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Introduction: Several new active substances (ASs) targeting neuroblastoma (NBL) are under study. We aim to describe the developmental and regulatory status of a sample of ASs targeting NBL to underline the existing regulatory gaps in product development and to discuss possible improvements.

Methods: The developmental and regulatory statuses of the identified ASs targeting NBL were investigated by searching for preclinical studies, clinical trials (CTs), marketing authorizations, pediatric investigation plans (PIPs), waivers, orphan designations, and other regulatory procedures.

Results: A total of 188 ASs were identified. Of these, 55 were considered ‘not under development' without preclinical or clinical studies. Preclinical studies were found for 115 ASs, of which 54 were associated with a medicinal product. A total of 283 CTs (as monotherapy or in combination) were identified for 70 ASs. Of these, 52% were at phases 1, 1/2, and 2 aimed at PK/PD/dosing activity. The remaining ones also included efficacy. Phase 3 studies were limited. Studies were completed for 14 ASs and suspended for 11. The highest rate of ASs involved in CTs was observed in the RAS-MAPK-MEK and VEGF groups. A total of 37 ASs were granted with a PIP, of which 14 involved NBL, 41 ASs with a waiver, and 18 ASs with both PIPs and waivers, with the PIP covering pediatric indications different from the adult ones. In almost all the PIPs, preclinical studies were required, together with early-phase CTs often including efficacy evaluation. Two PIPs were terminated because of negative study results, and eight PIPs are in progress. Variations in the SmPC were made for larotrectinib sulfate/Vitrakvi® and entrectinib/Rozlytrek® with the inclusion of a new indication. For both, the related PIPs are still ongoing. The orphan designation has been largely adopted, while PRIME designation has been less implemented.

Discussion: Several ASs entered early phase CTs but less than one out of four were included in a regulatory process, and only two were granted a pediatric indication extension. Our results confirm that it is necessary to identify a more efficient, less costly, and time-consuming “pediatric developmental model” integrating predictive preclinical study and innovative clinical study designs. Furthermore, stricter integration between scientific and regulatory efforts should be promoted.
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Introduction

Neuroblastoma (NBL) is the commonest pediatric extracranial solid tumor (1). While local low-risk NBL can be controlled with a high rate of cure (2), there is an urgent need to develop new treatment options for the high-risk NBL that still represents a leading cause of death from cancer in children (3) due to chemoresistance and frequent metastatic relapse. Optimized regimens incorporating emerging new molecules targeting NBL and other pediatric cancers are under development (4). By the end of 2020, the number of pediatric oncology medicinal products (MPs) increased; however, this increase was lower than what was observed for adult products. In fact, a total of 174 oncology medicinal products have been approved by the European Medicine Agency (EMA) in the period 2007–2020, but only 35 (20%) have been approved for use in children in the same period (5).

The scarcity of pediatric medicinal products is not surprising. In fact, the experience accumulated in the recent years demonstrates that the process of approval for a “pediatric” or a “rare diseases” product is particularly long and complex and affected by several research barriers and gaps (5, 6). Moreover, commercial and financial issues represent possible obstacles for the complete and timely development of such products (7).

The lack of novel pediatric oncology MPs appears in huge contrast with the numerous ASs identified in recent years targeting tumor-specific genomic abnormalities with the greatest potential to be developed as effective cancer therapies (8, 9). In some cases, genomic abnormalities identified in pediatric cancer are different from those correlated to adult cancers; in other cases, they are similar. However, while several new cancer agents are emerging worldwide, only rarely, pediatric indications were included in the adult drug or in pediatric-specific development programs (i.e., dinutuximab, representing the only product approved for NBL).

Focusing on NBL, the number of novel ASs targeting genetic mutations and molecular pathway aberrations, such as MYCN, BIRC5, PHOX2B, as well as epigenetic factors, tyrosine receptor kinase (TRK) inhibitors, and other targets, is impressive, as summarized in relevant studies (10–16). However, the number of ASs that has reached the patients (i.e., included in frontline therapies or granted with a marketing authorization—MA) is very low. Indeed, the extensively very high number of potentially druggable targets has been considered a relevant barrier to successfully developing new MPs (17). The project ACCELERATE, faced with these issues, started a prioritization initiative to identify more promising ASs to be advanced in the developmental process (18). Clarification on preclinical aspects, such as the availability of reliable “pediatric cancer model” and “proof of concept” for pediatric indication, emerges as a relevant premise, and a proposal to define a “preclinical package”, shared with regulators, is under discussion (19). In line with these initiatives, the Neuroblastoma New Drug Development Strategy (NDDS) activated a prioritization process within ASs targeting NBL that ended in 2020 (20) with 40 genetic targets evaluated and 23 ASs prioritized for further development.

