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Hurdles of environmental risk assessment procedures for advanced therapy medicinal products: Comparison between European Union and United States
[bookmark: _Hlk15888733]An environmental risk assessment (ERA) consists of an analysis of the risks to human health and the environment that a medicinal product may cause due to its release during clinical development or after entering the market. Regulators in European Union (EU) and the United States (US) require that advanced therapy medicinal products (ATMPs) that are also genetically modified organisms (GMOs) undergo an ERA procedure in order to be approved for marketing authorisation. This work aims to review the regulatory issues that need to be taken into consideration for carrying out an ERA procedure, comparing EU and US. The European regulatory framework for environmental procedures and the dissimilarities in its implementation across the Member States and its implications at a logistical level are analysed in detail. In addition, this review provides a brief insight into the non-clinical and clinical assessments that should be carried out during the development of the product in order to conduct a successful ERA, and thus, facilitate its marketing authorisation and post-marketing monitoring. Finally, the need for a European harmonization regarding environmental procedures for ATMPs is discussed.
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[bookmark: _Toc15463565][bookmark: _Toc15894716][bookmark: _Toc20382910]Introduction
[bookmark: _Hlk15283059][bookmark: _Hlk15888812]Advanced therapy medicinal products (ATMPs) such as gene therapy medicinal products (GTMPs) are at the cutting edge of innovation and hold promise to cure or improve the quality of life for a variety of diseases for which there are no satisfactory therapies. In the case of medicinal products consisting or containing genetically modified organism (GMO), the requirement for conducting an environmental risk assessment (ERA) is regulated by the environmental and human drugs legislation. The clinical use of these therapies might bear a risk of inadvertent exposure of their constituents and/or derivatives into the environment with a potential impact on humans other than patients, causing potentially harmful effects on the ecosystem as well as on human health. GMOs contained in medicinal products may enter the environment by unintended dispersal of the product during administration, by accidental dissemination during product handling, by inappropriate disposal of waste or unused product, or via excretion by the patient. If the GMO is transmitted to other persons, such as medical staff or family members, or the environment at large, the GMO could potentially spread further, undergo genetic or phenotypic changes, infect, reproduce, remain latent, compete with existing species or transfer its genetic material to other species, altering human health and the environment. Therefore, the potential risks associated with such potential scenarios must be evaluated through an ERA. Both in European Union (EU) and United States (US), specific regulations were introduced around the end of the 1980s and early 1990s in order to guarantee the safety use of medicinal products containing a GMO (Anliker et al., 2010; Plan D et al., 2010; Acosta L., 2014).
This review briefly outlines the current regulatory framework in EU and US for the ERA procedures, and discusses the current divergences, hurdles and considerations for ATMPs clinical development relating to GMO applications in EU, bringing up the need for a harmonisation. A brief outline on all reviewed legal acts is presented in Table 1.
[bookmark: _Toc15463566][bookmark: _Toc15894717][bookmark: _Toc20382911]Definition of genetically modified organisms and purpose of environmental risk assessment
In EU and US both GMO definitions are more focused on genetically modified plants and agricultural products rather in pharmaceutical products. According to Article 2 of the European Directive 2001/18/EC, a GMO is defined as “an organism, with the exception of human beings, in which the genetic material has been altered in a way that does not occur naturally by mating and/or natural recombination”, and in accordance with the same Directive, an “organism” is defined as “any biological entity capable of replication or of transferring genetic material”. In the US, for the first time since 1986, are debating a possible change of the definition of a GMO due to the arrival of new techniques of genetic modification to ensure efficiently assessment of the risks of the future products of biotechnology (Barbero R et al., 2017). According to the US Department of Agriculture (USDA), GMOs are organisms obtained through genetic engineering, defined as “the genetic modification of organisms by recombinant DNA techniques”. The new definition proposed by USDA, genetic engineering would be a family of “techniques that use recombinant or synthetic nucleic acids with the intent to create or alter a genome” (FDA Code of Federal Regulations, 2018). Therefore, many GTMPs such as recombinant oncolytic viruses, replication-incompetent viral vectors, and ex vivo genetically modified cells and other recombinant microorganisms fall within GMO definition. Not all AGTMP are by definition a GMO, for example peripheral blood mononuclear cells activated ex vivo with recombinant fusion protein (Sipuleucel-T) were excluded from this definition since the genetic material had not been altered (EMA/440011/2013, 2013).
On the other hand, an ERA, in the context of the pharmaceutical industry, consists of an evaluation and estimation of the risks to human health and the environment that a medicinal product can pose due to its release during clinical development, or subsequently, once it is placed into the market. In this sense, the ERA identifies and evaluates the potential adverse effects of the GMOmedicinal product, either direct and indirect, immediate or delayed, and is a planning and decision-making tool in order to minimize or avoid these effects before they occur (Directive 2001/18/EC, 2001). In EU, an ERA consists of a six-step process while in US is reduced to four-step, although the analysis is essentially the same (Table 2). : i) identification of characteristics which may cause adverse effects, ii) evaluation of the potential consequences of each adverse effect, if it occurs, iii) evaluation of the likelihood of the occurrence of each identified potential adverse effect, iv) estimation of the risk posed by each identified characteristic of the GMO(s), v) application of management strategies for risks from the deliberate release or marketing of GMO, and vi) determination of the overall risk of the GMO. Steps two and three of the European ERA are usually assessed simultaneously, and it is considered one single step in US. When an ERA is performed, it is important not to discount any potential adverse effect on the basis that it is unlikely to occur. Another consideration is that although the ERA should be based on quantifiable outcomes, it is likely that many of the results of the ERA will have to be qualitative while step four combines the occurrence of the adverse effect and the magnitude of the consequences (Directive 2001/18/EC, 2001; European Commission, 2002; ). The format of the ERA in US is similar to the European one, and consists of four main parts: i) identification of substances subject to proposed action, which includes a description of the drug product and its potential metabolites, degradants, or by-products released into the environment, ii) identification and assessment of potential environmental effects, iii) mitigation measures; and iv) alternatives to the proposed action, which discusses alternatives that offer less environmental risk if potentially adverse environmental impacts are identified (FDA Center for Biologics Evaluation and Research (CBER), 1998). 

