
Biotine
Epidyolex
Riboflavine
Natpar
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Rare Disease

Cystic Fibrosis

Homocystinuria

Primary Bile acid deficiency
Primary Bile acid deficiency
Wilson's Disease

Bum debridement

Congenital Urea cycle disorder
Prevention Spina Bifida

Acylcoen A dehydrogen deficiency
Lennox Gastaux Syndrome
Acylcoen A dehydrogen deficiency
Hypoparathyroidism

CPS and OCT-deficiency
GAMT-deficiency

Congenital Deficiency Glycosilation
AMP-deaminase deficiency
Diagnostic

Pyrimidine pathway deficiency
Erythropoethische Protoporfyria
Mitochondrial defects

Congental Urea cycle disorder
Giteiman syndrome

Daily
Dose

800mg
6,000 mg
500mg
500mg
150 mg
Ad Libitum
2,000 mg
4mg

0.1mg
100 mgkg

600 mg/kg
100 mgkg

300mg

Preparation

1957
1957
1939
1939
1912
1961
1962
1947
1976
1964
1935
1938
1868
1926
1941
1909
1924
1981
1950
1979
1943
NA

Evidence

1978
1981
1990
1990
1992
2010
1997
1981

2013
2003
1950
2002
1997
1991
1980
1969
2008

Marketing

2012
2007
2010
2010
2004
2012
2013
1997
NA
2019
NA
2017
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Food

#Trial P
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INN

Recombinant coagulation
factors

Tafamidis

Imiglucerase, eligiustat

Agalsidase alfa and beta

Miglustat

Deferoxamine,
deferiprone, deferasirox
Somatostatin analogues
Pegvisomant
ldursutfase

Dornase alpha;
colistimethate sodium

Alglucosidase affa

Belimumab

Bulgarian guidelines

European guidelines

Cinical indicators and tests for following up and assessing the therapeutic outcomes

Bethesda assay test, complete biood count (CBC), AST, ALT, Anti-
HOV antibodies, HBsAg, HIV, medical imaging

Body mass, BMI, total protein, albumin, CBC, erythrocyte
sedimentation rate (ESR), serum electrolytes, blood glucose,
creatinine, urinalysis, arterial blood pressure, ECG

Hematological, visceral (iver volume), skeletal, pulmonary criteria for
achieving therapeutic effect + improving the quality of lfe

Blood pressure, CBC, total protein, AST, ALT, GGT, alkaline
phosphatase, total cholesterol, TG, biood sugar, proteinuria, kidney
biopsy, MRI, ECG

Clnical parameters of neurological disease and neuropsychiatric
assessment, hearing assessment, abdominal ultrasound, CBC,
ASAT, ALT, CT or MR, etc.

Serum ferritin values, cardiac and hepatic MRT, and left ventricular
ejection fraction over a period of 6-12 months

IGF-1 levels and GH-levels

IGF-1 levels

Body weight, height, head circumference, CBC, AST, ALT, study of
glycosaminoglycan levels; abdominal ultrasound (iver and spieen
sizes), EEG, 6-min waking test, ECG, echocardiography

Body weight, growth, CBC, ESR, FEV1; blood glucose, AST, ALT,
microbiology, creatinine and urea in every 6 full-cycle therapy and at
discretion, consutation with a neurologist, nephrologist,
endocrinologist

Every 6 months: Neurological status, manual muscular testing,
functional breath test, assessment of daily ife activiies

Every 6 months: CBC with differential blood count (DKK), AST, ALT,
creatinine, proteinuria, ANA and/or anti-dsDNA or other extractable
antibodies

Physical scores, imaging techniques, X-ray, MRI, qualty of e, number
of bleeds, severiy of bleeds, joint ABR etc.

Health-related quality of e, cardiac biomarker N-terminal pro-
hormone brain natriuretic peptide, echocardiographic parameters

Hemoglobin levels, platelet counts, spleen and liver volumes, z scores
for height and bone mineral density, and reports of bone pain and bone
crises

Kidney function, proteinuria, globotriaosylceramide levels, heart
functions, QoL

Neurological assessment, CBC

Improvement in right ventricular ejection fraction; hepatic outcomes

IGF-1 levels and GH-levels
IGF-1 levels

Anti-idursulfase antibodiies, vital signs, physical examination, 12-lead
electrocardiogram, concomitant medications or procedures,
laboratory testing (cinical chemistry, hematology and urinalysis), 6-min
walking test

Clinical assessment, microbiological assessment, microbiological
assessment, lung function testing

Percent predicted forced vital capacity (% FVC), 6-min walk test
(6 MWT)
SLE severity and anti-dsDNA antibody titers, renal outcomes

Anti-GSDNA - anti-double stranded DNA; ALT - alanine aminotransferase; AST - aspartate aminotransferase; BMI - body mass index; CBC - complete blood count; ECG -
Electrocardiography; ESR - sedimentation rate of erythrocytes; FEV1 - forced expiratory volume in 1 s; FVC - Forced vital capacity; GGT - gamma-glutamyl transferase; GH - growth
homone; HBsAg - Hepatitis B Virus Surface Antigen; HIV - human immunodeficiency virus; IGF-1 - Insulin-lke growth factor 1; MRI - Magnetic resonance imaging; MRT - Magnetic
Resonance Tomography: SLE - Systemic lupus erythematosus.





OPS/images/fphar-12-768023/fphar-12-768023-t001.jpg
Drug name

Tetrabenazine.
penazne’)

Cysteamine
otartrate

(Oystagon” and
Procysbi®)

Litiom crate

Lacuinimod

Rapamycin
roimus)
Raparmuns’

Mo

Felocpne Penal”

Nioteib (Tasigna)

Dextiomethophan/

quiidine
Neudoxa”)

Orphan drug
designation

for HD?

Yes: FOA,
1007

Yes: EMA.
2014 FOA
2008

Yos: EMA,
2010; FDA
2010

Yes: FDA.
2017

No.

No

No

No.

No

‘Sponsor

US: Prostvick
Pramacoutca,
inc. US

Eurcpe: Raptor
Pramacedticals
Ewopo 8Y, the
Netherinds *, e
orphan designation
was then
transtered to Cnies
Famaceuici SpA
Hay §. US: Horzon
Therapeutcs
Unitd States, . &

Eurape and US:
Medesis Phama,
A France

Acte Botech AB,
Sweden

A

A

A

A

A

Information about
the sponsors

orug
markoting
authorization
for HD?

Pramacoutial Yes
‘company focused on
ivoric ONS diseases.

“Eurcpean 3
phamaceutical
company. § Leadng
rtemational
pramaceutica
‘company, and
certfod B
Comporation. &
ntematonal
pramacsutica
‘company focused on
o rare, autommune,
and severe
nfammatorydisoases.

Pramaceutcal No
Botech company

Bophamacedtical  No

company
[ No
NA o
NA o
N o
Na o

Original indication
of the drug.

Antpsychotic

Nephropathic
oystinoss

Mood stabizer

Immunomoduatory
g used n mutple
sclrosis

Icicated to provent
organ transplant
refocton

Antiypertensive anc
vasodator used in

case of severe
hypertonsion. Also
used o prevent hair

Antiypertensive

Antcancer dug n
chvonc myokid

Treatment of
pseudobubar ffect
condition of
contextaly
inappropriate!
exaqgeraed

emotional expression)

Mechanism of action
and preciiical
findings

Is a vesicuar
monoamine transporter
2inhbior, 1t blooks he.
uptake of ytosolc.
‘monoamines and
provents dopamine
reease from synaptc
vesicies

Transgutamiase
infibtion,enhancement
of BONF loves, and
addiional
neuoprotectie
pathways to be
etermined. In rodent
‘models of HD, the druy
contered
nauoprotection and
ncreased sunvial

Inhiior o giyoogen
Synthase kinase-d and
nostol
‘monophosphatase. in
HO prectrical models,
the crug mproved
‘motor phenctype
through a st unknown.
mechenism
Immunomocidstory
orug. The dngreduces.
apoptosis and
improves motor and
psychiatric phenctypes
inmouse modes of HO.

Immunosuppressor.
HO prectrical models
the dug induced
autophagy and ceared
poygutamne
aggregates reducing
thei tosicty

Autophagyinducer.The.
g ceared mHTT

aggregaton nfy and
‘zobrash models of HD.

Autophagy inducer In
‘mouse madels of HD,
the drug Gears mHIT

Tyrosne kinase
onibr. The ciug
enhancodthecearance
of mHIT and showed
protective bran efects
n precinical studies

Orug proposed for the
reatment of bty
inhD.

Outcome of
the clinical
ials

The crug was
salo and well
tolerated i
dirical tras,
Posiive resus
were cbiained
from four
controled
dirical tas
peformed in
thoUs.

The crug was
salo and el
toerated ina
randomized
oue-binded,
placebo-
controted ral
WihHD patients
ot faled o
demonstrate
eficacy inthe
patent cohot A
posthoc
srated
anayss
suggested that
the crug may
recce disease
progressonin
patients wih
svre moor
impaiment

Soveral
wncontroled

studies showed
bensfcal motor

and psychitric
elects. Futher
rls aronoadec

Al-yearphase i
dicaltealin HD
showed no
afects on the.
motor score but
a signicant
reducton
caudate atophy
n patents with
eaty HD.

No cinial tids
avaiblo

No cinial tids
avaiable

No cinial tids
avablo

Prase b circal
vl s ongoing

Arandomszed,
crossover
Quadnuplebind
dirical il with
22 HD patnts
o valuate the
safty and
toleraity of the
g was
ntated in 2019

Entitis involved
n designing and
running the
clinical rials

Tias sponsored by
the Huntingion's
Study Group, o the.
Universty of
Rochester, US, or
tho Assistance
Publaue - Hoptaux
doPars,ortheOno
State Uriversiy.
United States, or
Prostuick
Pramaceutals or
Boston Unversiy,
MA, US; with the
colaboraton of
ndbeck LLC, and
academic
instutons and
Pospias n the US

Various academic
nstutonsin France.

nstutions

Tia sponsored by
Teva Branded
Pramaceutcal
Products RAD, Inc

NA

NA

NA

Tia sponsored by
Goorgetown
Univrsty, US i
oolaboraton with
(Cures Witin Reach
(patint associaton)

Tid sponsored by
the Unversity of
Toxas Health
‘Scence Cente,
Houston, US n
oollaboraton with
(Cures Wiin Reach
(pationt associaton)

Hunfinglon Study, (2008) Frank ef al, (2008);
Frank. (2009) Jarkovc and Carence-Smih
2011) hitps/clnicaltils gov/ct2shon/
NCTO14514637
cond=HuntingtonsDissaseddran=28rark=60
tps:/Giicalias govict2/show
NCTOOG326457
cond=Huntingion+Diseaseddraw=28rark=100.

Dedeogh et a. (2002]; Karpuj e al. (2002); Van
Rasmsconk et . (2005); Baley and Johnson.
2006); Borel-Pages ot 3. (2006); Very ot .
2017); Aoz ot . 2019)

‘Anden et al. (1973 Dalen. (1973); Mattsson
(1973; Aminoff and Marshal, (1974) Darivas
otal 2013) Raa et al. 2013)

‘Garcia-Mirales ot . 2016), Caron ot al. 2018)
itps:/Giicatias govict2/show/
NCTO221856167
‘cond=HuntingionsDiseaseddraw=28rark-87

Raviumar ot a. (2002); Ravbuma et i (2004)
Sarkar ot a. (2005); Sarkar o . (2007a); Sar
etal (20070)

Wiliams et al. 2008)

S et al. 2019)

Pagan el . (2016); Pagan et al. 2020} Pagan
otal. 2021) htpsy/Gincalias govct2/show/
NCTOg742157

‘cond=HuntingionsDiseasecraw=28rark=18.

‘Cummings et . (2015). hitps/cnicalrias gov/
C2/showNCTO854010

The following websies wore consulted 1o buid up tis table. Community Register of orphan medicinal products from the European commission: htps-/ec.europa.auhealth/documents/community-register/tmireg_od_act him?sort=a;
Orphan Orug Designations and Approvals rom the. FDA: hps://vaw, accessdata.foa.gov/scripts/opdistng/00pa.CinicalTialgov 10 retieve the s of cinical rias for HD: hps/cinicalils.gov/ct2fresuls?

cerichikriicion HibessaASassahedortiiars. velcnddiiiumiial
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Orphan
drug

for FROA?