To bring a pediatric MP onto the market, both in the European Union (EU)1 and the United States of America (USA) (21), there is the obligation for the sponsors of a new AS or of a still in-patent MP to complete a detailed plan of pediatric studies [i.e., the Pediatric Investigation Plan, PIP in the EU (22), and the Pediatric Study Plans—PsPs in the USA (23)], as agreed with the concerned regulatory agencies. This obligation may only be waived for one of the legally accepted reasons (24), such as (1) a product intended for a disease or condition not existing in a specified age subset; (2) an expected lack of safety or efficacy; or (3) a lack of significant therapeutic benefit in the pediatric population (23).

Among these, the waivers agreed to on the grounds that the proposed drug is intended for the treatment of adult cancers, not to be used in children, have been largely granted in the EU, but in July 2015, the Pediatric Committee (PDCO) adopted a review of the class waiver list (25) aimed at limiting these types of waiver applications.

In the USA, the RACE for Children Act (FDA Reauthorization Act) (26) provides that pediatric studies must be conducted if the mechanism of action (MoA) of the AS may be relevant for a pediatric cancer indication independent of the adult indication. Currently, the transition to a similar MoA-based regulatory approach is being favorably considered within the European Commission (EC) proposal for revision of the Pediatric and Orphan Regulation (6).

In addition, a number of regulatory tools, procedures, and incentives [i.e., the orphan designation (27), Scientific Advice/Protocols Assistance, research funds, conditional approval, and PRIME designation] were included in the EU legislative framework to support and accelerate the development of MP particularly relevant for patients, especially in case of innovative products. All these tools are fully applicable to NBL.

Similar to the USA, the EU legislation1 was introduced with the aim to provide children with medicines appropriately assessed for pediatric use on the basis of a full developmental plan that includes preclinical and clinical investigations. Compliance with the current legislation may be challenging in the pediatric oncology field since some regulatory processes and procedures may be too rigid to address the rapid evolution of scientific advancements. This issue is particularly relevant at the academic level: The results from a recent survey showed that researchers face several difficulties in collaborating with regulators, including poor availability and flexibility from ethics committees/regulators for clarification and support (5).

The aim of this study was to analyze, in parallel, the developmental status and the regulatory status of ASs targeting NBL suitable for entering into frontline therapies and for being authorized for pediatric use in the EU, by considering (a) availability of preclinical and clinical studies relevant to a pediatric marketing authorization (MA); (b) availability of an agreed PIP (or of a waiver) and its advancements; and (c) other regulatory procedures applied to the concerned ASs.

Emerging gaps from this analysis and suggestions for improvement were considered and have been discussed also in light of the next revision of the EU Pediatric and Orphan Regulations,1 (21).



Materials and methods


Study sample

ASs targeting NBL were searched by consulting PubMed (28). The following search terms were adopted: (All field < target therapy > AND All field < neuroblastoma >). Specific filters were applied such as follows: child (birth, 18 years); language (English); article type (review and systematic review); and publication date (January 2018–June 2022). The resulting articles were first screened by the title and abstract to eliminate non-relevant articles (i.e., not focused on NBL or not reporting ASs targeting NBL). The selected articles were processed to derive a list of the ASs for which the following information was available: name of the AS; type of the substance (chemical or biological); and type and description of molecular pathways/genetic aberration targeting NBL. If details were not available, the article was excluded. Immunotherapy and other therapeutic agents were also excluded from the study sample.



Developmental status

For each AS, the following information was collected from both literature and the available clinical trials database (https://clinicaltrials.gov/) (29): (1) preclinical toxicity/safety and other studies that are considered necessary to support pediatric studies and marketing authorization of products (30); (2) clinical trials (CTs) and their phases and aims (pharmacokinetic—PK/pharmacodynamics—PD, studies and dose rationale, efficacy-safety trials); (3) other studies, including extrapolation, modeling, and simulation. When available, information about the status of the study (e.g., recruiting, not recruiting, completed, suspended, terminated, and withdrawn) and the availability of study results was collected. For preclinical studies, in addition to literature, we also consulted the European Public Assessment Reports (EPARs, as available on EMA website) to capture studies already submitted to the regulatory authority during previous MA procedures. Preclinical studies aimed to test the pediatric oncology model and “proof of concept” studies were not considered in this study.