[bookmark: _Toc20382912][bookmark: _Toc15463567][bookmark: _Toc15894718]Procedures for environmental risk assessment in the EUEnvironmental procedures in Europe
[bookmark: _Toc15463568][bookmark: _Toc15894719][bookmark: _Toc20382913]Overview of the legislation and regulatory framework
During the lifecycle of a pharmaceutical product, an ERA is a mandatory procedure required by the regulatory authorities in order to advance through thefurther developmedevelopnt of tho the se products containing a GMO. This procedure is submitted prior to first-in-human clinical trial, during the subsequent clinical development and for the marketing authorisation application (MAA). The procedure to be followed, t The documents to be submitted at these stages, and the regulatory authorities that will assess the procedure are different; during clinical development, this procedurethe ERA, is conducted according to the requirements of the EU member state in which the trial will be performed, whereas for MAA it is centralised and reviewed by the European Medicines Agency (EMA) and the Committee for Advanced Therapies (CAT), along with the Committee for Medicinal Products for Human Use (CHMP), at the European Medicines Agency (EMA). 
The European legislative framework contemplates two possible ways in which a GMO can come into contact with the environment: a “contained use” and a “deliberate release". Contained use refers to any activity in which microorganisms are genetically modified or in which such genetically modified micro-organisms (GMMs) are cultured, stored, transported, destroyed, disposed of or used in any other way, and for which specific containment measures are used to limit their contact with, and to provide a high level of safety for, the general population and the environment, for instance the use of GMOs in confined laboratories (Directive 2009/41/EC, 2009). By contrast, deliberate release refers to any intentional introduction into the environment of a GMO for which no specific containment measures are used to limit their contact with and to provide a high level of safety for the general population and the environment, i.e. in the context of research purposes when a product that consists/contains a GMO is tested in clinical trials, or when this product is placed to the market. Although the term GMM is used within the legal framework of contained use, and in the case of deliberate use release, the term is GMO, the definitions of these two terms are virtually the same (Directive 2001/18/EC, 2001). In both cases, before any GMO can be used in any of these contexts, the ERA regulatory process should have been submitted and an authorisation must have been granted. The requirements and the procedures for performing an ERA in each case are laid down in Directive 2009/41/EC and in Commission Decision 2000/608/EC10 for contained use of GMOs, and in Directive 2001/18/EC and in Commission Decision 2002/623/EC11 for deliberate release. On one hand, the focus of Directive 2009/41/EC is on the assessment of the biosafety level classification of the GMO and the implementation of physical, chemical and biological barriers in order to limit the contact of the GMO with the environment. The risk classification has consequences for the procedure and review period of the application, and this type of procedure usually requires clinical site-specific notifications. On the other hand, Directive 2001/18/EC seeks to conduct an ERA that considers the effects on human health and the environment prompted by an intentional introduction of a GMO into the environment aiming to provide the safety measures necessary to minimise the potential risks. This Directive was primarily addressed for genetically modified plants and agricultural products, raising difficulties on preparing the ERA since the application forms are generally not designed for medicinal products (Buechner J et al., 2018).
In terms of clinical development, two types of authorizations should be obtained in order to conduct a clinical trial with a GMO-containing medicinal product: one for the clinical trial application (CTA) reviewed by the ethics committees and competent national health authorities, and another one for the GMO application in order to “release” or to administer the GMO-containing medicinal product in that trial. The competent authorities (CAs) of each Member State in charge of GMO evaluations are the Ministries or agencies responsible for the environment in each country, along with a scientific advisory committee, which usually provides a recommendation to the CA on the ERA assessment (Table 32). The GMO application is usually submitted in parallel with the CTA, yet in some Member States such as Bulgaria, Poland, Romania, Slovenia and Slovakia, sponsors are required to obtain the GMO authorisation before the CTA can be submitted. The information to be submitted comprises the comparison of the characteristics of the parental and the modified organisms, details on the genetic modifications, effects of inserted or deleted sequences, details on the release and the receiving environment, possible interactions between the GMO and the environment, and information on the monitoring, control, waste treatment and emergency response plans. The GMO framework does not apply in those cases where the product has been granted a marketing authorisation and the use of the GMO in an intended clinical trial is in accordance with the summary of product characteristics, which aims to administerate the product for the same indication, route of administration and pharmaceutical form. Otherwise, an evaluation would be required in terms of new potential risks that are not covered by the ERA performed for the MAA. In these cases, a special submission form should be provided (European Commission, 2018). 
Regarding marketing authorisation, the MAA submitted to the EMA has to include an ERA, which corresponds to Section 1.6.2 of the MAA dossier included in Module 1, in accordance with the principles of deliberate release and assessed as part of the centralised procedure. This ERA, in accordance with Annex II of the Directive 2001/18/EC, should follow the following general principles: the GMO should be compared to the non-modified organism from which it is derived, the ERA should rely on data derived from specific testing of the GMO during the development and performed on a case-by-case basis, and the ERA needs to be re-evaluated if new information on the GMO or its effects on human health or the environment becomes available. The information to be submitted is outlined in the Annex IIIA, which applies to releases of all types of GMOs other than higher plants, and Annex IV of Directive 2001/18/EC. The EMA has developed two guidelines to provide guidance on the preparation of the ERA for MAA (Table 1) (EMEA/CHMP/BWP/473191/2006 - Corr, 2006; EMEA/CHMP/GTWP/125491/2006, 2008). At the EMA, committee members from various states meet to make decisions about marketing approval, and the designated GMO competent authorities of all Member States are also consulted for review of the ERA (Anliker et al., 2010). Due to the procedural and scientific complexities associated with the ERA evaluation, the EMA recommends to request pre-submission meetings one year in advance of submission of the MAA (EMEA/CHMP/BWP/135148/2004, 2005). Finally, after marketing authorisation GMO-containing medicinal product is subject to traceability and a monitoring plan is to be performed (Table 43). This monitoring plan should include systemic distribution and shedding in some cases, surveillance of long-term side effects, information about adverse or unexpected effects, monitoring effects in individuals other than the patient, if applicable, and information about off-label use (EMEA/CHMP/BWP/473191/2006 - Corr, 2006). 
[bookmark: _Toc15463569][bookmark: _Toc15894720][bookmark: _Toc20382914]Divergences across EU countries during clinical development
Although the mentioned European Directives define the legal framework and objectives to be met by the Member States regarding ERAs, these Directives have been implemented differently across European countries leading to different GMOs procedures and requirements. This lack of harmonisation entails an impact on the logistics of product development that might affect times, costs and managerial burden. In a recent study conducted among commercial ATMP developers, where challenges experienced during various development phases were shared, the most often mentioned challenges were related to country-specific requirements, mainly driven by issues with the GMO legislation raised by GTMP developers. Developers experienced the GMO procedure as a confusing and resource intensive process, leading to duplicate applications or additional inspections that result in time delays and consumption of extra resources (Ten Ham et al., 2018).
[bookmark: _Toc15463570][bookmark: _Toc15894721][bookmark: _Toc20382915]Different applicability of GMO definition