Yeo: FOA.
2008

Yoo EMA.
201wt
2004;FOA,

Yoo EVA.
2018;FOA,
217

Yoo EVA.
2021;FOA,
214

Yoo, EVA.
2010;FOA,
219

Yoo, EVA.
201470A
20110
2014

Yos: FDA.
2017

Yoo EMA.
2010;F0A.

amcphenyamn 2010

o oohoy-4-

RG2833
G109

Eraveno inionca’”

GLP-1 aclogs
Erenatdo Byeta)
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no
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United Sttes, Inc
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Disease

Albinism oculocutaneous type
1B Onojafe et al. (2018); Liu et
al. (2021)

Albinism oculocutaneous type
1A (OCA1A) Teramae et al.
(2019) and possibly OCA3 and
0CA8

Dystrophic E8

Ectodermal dysplasia
anhidrotic Schneider et al.
2018)

Fabry disease Lenders et al.
2021)

Fabry disease Lenders et al.
(2021)

Fabry disease Guérard et al.
(2017)

Lamellar ichthyosis
Aufenvenne et al. (2013)
Netherton disease Liddle et al.
(2021)

Peeling skin disease type 1
Valentin et al. (2020)
Xeroderma pigmentosum
Yarosh et al. (2001)

Gene

Tyr (some residual activity)

Tyr type 1 (certain variants
causing endoplasmatic
reiculum retention) (possibly
Typ1 and Tymp2)

COL7AT

EDA

a-galactosidase A

a-galactosidase A (check if
mutation is suitable at www.
galaf oldam enabi liyt

able. Com)

a-galactosidase A

TGM1

Spinks

Comeodesmosin (COSN)

Pathway

Melanin metabolism

Melanin metabolism (retention
in ER)

intracellular accumulation of

glycosphingolipids (mainly
globotriaosylceramide [Gb3])

large multidomain serine protease
inhibitor expressed in stratified
epithelial tissue

Drug

Nitisinone (mouse mode)

Chaperone therapy low-dose
tyrosinase inhibitor like
deoxyarbutin (captopril,
miconazole)

o74

NCT03752906 and
NCT04599881

Fc-EDA

Enzyme replacement
therapy (ERT)

IV agalsidase-alfa (Replagal
Takeda) or agalsidase-beta
(Fabryzyme Genzyme-Sanofi)
New generation :
Pegunigalsidase
NCT03180840;
NCT03018730 (longer half
life, lower immunogenicity)
Chaperone therapy
migalastat (improves
misfolding)

substrate reduction therapy
redlucing accumulation of
Gb3 combined with ERT
Lucerastat (+ERT)
NCT02030655;
NCT03737214

Venglustat (NCT02228460)
TG1

Kaliikrein-5 inhibitor
Wiegmann et al. (2019)

CDSN in liposome-based
carier

bacterial DNA repair enzyme,
T4 endonudlease V in a
liposome formulation
NCT00002811

Mechanism

Higher levels of tyrosine stabilize
tyrosinase

Target misfolding of tyrosinase,
allowing transport from ER/Golgi
to melanosome

Target misfolding and transport
from ER

Reduction of glycosphingolipid
accumulation by inhibiting
upstream -located
glucosyloeramide synthase

May replace inhibiting activity but
effect on TGM1 like domains to
be determined Wiegmann et al.
(2019)
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Disease

Congential Hemidysplasia with
ichthyosiform erythroderma and Limb
Defects (CHILD syndrome) Paller et al,
(2011)

Epidermolysis bullosa general Kemn et
al. (2019)

EB simplex

EB simplex Kemns et al. (2007)

EB simplex Swartling et al. (2010)

EB simplex Castela et al. (2019)

EB simplex, Severe generalized Limmer
et al. (2019); Wally et al. (2018)

EB pruriginosa dystrophic Shehadeh
et al. (2020); Zhou et al. (2021)

EB dystrophic Schréder et al. (2019)

EB dystrophic Guttmann-Gruber et .
(2018)

EB generalized dystrophic Nystrém
et al. (2015)

Erythrokeratodermia-cardiomyopathy
(desmosomal disorder) Paller et
(2018)

Goriin syndrome Booms et al. (2015);
Tang et al. (2012); Goldberg et al.
(2011)

lehthyosis

Ichthyosis

Autosomal recessive congenital
ichthyosis (ARCI)

lchthyosis (Harlequin) Enjalbert et al.
(2020)

ichthyosis lamelar

Netherton disease Liddle et al. (2021)

Netherton disease Fontao et al. (2011);
Roda et al. (2017)

Netherton disease Yalcin (2016)

Netherton disease Blanchard and
Prose (2020); Luchsinger et al. (2020);
Barbieux et al. (2021)

Netherton disease Volc et al. (2020)

Netherton disease Andreasen et al.
(2020); Steuer and Cohen (2020);
SuBmuth et al. (2021)

Neurofibromatosis 1 Walker and
Upadhyaya (2018)

Neutral lipid storage disease

Olmsted syndrome Greco et al. (2020)

P63-related ectodermal dysplasia
Aberdam et al. (2020)

Pachyonychia congenita Zhao et
(2011); Abdollahimaid et al. (2019);
Frommherz and Has (2020)

Pachyonychia congenita Kerns et al.
2018)

Pachyonychia congenita Teng et al
(2018); Daroach et al. (2019)

Pachyonychia congenita Gonzélez-
Ramos et al. (2016); Thomas and
Sahota (2020); Koren et al. (2020); Lwin
et al. 2018)

Pityriasis Rubra Piaris Eytan et al.
(2014); Lwin et al. (2018)

Pityriasis Rubra Pilaris Vasher et a.
(2010)

Pityriasis Rubra Pilaris De Felice et a.
(2020)

Porokeratosis Atzmony et al. (2020)

Porphyria (erythropoietic
protoporphyria)

Psoriasis familial early onset Signa et al.
(2019)

Psoriasis pustular Bachelez et al. (2019)

PTEN hamartoma tumor syndrome Van
Dammeetal. (2020); Yehia et al. (2019);
Komiya et al. (2019)

PTEN hamartoma tumor syndrome

PTEN hamartoma tumor syndrome
Yehia et . (2019)

Rendu-Osler-Weber disease Van
Damme
et al. (2020)

Sjogren Larsson Syndrome

Tuberous sclerosis complex Habib
et al. (2016)

Xeroderma pigmentosum group A
Mazouzi et al. (2017)

Xeroderma pigmentosum group D/
Cockayne Syndrome Vélez-Cruz et al.
2013)

Mosaic disorders
AVM Lekwuttikarn et al. (2019)

Congenital hemangioma (rapidly
involuting, non involuting)

Lymphatic malformation including
generalized lymphatic malformation
Hammill et al. (2011) for a review see
Geeurickx and Labarque (2021)

Kaposiform hemangioendotheiioma,
tufted angioma, and Kasabach Mertit
Syndrome Hammil et al. (2011);
Cheraghiou et al. (2019)

Maffucci syndrome Serena Tommesini-
Gheff (1975)

PROS (PIK3CA-related overgrowth
syndromes) Parker et al. (2019)

PROS (PIK3CA-related overgrowth
syndromes) Venot et al. (2018)

Proteus syndrome Keppler-Noreuil et
al. (2019); Biesecker et al. (2020)

Siow flow vascular malformations
finclucing blue rubber bieb nevus
syndrome) Hammer et al. (2018);
Harbers et . (2021)

Gene

NAD(PJH steroid dehydrogenase-like
(NSDHL)

KRT14/KRTS

KRT14, (KRT5)

KRT14/KRTS

KRT14/KRT5

KRT14

COL7A1

COL7A1
COL7AT

COL7A1

DSP

PTCH1

Different genes

Diflerent genes

Different genes
NIPAL4 Pouon et al. (2019)

ABCA12

TGM-1

Spink5

Spink5

Spinks

Spink5

Spinks

Spinks

Neurofibromin

LOF mutations in ABHDS or
PNPLA2

TRPV3
P63

KRT6A,

KRT16, 17

KRT6A,68,6C, 16,17

CARD14

FECH

ALAS2

CARD 14

IL36RA

PTEN

PTEN
PTEN

ACVRLI(ALK1)

ENG
SMAD4, GDF2

LOF fatty aldehyde dehydrogenase
ALDHS3A2 key component of the

detoxification pathway of aldehydes
arising from lipid peroxidation events

TSC1
TsC2
XPA

XPD

KRAS, NRAS, BRAF, and MAP2K1
GNAQ, GNAT1

PIK3CA

GNAQ, GNAT1

IDH1
IDH2

IK3CA

PIK3CA

AKT

TIE/TEK
PIK3CA
KRAS, NRAS Al-Olabi et al. (2018)

Function/pathway

Cholesterol biosynthetic
pathway

Collapse of keratin network in
basal layer

Collapse of keratin network in
basal layer

Collapse of keratin network in
basal layer

Collapse of keratin network in
basal layer

Collapse of keratin network in
basal layer

Defective anchoring fibris at
the DEJ

Defective anchoring of BM to
dermis

Desmosomal detachement

Hedgehog pathway

Epidermal barrier dysfunction

Epidermal barrier dysfunction

Epidermal barrier dysfunction

Epidermal barrier dysfunction

Epidermal barrier dysfunction

multidomain serine protease
inhibitor expressed in stratified
epithelial tissue, inhibits

cleavage of a.0. desmosomes

multidomain serine protease
inhibitor expressed in stratified
epithelial tissue, infibits
cleavage of a.0. desmosomes

multidomain serine protease
inhibitor expressed in stratified
epithelial tissue, inhibits

cleavage of a.0. desmosomes

multidomain serine protease
inhibitor expressed in stratified
epithelial tissue, inhibits
cleavage of a.0. desmosomes

multidomain serine protease
inhibitor expressed in stratified
epithelial tissue, inhibits

cleavage of a.0. desmosomes

multidomin serine protease
inhibitor expressed in stratified
epithelial tissue, infibits

cleavage of a.0. desmosomes

RAS/MAPK

defective catabolic pathway of
triacylglycerols resulting in
systemic acoumulation of
triglycerides

TRPV3/TGF/EGFR

Master reguiator of embryonic
steps of epithelal development

Collapse of keratin network in
palmoplantar skin

Collapse of keratin network in
paimoplantar skin

Collapse of keratin network in
palmoplantar skin

Collapse of keratin network in
palmoplantar skin

activation of NF-«B signaiing

Mevalonate kinase

Haemsynthesis

activation of NF-xB signaling

PTEN inhibits
PIBK/AKT/mTOR signaling

transforming growth factor-p
superfamiy
signaling pathway

m-TOR

nucleotide excision repair
(NER) pathway

nuceotide excision repair
(NER) pathway

RAS-MAPK pathway
RAS/MAPK

PIK/AKT/mTOR pathway

RAS/MAPK (receptor for

Tricarboxic acid cycle
Epigenic control of gene
expression

PIK/AKT/mTOR pathway

PIBK/AKT/mTOR pathway

PIK/AKT/mTOR pathway

PIBK/AKT/mTOR pathway
(TIE/TEK are tyrosine kinase
receptors which stimulate the
pathway) mammalian
(mechanistic target of
rapamycin)

Secondary
pathway’s

Nrf2 signaling

Chelliah et al. (2018)
Th-1 and Th-17

activation

I-1b signaling

TGF-§ signaling

Overactive Th17- Th22
and Th1 axis

Overactive Th17- Th22
axis

Overactive Th17- Th22
axis and II-36

Overactive Th17- Th22
ais

11-36 overexpression

Overactive Th17- Th22
axis and high TNFa
expression

High total and
specific IgE

Overactive Th17- Th22
axis, high total and
specific IgE

Overactive Th17- Th22
axis, high total and
specific IgE

Persistence of Th2
signature atter
treatment with
ixekizumab

PIBK/AKT/mTOR

PPAR activation

N2 signaliing

interleukin IL-12 and IL-
23 are upstream
activators of NF-xB.
signaling

interleukin IL-12 and IL-
23 are upstream
activators of NF-xB.
signaling

VEGF signaling

Drugs under investigation

Lovastatin/cholesterol cream

Betuiin (Oleogel-10)
NCT03068780

(SD-101-0.0) allantoin cream
(Alwextin) NCT02384460

Diacerein
NCT 03472287

AC-203
NCT 03468322

Topical sirolimus 2%
NCT02960997
Awaiting results

Sulforaphane +
diarylpropionitrile

Broccoli sprout
NCT02592954

Botulinum toxin
NCT03453632

apremilast

Diacerein
NCT03389308

Dupilumab

Cannabiciol CBD
Topical calcipotriol 0,5 mg/g

Losartan

sekukinumab

Hedgehog inhibitors like
vismodegib

sekukinumab (anti IL-17) is
awaiting rests
NCTO3041038 Paler (2019)

imsidolimab (ANBO19, anti
IL-36R) NCT04697066

astudy is yet to start with
ustekinumab (anti IL-12/L-
23) NCT04549792

Tofacitinio

epigallocatechin-3-gallate
(vereger)
NCT01222000

Kallikrein-5 inhibitor
But : TGM1 like domains
perhaps not targeted
Wiegmann et al. (2019)