Regulatory information

For each AS, it was investigated for its inclusion in (1) an MP, approved up to 2022 and their adult and/or pediatric indications; (2) a waiver (i.e., class or product-specific waiver) and the waiver indication; (3) an agreed PIP including indication and advancement status (expected and current time to completion, and compliance check), an age range of the experimental population(s), and also the number and type of studies required (i.e., quality, preclinical, clinical, and other studies); and (4) other regulatory procedures (such as orphan designation and PRIME eligibility, conditional approvals, protocol assistance, or other scientific advices).

All data were collected by consulting the EMA publicly available sources, including EPARs (31), orphan designation list (32), opinions and decisions on PIPs and product-specific waivers (33), a list of products granted eligibility to PRIME (34), and EMA annual reports (35).

Two authors performed the literature search as well as the extraction of information from the selected articles independently. Possible inconsistencies were solved by discussion or by appeal to another researcher.

Figure 1 represents the pediatric drug developmental process for easy understanding.


[image: Figure 1]
FIGURE 1
 Pediatric drug developmental process.




Analysis

A descriptive analysis of the results was performed. A comparative analysis was also made among groups of ASs. Indeed, the ASs in the NDDS priority list, based on a high-level scientific process aimed to identify the more promising ASs, are compared with ASs granted with a PIP under the request of a commercial sponsor during a regulatory-based procedure. In addition, the comparison included all the substances that did not receive a PIP and the substances already receiving a MA.

According to the aims of the study, the comparison considered the number of ASs for which the preclinical and clinical studies are available or ongoing, the number and type of regulatory procedures, i.e., PIPs, and the studies' results submitted to the regulatory authorities to be included in the product SmPC.




Results


Active substances targeting neuroblastoma: study sample identification and classification

A total of 182 publications resulted from the literature search. Of them, 144 studies were excluded: 32 were not focused on NBL; 44 did not report sufficient details on the molecular NBL target; and 68 were dealing with other therapeutic approaches such as immunotherapy, radiotherapy, and nanomedicine. Therefore, 39 studies (10–17, 20, 36–66) were considered for the analysis. The selection process is shown in Supplementary Figure 1.

A total of 557 ASs targeting NBL were derived by these studies: 369 were present in more than one study and thus counted only once. The remaining 188 represent the final sample of the study: 185 (98.4%) are chemical agents (small molecules) and three are biologicals. Figure 2 reports the ASs classified by the molecular target. In detail, the ASs targeting N-MYC oncogene are the most represented (67, 35.6%), followed by agents targeting epigenetic factors (22, 11.7%), TRK inhibitors (17, 9%), and the anaplastic lymphoma kinase (ALK) inhibitors (13, 6.9%). The whole list of the identified ASs and their molecular targets is included in the Supplementary material.


[image: Figure 2]
FIGURE 2
 Number of active substances classified by molecular target.




Developmental status
 
Preclinical studies

A total of 319 preclinical studies (i.e., toxicity, safety, and geno/carcinogenicity) were identified involving 115 ASs (Figure 3). Most of the studies were part of the MA dossiers of previously approved MPs. In contrast, 95 studies were not included in a MA and derived from the literature search. As shown in Figure 3, only 24 studies are pediatric-specific (i.e., juvenile animal studies). For 73 ASs, no preclinical studies were found.


[image: Figure 3]
FIGURE 3
 Preclinical studies: type and number.




Clinical studies

A total of 283 CTs conducted in NBL patients or in larger oncologic populations having NBL were found for 70 ASs both in monotherapy (60, 21.2%) and in combination (215, 76%). A total of 118 ASs were never included in a CT. In fact, of 118 ASs, 55 were tested neither with preclinical nor with clinical studies. Figure 4 details the type and number of CTs. Most of the CTs are phase 1 up to phase 2 trials (early trials) often covering preliminary efficacy evaluation.


[image: Figure 4]
FIGURE 4
 Number of clinical trials and active substances entered in clinical trials.


As shown in Figure 4, out of the 283 studies, 52% were phase 1 and 1/2 studies aimed at PK/PD/dosing, activity, tolerability, and safety definition while the remaining CTs also included efficacy as primary or secondary outcomes. Phase 3, including randomized controlled trials (RCTs), were less represented, i.e., 22 RCTs related to 5 ASs, namely, crizotinib, topotecan, doxorubicin, retinoic acid, and etoposide.