The applicability of the GMO definition has not been so trivial for some investigational products, such as naked nucleic acid or engineered cell therapies. For instance, so far, the European Member States have held diverging views on the inclusion of plasmids as GMO, and for a multinational clinical trial with the same investigational product there were contradictions regarding the need to submit an ERA procedure. Recently, 23 out of 28 countries of the European Economic Area (EEA) in 2018 along with the CAT, have agreed a common interpretation for GMO classification, although it has not been adopted yet by the European Commission (European Commission, 2018). The most recent consensus establishes that a medicinal product for human use that consists of one (or more) plasmid(s) does not fall under the scope of the GMO framework, unless it might represent a potential risk; for example, a delivered plasmid encoding for an anti-HER2 antibody for the treatment of HER2-positive breast cancer (Schenk-Braat et al., 2007) does not require an ERA procedure, while a plasmid-based therapeutic vaccine for HIV is subject to an evaluation since it contains a viral sequence that might have an impact if released to the environment (European Commission, 2013). Similarly, cell therapies need to be analysed case by case, but those consisting of human cells that have been genetically modified with plasmids will generally not be considered as a GMO, provided that the plasmids are not integrative and non-replicative nor contain a viral sequence (European Commission, 2018). On the other hand, investigational human cells genetically modified with viral vectors are regulated as GMOs, and the differences arise when some countries consider that both the viral vector (a starting material in ex vivo transductions) and the genetically modified cells (the drug product) are GMOs, whereas other countries consider that only the viral vector is a GMO (Alliance for Regenerative Medicine, 2017). In addition, for modified cells expressing a therapeutic transgene, there might be slight differences when the organism(s) from which this insertion is derived (also called “donor organisms”) needs to be defined, creating inconsistencies and confusion in the application process. For instance, it is common for chimeric antigen receptor T-cells (CAR-T) to be transduced with a replication-deficient viral vector carrying a CAR gene insert. The CAR receptor is usually derived from the murine monoclonal antibody fused to a human hinge region of an antibody and to human intracellular regions. Some countries consider that the donor organism is the viral vector, while in others the donor organism might be the viral vector and/or the Homo sapiens and Mus musculus species due to the genetic origin of CAR receptor (European Commission, 2019b). The percentage of trials using genetically modified cells, such as CAR-T, is dramatically increasing (Acosta L., 2014; Sermer et al., 2019), most of these cells being genetically modified ex vivo using retroviral or lentiviral vectors (Poorebrahim et al., 2019). For this reason, at the end of 2018, these 23 countries of the EEA endorsed a specific ERA with a common application form for clinical research with human cells genetically modified by means of retro/lentiviral vectors, reducing the administrative burden of the process and unifying the requirements for environmental risk assessment. This common procedure is addressed to those cases in which it can be justified that there is no risk of formation of replication competent viruses, and the finished product is free of infectious viral vector particles that can potentially be released in the environment (European Commission, 2019a).
Finally, cells that have been modified with CRISPR/Cas9 technology should be considered a GMO by definition since the genetic material of the cells has been altered, although no vector has been usedeven if no vector has been used. Some controversy has been generated regarding this issue and it is still under discussion. According to the publicly available information, two recent clinical trials that tested autologous CRISPR/Cas9-modified CD34+ human hematopoietic stem and progenitor cells were authorised after undergoing a GMO procedure (Kim et al., 2016; European Commission, 2019b). In these cases, there is no donor organism since the genetic modification creates an insertion–deletion mutation by endogenous non-homologous end-joining following Cas9. As mentioned, the Directive 2001/18/EC on the deliberate release is focused on genetically modified plants and agricultural products, and contains what is known as a “mutagenesis exemption”, which exempts organisms obtained by mutagenesis from the obligations imposed by the directive on GMOs. On 25 July 2018, the Court of Justice of the European Union ruled that the GMOs created using gene-editing technologies such as CRISPR/Cas9 are subject hereinafter to GMO regulations, although it does not specify if it is addressed to gene-edited crops and/or pharmaceutical products (Callaway, 2018; Court of Justice of the European Union, 2018). More clarifications regarding this issue are expected from the European Commission throughout the coming years.
[bookmark: _Toc15463571][bookmark: _Toc15894722][bookmark: _Toc20382916]Different legal framework across EU countries
Another hurdle for applicants in the authorization of multinational clinical trials are the dissimilarities in the implementation of legislation among the Member States. The release of a GMO within the context of a clinical trial can be included within ‘contained use’ or ‘deliberate release’ regulations depending on the country (Table 32), resulting in wide variability on how the risk is assessed, the requirements and the documents to be submitted, as well as the procedure to be followed. Some Member States decide, on the basis of several factors of a clinical trial, whether a notification for deliberate or contained use is needed. Some of the factors are related with the features of the GMO (e.g. replication-deficient), probability of shedding (i.e. when the GMO is released into the environment via the patients’ excreta), if proper management procedures and/or working practices are taken to prevent any possible release of the GMO, or if patients are hospitalised in a room that fulfils the contained use criteria or treated on an out-patient basis. For other Member States, a clinical trial where GMO-containing medicinal products will be administered falls under the deliberate release legislation, regardless of the specific circumstances of the clinical trial. A European repository of national requirements has been created in order to disseminate the national GMO regulatory requirements and facilitate the development of these medicinal products (European Commission, 2019c).
For some countries, the sponsor must decide into which category the GMO falls based on a preliminary risk assessment and considering the interpretation of national legislation for each procedure. In these cases, it is highly recommended to determine with the competent body which are the GMO classification and/or the procedure to follow before proceeding with the GMO evaluation. Since the CTA and the GMO procedures are reviewed by separate national agencies, some countries offer the possibility of coordinating a scientific advisory panel between both competent bodies, such is as the case of Belgium (Willemarck N et al., 2015). Other countries like the Netherlands offer an informal preliminary consultation of the draft GMO application in order to discuss whether sufficient information for a full risk assessment has been included, avoiding time delays after its submission (Gene Therapy Office, 2019).
[bookmark: _Toc15463572][bookmark: _Toc15894723][bookmark: _Toc20382917]Considerations at logistical level
Although the same GMO is used at different phases of a clinical development or in multiple parallel clinical trials, each clinical trial usually requires a separate GMO evaluation and authorisation. The possibility of integrating one GMO assessment for a whole clinical development may be considered, but needs to be assessed by a CA on a case-by-case basis (European Commission, 2018). This option might be feasible in cases where there are no contemplated changes throughout the clinical development plan that may alter the overall risk assessment. Changes during the clinical development plan may include variations in the indication or target population, manufacturing or formulation aspects that may alter the characteristics of the product or when the overall dose and exposure to the GMO per subject is likely to change. Obtaining this single authorisation might also be easier in cases where the full clinical development is intended to be conducted in a single clinical site, and the analytical procedures to detect and identify the GMO are also carried out at the same site. By doing so, the technical aspects regarding the GMO manipulation by the hospital staff and the methods and procedures to avoid and/or minimize the spread of the GMOs beyond the site of the release will be the same or highly similar throughout the development. On the other hand, it should be considered that planning a full development program in advance is not common or trivial, since at early stage there is uncertainty as to the performance of the investigational medicinal product, and for some countries, final clinical protocols might be required. In addition, the measures to minimise risks when the product is administered/released should be established in advance, being more complicated for multicentre clinical trials where the hospital activities, including transport, storage, preparation, administration, disposal of the product (including patient samples) and the analytical procedures, should be defined. 