TNFa-blockers Infiximab
Adalimumab NCT02113904

Omalizumab

11-17 blockers
Sekukinumab, Ixekizumab

11-12/1l-23 blockers
Ustekinumab

Dupilumab (anti IL-4AL13)
NCT04244006

Inhibitors of MEK, B-RAF, m-
TOR, TGF-B, RTK's (VEGFR,
KIT, MET, PDGFR), JAK-
STAT, RAS

Fibrates
NCT01527318

Erlotinib (EGFR-inh)
PRIMA-1MET,

Statins (KRT6A inhibit
promotor activty)

Sulforaphane +
diaryipropionitrie
Broccoli sprout
NCT02592054

Sirolimus (topical or oral)
QTORIN™ 3.9% rapamycin
(sirolimus) anhydrous gel
NCT03920228 and
NCT03920228

Botulinum toxin

Ustekinumab

TNF-a antagonists

Th-17 antagonists

Lovastatin/cholesterol

Afamelanotide Langendonk
etal. (2015) NCT04053270
Dersimelagon
NCT04402489
NCT05005975

ustekinumab

Spesolimab NCT04549792,
NCTO03886246,
NCT04399834

Sirolimus

Everolimus

Miransertib (Synonyms:
ARQ-002)
Akt-inhibitor

Bevacizumab (VEGF inh.)

Reproxalap cream, which
binds and traps free
aldehydes
NCT03445650

NS2 cream
NCT02402309

m-TOR inhibitor (Sirolimus,
Everolimus)

Acetohexamide

Nicotinamide, SIRT-1
inhibitor

MEK inhibitor (Trametinio)
m-TOR inhibitor ?

m-TOR inhibitor (Sirolimus,
Everolimus systermic or
topical if microcystic only in
skin)

m-TOR inhibitor (Sirolimus
Everolimus)

Ivosidenib (IDH1-inhibitor)
Enasidenib (IDH2-inibitor)

m-TOR inhibitor (Sirolimus,
Everolimus)

PIk3CA inhibitor (Alpelisib)
Taselisib (TOTEM study in
press)

AKT inhibitor (Miransertib)

m-TOR inhibitor (Sirolimus
Everolimus)
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No Name of the disease

1 Spinal muscular atrophy

2 Pompe disease

3 Familial Mediterranean fever

4 Cryopyrin-associated periodic syndrome

5 Tumor necrosis factor receptor-associated periodic syndrome
6 Hypophosphatasia

7 Mucopolysaccharidosis IV A

8 Neuroblastoma

9 Duchenne-Becker muscular dystrophy

10 Cystic fibrosis, according to approved categories
1 Short bowel syndrome

12 Tuberous sclerosis.

13 Diabetes meliitus type 1 in children aged 0-4

14 Neuronal ceroid lipofuscinosis type

15 Primary hyperoxaluria type |

16 Acute lymphoblastic leukemia

Acute myeloblastic leukemia

TAymphoblastic ymphoma

Primary immunodeficiency

To provide medical care using the innovative method *Treatment of malignant diseases of biood and hematopoietic organs
and severe nonmalignant blood diseases and congenital immunodeficiencies. These treatments include high-dose
chemotherapy, transplantation of allogeneic TSRap-depleted hematopoietic progenitors and personalized therapy with
genetically engineered drugs”

17 Epidermolysis bulosa

18 Lysosomal acid lipase deficiency

19 Hereditary retinal dystrophy caused by bi-alleic mutations in the RPE65 gene
Types

Leber congenital amaurosis (type I
Reinitis pigmentosa (type 20)

20 Congenital bile acid synthesis defect
Children
Children with clinical manifestations of cholestasis syndrome
Confirmed congenital bile acid synthesis disorder using molecular genetic testing

21 Neurofioromatosis type 1
22 Hyper-IgD syndrome/mevalonate kinase deficiency
23 Urea Cycle Disorder

Types:

N-acetylglutamate synthetase (NAGS) deficiency:

Carbamoyl phosphate synthetase 1 deficiency (CPSID)

Omithine Transcarbamylase Deficiency (E72.4);

Citrulinemia type 1

Argininosuccinic aciduria;

Argininemia

Hyperomithinermia-hyperammonemia-homocitrulinuria (HHH) syndrome
Citrulinemia type I

Lysinuric protein intolerance

24 Lipodystrophy
25 Homozygous familial hypercholesterolermia
26 X-linked dominant hypophosphatemic rickets.
27 NTRK fusion-positve cancers
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No List of rare diseases Proportion of all Proportion of Prevalence® per Prevalence® per

patients on the children in the 100,000 people in 100,000 people in
Registry (%) Registry (%) Russia Europe
1 Hemolytic uremic syndrome* 24 67.0 028 0.1-09
2 Paroxysmal noctumal hemoglobinuria (Marchiafava- 21 31 026 1-9
Micheli syndrom)
3  Aplastic anemia, unspecified® 6.4 14.5 073 0.1-09
4 Inherited factor Il deficiency (ibrinogen), factor VIl 13 383 0.15 0.1-0.9
deficiency (abile), factor X deficiency (Stewart-Prauer)®
5  Immune thrombocytoperia (Evans syndrome) 240 205 272 5-10
6  Complement deficiency 18 17.4 1-9
7 Central precocious puberty 55 975 064 0832
8  Disorders of aromatic amino acid metabolism 285 77.0 325 5-10
(classical phenylketonuria, other types of
hyperphenylalaninemia)
9 Tyrosinemia® <1 94.6 0.02 0.1-0.9
10 Maple syrup disease® < 9.5 001 0.1-09
11 Other types of amino acid metabolism disorders < 94.1 0.02 0.1-09
Branched-chain amino acidemia (isovaleric acidemia,
methyimalonic acidemia, propionic acidemia)®
12 Fatty acid metabolism disorders® < 723 0.04 1-9
13 Homooystinuria® < 75.9 0.02 1-9
14 Glutaric aciduria® < 911 0.04 0.1-09
15 Galactosemia 24 974 029 021
16 Other sphingolipidoses: Fabry disease, Niemann-Pick < 329 0.10 1-9
disease
17 Mucopolysaccharidosis, type [#¢ <1 88.9 0.07 0.1-0.9
18 Mucopolysaccharidosis, type I-* <1 79.7 0.08 09-1.6
19 Mucopolysaccharidosis, type IV < 62.3 004 0.1-09
20 Acute intermittent (hepatic) porphyria® <1 12.0 0.07 1-5
21 Gopper metabolism disorders (Wison's disease) a7 124 0.55 1-9
22 Osteogenesis imperfecta 42 55.1 0,50 5-10
23 Pulmonary (arterial) hypertension (idiopathic) (primary) 43 175 051 1-9
24 Systemic-onset juvenile rheumatoid arthritis® 82 747 096 1-9
Overall 100 508 1.6 -

11 diseases accounted for 4.2%.

“Prevalence rates per 100 thousand people in the Russian Federation as of January 01, 2018 for many diseases are significantly lower than epicemiological data found in scientifc
publications, studies, and reviews, both in Russia and in the world as a whole.

“Data on disease prevalence obtained from the European information system Orphanet (Orphanet Report Series, 2019).

YDrug supply for patients with these canditions is the respansibilty of the federal executive body since 2020 (Angelis et al, 2015: Chiu et al, 2018).
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No

List of rare diseases

Hemolytic uremic syndrome

2 Paroxysmal nocturnal hemoglobinuria (Marchiafava-Micheli syndrome)

3 Aplastic anemia, unspecified

4 Inherited factor Il deficiency (fibrinogen), factor VIl deficiency (iabile), factor X
deficiency (Stewart-Prauer)

5 Immune thrombocytopenia (Evans syndrome)

6  Complement deficiency

7 Central precocious puberty

8  Disorders of aromatic amino acid metabolism (ciassical phenylketonuria,
other types of hyperphenylalaninemia)

9 Tyrosinemia

10 Maple syrup urine disease

11 Other types of amino acid metabolism disorders
Branched-chain amino acidemia (isovaleric acidemia, methyimalonic
acidemia, propionic acidemia)

12 Fatty acid metabolism disorders

13 Homooystinuria

14 Glutaric aciduria

15 Galactosemia

16 Other sphingolipidoses: Fabry disease, Niemann-Pick disease

17 Mucopolysaccharidosis, type |

18 Mucopolysaccharidosis, type II

19 Mucopolysaccharidosis, type IV

20 Acute intermittent (hepatic) porphyria

21 Gopper metabolism disorders (Wiison's disease)

22 Osteogenesis imperfecta

23 Puimonary hypertension (idiopathic) (primary)

24 Systemic-onset juvenile theumatoid arthritis

Overall

Case fatality rates® (adults +
children)®’, %

4.76/2.78
5.66/3.11
5.94/6.37

0/0.96

1.29/2.12
0/0.32
121/0.23

0.1/0.16

0/6.45
33.3/5.56

0/3.23

26.46/1.85
0/0
11.76/8.11
0/0,78
4.17/4.62
5.56/8.25
7.35/7.96
263/6.25
0/4.17
0.9/1.49
1.03/0.46
9.6/9.48
0.33/0.88

1.86/2.02

Case fatality rates
(children)®, %

3.18/2.46
_j9
3.7/1.45

o4

0.2/0.28
o4
1.23/0.24

0.08/0.18

0/6.90
33.33/5.88

0/3.45

24.14/2.56
o
7.14/9.38
0/0,80
8.33/4.08
6.12/8.24
1.89/6.90
3.7/10.34
v
0/1.01
0.33/0.84
9.65/12.3
0.4/0.53

0.95/0.95

Case fatality rates
(adults)”’, %

125/3.45
5.73/3.19
6.29/7.13

0/1.53

1.64/2.55
0/0.39
0/0

0.24/0.1

0/0

0/0

4000
00
3330
00
0/4.94
0/8.33
26.67/11.54
00
0/4.71
1.02/1.56
22000
9.58/8.84
o9

3.01/3.06

“Case fatalty rate is an indicator equalto the ratio of the number of deaths from a certain disease in a certain period of time to the total number of people who had the same diagnosis within
the same period of time, expressed as a percentage.
“Case fatality rates for the period 2013-2014/
“Case fatalty rates for the period 2016-2017.