A total of 154 studies were reported as active: recruiting, not yet recruiting, or active not recruiting; 88 (31.1%) were reported as completed; 41 (14.1%) reported as suspended, withdrawn, or no longer available. For 11 (copanlisib, erlotinib, genistein, HDM201, imetelstat, pazopanib, panobinostat, SF1126, valproic acid, vandetanib, and vistusertib) out of 70 ASs, the development was interrupted.

Considering the type of AS and related target, further considerations were raised. The most represented Ass that entered into the clinical phase belong to the MYCN group (22 of 70, 31.4%). However, in the RAS-MAPK-MEK and VEGF groups, the highest rate of ASs in CTs including efficacy evaluation was observed (i.e., 77.8 and 71.4%, respectively) (Table 1). Supplementary Figure 2 summarizes the developmental status of the ASs in our sample.


TABLE 1 Active substances entered in clinical trials.
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Regulatory status
 
Active substances granted with pediatric investigation plans and waivers

A total of 37 ASs (out of 188) were granted a PIP, covering several indications, from the hematolymphoid system (n = 13), central nervous system (CNS) tumor (n = 6), solid tumor (n = 14), and other pediatric malignancies (n = 10). The NBL indication was included in 14 PIPs.

A total of 29 PIPs were associated with an approved MP: 28 to an adult MP and 1 to a pediatric-only MP. The remaining eight were PIPs granted to a product under development.

A total of 41 ASs were linked to product-specific waivers or class waivers granted mainly for non-small cell lung cancer, melanoma, and breast cancer indications.

For 18 ASs (43.9%), both PIPs and waivers were granted: the PIPs covered one or more pediatric indications different from the adult ones, and the waivers covered the adult indication; however, seven included NBL.

Noticeably, trametinib, dabrafenib, and binimetinib have a PIP in the same adult indication (melanoma with BRAF mutation), but other indications targeted by the BRAF mutation of interest for pediatric tumors were also added. Details of ASs granted with both PIPs and waivers for different indications are shown in Table 2.


TABLE 2 Active substances granted with both pediatric investigation plans and waivers.
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Most of these PIPs associated with a product covered by a waiver were granted after the EMA revision of the class waivers in 2015 (Figure 5).


[image: Figure 5]
FIGURE 5
 Active substances granted with both pediatric investigation plan and waiver by year.




Pediatric investigation plan contents

The contents of the 14 PIPs that include NBL indication are reported in Supplementary Table 1. In summary, five out of 14 (35.7%) NBL PIPs cover the whole pediatric population from birth, while nine out of 14 (64.3%) cover all ages except younger children (i.e., under 24, 12, 6, or 1 month of age). The PIP indication included NBL and other pediatric solid tumors or, more rarely, hematolymphoid or CNS malignancies.

The total number of (preclinical and clinical) studies required in each PIP varies from two (afatinib) to eight (copanlisib). In detail, non-clinical studies were required for all PIPs, except for olaparib, an ASs already marketed for a different adult indication, and erdafitinib. Pediatric-specific studies (i.e., juvenile animal, and age-appropriated formulations) are the most required. The in vivo/in vitro pediatric disease model and biomarker studies were required in two PIPs, respectively.

All PIPs included early CTs (i.e., PK and dosing, activity, and safety), and seven of them also included efficacy studies. A phase 3 trial (RCT) was considered for olaparib. Extrapolation, modeling, and simulation studies, aimed to support the dosing regimen of the product, were required for six out of 14 PIPs. The expected duration for ongoing PIPs (i.e., the timing between the PIP decision date and the expected PIP completion date, as agreed with PDCO), varies from 2 to 17 years (mean value: 8.5 years). For five out of 14 PIPs (abemaciclib, copanlisib, idasanutlin, olaparib, and venetoclax), the expected duration is up to 2027 and, in the case of olaparib, it is up to 2035.

The current status of PIPs and their outcomes are described in Table 3: for two ASs (cobimetinib and afatinib), the PIP was concluded and received the compliance check after 7.4 and 2.6 years, respectively, while for the other two ASs (trametinib and dabrafenib), the studies were completed, but the PIP did not receive a compliance check.


TABLE 3 Pediatric investigation plans—clinical studies, status, and outcomes.
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Pediatric investigation plan outcomes

We investigated the status of non-clinical and clinical studies foreseen in the PIPs. Several completed preclinical studies, including juvenile animal toxicity studies, resulted in the MA dossiers of the approved MPs. For eight PIPs, clinical studies resulted in active, recruiting, or not recruiting. Development of copanlisib was terminated after a phase 1/2 study because of “no anticipated benefit respect to standard therapy”. Negative outcomes were also reported for cobimetinib studies.