From a scientific standpoint, the principles to be addressed for the overall GMO risk assessment are common among all EU member states since they are under the European legal framework. However, the documentation and requirements to be submitted, as well as the administrative fees and timelines differ for each country, adding complexity in the case of multinational clinical trials where several interactions with different regional stakeholders are needed; interactions with CA bodies, the investigators, biological safety officers, hospital pharmacy services of the clinical sites, etc. The duration of the procedure to obtain authorization may also depend on several regional factors and may differ across countries: the quality of the initial assessment provided by the sponsor in accordance with the requirements of each country, the timing of each CA body to perform the evaluation, or the time that it might take the sponsor to clarify the deficiencies dictated during the assessment. The latter point might require additional time-consuming studies, such as method validation or shedding studies. In addition, certain information related to the clinical trial and the GMO to be released is subject to 30 days of public evaluation through EU register, although this is usually done in parallel to the evaluation of each Ministry and competent committees. Finally, another point to consider is the coordination and the fees of all the necessary translations into the national languages of the documents.
Additionally, there are other specific considerations depending on the member state where the clinical trial will take place. For instance, in Germany the long-term storage of the GMO-containing product or contaminated materials at the study site are not covered by the release authorisation, and interaction with the local GMO authorities are required (German Genetic Engineering Act, 1993; Anliker B, 2016). In Belgium, the sponsor has to deliver to the Service Biosafety and Biotechnology (SBB) a control sample of the GMO along with related scientific documentation, at the latest 15 days after the start of the trial, with the aim of detecting and identifying the recombinant virus or micro-organism in case of inspection or accidental release. The detailed protocol for the method of conservation and analysis of the control sample should be provided to a specific laboratory that will evaluate the data (Belgian Biosafety Server, 2019). 
In conclusion, multinational clinical trials involving a GMO should be carefully planned, not only taking into account the studies that may be required for the environmental risk evaluation, but also in terms of the specific documentation and requirements by each country and the estimated duration of each national procedure, in order to coordinate the intended start date of the trial and the overall costs, which include both the regulatory fees and translations. 
[bookmark: _Toc15463573][bookmark: _Toc15894724][bookmark: _Toc20382918]The need for harmonisation
The new Clinical Trials Regulation facilitates to conduct clinical trials in the EU, above all those that are multinational. Under this regulation, the requirements for clinical trials are harmonised across the EU and CTAs are submitted, centralised and assessed by a single authorisation procedure (European Commission, 2014). However, this new regulation does not consider the requirements of the GMO legislation and several initiatives have started to encourage the need for GMO harmonisation, which is a current topic of debate. A multi-stakeholder meeting at EMA took place in 2016, where the divergences in the implementation of GMO procedures in Member States were discussed, as well as the need for changes to the GMO directive itself (EMA/345874/2016, 2016). In 2017, the European Biopharmaceutical Enterprises (EBE), the Alliance for Regenerative Medicine (ARM), the European Federation of Pharmaceutical Industries and Associations (EFPIA), and the European Association for Bioindustries (EuropaBio) published a position paper proposing possible solutions to improve the European regulatory procedures for clinical trials with ATMPs consisting of or containing GMOs, bringing this topic into focus (Alliance for Regenerative Medicine, 2017). In 2018, the European Commission along with the EMA initiated a dialogue with national competent authorities to address the discrepancies across the EU regarding the application of GMO Directives, with the aim to create coherent approaches without changing the basic legislation (EC and EMA Action Plan, 2017; EMA/CAT/614550/2017, 2017). So far, as previously discussed, a common position document has been launched in order to unify the interpretation of the GMO framework and the applicability of the GMO definition (European Commission, 2018), and a common application form has been endorsed by the most competent authorities for human genetically modified cells (European Commission, 2019a). 
[bookmark: _Toc15463574][bookmark: _Toc15894725][bookmark: _Toc20382919]Environmental procedures in United StatesProcedures for environmental risk assessment in the US
In the US, environmental impacts from pharmaceuticals are assessed under the National Environmental Policy Act (NEPA) and NEPA regulations by the Food and Drug Administration (FDA; the federal regulatory medicines agency in the US). FDA’s NEPA policies and procedures can be found under the Code of Federal Regulations (CFR) (21CFR Part 25) (Table 12) (EMEA/273974/20, 2006). According to FDA, those products that consist of gene therapies, vectored vaccines, and related recombinant viral or microbial products should be evaluated for the need of an ERA. FDA regulations specifyies that an ERA must be submitted as part of investigations for new drug (IND) applications (the equivalent of a CTA in Europe), and for the MAA of a biologic product (named BLA in US; Biologics License Application), unless it qualifies for an ERA exemption, also called categorical exclusion (FDA Center for Biologics Evaluation and Research (CBER), 2015Directive 2001/18/EC, 2001; National Environmental Policy Act, 2019). IND applications for the development of an ATMP are ordinarily categorically excluded from the requirement to submit an ERA, unless extraordinary circumstances indicate that the specific action proposed by the agency may significantly affect the quality of the environment. Possible exceptions may usually occur for use of virulent organisms or organisms that are ecologically more fit than their wild-type counterparts. The reason to consider a clinical development a categorical exclusion is that a clinical study involves small quantities of a medicinal product and a limited number of patients, not having a significant cumulative effect into the environment. Therefore, the regulatory process is very short, since the trials are usually exempt from an ERA (Rudelsheim PLJ et al., 2012; FDA Center for Biologics Evaluation and Research (CBER), 2015).
The ERA exemption may also be applicable for the MAA in cases where the gene therapies “occur naturally in the environment”, meaning that the product includes functional protein-coding sequences from one or more species within a single genus. This definition also includes products that differ from a wild-type substance only in attenuating point mutations or deletions, or that have been killed or inactivated by undergoing a specific manufacturing step designed to eliminate their ability to replicate. Thus, most MAA for GTMP will require an ERA, since they usually include functional protein-coding sequences from a different genus. However, unlike in EU, genetically-modified human cells are considered substances that “occur naturally in the environment”, since these cells are not viable in the environment and are degraded into naturally occurring substances (FDA Center for Biologics Evaluation and Research (CBER), 2015). In fact, the two approved CAR-T therapies in US were granted with a categorical exclusion (FDA Center for Biologics Evaluation and Research (CBER), 2017a, b). In those cases where the ERA is required, the necessary information is usually collected while conducting trials and not at an earlier stage of development.
[bookmark: _Toc15463575][bookmark: _Toc15894726][bookmark: _Toc20382920]Environmental studies during development of ATMPs