INo patients in the Registry.
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No High-cost diseases, including Code®
rare diseases

1 Hemophila D66, D67, D680

2 Oystic fibrosis E84

3 Growth Hormone Deficiency E230

4 Gaucher disease E75.2

5 Tumors of the hematopoietic and lymphoid tissues €92.1,C88.0, G90.0, C82, 083.0, C83.1, C83.3, C83.4, C83.8, C83.9,

G5, Cot.1

6 Muliple Scierosis G35

7 Hemolytic-uremic syndrome D593

8 Systemic-onset juvenile rheumatoid arthitis M08.2

9 Mucopolysaccharidosis type | E76.0

10 Mucopolysaccharidoss type Il £76.1

11 Mucopolysaccharidoss type IV E76.2

12 Unspecified aplastic anemia D61.9

13 Inherited factor Il deficiency (ibrinogen), factor VIl deficiency (iabile), factor X deficiency D68.2
(Stewart-Prauer)

14 Patients after organ and/or tissue transplantation 794.0, 294.1, 294.4, 2948

aIntemational Statistical Classification of Diseases and Related Health Problems, 10th revision.
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No Rare diseases Code®

1 Paroxysmal nocturnal hemoglobinuria D595
2 Immune thrombocytopenic purpura (Evans syndrome) D69.3
3 Complement deficiency D841
4 Gentral precocious puberty E228
5 Disorders of aromatic amino acid metabolism (ciassical phenylketonuria, other types of hyperphenylalaninemia) E70.0, E70.1
6 Tyrosinemia £70.2
7 Meaple syrup wrine disease E71.0
8 Other types of branched-chain amino acid metabolism disorders (isovaleric acidemia, methylmalonic acidemia, propionic E71.1
acidemia)
9 Fatty acid metabolism disorders E71.3
10 Homocystinuria E72.1
1 Glutaric aciduria E72.3
12 Galactoseria £74.2
13 Other sphingolipidoses: Fabry disease, Niemann-Pick disease E75.2
14 Acute intermittent (hepatic) porphyria £80.2
15 Copper metabolism disorders (Wilson's disease) E83.0
16 Osteogenesis imperfecta Q780
17 Pulmonary (arterial) hypertension (diopathic) (primary) 127.0

%Intemational Statistical Classification of Diseases and Related Health Problems, 10th revision.
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“All interviewees saw a fairly bright future for nanomedicines. The number of MA applications s steadily increasing and the topic is more and more discussed at large
conferences. Partly due to the accomplishments with the COVID-19 vaccines, it was expected that fundamental research into the size-spedific properties of nanodrugs wil
receive a further boost and the se of already successful technologies such as encapsulation in liposomes will be extended to new indications. The question remains whether
nanodrugs will mainly continue to be delivery vehicles or whether a transition to new stand-alone substances willbe made. The latter would further stimulate the commercia
potential of nanomedicines. In addifion, it was expected that the importance of follow-on products will continue to increase in the search for more affordable medicines for a
wide audience

However, additional clarfication of the regulatory landscape will be necessary to fully realize the potential of these dirugs. Regulatory authoriies must be ambitious and continue
to set themselves the goal of optimizing the reguiation of innovative medicines and translating an increase in knowledge into improved guidelines. What has been learned from
the situation with biologicals is that this evolution is slow. The will to change European pharmaceutical legislation and inciude nanomedicines as a distinct concept into the legal
frameworkis rather small. As a result, changes suich as amandatory central procedure o a specific pathway for nanomedicines’ follow-on products may not be quickly reaiized
after all.”





OPS/images/fphar-12-787239/fphar-12-787239-t005.jpg
25. Calls on the Commission to build on the work of Europe’s Beating Cancer Plan and ensure that Europe becomes the worldwide centre of excellence for R&D in
emerging, innovative fields of medicine; underfines that state-of-the art technologies, such as nanomedicines, stand to provide solutions to current treatment challenges
in areas such as cancer and cardiovascular diseases; highlights that these innovative fields of medicine should be authorised by the centralised approval framework for
nanomedicines

101. Urges the Commission and the EMA to consider the full fecycle of allinnovative medicines and therapies, including gene and cell therapies, personalised medicine,
nanotechnology and next-generation vaccines, and ensure a fit-for-purpose framework for off-patent competition at the time of loss of exclusivity; calls on the Commission to
establish a regulatory framework for nanomedicines and nanosimilar medicines, and calls for these products to be approved through a compuisory centralised procedure





OPS/images/fphar-12-787239/fphar-12-787239-t004.jpg
"You rightly mention that a key objective of the pharmaceutical strategy for Europe is to enable innovation and adapt the European medicines regulatory framework to
cutting-edge products and scientific developments

With this objective in mind, we wil revise the pharmaceuticals legislation. We have already published a Roadmap/inception impact assessment, which outiines the main policy
considerations to adapt the current system of authorisations and the possiviity to change the scope of the centraised application procedure for innovative products. While 1 am
not able at this moment to prejudge the resut of this analysis, let me reassure you that the final policy directions wil be based on a thorough impact assessment and extensive
public consultations.”





OPS/images/fphar-12-787239/fphar-12-787239-t003.jpg
kX
European Alliance for 2N
Access to Safe Medicines

- European Cancer
Patient Coalition

European Liver
Patients’ Association

4 EPDA

European Parkinson’s
Disease Association

LEADING EUROPEAN NEPHROLOGY

t *
* *
* *
* *

* o *

EUROPEAN SPECIALIST
NURSES ORGANISATION

tt
M International Alliance of
Patients’ Organizations

/»/ﬂ\ /ﬁ /ﬁ\ A global voice for patients

The European Aliance for Access to Safe Medicines (EAASM) is an independent
pan-European not-for-profit organization dedicated to protecting patient safety
by ensuring access to safe medicines - falsified medicine awareness/safer use o
off-label medicines/medication errors/nanomedicine and nanosimilar reguiatory
clarity

The European Cancer Patient Coalition (ECPC) ensures that the voice of cancer
patients in Europe is represented in al relevant policy-making decisions in the
European Union. It works to anticipate and formulate legislation taking place at
the EU level and actively participates in the EU legisiative health poiicy process

ELPA’s aimis to promote the interests of people with liver disease: to highlight the
size of the problem; to promote awareness and prevention; to address the low
profile of liver disease as compared to other areas of medicine; to share

experience of successful initiatives; to work with professional bodies such as The
European Association for the Study of the Liver (EASL) and with the EU, to ensure
that treatment and care are harmonised across Europe to the highest standards

The European Parkinson's Disease Association (EPDA) has been championing
and working with the global Parkinson’s community for nearly 30 years, providing
information and resources to all stakeholders whist raising awareness of the
disease’s complexities and impact and advocating for concrete policy change
that benefits the Parkinson’s community

The European Renal Association (ERA) objectives are the advancement of
medical science by promoting fundamental and clinical advances in the fied of
nephrology, dialysis, renal transplantation, hypertension, and related subjects
achieved by collaboration, education, research, raising public awareness, and
career opportunities whilst enhancing professional networking

ESNO promotes and represents the interests of specialist nurses in Europe.
Through collaboration with stakeholder organizations and utilzing advanced
science, it pursues recognition under the Directive of Professional Qualification.
ESNO contributes to efective co-operation between health professionals,
organizations, institutes, and agencies, thereby setting professional standards for
education and continuing development

The International Alliance of Patients’ Organizations (APO) is a unique global
allance representing patients of all nations across all disease areas. It has 300
member organizations from 71 countries representing 50 disease areas. IAPO's
vision s to see patients placed at the center of healthcare and its mission is to
help build patient-centered healthcare worldwide
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Reference product
(MAH)

Venofer” 20 mg/mi (Vifor) Iron sucrose
complex

Copaxone” 20 mg/ml (Teva) Glatiramer
acetate

Renvela® 800 mg (Genzyme)

Renvela® 2.4 g (Genzyme)

Diprivan” 10 mg/ml (Aspen) Propofol

Diprivan” 20 mg/ml (Aspen) Propofol

Clexane” 2000-15,000 IU (Sanofi-Aventis)
Enoxaparin sodium

Follow-on product
(MAH)*

Ferrovin (Refarm)

Oxido Férrico Sacarosado Generis (Generis
Farmacéutica)

Hemafer-S (Uni-Pharma)

Faremio (Demo)

Dextrifer-S (intermed)

Intrafer (Vianex)

Fer Sandoz (Sandoz)

Oxido Férrico Sacarosado Accord (Accord
Healthcare)

Fer Mylan (Mylan)

Alvofer (Cooper Pharmaceuticals)
Ferrinemia (Help Pharmaceuticals)
Ironcrose (Target Pharma)

Venotrix (Altemova)

\zerhydroxide sacharose complex (Teva)
Nefro-Fer (Medice Arzneimittel Piitter)
Veniron (Viofar)

Nephroferol (Verisfield)

Reoxyl (Medicus)

Jarnsackaros Rechon (Rechon Life Science)
Ferracin (Acino)

Fer Panpharma (Panmedica)

Sucrofer (Claris Lifesciences)

Brabio (Synthon)

Sclerthon (Synthon)

Glatiramer acetate Mylan (Mylan)
Glatiramer acetate Teva (Teva)
Copaxone” 40 mg/ml (Teva) Glatiramer
acetate

Glatiramer acetate Alvogen (Alvogen)
Glatiramer acetate Mylan (Mylan)
Marcyto (Synthon)

Sclerthon (Synthon)

Glatiramer acetate Teva (Teva)

Sevelamer carbonate Sevelamer carbonate AL
(Aiud Pharma)

Sevelamer carbonate Teva (Teva)

Sevelamer carbonate Synthon (Synthon)
Sevelamer carbonate Housthon (Amneal
Pharma Europe)

Sevelamer carbonate Aurobindo (Aurobindo
Pharma)

Sevelamer carbonate Sandoz (Sando?)
Sevelamer carbonate Genthon (Genthon)
Sevelamer carbonate Mylan (Mylan)
Sevelamer carbonate Sandoz (Sandoz)
Sevelamer carbonate Heaton (Heaton)
Sevemed (Medice Arzneimittel Piitter)
Sevelamer carbonate Stada (Centrafarm B.V.)
Sevelamer carbonate Zentiva (Genzyme)
Sevelamer carbonate Ratiopharm
(Ratiopharm)

Sevelamer carbonate Arrow (Arrow
Generiques)

Sevelamer carbonate Sevelamer carbonate
Zentiva (Genzyme)

Sevelamer carbonate Sandoz (Sandoz)
Sevelamer carbonate Genthon (Genthon)
Fosquel (Avansor Pharma)

Sevelamer carbonate Stada (Stada
Arzneimittel)

Sevelamer carbonate Aurobindo (Aurobindo
Pharma B.V.)

Sevemed (Medice Arzneimittel Piitter)
Sevelamer carbonate Mylan (Mylan)
Sevelamer carbonate Arrow (Arrow
Generiques)

Sevelamer carbonate Aurobindo (Aurobindo
Pharma)

Propofol (Genthon)
Propofol Lipuro (B. Braun)

Propofol Genthon (Genthor)

Propofol MCT/LCT Fresenius (Fresenius Kabi)
Propofol Clars (Claris Lifesciences)

Propofol Panpharma (Claris Lifesciences)
Propofol Lipuroc °(B. Braun)

Propofol Primexd (Primex Pharmaceuticals)
Propofol Norameda (UAB Norameda)
Propofol BioQ Pharma (BioQ Pharma)
Propofol Sandoz (Sandoz)

Ripol (Corden Pharma)

Propofol MCT/LCT Fresenius pre-filed syringe
(Fresenius Kab)

Propofol Demo (Demo)

Propofol Genthon (Genthor)
Propofol (Genthon)

Propofol 2% (Fresenius Kabi)

Propofol Lipuroc °(B. Braun)

Propofol Mylan (Mylan)

Propofol MCT/LCT Fresenius (Fresenius Kab)
Propofol Claris (Claris Lifesciences)

Propofol Primex “(Primex Pharmaceuticals)
Propofol Norameda (UAB Norameda)
Propofol BioQ Pharma (BioQ Pharma)
Propofol Sandoz (Sandoz)

Ripol (Corden Pharma)

Propofol MCT/LCT Fresenius pre-filed syringe
(Fresenius Kab)

Propofol Demo (Demo)

Inhixa

Thorinane
Enoxaparin Becat
Enoxaparin Crusia
Ghemaxan

Authorisation
date

27-01-20056
28-05-2007

16-07-2008
26-08-2008
28-08-2008
01-09-2008
05-09-2008
09-10-2008

27-10-2008
13-11-2008
21-11-2008
21-11-2008
12-02-2009
18-02-2009
15-03-2009
17-06-2010
10-01-2011
04-01-2012
14-03-2012
26-07-2012
10-02-2014
01-06-2018

10-05-2016
10-05-2016
10-05-2016
18-09-2018

02-11-2017
02-11-2017
02-11-2017
02-11-2017
18-09-2018

12-03-2014

23-04-2014
22-05-2014
22-05-2014

22-05-2014

22-05-2014
22-05-2014
22-05-2014
22-05-2014
22-05-2014
18-06-2014
18-08-2014
14-01-20156
16-03-2015

16-11-2017

14-01-2015

15-09-2015
30-09-2016
30-09-2016
17-10-2016

16-02-2017

05-04-2017
08-05-2017
13-06-2017

05-07-2017

10-08-1999
11-12-1909
06-03-2000
18-01-2005
27-03-2006
18-06-2008
14-07-2008
17-04-2009
28-04-2011
06-07-2012
06-07-2012
21-02-2013
12-03-2013

03-05-2017

06-03-2000
08-08-2000
21-05-2001
02-12-2001
05-05-2003
18-01-2005
02-11-2006
17-04-2009
28-04-2011
06-07-2012
06-07-2012
21-02-2013
12-03-2013

03-05-2017

15-09-2016
15-09-2016
24-03-2017
24-03-2017
05-04-2018

Authorisation
procedure

NP (GR, MT)
NP (PT)