Modifications in the SmPC were made as follows: for larotrectinib sulfate and entrectinib, a new indication, including high-risk NBL, was included in SmPC, based on the preliminary results of the studies and efficacy data extrapolated by other adult studies, respectively; entrectinib is authorized for use in children older than 12 years. For selpercatinib, the preliminary results were included in the SmPC, without any change of the product indication. It should be noted that, for all these ASs, the related PIPs are still ongoing.



Other regulatory procedures

A total of 39 (20.7%) out of 188 ASs were included in the Community Register of designated Orphan Medicinal Products for a total of 59 orphan designations. Only two orphan designations cover the treatment of NBL. Entrectinib had an orphan designation, but it was withdrawn in 2018 after the product was designated within the PRIME scheme.




Developmental and regulatory status comparison

The results of comparison among different groups of ASs are shown in Table 4. The NDDS priority list group has the highest percentage of ASs with CTs and in particular of CTs, including efficacy preliminary data. No results from these NBL studies were included in SmPC. In the group of ASs associated with a PIP, we observed that all the ASs were entered into early CTs, but only a few included efficacy data. When considering the whole group of ASs with a MA, we observed a higher percentage of ASs already submitted to studies, both preclinical and clinical, including efficacy data. In addition, five ASs were granted a pediatric variation in the SmPC: three products, entrectinib, larotrectinib sulfate, and selpercatinib, are also part of the PIPs group. However, at the time of the SmPC variation, the PIPs were still ongoing. Thus, the variations seem to be independent of the PIP. The other two products (etoposide and doxorubicin) were approved for a pediatric oncology indication (including NBL) in several member states with national MAs not yet harmonized at the EU level.


TABLE 4 Comparison of the regulatory and developmental status.
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Finally, there are 44 ASs, not granted a PIP, for which pediatric clinical studies were identified, including also efficacy preliminary data.




Discussion

There is a larger than expected number of ASs targeting NBL and other pediatric malignancies for which several preclinical and clinical studies have been conducted or are under development. In particular, this number is higher than what is described in the framework of the NDDS forum ended (2020), with 23 genetic targets prioritized out of 40 identified ASs targeting NBL. As a result of our research, 70 ASs entered into the clinical phase; indeed, these studies have been conducted without considering any priority. Owing to the challenges related to the small population and the rarity of the disease (67), it is unlikely that all these ASs, or almost a consistent part of them, will be able to complete a full developmental process up to the inclusion in the frontline or to the market.

Among the ASs included in the clinical phase, ASs targeting/acting on the N-MYC are the most represented and have preclinical and early clinical studies documented in the 46 and 31% of cases, respectively. However, for eight out of 22 ASs of the MYCN group that reached the clinical phase, development was suspended, confirming the several difficulties encountered in moving these drugs to the MA (20). A lower number but a higher percentage of ASs under study were demonstrated for ASs in RAS-MAPK-MEK and VEGF groups. A better outcome may be expected from these studies in the next years.

Our data showed that a large number of ASs (i.e., 115 of 188) have been investigated in preclinical studies, mainly as a part of adult product development, but pediatric-specific studies have been less represented.

On the contrary, it is imperative that the preclinical evaluation is tailored to pediatric specificities and needs, including the characterization of toxicology and safety aspects relevant to the children. Such specificities may have a huge impact on the development of pediatric medicines because it leads regulators to waive the pediatric clinical development for safety reasons, to include contraindications in the SmPC, and to modify/adjust dosing regimen, among others (68). To deal with this issue, an innovative approach is emerging in pediatric drug development, that is exploiting new models, i.e., cells, tissue, organoid, or in silico models (69), instead of animal models, under the paradigm that the utility of animal models in place of children for the evaluation of toxicology, efficacy, and safety parameters is very limited or uncertain (70). Moreover, it was suggested that the ability to predict PK and PD with the adoption of new toxicology models (71, 72) or the use of mechanistic simulations may reduce the need and the duration of pediatric clinical studies (73). In particular, preclinical studies on several ASs could help select more specific and efficacious agents on one or more pediatric tumors, facilitating their prioritization.

Improvement in the direction of reducing the number while increasing the efficiency of clinical studies is also expected by the adoption of an innovative clinical study design (more specifically, basket, umbrella, and platform trials) that is more responsive to the complexity of NBL trials (i.e., limited population, genetic and immune phenotypic traits common to other pediatric cancers, and different agents to be studied in combination) (74). Together with a larger application of pharmacometric models and, where possible, extrapolation of existing data, these CT designs may substantially facilitate the progress of more ASs for pediatric use.