The ERA in Europe EU and the US is based on nonclinical and/or clinical data, which mainly includes: description of the biological properties of the product that may pose a hazard, pathogenicity, its genetic stability, replication competence, host range, tissue tropism, the ability of the virus vector to survive after being shed, or the clearance, persistence and latency, shedding and biodistribution (Anliker et al., 2010). Therefore, during the development of the product it is necessary to generate enough information to address all these issues and conduct a proper ERA (Table 1).
One of the most important factors to analyse consists in the shedding assessment, which is the dissemination of the virus/vector through secretions and/or excreta of the patient, i.e. saliva, sweat, urine, faeces, nasopharyngeal fluids, blood, exudates from skin lesions, breast milk and semen. Shedding studies constitute the fundamental studies for an ERA, since they are used to understand the potential risk associated with transmission to third parties and the potential risk to the environment. These studies are usually carried out for oncolytic and virus-based gene therapy products, and not for genetically modified mammalian cells and other products (FDA Center for Biologics Evaluation and Research (CBER), 2014). When evaluating shedding, biological properties of the product such as replication competence, the status of the host including immunocompetence, dose and route of administration, sampling frequency and duration of sampling, and method analysis, are all important considerations for data interpretation (Okeke et al., 2017). The biological properties of the wild-type strain can provide guidance in shedding evaluations, as well as inventories of shedding data from publications on clinical gene therapy trials (Schenk-Braat et al., 2007). The nonclinical shedding assessments can be integrated into the design of other nonclinical studies such as preliminary and pivotal nonclinical studies. Clinical shedding assessments are also non-standalone studies and are integrated into the clinical trial designs. The nonclinical data allows the choice of clinical samples that need to be collected from subjects in a trial (e.g., faeces, urine, nasal swabs), the frequency of sample collection and duration of the monitoring period. There are two main guidelines that extensively explain how the design of the shedding studies and its analysis should be conducted; the EMA Guideline on general principles to address virus and vector shedding (ICH considerations) and the FDA Guideline on design and analysis of shedding studies for virus or bacteria-based gene therapy and oncolytic products (Table 2). The use of a quantitative polymerase chain reaction PCR (qPCR)-based assay and/or infectivity assays to detect viral/vector genetic material are the usual methods to assess the shedding, having into consideration that these methods should be qualified (ICH M6, 2009). 
Biodistribution assessments are also another key point for the ERA, as they provide information about the dissemination of the recombinant vector from the site of administration. This fact may influence the routes of shedding of the virus from the recipient, and therefore, the likelihood of transmission to third parties, including vertical transmission. Similarly to shedding assessments, biodistribution is usually part of the pivotal study and there is a minimum panel of tissues to be analysed, apart from the ones considered necessary depending on the product and route of administration, i.e. blood, injection site(s), gonads, brain, liver, kidneys, lung, heart, and spleen (FDA Centre for Biologics Evaluation and Research (CBER), 2018). If vector is detected in gonads, germline transmission studies should be performed (EMEA/273974/20, 2006). 
Depending on the features of the product and the results of the nonclinical and clinical development, it should be noted that the proposed Summary of Product Characteristics (SmPC) will communicate the risks of shedding and transmission to the prescribing physicians, as well as handling of the product should also adequately described. Some additional environmental considerations for approved ATMPs are summarised in Table 34.
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[bookmark: _Hlk15889012][bookmark: _Hlk15889081]In the EU, clinical trials with medicinal products that contain or consist of GMOs are subject to both clinical trials and environmental legislations under national competences, where an ERA needs to be submitted at each step of clinical development. In the US, an ERA is necessary for clinical trials only in specific cases, and it is required when the product nears commercialization. In this sense, compared to the European situation, GTMP developers do not need to produce as much information to conduct the ERA at an early stage of development or deal with the administrative burden that it entails. In addition, the lack of harmonisation of the GMO requirements across the European Member States implies a challenge to integrate the GMO assessment in the clinical trial process, above all for multinational trials. Both in the EU and the US, there are harmonised and detailed guidelines on the ERA requirements for a MAA, where the assessment is evaluated under a centralised procedure by the EMA committees in the case of EU, and by the FDA in the case of US. While in US there is the option of categorical exclusion for certain GTMPs, for the same product in EU a full ERA should be submitted in accordance with Annex II to Directive 2001/18/EC on the deliberate release, subject to a monitoring plan after its authorisation. It is recommended to include shedding and biodistribution assessments at an early stage of development along with a full characterisation of the product, as it will allow a proper ERA and will guide in the design of clinical studies, as well as facilitate the marketing authorisation and post-marketing monitoring requirements. Although EU and US Agencies are actively supporting common scientific approaches on the regulation of ATMPs in order to facilitate their development, this is not the case with regard to environmental legislation that consists of (Reinforced EU/US collaboration on medicines, 2018;  Iglesias-López CObach M et al., 2019). 
One of the current topics of debate in relation to environmental regulation is the need for a European harmonization that rationalises regulatory processes and where the same scientific approaches are adopted. The rise of advanced therapies and their clinical use in a context of development or commercialization has highlighted these European differences, which is leading to great efforts for harmonization in a short time. Although there is currently a European repository that gathers the required requirements to carry out clinical trials with ATMPs, a centralised process is needed, such the one that will be implemented with the new regulation for clinical trials, consisting of a single "on-line" node for the presentation and consultation of applications throughout the union, where the evaluation and supervision is coordinated by the member states with defined and established timeframes. This would allow the presentation of common documents in a single international language (i.e. English), reduce the times of applications and approvals, especially in multicentre trials, as well as reduce the translation burden to the official languages of each member state. This "single portal" would not have to circumvent certain specific national requirements, such as those mentioned for Germany or Belgium, and would still speed up the process. These specific requirements could be described in this portal in this single language, thus facilitating the procedures. On the other hand, it should be noted that in order to be able to present these common documents, first, an harmonization of which products are defined as GMO, which is considered "donor organism", a common terminology, or a homogeneous classification of "deliberate use" or "contained use" is essential. Although consensus documents are being launched for the EEA countries, a single, consensual European document is needed to address all these points of divergence. The coordination of a parallel review between the health authorities in charge of the CTA and the regulatory authorities for the GMOs is not so trivial, since they are different regulatory bodies evaluating different processes although within the same context, i.e. the clinical trial. This coordination could be handled by the Sponsor in order to minimize the time between both authorizations.
One of the proposed solutions that would further optimize these procedures is to adapt the future European portal for clinical trials to integrate the GMOs procedures. During the process a single coordinator and contact is proposed between the Sponsor and the authority responsible for CTA review and the regulatory organism responsible for the GMO. Finally, even more optimized would be the implementation of a specific centralized process for clinical trials with ATMPs consisting of or containing GMOs.
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Table 11. Legislative and regulatory framework for environmental risk assessment for advanced therapies inin  Europethe EU and the United States
	Regulatory Guidelines and Legislation