NP (GR)
NP (GR)
NP (GR)
NP (GR)
NP (FR)
NP (PT)

NP (FR)
NP (GR)

NP (GR, MT)
NP (GR)

NP (Fi)

NP (NL)
DCcP

NP (GR)

NP (GR)

NP (GR)

NP (SE)

NP (NL)

NP (FR)
DCP

bcp
bcp
bcp
bcp

bcp
bcp
bcP

bcp
b
bcp
ocp
bcp
bcP
bcp
CcP

NP (FR)

CP

bcp
bcp
bcp
bcP

NP (NL)

DCP
DCP
NP (FR)

MRP
MRP/NP
NP (NL)
MRP
MRP
NP (FR)
DCP
MRP
DCP
DCP
DCP
DCP
DCP

ocp

NP (NL)
MRP
MRP/NP
MRP/NP
NP (FR)
MRP
MRP
MRP
DCcP
DCcP
DCcP
DCP
DCcP

bcP

CP
CP
bcp
bcp
bcp

RMS (if
applicable)

NA
NA

NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
DE
NA
NA
NA
NA
NA
NA
United Kingdom

NL
NL
NL

REFEF

IRRRIR 2 RRIR R

VA

9z

NA

NA

RRIRR

NA

NA

United Kingdom
DE

NA

DE

NL

NA

DE

fl

DE

NA
United Kingdom
DE

DE

NA

DE

NL

fl

DE

NL

NL

m
DE

PT

NA
NA
DE
DE
United Kingdom

Application
procedure

Article 10 (1)
Article 10 (1)

Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)

Article 10 (1)°
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (3)

Article 10 (3)
Article 10 (3)
Article 10 (3)
Avticle 10(c)

Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10 (3)
Avticle 10(c)

Article 10 (3)

Article 10 (3)
Article 10 (3)
Article 10 (3)

Article 10 (3)

Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10(0)

Articie 10 (3)

Avticle 10 (3)p

Article 10(c)

Article 10 (3)
Article 10 (3)
Article 10 (3)
Article 10 (3)

Article 10 (3)

Article 10 (3)
Article 10 (3)
Aticle 10 (3)p

Article 10 (3)

Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (3)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)
Article 10 (1)

Article 10 (1)

Acticle 10 (1)
Article 10 (1)
Article 10 (1)
Acticle 10 (1)
Aticle 10 (1)
Article 10 (1)
Acticle 10 (1)
Article 10 (1)
Acticle 10 (1)
Article 10 (1)
Aticle 10 (1)
Article 10 (1)
Aticle 10 (1)

Article 10 (1)

Article 10 (4)
Aticle 10 (4)
Article 10 (4)
Acticle 10 (4)
Aticle 10 (4)

CP, centralised procedure; DCP, decentralised procedure; MRP, mutual recognition procedure; NP, national procedure; MAH, marketing authorization holder; RMS, reference member
state; CZ, Czech; DE, Germany; DK, Denmark; ES, Spain; I, Finland; FR, France; GR, Greece; IT, ltaly; MT, Malta; NL, Nethertands; PT, Portugal; SE, Sweden; United Kingdom,

United Kingdom.

“This refers to the MAH, listed for the RMS, as in some cases different MAHS exist in different Member States.
“The authors could not retrieve any (publicly) avaiable information on the application procedure.
“Refers to a new dosage form (5 mg/mi) approved via a hybrid application procedure.

“Thic generic appication was transfamed via an informed consent appilication procedure from Bayer to Primex.
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Disease nosology

SYSTEMIC / MULTISYSTEMIC DISORDERS
INBORN ERRORS OF METABOLISM
'DEVELOPMENTAL DISORDERS
HEMATOLOGICAL DISORDERS.
NEUROLOGICAL DISORDERS.

ENDOCRINE DISORDERS.

NEUROMUSCULAR DISORDERS
'DERMATOLOGICAL DISORDERS.
OPHTHALMOLOGICAL DISORDERS
PNEUMOLOGICAL DISORDERS
HEPATOLOGICAL DISORDERS
RHUMATOLOGICAL DISORDERS
CONGENITAL IMMUNOLOGICAL DISORDERS
'URO-NEPHROLOGICAL DISORDERS

BONE DISORDERS

SLEEP DISORDERS

CARDIOLOGICAL DISORDERS
ODONTOLOGICAL DISORDERS
‘GASTROLOGICAL DISORDERS

ToTAL

Number of RD

251

Specifc drug only
15
2
2
15
3

18

Clinical guidelines
onl

13
s
23

Specific drug
+ Clinical guidelines
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Genetic Origin

Disease nosology Number of RO ially No
SYSTEMIC / MULTISYSTEMIC DISORDERS 1 1
INBORN ERRORS OF METABOLISM s 33 ) 0
DEVELOPMENTAL DSORDERS - o :
HEMATOLOGICAL DISORDERS s 7 ) 9
NEUROLOGICAL DISORDERS s 10 6 9
ENDOCRINE DISORDERS BT 1 1 6
NEUROMUSCULAR DISORDERS T 1 0 3
DERMATOLOGICAL DISORDERS | T 4 ) 10
OPHTHALMOLOGICAL DISORDERS I 3 ) 5
PREUMOLOGIAL DISOMDERS s : 7
HEPATOLOGICAL DISORDERS | o5 | 5 ) 3
RHUMATOLOGICAL DISORDERS | 7 ) 0 7
CONGENITALIMMUNOLOGICAL DISORDERS 7. 3 0 1
URO-NEPHROLOGICAL DISORDERS I 3 0 2
BONE DISORDERS | 3 ) 0
SLEEP DISORDERS s ) ) 3
CARDIOLOGICAL DSORDERS . , :
ODONTOLOGICAL DISORDERS. I 2 ) 0
‘GASTROLOGICAL DISORDERS [ ] 1 o 0
TotaL 251 163 10 7
Percentage  100% 65% % 31%
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BONE DISORDERS

- Childhood-onset hypophosphatasia
+ Fibrous dysplasia of bone
- Osteogenesis imperfecta

CARDIOLOGICAL DISORDERS

+ Hypertrophic cardiomyopathy
- Pulmonary valve agenesis

CONGENITAL IMMUNOLOGICAL DISORDERS

+ Adenosine monophosphate deaminase deficiency
+ Agammaglobulinemia
+ Cyclic neutropenia
Lysosomal acid lipase deficiency
- Recurrent infections associated with rare immunoglobulin isotypes deficiency
+ Severe combined immunodeficiency
- Severe congenital neutropenia

DERMATOLOGICAL DISORDERS

+ Dermatitis herpetiformis
- Dermatomyositis
+ Epidermolysis bullosa acquisita
+ Hypohidrotic ectodermal dysplasia
+ Incontinentia pigmenti
Juvenile dermatomyositis
 Linear IgA dermatosis
+ Neonatal dermatomyositis
- Neurofibromatosis type 1
 Partial deep dermal and full thickness burns
+ Stevens-Johnson syndrome
+ Toxic epidermal necrolysis
Xeroderma pigmentosum
- Pemphigus
DEVELOPMENTAL DISORDERS

22q11.2 deletion syndrome
- Allan-Herndon-Dudley syndrome
+ Alstrém syndrome

- Angelman syndrome

- Bardet

dl syndrome
- Borjeson-Forssman-Lehmann syndrome

+ Cardiofaciocutaneous syndrome

ianson syndrome

- Classic glucose transporter type 1 deficiency syndrome
Cohen syndrome.

-+ Costello syndrome

+ Fragile X syndrome

- Japanese encephalitis

+ Kabuki syndrome

- KBG syndrome

+ Nail-patella syndrome
Noonan syndrome

- Partington syndrome

+ Pendred syndrome

+ Prader-Wili syndrome

- Renpenning syndrome
- Rett syndrome

- Rubinstein-Taybi syndrome

- Syndrome oro-facio-digital type 1
- Trisomy Xq28

- Williams syndrome

- Wolfram syndrome

ENDOCRINE DISORDERS

- Acquired premature ovarian failure

- Acromegaly

- Androgen insensitivity syndrome

- Congenital adrenal hyperplasia

- Congenital hypogonadotropic hypogonadism

+ Cushing disease

-+ Cushing syndrome

- Familial hyperthyroidism due to mutations in TSH receptor
- Generalized resistance to thyroid hormone

- Growth delay due to insulin-like growth factor type 1 deficiency
- Kiinefelter syndrome (Non rare in Europe)

- Neonatal diabetes mellitus

- Non-acquired isolated growth hormone deficiency

- Non-acquired premature ovarian failure

- Peripheral resistance to thyroid hormones

- Pituitary resistance to thyroid hormone

- Primary adrenal insufficiency

- Rare hypoparathyroidism

- Turner syndrome

GASTROLOGICAL DISORDERS

- Short bowel syndrome
HEMATOLOGICAL DISORDERS

+ Acquired hemophilia

+ Autoimmune hemolytic anemia

- Autoimmune thrombocytopenia

- Autosomal erythropoietic protoporphyria

- Beta-thalassemia major

- Class | glucose-6-phosphate dehydrogenase deficiency

+ Congenital factor VIl deficiency

- Congenital factor XIll deficiency

- Essential thrombocythemia

- Glanzmann thrombasthenia

- Hemophilia A

- Hemophilia B

 Hereditary combined deficiency of vitamin K-dependent clotting factors
+ Hereditary thrombophilia due to congenital antithrombin deficiency
- Hypoplasminogenemia

- Immune thrombocytopenic purpura
* Multicentric Castleman disease
Paroxysmal nocturnal hemoglobinuria
- Polycythemia vera
- Primary myelofibrosis
- Rare acquired aplastic anemia
- Rare hemorrhagic disorder due to a constitutional thrombocytopenia
 Severe hereditary thrombophilia due to congenital protein C deficiency
- Sickle cell anemia
+ Von Willebrand disease
- X-linked erythropoetic protoporphyria
HEPATOLOGICAL DISORDERS
-+ Alpha-1-antitrypsin deficiency

- Biliary atresia and associated disorders

+ Congenital bile acid synthesis defect type 1
Congenital bile acid synthesis defect type 2

- Congenital bile acid synthesis defect type 4

- Familial intrahepatic cholestasis

+ Hepatic veno-occlusive disease

- Primary biliary cholangitis

INBORN ERRORS OF METABOLISM

- Alkaptonuria

- Argininemia
+ Argininosuccinic aciduria

Carbamoyl-phosphate synthetase 1 d

+ Citrullinemia type |
- Classic homocystinuria
« Classic organic aciduria
Combined malonic and methylmalonic acidemia
- Congenital isolated hyperinsulinism
+ Congenital sucrase-isomaltase deficiency
- Fabry disease
- Familial chylomicronemia syndrome
- Gaucher disease

+ Homozygous familial hypercholesterolemia

- Hyperammonemia due to N-acetylglutamate synthase deficiency
Hypercholesterolemia due to cholesterol 7alpha-hydroxylase deficiency

+ Hyperimmunoglobulinemia D with periodic fever

 Hyperornithinemia-hyperammonemia-homocitrullinuria syndrome

def

+ Hyperphenylalaninemia due to tetrahydrobiopte

ncy
 Long chain 3-hydroxyacyl-CoA dehydrogenase deficiency
- Lysinuric protein intolerance
- Mevalonic aciduria
Mucopolysaccharidosis type 1
- Mucopolysaccharidosis type 2
+ Mucopolysaccharidosis type 4A
- Mucopolysaccharidosis type 6
Mucopolysaccharidosis type 7

- Niemann-Pick disease type B

Niemann-Pick disease type C
- Ornithine transcarbamylase deficiency
+ Phenylketonuria
 Tyrosinemia type 1
- X-linked creatine transporter deficiency
NEUROLOGICAL DISORDERS

- Acquired aneurysmal subarachnoid hemorrhage

- Aicardi-Goutiéres syndrome
+ Amyotrophic lateral sclerosis
CADASIL
+ Charcot-Marie-Tooth disease/Hereditary motor and sensory neuropathy
- Dravet syndrome
Familial cerebral saccular aneurysm
- Friedreich ataxia
- Guillain-Barré syndrome
- Huntington disease
+ Joubert syndrome
- Juvenile myoclonic epilepsy
Lambert-Eaton myasthenic syndrome
Lennox-Gastaut syndrome
- Limbal stem cell deficiency
- Moyamoya disease
+ Multifocal motor neuropathy
Multiple system atrophy
- Neonatal hypoxic and ischemic brain injury
- Neuronal ceroid lipofuscinosis
- Pediatric multiple sclerosis
- Progressive multifocal leukoencephalopathy
- Rare epilepsy
+ syringomyelia
- Tourette syndrome (Non rare in Europe)
NEUROMUSCULAR DISORDERS