As positive results from our regulatory evaluation of ASs targeting NBL, we underline the following:

1. There were more drugs included in a PIP application than in the previous scenario, which was characterized by a higher number of waivers than the agreed PIPs (5).

2. Several ASs for which a waiver was granted for adults indication were also granted with a PIP for a different pediatric oncologic indication, demonstrating that, even with the lack of a specific rule (as the RACE Act in the USA), a medicinal product can be granted both waivers for adult indications and PIP-covering indications of pediatric interest if justified by the MoA of the AS.

3. Through our analysis of the PIPs, we can derive that a combination of preclinical pediatric-specific studies (including formulation and juvenile animal studies) and early clinical studies with limited phase 3 trials is the approach most required by regulators. It may be useful to use this information as a guide for preparing future pediatric developmental plans.

4. Interestingly, out of 14 PIPs with NBL indication, six include extrapolation, modeling, and simulation studies. However, based on the preliminary results of a pilot study on pediatric and rare MPs approved by EMA (75), a significant increase in other computational and innovative statistical models, also including Real Word Data studies, is expected in the next future. This approach will reduce the total economic and resource costs with advantages for patients, avoiding clinical research with limited possibilities to be successful.

However, this analysis also clarifies that several unresolved issues remain, which are as follows:

1. The majority of PIPs and the pediatric variations in SmPC are associated with adult oncology products. This demonstrates that the development of pediatric oncology products is still driven by adult drugs and not by a pediatric-specific interest in the drug.

2. There are still several ASs, even having an MoA of interest for children granted with a waiver for which pediatric development is not required by the EMA. In the EU, it may be necessary to adopt an ad hoc rule, such as the RACE Act in the USA, to bridge this gap.

3. The current regulatory procedures seem to be unable to assure faster oncology drug development and its timely approval for the market. As an example, we can consider that olaparib received an adult MA in 2014; a PIP for a pediatric indication including NBL was only applied in 2018, with an expected duration for PIP completion of up to 2035. Thus, the pediatric product will (possibly) reach the market 21 years later than the product authorized for adults.

4. Other regulatory procedures applicable to rare and pediatric conditions have been little considered and may be poorly understood by sponsors and researchers (76). As an example, entrectinib was withdrawn by the Orphan Designation Registry, while it received the PRIME designation followed by an accelerated approval. This approval was obtained before completing the pediatric development plan and only covers their use in children older than 12 years, leading to high-risk NBL prevailing in younger children.

In conclusion, in pediatric oncology, the number of approved new medicines has not increased significantly during the recent years. With reference to NBL, some old ASs on the market are still used in current practice without including the NBL pediatric indication. Several new ASs have been proposed for development and included in early CTs, but only a few products have been registered for NBL. Considering the several ongoing initiatives,2, 3,4 some improvements may be implemented.

First of all, scientists, regulatory experts, and developers should work together to identify a more efficient, less costly, and time-consuming “pediatric developmental model” integrating predictive preclinical studies and innovative clinical study designs. This model should be proposed and adopted in the PIP application and then agreed by the regulators as fitting with regulatory standards.

Second, the current regulatory process should better support these new scientific paradigms. In particular, some measures proposed in the context of the revision of the European Pediatric and Orphan Regulations may greatly move forward in this direction (77), which are as follows: (a) a drug potentially useful for cancer should be excluded by the application of waiver based on “disease or condition not existing in the pediatric age” and (b) a PIP-staggered approach may be considered. With this approach, the approval of the PIPs will occur step by step and could be stopped or accelerated according to the preliminary results (i.e., predictive preclinical study results) avoiding the extremely long duration of some PIPs; and (c) new incentives specific for products addressing unmet needs for pediatric and rare diseases (i.e., a PRIME-adapted scheme or dedicated research funds) should be largely adopted.
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Footnotes

1Regulation (EC) No 1901/2006 of the European Parliament and of the Council of 12 December 2006 on medicinal products for pediatric use and amending Regulation (EEC) No 1768/92, Directive 2001/20/EC, Directive 2001/83/EC and Regulation (EC) No 726/2004 (Text with EEA relevance). Official Journal of the European Union L 378/.2. 27.12.2006. Available online at: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32006R1901&from=EN (accessed November 14, 2022).

2SIOP Europe-the European Society for Pediatric Oncology. Available online at: https://siope.eu/ (accessed November 14, 2022).