	European Union

	Directive 2009/120/EC and Regulation (EC) No 1394/2007 
	Advanced therapy medicinal products regulation

	Directive 2001/83/EC and Regulation 726/2004/EC 
	Procedures for the authorization and supervision of medicinal products for human and veterinary use and establishing a EMA

	Directive 2009/41/EC 
	Contained use of genetically modified micro-organisms

	Directive 2001/18/EC
	Deliberate release into the environment of genetically modified organisms Regulation

	EMA (EMEA/CHMP/ICH/449035/2009)
	General Principles to Address Virus and Vector Shedding

	EMA (EMEA/CHMP/GTWP/125491/2006)
	Guideline on Scientific Requirements for the Environmental Risk Assessment of Gene Therapy Medicinal products

	EMA (CHMP/GTWP/60436/07)
	Guideline on Follow-up of patients administered with gene therapy medicinal products

	EMA (EMEA/CHMP/GTWP/125459/06)
	Guideline on the non-clinical studies required before first clinical use of gene therapy medicinal products

	EMA (CHMP/ICH/469991/2006)
	General Principles to Address the Risk of Inadvertent Germline Integration of Gene Therapy Vectors

	EMA (EMEA/CHMP/BWP/135148/2004)
	Environmental risk assessment for medicinal products containing, or consisting of, genetically modified organisms (Module 1.6.2)

	EMA (EMEA/CHMP/BWP/473191/2006-Corr)
	Guideline on environmental risk assessment for medicinal products containing, or consisting of, genetically modified organisms

	United States

	U.S. Food and Drug Administration (1998)
	Environmental Assessment of Human Drug and Biologics Applications 

	U.S. Food and Drug Administration (2015)

	Determining the Need for and Content of Environmental Assessments for Gene Therapies, Vectored Vaccines, and Related Recombinant Viral or Microbial Products

	U.S. Food and Drug Administration (2015)

	Guidance document for industry on Design and Analysis of Shedding Studies for Virus or Bacteria-Based Gene Therapy and Oncolytic Products

	U.S. Food and Drug Administration 
(MAPP 5015.7 Rev. 1) (2017)
	Manual of policies and procedures. Environmental Assessments and Claims of Categorical Exclusion

	U.S. Food and Drug Administration (2015)
	Considerations for the Design of Early-Phase Clinical Trials of Cellular and Gene Therapy Products

	U.S. Food and Drug Administration (2018)
	Long Term Follow-Up After Administration of Human Gene Therapy Products. This guideline provides considerations for preclinical study design to assess biodistribution

	U.S. Food and Drug Administration (2008)
	Content and Review of Chemistry, Manufacturing, and Control Information for Human Somatic Cell Therapy Investigational New Drug Applications. A particular section of this guideline addresses how to the environmental impact should be addressed 

	U.S. Food and Drug Administration (2018)
	Testing of Retroviral Vector-Based Human Gene Therapy Products for Replication Competent Retrovirus During Product Manufacture and Patient Follow-up. This guideline provides recommendations regarding the testing for replication competent retrovirus during the manufacture and follow-up monitoring of patients: key factors to be considered in an ERA 

	U.S. Food and Drug Administration (2016)
	Recommendations for Microbial Vectors used for Gene Therapy. This guideline considers biodistribution studies at preclinical level and shedding assessments as a part of clinical monitoring

	International guidelines

	ICH (2009)
	General Principles to Address Virus and Vector Shedding

	ICH (2006)
	General Principles to Address the Risk of Inadvertent Germline Integration of Gene Therapy Vectors

	ICH (2009)
	Oncolytic Viruses. International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use


EMA: European Medicines Agency; ICH: International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use; FDA: U.S. Food and Drug Administration.


Table 2. Environmental risk assessment step procedure in the EU and the US
	Region
	ERA step process
	Environmental analysis
	Examples and/or Comments
	Comparison

	EU
 
 
 
 
 
	1. Identification of characteristics which may cause adverse effects
	· Characteristics of the GMOs linked to the genetic modification that may result in adverse effects on human health or the environment 
· 
· Comparison of the characteristics of the GMO(s) with those of the non-modified organism under corresponding conditions of the release or use will assist in identifying the particular potential adverse effects arising from the genetic modification
	· Location of the construction in the genome of the GMO where the transgenes were inserted
· Potential interaction of the different transgenes
· Phenotypic and genetic instability.
· Spread of the GMO(s) in the environment (e.g. pathways of dispersal, biological fitness, etc.)
· Interactions with other organisms
	Equivalent to steps 1 and 2 of the ERA in US

	
	2. Evaluation of the potential consequences of each adverse effect, if it occurs
	· For each adverse effect identified, the consequences for other organisms, populations, species or ecosystems exposed to the GMO have to be evaluated
· In quantitative terms the magnitude should be expressed as ‘high’, ‘moderate’, ‘low’ or ‘negligible’
	· One single hazard could have more than one adverse effect, and the magnitudes of the individual adverse effects could be different
	Equivalent to step 2 of the ERA in US

	
	3. Evaluation of the likelihood of the occurrence of each identified potential adverse effect
	· Estimate how likely it is that adverse effects will actually occur. In some cases, both the likelihood and the frequency should be addressed.
· The likelihood of the occurrence of an effect will depend on the specific risk management measures that may prevent that risk from occurring
	· The relative likelihood of the consequence can probably not be assessed quantitatively, but it can be expressed in terms of ‘high’, ‘moderate’, ‘low’ or ‘negligible’
	Equivalent to step 2 of the ERA in US

	
	4. Estimation of the risk posed by each identified characteristic of the GMO(s)
	· Estimation of the risk to human health or the environment posed by each identified adverse effects, given the state of the art, by combining the likelihood of the adverse effect occurring and the magnitude of the consequences, if it occurs
· The overall uncertainty for each identified risk has to be described
	· To include assumptions and extrapolations made at various levels in the ERA, different scientific assessments and viewpoints, uncertainties, the known limits of mitigation measures
	Equivalent to step 2 of the ERA in US

	
	5. Application of management strategies for risks from the deliberate release or marketing of GMO
	· The ERA may identify risks that require measures to manage them, and a risk management strategy should be defined
	-
	Equivalent to steps 3 and 4 of the ERA in US

	
	6. Determination of the overall risk of the GMO
	· An evaluation of the overall risk of the GMO(s) should be made taking into account any risk management strategies which are proposed
	-
	Equivalent to step 3 of the ERA in US