+ Becker muscular dystrophy

- Carnitine palmitoyltransfeArase Il deficiency
- Chronic inflammatory demyelinating polyneuropathy
- Duchenne muscular dystrophy
- Facioscapulohumeral dystrophy
- Glycogen storage disease due to acid maltase deficiency
Glycogen storage disease due to glycogen debranching enzyme deficiency
 Glycogen storage disease due to muscle glycogen phosphorylase deficiency
- Inclusion body myositis
- Kennedy disease
+ Mitochondrial trifunctional protein deficiency
- Myasthenia gravis
- Periodic paralysis
- Proximal spinal muscular atrophy
'ODONTOLOGICAL

Dentinogenesis imperfecta

- Rare odontal or periodontal disorder

OPHTHALMOLOGICAL DISORDERS

+ Acanthamoeba keratitis
- Albinism-deafness syndrome
- Aniridia
+ Central retinal vein occlusion
+ Intermediate uveitis
- Leber hereditary optic neuropathy
- Ligneous conjunctivitis
+ Oculocutaneous or ocular albinism
- Panuveitis

Posterior uveitis
- Usher syndrome
PNEUMOLOGICAL DISORDERS

- Adult acute respiratory distress syndrome

+ Apnea of prematurity

- Chronic thromboembolic pulmonary hypertension

-+ Cystic fibrosis

- Heritable pulmonary arterial hypertension

 Idiopathic pulmonary arterial hypertension

- Idiopathic pulmonary fibrosis

 Infant acute respiratory distress syndrome
Interstitial lung disease
Lymphangioleiomyomatosis

- Primary cillary dyskinesia

RHUMATOLOGICAL DISORDERS

- Adult-onset Still disease

+ Enthesitis-related juvenile idiopathic arthritis

+ Juvenile idiopathic arthritis

+ Psoriasis-related juvenile idiopathic arthritis

- Rheumatoid factor-negative juvenile idiopathic arthri

Rheumatoid factor-positive polyarticular juvenile idiopathic arthritis
- systemic-onset juvenile idiopathic arthritis

SLEEP DISORDERS

- Narcolepsy type 1
- Narcolepsy type 2
- Non-24-hour sleep-wake syndrome

SYSTEMIC / MULTISYSTEMIC DISORDERS

Acquired generalized lipodystrophy
Acquired partial lipodystrophy
AGel amyloidosis

- ALamyloidosis

- ATTRV30M amyloidosis

+ Atypical hemolytic uremic syndrome

+ Autosomal systemic lupus erythematosus
- Berardinelli-Seip congenital lipodystrophy
 Buerger disease

- Calciphylaxis

- Cerebrotendinous xanthomatosis

- CINCA syndrome

- Cryopyrin-associated periodic syndrome
* Ehlers-Danlos syndrome

- Familial cold urticaria

+ Familial cold urticaria
- Familial Mediterranean fever
- Familial partial lipodystrophy
Giant cell arteritis
 Hereditary angioedema
 Hereditary hemorrhagic telangiectasia
+ Kawasaki disease
+ Marfan syndrome
- Mastocytosis
- Muckle-Wells syndrome
Primary lymphedema
-+ Systemic sclerosis
- Takayasu arteritis
+ Tuberous sclerosis complex
+ Tumor necrosis factor receptor 1 associated periodic syndrome
- Vascular Ehlers-Danlos syndrome
* Vasculitis
Von Hippel-Lindau disease

- Wilson disease

URO-NEPHROLOGICAL DISORDERS

+ Cystinosis
- Idiopathic nephrotic syndrome
Interstitial cystitis

 Juvenile nephropathic cystinosis

. Nephropathic infantile cystinosis
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scientific evidence is limited
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Country Indication
France (HAS Senvice heterozygous
évaluation éconorrique et F508del mutation
santé publique, 2020) and mutation with
residual CFTR-
function
> 12 years
Scotland (Scottish F508del
Medicines Consortium, 212 year
2019) homozygous or

heterozygous with
one of the following
GFTR gene
mutation type:
P67L/R117C/
L206W/R3520/
A4E5E/DSTIG
[KA1)
[T1143A-G/
S945L/5977F/
R1070W/
D1152H/
2789+5G—A/
3272-26A—G/

3849+10kbC—T
in combination

therapy with
vacaftor 150 mg
tablets

Sweden (Tandvérds- och  F508del

lakemedelsforménsverket > 12 years

LV, 2018b) Homozygous
in combination
therapy with
vacaftor 150 mg
tablets

F508del
> 12years
heterozygous +
another mutation
assodiated with a
residual function in
CFTRin
combination
therapy with
vacaftor 150 mg
tablets

The Netherlands Homozygous
(Zorginstituut Nederland, ~ F508del
2019b; Zorginstituut 212 yearsin

Nederland, 2020d) ccombination
therapy with

vacaftor 150 mg
tablets

heterozygous
F508del mutation
and mutation with
residual CFTR-
function > 12 years

"As of June 2021.

Design Results®
perspective time. target costs discounting  handling
horizon  population uncertainty
size
Thic-paty ~ 3year 402 patients Medicine No Scenario Confidential
payer (vear 1) acquisition, discounting ~ analysis
410 patients follow-up,
(vear 2) maintenance:
418 patients transplantation,
(year 3) exacerbations,
open population  adverse event
Payer (NHS ~ 5year 320 patients Confidential Confidential  Not reported  Confidential
Scotland) (vear 1) rising to
347 patients
(year 5)
‘open population
100% market
uptake
13.63%
discontinuation
rate
Payer (TLV)  Lifetime  Company: Medicine Not reported  Not reported  Confidential
confidential acquisition
20 patients Total sale of the
equivalent of
approximately
SEK 37,000,000
per year.
The medicine
cost for
Symkevi® in
combination with
Kalydeco®
amounts to
approximately
SEK 1,900,000
per patient per
year.
Payer (Dutch ~ Not 250 patients Not reported Not reported  Not reported  List price of
National reported
health care
institute); higher than
Orkambi®'s list
price.
Budget impact is
approximately
€3,900,000 in
2019.
Payer Dutch  3year 131 patients, ~ Medicine Not reported  Scenario Total budget
national subgroup acquisition analysis impact of
health care analyss (all (compliance)  €21,326,454
institute); F508del each year —
patients, all ages €24.907.996
treated including each year
off-label use): bt
papatients analysis)
popuiation Sensitivity
100% market analysis:
uptake Budget impact is
83% compliance €24,234,607 (off
market effect: Iabel use, 22
‘expansion patients)
and
€28,304,541
(100%
complance in
year 3)

“Budget impact results in original currency and year adopted in report (reference in frst column).

NHS. National Health Service: TLV. Danish Tandvérds- och lékemedelsforménsverket.
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Country

Belgium Zorginsiituut Nederiand
(20160)

England NICE (2015)

France HAS Senvice évaluation
économique et santé publique
(2016)

Germany

ireland (National Centre for
Pharmacoeconomics NCPE
(20160)

Poland (Agencia Oceny
Technologi Medycznyeh i
Teryfkaci (AOTMIT), 2018;
MAHTA, (2019)

Scotland (Scottsh Medicines
Consortum (SMO), 2019)

Sweden (Tandvérds- och
iakemedeisformansverket TLV,
20182)

The Netherlands (Zorgnsit
Nederland, 2016b)

"As of June 2021,

Design
model  perspective  comparison time costs discounting
horizon
Patient-evel ~ Payer SOCvsSoC+  Lietime  Direct medical costs: Discount of 3% on
micro- acaftor/ medicine acauisition, future costs; 1.5%
simuation lumacattor disease management, on future effects.
exacerbations,
hospialzation
Patientievel NHSpayer;  SoCvsSoC+  Lifetime  Direct medical costs: Discount rate of
micro- personal sodal  ivacattor/ Management, 3.5% on costs
simdation  senvces payer  lumacator hospialzation, medicine  and health
acquisiion, lung autcomes
wanspantation, adverse
events
Patient-evel  Third party SoCvsSoC+  Lietime  Direct medical costs: Not reported
micro- payer vacattor/ medicine acquisiion,
simuiation lumacaftor management, exacerbation,
hospitaization, folow-up,
ransplantation, iver tests
Confidentia
Patientievel ~ Payer SOCvsSoC+  Lietime  Direct medical costs: Yes, but rate not
micro- acattor/ medicine acauistion, reported
simuation lumacaftor puimonary exacerbation,
lung transplantation
Patientievel  Payer; Societal  SoCvs SoC +  Lifeime  Direct medical costs: discount rate of
micro- vacattor/ Medicine acquisiton, 5% for costs and
simuation lumacaftor standard of care, 35% for health
exacerbation, lung outcomes
ransplantation, adverse
event, monitoring
Indirect costs (societal
perspective): productivty
loss, informal care for
chidren and death
Patientievel  Payer; Societal S0 vs SoC +  Lifeime  Direct costs: Medicine Not reported
micro- vacattor/ acauistion, disease
simuation fumacattor management
Patient-evel  Societal SoCvsSoC+  Lietime  Direct medical costs: Discount rate:
micro- vacattor/ Medicine acauistion, lng  of 3%
simuation lumacattor transplantation, acverse
event, hospitalzation,
folow-up
Indirect costs:loss of
production (not incuded in
NHS analysis)
Patient-evel  Societal SoCvsSoC+  Lifetime  Medicine acqusiion, Discount rate of
micro- acaftor/ Direct medical costs, 4% on costs and
simuation lumacaftor direct non-medical costs, 1.5% on health
indirect non-medical costs  outcomes

Currency
Reference.

year

€2016

£2015

€2016

€2016

NA

£2019

SEK 2018

€2016

ICER (€
2020 values)®

453,286/
QALY (482,727)

Company:
218.248/0ALY

(282,112)
NHS: 221,992/

QALY (286,951)

622 131/QALY
(675,947)

Company:
360,141/QALY
(386,249)
NHS:
649,624/ALY
(679,731)

Confidental

214772/0ALY
(256,486)

Company:
Confidentia

NHS:
1,641,295/QALY
(147,723)
-1,650,000/QALY
(158,275)
depending on total
patient number

402,883/QALY
(443,330)

'ICER in roguiar font ndicates the resuls in 1he currancy and roferonce year used i the study (1hFd column from the right. The number in bold incicales the ICER in ouros (Belgium, 2020 values).
CF. cystic foosis; ICER, incremental cost-efectiveness atio: NA, not applicable; NHS, National Health Service: PpFEV,, per cent predicted forced expratory volume in one second; PSA, probabilistc sensty analysis; QALY, qualty
acistec i sar: Sor: alnich of Oarb.

ICER (sensitivity
analyses)

Deterministc:
311,979/0ALY -
1,086,480 /QALY.

Most sensitive to discount
rates, medicine costs,
decine FEV,, utity values
PSA: 434370/QALY
Chances of lumacaftor/
vacattor being cost-
effective is 0%.

‘Company:

160,000/0ALY ~
280,000/QALY

PSA: mean of 214,838/
aaLy

Most sensive to ate of
PPFEV, decine and
discount rate, disease
management costsutty
values

NHS:
197,790/0ALY - 349,357/
Qaly

0% chance of being cost-
afecive at hreshads of
30,000/QALY and
50,000/QALY

Optimistc - pessimistic
scenario:

574 B90/QALY -
1,286,625/0ALY

PoA

(optimistic) 90% of being
more cost effective if
wilingness-to-pay is

632 000/QALY
(intermediate) 90% of
being more cost effectivef
wilingness-to-pay is

684 000/QALY

Most sensitive to medicine
acquisiton costs, age,
time horizon, FEV,%
declne, adherence rate

Company:

PSA: 370,754/QALY
Probabity of being cost-
effective s 0%.

Most sensive to

‘eckne rate, dscountrate,
medicine

‘acquisition cost

Confidential

Deteministic: 183,037/
QALY - 236,034/0ALY
most sensitive to discount
rates for costand benefis,
treatment utity increment,
treatment compliance
rates, utity values
stratified by pPFEV,

NES:

Univariate: 1,414,988/
QALY - 1,865, 827/QALY
Sensitive 1o changes in
medicine acquisition, age,
Guration of treatment and
useful weights.