3The Innovative Therapies for Children with Cancer (ITCC) Platform. Available online at: https://www.itccp4.eu/project/overview (accessed November 14, 2022).

4European Pediatric Translational Research Infrastructure. Available online at: https://eptri.eu/ (accessed November 14, 2022).
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Epigenetic factors 22 (11.7%) 7 (31.8%)
TRK 17 (9%) 8 (47.1%)
ALK 13 (6.9%) 6(46.1%)
Telomerase and ALT 12 (6.4%) 4(33.3%)
Anti-apoptotic proteins 9 (4.8%) 2(22.2%)
RAS-MAPK and MEK 9 (4.8%) 7(77.8%)
VEGF 7(3.7%) 5(71.4%)
PHOX2B 4(2.1%) 0

Polo-like kinase 1 3(1.6%) 0

Topoisomerase 2(1.1%) 2(100%)
Others 23 (12.2%) 7 (30.4%)
Total 188 70
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ASs Associated to a NBL 13 (92.9%) 7 (50%) 14 (100%) 2(14.3%) 3 (21.4%)

PIPs (n = 14)

ASs not associated to a PIP 81(53.6%) 9 (6%) 44.(29.1%) 31(20.5%) 2 (8.7%)

(n=151)

ASs included in NDDS 14 (60.9%) 3 (13%) 22(95.7%) 12 (52.2%) 0

Priority list (n = 23)

ASs associated to a MA (n 54 (100%) 21(38.9%) 40 (74.1%) 25 (46.3%) 5% (9:3%)

=54)

ASs not associated to a MA 61 (45.5%) 3(2.2%) 15 (11.2%) 17 (12.7%) 0

(n=134)

ASsin total sample (n = 115 (61.2%) 24 (12.8%) 70 (37.2%) 12 (223%) 5(2.7%)

188)

*Entrectinib; larotrectinib sulfate; temsirolimus; topotecan; selpercatinib.
ASs, active substances; CTs, clinical trials; PK, pharmacokinetics PD, pharmacodynamics; SmPC, summary of product characteristics; NBL, neuroblastoma; PIP, pediatric investigation plans;
NDDS, neuroblastoma new drug development strategy; MA, marketing authorization.
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Multiple myeloma

Abemaciclib Breast cancer Breast cancer 1. High-grade glioma, NBL;
2. Ewing’s sarcoma
Afatinib NSCLC NSCLC Malignant neoplasms (except hematopoietic and
lymphoid tissues neoplasms); CNS malignant neoplasms
Binimetinib Melanoma with a BRAF V600 Colorectal cancer Melanoma with BRAF V600 mutations
mutation
Crizotinib NSCLC Lung malignant neoplasms Anaplastic large cell lymphoma and inflammatory
myofibroblastic tumors
Olaparib Ovarian cancer, fallopian tube Ovarian cancer, fallopian tube cancer, and Malignant neoplasms (except hematopoietic and
cancer, and peritoneal cancer peritoneal cancer Iymphoid tissue neoplasms), HRR-mutated solid tumors
Trametinib Melanoma and NSCLC with BRAF NSCLC 1. Melanoma with BRAF V600 mutation;
V600 mutation 2. Solid tumor with RAS, RAF, or MEK pathway
activation;
3. Glioma with BRAF V600 mutation
Venetoclax CLL and AML CLL NBL, acute lymphatic leukemia, acute myeloid leukemia,
and non-Hodgkin lymphoma
Carfilzomib Multiple myeloma Multiple myeloma T-cell or B-cell acute lymphoblastic leukemia
Dabrafenib Melanoma and NSCLC with BRAF NSCLC 1. Glioma with BRAF V600 mutation;
V600 mutation 2. Melanoma with BRAF V600 mutation;
3. Solid tumors with BRAF V600 mutation
‘Talazoparib Breast cancer Breast cancer and prostate malignant Ewing’s sarcoma
neoplasms
Imetelstat Not applicable Myelofibrosis AML, myelodysplastic syndromes, and juvenile
myelomonocytic leukemia
Erdafitinib Not applicable Urothelial carcinoma Malignant neoplasms, locally advanced or metastatic
solid tumors with FGFR alterations, and newly
diagnosed solid tumors with FGFR alterations
Palbociclib Breast neoplasms Breast malignant neoplasm Ewing’s sarcoma
Ivosidenib Not applicable Malignant neoplasms (except CNS tumors, Newly diagnosed or relapsed or refractory AML with an
hematolymphoid); isocitrate dehydrogenase-1 mutation
Veliparib Not applicable 1. Fallopian tube cancer, ovarian cancer, Newly diagnosed supratentorial high-grade glioma
peritoneal carcinoma;
2.SCLC;
3. breast cancer
Brigatinib Anaplastic lymphoma kinase NSCLC Newly diagnosed ALK+ anaplastic large cell lymphoma;
(ALK)-positive advanced NSCLC ALK+ unresectable or recurrent inflammatory
myofibroblastic tumors
Ixazomib Multiple myeloma Systemic light chain amyloidosis and Lymphoid malignancy (excluding multiple myeloma)