	US
 
 
 
	1. Identification of substances subject to proposed action, which includes a description of the drug product and its potential metabolites, degradants, or by-products released into the environment
	-
	· Identify degradation products to be released
· Identify known and potential variants of the GMO released into the environment (e.g. replication competent product may be present as an impurity)
· Data to demonstrate the release of vector DNA into the environment (detectable by PCR at the injection site and/or in excreta)
	Equivalent to step 1 of the European ERA

	
	2. Identification and assessment of potential environmental effects
	Assessment of the magnitude and likelihood of each environmental effect should be presented, and a conclusion should be given regarding the overall risk to the environment 

· To be based both on events known to occur and those that may be reasonably foreseeable 
· The likelihood of environmental effects may be assessed experimentally: amount of GMO and their metabolites released from patients into the environment, environmental decay and half-life measurements, frequency of uptake by susceptible species and estimates of infectious dose
	· Identification of characteristics which may cause adverse effects: phenotypic attributes of the parental strain and/or vector, environment into which the GMO may be introduced, attributes of the genetic alteration
· Assessment of the magnitude of each environmental effect combined with the likelihood of the effect occurring
· The risk may be described in qualitative terms ranging from high, moderate, and low to negligible
	Equivalent to steps 2, 3, and 4 of the European ERA

	
	3. Mitigation measures
	· This section should describe any measures taken to avoid or mitigate the overall environmental risk and may include procedures to inactivate, contain, limit exposure, or monitor release of a product 
	-
	Equivalent to step 5 of the European ERA

	
	4. Alternatives to the proposed action, which discusses alternatives that offer less environmental risk if potentially adverse environmental impacts are identified
	· Measures may be proposed to mitigate individual effects and depending on the adequacy of these measures, they may lower the overall risk level 
	-
	Equivalent to step 5 of the European ERA




Table 32. ERA framework for GMOs in some EU Member States
	Member State
	Competent authority
	Scientific advisory
committee
	ERA Framework for clinical trials with GMOs

	Netherlands
	The Ministry of Infrastructure and Water Management (IenW) and the Office for Genetically Modified Organisms (GMO Office)
	Netherlands Commission on Genetic Modification (COGEM)

	Deliberate release

	Germany
	The Federal Office of Consumers Protection and Food Safety (BVL)
	Central Commission on Biological Safety (ZKBS) and Paul-Ehrlich-Institute, residing with the Ministry of Health 
	Deliberate release

	Spain
	Ministry of Environment
	The Spanish Biosafety Commission (CNB) and the Interministerial Advisory Committee (CIOMG)
	Deliberate release

	Italy
	Italian Medicines Agency (AIFA), Ministry of Health (Competent Authority for the contained use), Ministry for Environment, Land and Sea Protection (Competent Authority for the deliberate release)
	-
	Depending on the potential for releasing the GMO in the environment and its capacity replicate, transmit and disseminate into the environment, clinical trials are handled as contained use or deliberate release activities

	Belgium
	Regional authorities from the Flemish, Walloon and Brussels-Capital Region are responsible for the contained use 

The Federal Agency for Medicines and Health Products (FAMHP; Competent Authority for the deliberate release)
	Biosafety and Biotechnology Unit (SBB; responsible of the scientific evaluation of clinical trials regulated under the ‘contained use’ framework)

Belgian Biosafety advisory Council (advisory body for deliberate release) 
	For clinical trials in all cases an authorisation must be obtained according to the contained use legislation. However, if there is a probability of possible release that may confer a risk to human health or the environment which cannot be avoided by proper management procedures or working practices, a notification under ‘deliberate release’ is also required

	France
	Ministries of Environment, Agriculture, Research, Health and Consumer Affairs
	Haut conseil des biotechnologies
	Depending on the potential for releasing the GMO in the environment, clinical trials are handled as contained use or deliberate release activities

	Denmark
	Working Environment Authority (WEA), Ministry of Employment, is responsible for the safety regarding contained use.
Environmental Protection Agency (EPA), Ministry of Environment and Food of Denmark
	-
	Contained use

	Finland
	Board for Gene Technology
	-
	Depending on the potential for releasing the GMO in the environment and its capacity replicate, transmit and disseminate into the environment, clinical trials are handled as contained use or deliberate release activities

	Poland
	Ministry of the Environment
	-
	Contained use

	Portugal
	Portuguese Environment Agency (APA)
	-
	Depending on the potential for releasing the GMO in the environment and its capacity replicate, transmit and disseminate into the environment, clinical trials are handled as contained use or deliberate release activities




Table 43. Considerations of environmental risk assessment for the approved advanced therapy medicinal products in the EuropeU and the United States
	Product Name 
	INN
	Type of product
	Environmental assessment considerations in EU
	Environmental assessment considerations in US

	
	
	
	MAA
	Post-marketing considerations/surveillance
	MAA

	Glybera
	Alipogene tiparvovec
	Non-cell-based GTMP: AAV-1 capsid with AAV-2 backbone expressing the S447X variant of the human lipoprotein lipase (LPL) gene. The virus is replication deficient and non-integrating.
	· Discussion of the effects of over-expression of LPL in an otherwise healthy human, including an estimation of the exposure that an accidental self-inoculation would result in
· Discussion of the risk of integration and potential insertional mutagenesis
· Describe the origins of each of the vector genome sequences and provide details of these small intervening DNA sequences
· Clarify if WPRE expressing X protein may be associated with oncogenesis
· Since WHV is endemic to marmot species found in the EU were concerns whether the WPRE might be a novel sequence for this environment
· Submission of batch release tests to preclude the presence of replication competent vector.
· Justification of pathogenicity of baculoviruses in humans since vector particles may contain fragments of baculovirus DNA which could encode for ORFs expressed late in baculovirus replication*.
· Justify the recombination events that might occur between baculovirus vectors during manufacture of Glybera and their potential to result in the formation of replication-competent AAV*.
· To justify the frequency of homologous recombination with sequences in the environment (horizontal gene transfer) and the possibility of uptake of vector DNA by microorganisms.
· Shedding and biodistribution studies were submitted.
· Discussion of possible gem line transmission.
· Discussion of potential dissemination of infectious disease or the creation new reservoirs or vectors.
· Justification for not conducting a post-marketing monitoring plan.
	· Long term monitoring was conducted on the health of patients and any healthcare workers accidentally exposed to the product
	Not approved in US

	Imlygic
	Talimogene laherparepvec
	Non-cell-based GTMP:

Disabled recombinant HSV-1 encoding for human granulocyte macrophage colony-stimulating factor (hGM-CSF) gene
	· Describe the tropism, pathogenicity and infection capability of talimogene laherparepvec in comparison to the wild type HSV1. 
· Discuss the potential recombination of talimogene laherparepvec with wild-type HSV-1 virus. Clinical data investigated whether talimogene laherparepvec after being injected intratumorally could also distribute to the site of natural HSV-1 infection and establish infection, latency and reactivation.
· Discussion of the potential transmission of talimogene laherparepvec to an unintended human recipient and establishment of latency/ re-activation.
· Discussion of the risks from inadvertent transmission, the likelihood of transmission to occur at the site of talimogene laherparepvec administration and the potential for exposure from the environment.
· Discussion of the magnitude of consequences of talimogene laherparepvec transmission to immune-compromised and pregnant individuals.
· The clinical pharmacology program was focused on the assessment of the viral clearance of talimogene laherparepvec by analysing the biodistribution in the blood and urine, and viral shedding of the infectious virus (from the surface of injected tumour(s) and the exterior occlusive dressing).
	· Evaluate the disseminated herpetic infection in immunocompromised patients 
· Monitor the potential transmission of talimogene laherparepvec from patient to close contacts or HCPs via direct contact with injected lesions or body fluids resulting in symptomatic infection (primary or reactivation) 
· Monitor symptomatic herpetic infection due to latency and reactivation of talimogene laherparepvec or wild-type HSV-1 in patients 
· Assessment of accidental exposure of HCP to talimogene laherparepvec 
· Additional clinical biodistribution and shedding data in melanoma
	· An ERA was prepared pursuant to 21 CFR part 25. The ERA provided a quantitative assessment of Imlygic environmental exposure and environmental stability.
· Evaluation of the biodistribution and shedding was subject of a postmarketing requirement (PMR)
· Imlygic-associated herpetic infection in non-tumour tissue of treated patients (primary infection or reactivation/latency) and contacts (transmission/accidental exposure) was a PMR requirement.

	Strimvelis
	Autologous CD34+ enriched cell fraction that contains CD34+ cells transduced with retroviral vector that encodes for the human ADA cDNA sequence
	
Cell-based GTMP

The viral vector is a replication deficient gamma-retroviral vector based on MoMLV 
	· Long-term monitoring of potential RCR in clinical trials. Discussion of homology with human endogenous retroviral sequences (HERV).
· Two biodistribution studies were submitted 
· Discussion related to risk of germline transmission
· Justification for not conducting shedding studies. 
· Discussion of the probability of introducing surface-bound retroviral particles
· Product-related manufacturing materials are tested for recombinant virus formation in line with good manufacturing practice
	· Pharmacovigilance plan: development of RCR
	Not approved in U.S.

	Zalmoxis
	Allogeneic T cells genetically modified with a retroviral vector encoding for a truncated form of the human low affinity nerve growth factor receptor (ΔLNGFR) and the herpes simplex I virus thymidine kinase (HSV-TK Mut2))
	Cell-based GTMP

The γ retroviral vector used for ex vivo transduction is   an integrative, replication defective vector
	· Analysis of the characteristics of Zalmoxis and its components and their possible interaction with the environment, in particular any potential adverse effects due to survival, multiplication or dispersal.
· No specific studies on viral shedding were performed since no direct in vivo administration of the retroviral vector was foreseen
· Discussion of possible gem line transmission of vector related sequence to the progeny and justification for not conducting studies
· Discussion of the possibility to release free retroviral vectors or RCR and infection of non-target human and animal species.
	· Pharmacovigilance plan: development of RCR.
	Not approved in U.S.

	Kymriah
(tisagenlecleucel)

	Patient’s T cells are engineered ex vivo to express the anti-CD19 CAR using a
CTL019 (murine) HIV-1 replication-defective vector, (recombinant third-generation self-inactivating lentiviral vector derived from the HIV-1 lentiviral genome)
	Cell-based GTMP
	· Assessment of the likelihood of presence of RCLs in the final product and subsequent transmission of RCRs to thirds 
· Assessment of the likelihood of formation of RCL in patients
· Assessment of the likelihood of transmission of replication-incompetent vectors. 
· Assessment of the likelihood of transmission of genetically modified T-cells by accidental administration to thirds or after bleeding 
	· Monitoring of RCR
· Long-term safety
	Categorical exclusion from an Environmental Assessment under 21 CFR 25.31(c)

	Yescarta
(axicabtagene ciloleucel)

	Patient’s T cells are engineered ex vivo to express the anti-CD19 CAR using a replication incompetent γ-retroviral vector containing the CAR transgene
	Cell-based GTMP
	· 
	
	Categorical exclusion from an Environmental Assessment under 21 CFR 25.31(c)

	Luxturna 
(voretigene neparvovec)

	Naturally-occurring AAV2, replication deficient, requiring co-infection with helper viruses to replicate. The vector genome contains the therapeutic gene expression cassette
	Non-cell-based GTMP
	· Justification for not performing sequencing of each batch, testing product identity on import into the EU, and testing for gene product expression and potency.
· Justification of the p5 promoter position and potential for minimising homologous recombination between vector plasmid and packaging plasmid
· Proof of absence of an ability to transform bacteria and possibly confer resistance to bacteria in the environment
· Clinical shedding studies were performed analysing samples of tears and serum in Phase III trials. 
· Biodistribution justification after sub-retinal injection of the product. The assays used to detect virus and immune response to the capsid and the transgene were not validated to an acceptable standard, and these data were not considered to be definitive
	· Long-term safety (> 9 years) 
· Third party transmission 


	· The ERA provided a quantitative assessment of the product environmental exposure based on data from biodistribution and shedding studies, lot release testing and related nonclinical studies, and a worst-case assumption in each case.
(Studies were developed in parallel with EU).

	ZOLGENSMA (onasemnogene abeparvovec-xioi)
	Recombinant form of self-complementary AAV9, which contains human SMN protein-encoding transgene
	Non-cell-based GTMP
	Not approved yet in EU
	No data available
	· The applicant submitted an environmental assessment (EA) pursuant to 21 CFR part 25. The Agency determined that approval of the drug product will not result in any significant environmental impact
· Vector shedding after infusion with the drug product was investigated at multiple time points during the clinical study. Samples of saliva, urine and stool were collected the day after infusion.
· Biodistribution was evaluated in nonclinical studies and in two patients who died


AAV1: Adeno-associated virus serotype 1; AAV2: Adeno-associated virus serotype 2; ERA: environmental risk assessment; HSV-1: herpes simplex virus serotype 1; MAA: Marketing Authorisation Application; MoMLV: Moloney murine leukaemia virus; ORF: open reading frame; RCR: replication competent retrovirus; RCL: Replication Competent Lentivirus; WPRE: Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element; WHV: Woodchuck Hepatitis Virus. 
* The GMO is manufactured using a system of 3 recombinant baculoviruses in an insect cell line.