Results indlude agreed
refund between company
and NHS

Univariate: 277, 288/QALY
965, 668/QALY
Scenario:

274,920/0ALY -
41,659,132/0ALY

Most sensitive to discount
rates, medicine acquistion
‘costs, deciine FEV,, utity
values

Chances of lumacaftor/
ivacattor being cost-
effective is 0%. The price
of lumacaftor/vacaftor
should decrease with 82%
10 be cost-effective.
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CF, cysti iboss; CER, increment cost-effectiveness rati; NA, not applabie; NHS, National Health Service; PEx, pulmonary exacerbation; ppFEV1, per cent precicted forced expiatory volume in one second; PSA, probabiisti sensithiy
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Country

Belgium (Riksinstituut voor
ziekte- en
invaliciteitsverzekering
(RIZIV), 2016a)

England (Whiting et al.,
2014)

Ireland (National Centre for
Pharmacoeconomics
(NCPE), 2013a; 2016a;
2017a)

Poland Centrum (2014);
Agencja Oceny Technologi
Medycznych i Taryfikacji
(2015)

Scotland (Scottish
Medicines Consortium
(SMC), 2013; SMC, 2016a;
SMC, 2016b)

Sweden (Tandvards- och
lakemedelsformansverket
TLV, 2018b)

The Netherlands
Zorginstituut Nederland
(2014)

Wales (Al Wales
Therapeuttics and Toxicology
Centre, 2013, 2015; Al
Wales Therapeutics &
Toxicology Centre, 2017)

"As of June 2021.

Indication

Gating
class lll
2 2 years

@551D
=6 years

Gs51D
26 years

Gating
class Il

=2 years

RI7TH
= 18 years

G551D or
gating
class Il

> 6 years

@551D
=6 years

Gating
class lll
2 2 years

R117H
> 18 years

class Il
gating
mutation

Gating
class lll
2 2 years

@551D
26 years

Gating
class Il
>2 years

RIM7TH
> 18 years

Design Results®
perspective time target costs discounting  handling
horizon  population uncertainty
size
Payer (RIZIV)  Annual 6 pediatric Medicing-only Not reported  Not reported  Annual budget
patients yearly  costs impact is
€1,489,200.
Payer (NHS  total lfetime 271 patients,  costs for genetic  Discount rate  sensitivity Total additional
England) horizon (3 Closed testing + Medicine  of 35%on  analysis costs.
scenarios)  population costs, treatment  costs scenario £43,000,000
and 1y costs directly analyses (year 1)
horizon; related to CF, lung The total
transplantation additional lifetime
costs costis
£438,000,000
(conservative
scenario) -
£45QALY
(intermediate
scenario) -
£479,000,000
(optimistic
scenario)
Payer (HSE 5 year 113-120 difficult to assess  Not reported  Not reported  HSE;
Ireland) patients (HSE)  the disaggregated Gross annual
or 121 (in costs for the model budget impact
201310 125 as they are ot ranges from
(in2017) presented in €26,532,852 to
patients this way €28,176,480
(company) Company:
Open Annual net
population budget impact
€28,172,303
(2013) increasing
10 €28,883,659in
2017.
Payer (HSE 5 year 18 patients  Not reported Discount rate  Not reported  Five-year gross
Ireland) Closed of 5% budget impact
population over €20ALY.
Five-year net
budget impact
ranging from
€15,300,000 to
€22,700,000.
Payer (HSE 5 year 58 patients  Hospitalization, Discount rate  Not reported  Maximum gross
Irefand) (year 1)1065  lung of 5% budget impact of
patients in transplantation, €13,618,574
(year 5) medicine (year 1) increase
open acquisition, 10 €15,262,195
population standard of care (year ).
(mucolytics, Company:
pancreatic The 5-year gross
enzymes, beta budget impact at
agonists and €54,055,681 (no
antibiotics) net budget
impact reported).
NHS:
The 5-year gross
budget impact
may be estimated
at €72,564,127
Payer (NF2) 3 year 91012 Direct medical No scenario Confidential
patients per  costs: medicne  discounting  analysis;
year acquisition sensitivity
analysis
Payer (NHS 5 year 53 patients in  Hospitalization, No Confidential The gross impact
Scotiand) year 11056  community care, discounting (same as net
patients in treatment impact) on the
year 5 medicines
open budget was
population estimated to be
90% market £7,989,000 in
uptake year 1.and
£8,237,000 in
year 5.
Payer (NHS 5 year 5 patientsin  Medicine No Confidential The net total
Scotland) year 1 and acquisition, discounting budget impact
year 5 100%  disease was £831,000 in
market uptake  management, year 1 and in
hospitalization, year 5.
lung The net total
transplantation budget impact
with savings due
1o FEV,%
improvement was
£815,000 in year
1 and in year 5.
Payer (NHS 5 year 22 patients  medicine No Confidential Gross budget
Scotland) (year 1)t0 26 acquisition, discounting impact (same as
patients in disease net budget
(year 5) management, lung impact) estimated
transplant, at £4,050,000 in
adverse events year 1, rising to
£4,780,000 in
year 5.
Not reported  Not 11 patients  Medicine Not reported  Not reported  This would mean
reported acquisition atotal sale of
approximately
SEK 23,000,000
for Kalydeco” in
monotherapy in
class Ill gating
mutation with
applied for AUP.
The medicine
cost (applied for
AUP) for
Kalydeco® in
monotherapy
amounts to
approximately
SEK 2,100,000,
Payer (Dutch 3 year 36 (year 1)~ Medicine No scenario Budget impact
National 38 (year 3) acquisition discounting  analysis, estimated at
Health Care or 41 (year 1)- total patient €8,900,000-
Institute) 43 (year 3) (off- number €10,100,000 (off-
label use) increase label) in year one,
open fising to
population €9,400,000 -
100% market €10,600,000 (off
penetration label) in year
market effect: three.
expansion
Not reported 5 year 20 (year 1and  Medicine Not reported  Not reported  Confidential
year2) - acquisition,
21 (year 3)-  administration,
22 (year 4~ monitoring,
23 (year 5) primary
100% market  care,secondary &
uptake tertiary care,
staffing,
infrastructure,
personal social
services
Not reported 5 year Confidential  Medicine Not reported  Not reported  Confidential
acquisition,
secondary &
tertiary care
Not reported 5 year 12 (year 1and  Medicine Not reported ~ Probabilstic Gonfidential
year2) - acquisition, sensitivity
13 (year 3)-  disease analysis of
13 (year 4 - management, patient number
14 (year 5) Liver function test, and disease
100% market  adverse event management
uptake, costs
mortality rate
of 1.5%,
98.9%
adherence

*Budget impact results in original currency and year adopted in report (reference in first column).
AUP, average unit price; HSE, Irish Health Service Executive; NFZ, Polish National Health Fund; NHS, National Health Service; RIZIV, Belgian National Institute for Health and Disability

Insurance (NIHDI).
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Country

Belgium (Zorginstituut
Nederland, 2016c)

France (HAS Senvice
évaluation économicue
et santé publique,
2016)

England (NICE, 2015)

Ireland (National
Centre for
Pharmacoeconomics
(NCPE), 2016b)

Poland (Agencia
Oceny Technologi
Medycznych i
Taryfikacji (AOTMIT),
2018)

Scotland (Scottish
Medicines Consortium

(SMC), 2019)

The Netherlands
(Zorginstituut

Nederland, 2016¢;
2018; Zorginstituut
Nederland, 2019a)

"As of June 2021,

Indication Design
perspective  time target population Costs discounting  handling
horizon size uncertainty
F508del Payer RIZIV) 3year 336 patients, Medicine Not reported  Not reported
> 12 years subgroup analysis (@l acquisition
(homozygous) F508diel patients al

ages treated): 444
patients

closed population
100% market uptake
and compliance
Market effect:
expansion

Manufacturer was left the choice to perform a BIA but did not include one.

F508del Payer (NHS 5 year
> 12 years England)
(homozygous)
F508del Payer (HSE 5 year
> 12 years Ireland)
(homozygous)
F508del Payer 1 year
> 2 years
(homozygous)
Tablets: Payer (NHS 5 year
F508del Scotland)
> 6 years
(homozygous)
Granules:
F508del
> 2 years
(homozygous)
F508del Payers 3 year
2 12 years (National
(homozygous)  Health Care

Institute)

Direct medical
costs:

Management,
hospitalization,

2,748 patients in year 1
10 2,889 patients in
year 5 open population
40% (year 1) to 60%
(vear 5) market uptake medicine

or yearly increment of  acquisition, liver
5% function test,
90% adherence rate adverse events

Direct costs:
Medicine
acquisition,
patient care fee

505 patients

440 patients closed  Medicine
population acquisition
390 patients (year 1) Confidential
fising to 422 patients

(year 5) 100% market

uptake

18% discontinuation

rate

498 patients, Medicine-only
subgroup analysis (i all  costs

F508del patients, al
ages treated): 741
patients

closed population
100% market uptake
and compliance
market effect:
expansion

*Budiget impact results in original currency and year adopted in report (reference in first colum).
BIA, budget impact analysis; HSE, Irish Health Service Executive; NCPE, National Centre for Pharmacoeconomics; NHS, National Health Service; RIZIV, Belgian National Institute for
Health and Disability Insurance (NIHDI).

Not reported  Not reported

Not reported  Not reported

Not reported  sensitivity
analysis and
scenario
analysis

most sensitive
to total patient
number

Confidential  Confidential

Not reported  Not reported

Results”

The annual
budgetimpact is
estimated to be
€60,400,000 to
€79,800,000 in
year 1, 2and 3
depending on
population size.

Company:
Year 1:
£90,273,438
Year 2:
£100,604,425
Year
£110,838,409
Year 4:
£120,855,522
Year 5
£130,756,207
The total budget
impact over
5years is
£553,328,000.
NHS:

Year 1:
£92,626,616
Year 2:
£103,226,903
Year 3:
£113,727,659
Year 4:
£124,005,891
Year 5:
£134,164,659
Total:
£567,751,728

Company:
estimates the
5year gross
budget impact
of lumacaftor +
ivacaftor at
€352,281,736.
NHS:

The NCPE
estimate of the
5-year budget
impact is
€391,802,681.
Annual cost for a
public payer
amounts to
PLN
319,950,000 or
PLN
727,150,000
per treated
patient;

or PLN
552,640,000 (if
760 patients);
or PLN
174,520,000 (if
240 patients),

Confidential

The annual
budget impact i
estimated to be
€84,400,000 to
€125,500,000in
year 1, 2and 3
depending on

population size.
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Intervention

Kalydeco”
(vacaftor)

Orkambi”
(umacaftor/
vacattor)

Symkevi®
(tezacaftor
fvacattor)

Indication

3849 + 10KB C—T or D1152H-
GFTR mutation > 6 years
EU Clinical Trials Register (2019)

Specified CFTR gating mutation EU
Clinical Trials Register (2018)

R117H-CFTR mutation EU Clinical
Trials Register (2015b)

G551D Mutation > 12 years EU
Clinical Trials Regster (20153)

Non-G551D CFTR Gating mutation
EU Clinical Trials Register (2015¢)

Homozygous for F508del CFTR
mutation EU Clinical Trials Register
(2017¢)

Homozygous for F508del CFTR
mutation EU Clinical Trials Register
(2017b)

Heterozygous for F508del CFTR
mutation and F508eVNR EU
Clinical Trials Register (20173)

Design

Randomised, double bind, placebo-controlied,

crossover study, 38 subjects > 6 years

Phase 3b, randomised, double blind,
placebo-controlled, crossover study with
long-term open-label period, 14 subjects
Phase 3, randomised, double bind,
placebo-controlled, parallel-group study,
69 subjects

Phase 3, Randomized, double-Bind,
placebo-controlled, parallel group study,
161 subjects

Phase 3, randomised, double biind,
placebo-controlled, crossover study with
open-label period, 39 subjects

Phase 3, randomised, double biind,
placebo-controlled, parallel-group study,
206 subjects

Phase 3, randomised, double bind,
placebo-controlled, parallel-group study,
510 subjects

Phase 3, randomised, double biind,
placebo-controlled, parallel-group study,
168 subjects

Efficacy results:

primary endpoints (change from baseline)