Ruxolitinib

Myelofibrosis, polycythemia vera,
and graft-vs.-host disease

Thrombocythemia and polycythemia vera

1. Acute graft-vs.-host disease after allogeneic
transplantation

2. Vitiligo

3. Chronic graft-vs.-host disease after allogeneic
transplantation

NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; CLL, chronic lymphocytic leukemia; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; NHL, non-Hodgkin

lymphoma; CNS, central nervous system.
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SmPC variation

MTD/recommended dose and
dose-limiting toxicities
(monotherapy)

MTD/recommended dose and
dose-limiting toxicities
(monotherapy)

Abemaciclib No Dose escalation trial, in Dose escalation trial, in Recruiting
combination combination
Study to evaluate safety and
efficacy (recruiting)
Afatinib Yes Dose escalation trial to assess Dose escalation trial to assess Completed No changes have been included in
safety, PK, and anti-tumor activity | safety, PK, and anti-tumor activity the SmPC.
(monotherapy) (monotherapy)
Cobimetinib Yes Multiple dose 2-stage trial to Multiple dose 2-stage trial to Completed, negative No changes have been included in
evaluate PK, safety, and activity evaluate PK, safety, and activity outcome the SmPC.
(monotherapy) (monotherapy)
Copanlisib No Dose escalating trial to PK, PD, Dose escalating trial to PK, PD, Terminated no Product withdrawn
safety, and activity; safety and safety, and activity anticipated benefits
efficacy trial (not planned)
Entrectinib No Trial to evaluate PK, safety, and Trial to evaluate PK, safety, and Active not recruiting SmPC Variation: Treatment of
anti-tumor activity monotherapy anti-tumor activity monotherapy adult and pediatric patients 12
years of age and older
Idasanutlin No Trial to evaluate PK, toxicity, Trial to evaluate PK, toxicity, Recruiting
safety, and activity; trial to evaluate | safety, and activity
safety and efficacy
Larotrectinib No Trial to evaluate safety and efficacy Trial to evaluate PK, safety, and Recruiting New indication: Treatment of adult
sulfate still ongoing anti-cancer activity and pediatric patients with solid
tumors that display an NTRK gene
fusion
Olaparib No Study to evaluate safety, Study to evaluate safety, Recruiting
tolerability, PK, PD, and tolerability, PK, PD, and
preliminary efficacy; multicenter preliminary efficacy
study safety, tolerability, and
efficacy (recruiting); randomized,
controlled study (not started)
Trametinib No Dose escalation trial to evaluate Dose escalation trial to evaluate Recruiting
safety, tolerability, PK, and PD in safety, tolerability, PK, and PD (in
combination Bioavailability study combination)
in adults
Venetoclax No Dose determination and cohort Dose determination and cohort Active not recruiting
expansion study; (in combination) expansion study (in combination)
Study to evaluate the efficacy
Dabrafenib No Dose escalation trial in Dose escalation trial (in Completed No changes have been included in
combination Bioavailability study combination) the SmPC
in adults
Erdafitinib No Study to evaluate the safety, PK, Study to evaluate the safety, PK 1. Suspended (accrual
and anti-tumor activity in pediatric | and anti-tumor activity in goal met)
patients pediatric patients Study to assess 2. Recruiting
Study to assess the safety, PK, and the safety, PK, and efficacy in
efficacy in pediatric patients pediatric patients and adults
and adults
Regorafenib No Study to evaluate PK/PD, PK/PD, tolerability, safety, and Active- not recruiting
tolerability, safety, and tumor tumor activity (in combination)
activity in the pediatric population
PK model
Study to evaluate the activity,
safety, and efficacy
Selpercatinib No Studies to evaluate the Studies to evaluate the Both recruiting Preliminary results included in the

SmPC

ASs, active substance; CC, compliance check; SmPC, summary of product characteristics; PK, pharmacokinetic; PD, pharmacodynamics; MTD, maximum tolerated dose.
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