Intervention

LOI2.5 (LSM =
SE) =
-0.46 £ 0.19

LCI2.5 (AM + SD) =
-0.53 + 1.23

FEV, (LSM + SB) =
257 +1.1532

FEV; (LSM + SE) =
104 +0.7

FEV, (LSM + SB) =
7.49 £ 1.2202

LCI2.5 (LSM + SE)
.01+0.13

FEV; (LSM + SE) =
34+03

FEV; (LSM + SB) =
1106

Placebo

LCI2.5(LSM + SE) =
0.20 +0.19

LCI2.5 (AM + 8D) =
-0.07+ 0.93

FEV, (LSM + SE) =
0.46 + 1.1313

FEV; (LSM + SE) =
~B2x07

FEV; (LSM + SE) =
-3.19 + 1.2459

LCI2.5 (LSM + ) =
008 +0.13

FEV; (LSM + SE) =
-06+03

FEV; (LSM + SE) =
-0.1+ 06

Placebo vs
intervention

Parameter
eestimates and/or

Statistical analysis

LSM difference -
point estimate: ~0.66
95%, 2-sided C
[-1.1; -0.21]
P-value = 02121
(Paired t-test)

LSM difference -
point estimate:
21114

95%, 2-sided i
[-1.1305; 5.3632]
P-value = 01979
(MMRM)

LSM difference -
point estimate: 10.6
95%, 2-sided Cl:
B:6:12.6)
Prvalue

<0.0001 (a=0.05)
(MMRM)

LSM difference -
point estimate:
10.6780

95%, 2-sided Cl:
[7.2559; 14.1)
P-value <0.0001
(MMRM)

LSM difference -
point estimate
(S): -1.09
95%, 2-sided Ol
[-1.43; -0.75]
P-value <0.0001
(MMRM)

LSM difference -
point estimate
(SE): ~1.09

95%, 2-sided Cl
B.1:48)

P-value <0.0001
(MMRM)

LSM difference -
point estimate
(SB): -1.09

95%, 2-sided Cl:
[-03; 28]
P-value = 01176
(MMRM)

CFTR, cystic fibrosis transmembrane condluctance regulator; LCl, lung clearance index; FEV,, Forced expiratory volume in one secon; LSM, least square means; SE, standard error; Cl,
confidence interval: AM, arithmetic mean: SD, standard deviation: MMRM, Mixed model repeated measures: NR, non-responsive to tezacaftor and/or ivacaftor.
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CFTR Country”

modulator  pustia  Belgium  Denmark  England  France Germany Ireland  Northen Poland  Scotiand  Spain  Sweden  Switzerland The Wales
Ireland Netherlands

Kalydeco® v 4 4 v v v v 4 x v v x v v v

Orkambi® v v v v v v v x v v v v v v

Symkevi® v v 4 v v v v v x v v x v v v

'As of June 2021,
*References in order ofthe listed countres: (stereichische Soziaversicherung, 2020), Comissie voor Gezondheid en Geljke Kansen, 2019; RIZIV, 2020), (SPOR, 2015; Nawrat, 2018), (National Health Senvice (VHS) England, 2019; NHS
Dertyshiro Medicines Management and Clincal Poliies, 2020),(Haute Aulort do Santé HAS, 2020; Haute Aulorts de Sant 6, 20200), Mukoviszidose eV, 2012; Mukoviszelose, 2018a; Mukoviszidose, 20180; Geh, 2021),(Healh Senvice
Executive (HSE), 2020; HSE PCRS, 2020), (Vertex Pharmaceuticals Incorporated, 2019, (Mikowsi 2020; Munyama et al., 2020), (Cystic Fibosis Trus, 2016; Vertex Phamnaceuticals Incorporated, 2019b), (Vademecum, 20208;
Vademecum, 2020; Vademecum, 20200), (Vertex Phamaceuticals Incorporated, 2018b), (Offce fédéral de la sants publique, 2020, (Zorginstitut Nederand, 2020b; Zorginstituut Nederkand, 2020c; Zorginstituut Nederand, 20206),
(Vertex Pharmaceutcals Incorporated, 2019,

7 il minbirsament: i no-saliibursemert il oubol podliet enaensesl
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Country.

Bolgium

England Whitng et a (2014)

France

Germany

ireland (Natonal Cent for
Pharmacosconomics (NCPE,
20135 NCPE, 20163 NCPE,
20173

Poland Agencia Oceny
Technologi Mecycznyeh i
Tarykaci (2015); MAHTA,
2019)

Scotland (SV(C), 2013; SNC,
2016 SMC, 20160)

Sweden Tandirds. och
akemedaitorminsyerket TLY.
(2014); Tanci r- och 13
emedeis! & m & neverket
2o160)

The Netherlands Zorginsiiuut
Nederiand (2014)

Wales Al Wals Therapauios
and Toxicology Centre (2013,

2015); Al Walos Terapeutcs
and Toxcaogy Centre, (2017)

Indication

Gatng
cass i
22 years

ass1D
26 yeas

G510
26 yeas
Gating
class i

26 yeas

Gating
class I

G551
26 yeas

Gating
class i

22 yeas

RITH
=18 yoars

Gating
cass i
22
months od

G510
26 years

Gating
cassll
22 years

RITTH
218 yoars

G510
26 yeas

Gating
class i
22 years

Gating
cass i

22 yeas

ass1D
26 years

Gating
cass i
22 years
R1ITH

218 yoars

Design
model  Reference comparison time.
yoar horizon

Exempion of econcmic evauation fo orphan mecfches
Patentievel  Payer 0C v5 S0C + hacaftor Listime
miro-
simuaton
Confidental
Confidenta
Patentevel  Payer 80C v8 S0C + hacaftor Uietime
smuiaton

A S0C vs ear hacaftor

tatod at two yoarsof age) +

S0C

B Earyhacaior + SoC vs ato

inacaftor (riated at sx years

of age) + SoC.

0 v5 S0C + hacaftor
Patentievsl  Payer 0 v8 SoC + vacaftor Uietime
micro- Socieal
simuaton
Patentievel  Payer 0 v5 S0C + hacaftor Uttimo
smuaton

A S0C vs eary hacaftor

reatment (ntated at two

years of age) + SO

8. Eary vacalor teament +

SoCvs ateacaltor reatmont

ntated at sx yoars of age)

+50C

S0 v8 500 + vacaftor
Patentiovl  Payer 0 v5 S0C + hacaftor Uttime
micro- fcompany):
smiaton  Sodela

wHS)

Makov Pajer 0 15 S0C + hacaftor Lietime
fcompany)  (company):
Patentevel  Sodela
micro- wHS)
simuaton
(Health
Insurance
Funds)
Patentievel Nt reported  SoC vs SoC + hacaftor Listime
smuaton
Patentievel  Notreported  S0C vs SoC + facattor Listime
simuaton
Patentievel  Payer 0 v5 S0G + hacaftor Uttime
micro-
smuiaton

Costs.

Mocscine acqusiton, reatmont
recty related o CF, g
wanspiantation

Disaggregated costs were.
it to assess

Not reported

Hospialzaton,
kg transpiantaton
medicho acquistion nolxing
S0 (mucojtics, pancredic
‘nzymos, beta agorists and
anioics)

Direct mectcalcosts: Medicie
acquistonqualficatin and
reatment moritring, standars
of care, oxacatbaton ratment,
adverso ovents lung
wanspantaton

Indiect costs: oss of
productity duotoabsentassm,
care, premare deatn
allhosptal and community
aare, voatment

Mecoines,
dease managoment,
hospitaizaton,

kg transplantation

Mecscine acquistion, dsease
managament,lung
wansplantation acverse ovents

Medoine acquistion

Drect costsiMedicine
acaisiion, heathcare and
resource wizaon: medcno
folow-up, disease
management, kg
wansplntation

Dieot mecscalcosts utpatient
vists, hospiaizations,
medicne acaqustion,
phamacy

Mecscine acquiston (ncludes
scount of Wales Patient
Aocess Scheme)

Mecscine acquiston (ncludes
scount of Walos Patient
Access Scheme)

Mecscine acquiston (nchides
scount of Walos Patient
‘Accss Schems),
hospiaizaton, ackerso events,
wansplantation

Currency.
discounting

Discountrate  £2014
of35%.

Notreported €203

Discountrate €206
ofs%

Discountrate €2017
of5%

decountrateln A
base case

anayss of; 5%

for costs, 3%

for heain

outcomes

Notrported  £2013

Discountrate  £2016
of 5%

in base caso

anaysis andt

sensitvty

Discountrate  £2016
ofas

Discountrate  SEK2014
of3%

Discountrate  SEK2018.
of3%

Yes (NHS) €201
Casts

discounted with

45 Troatment

offcts

dscounted

i 1.5%

Discountrateof  NA
35% for costs

Discount ratoof  NA
35% for costs

Discount ratoof  NA
35% for costs

values)®

£771.297/0ALY
1.001336)

49035/0ALY
500,105)

A 465,546/
QAL
aa122)
8,636,237/
QALY
(665,723
44,466/0ALY
(463,268)

orfcentia

277,011/0ALY
(065,762)

A 609,316/0ALY
anam
B 484,336/0ALY
(613,485

473071/0ALY
(699,154

Company:
3474,120/0ALY
(061,44

ns:
5840000/0ALY
607,588)

- 10440000/
Qay
(1.086,167)
NHS:
5556831/0ALY

(533,034
-7,005,198/0ALY
(671,969
dependig on
eaiment
aherence
Company.
172.278/0ALY
191910) Health
Insusance Funds:
268074/

QALY (206,395)

orfidental ICER
for hacaltor

conventional
hvesholds of cost.
efcciveness

onficertia

orticental ICER
s most sensive to
dscount rates, e
iy equaton and
mean absolute
change in pPFEV,

Sensitivty analyses.

Determintic (optmisic:
consenvatve scenaiol:
304,775/0ALY - 1,273,805/
oAy

Poa:

607 699/0ALY -
1,047,179/0ALY

mean: 814,401/0ALY

Most sonstive 10 ong-tomn
efleciiveness (opFEV:, weghl,
exacerbaions) and long-tem
costs of acafor

Determinii (optmistc -

QALY - 865,497 /0ALY
Most sensive 10 pOFEV,

Price ofNacattor would have to
falbelow 25,0000ALY per
patent per annum o bring the
ICER close treshold

Mostsensitv to dscount rates
adnerence o vacaltor and mean
absolute change n pPFEV
Prico ofacaltor would have (0
010 34 692/0ALY 0 gve an
ICER of 46,000/0ALY i, 26.7-
0 price reducton

No detas on the sconario
analysis and PSA performed

Univarate:
266,354/0ALY -321,904/0ALY
Sconario:

373 964/0ALY -

562617 /0ALY

Most sensitve 10 poFEV,

and age

Results ncude agreed refund
uncier Patent Acosss Scheme.
Detorminist:

A 625,272/0ALY

2360990 /0ALY

B 470,061/QALY -
1,02307300ALY

Sensiive to discount rat, ity
values and treament offcacy
Uniarate:

490062/0ALY -
880326/0ALY

Scenario:

208,254/0ALY - 621 562/0ALY
Sensiie to the dscount rae,
ity vaes and teatmen
eficacy (ppFEV,,
exacabatons)

Company: 4,755, 152/0ALY - 7,
262842/0ALY

Optimisic - consenvtive
Sconaio: 4200,000/0ALY -
7,005,198/0ALY Most sonsive
1o disease progression: king
capacty, oxacorbations, surval

Company: 148 00D0ALY -
500023/0ALY

PSA: mean: 174.45/0ALY
Heallh Insurance Funds:
175.291/QALY - 269.4T6/0ALY
Most sensive 0 Gug costs,
suvial ratos and disease
progression (ppFEV.) and
discount ates

0% chance that acafor s cos
efctive wih troshold of
£0,000/0ALY

Sensiity and scenario
analyses domonstate that
1CERS greato than tat repcrted
inthe base case andysis

may be plausie.

Sensive to ung function FEV;,
uities and generic pice.
assumptons.

Oneviay scenario anayses:
Sensiive to ung functon
POFEV,

Probabiisic sensiviy analyss
suggests that the model esuts
are robust,

Probabity of hacafo to bo
costeflctive at the wikngness-
to-pay reshoids of 20,000/
QALY a0 30,000 5 0%.

CF, cystic fibos:s; ICER, incremental ost-efectivensss atio; NA, not appicable, NHS, National Health Service; ppFEV;, per cent predicted forced expiatory volume i 0no second; PSA, probabilistc sensiuty analysis; QALY, qualty
acjusted i years; SoC, standard of care.

"As of June 2021,
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