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Hospital CTU and Pharmacy. A process mapping was established to trace all the steps of the circuit and to identify potential risks or failures. The Risk Analysis was performed according to the Failure Mode, Effects, and Criticality Analysis (FMECA). The criticality of each risk (Minor (Mi), Moderate (Mo), Significant (S) or Major (Ma)) was scored and Corrective Actions or Preventive Actions (CAPA) for Mo, S and Ma risks were proposed.

Results:

We identified five Mo, six S and no Ma risks for the CTU part of the process. The most frequent risk was the traceability failure. To reduce its frequency, we developed and qualified a software dedicated to the ATMP activities. Another S risk was the non-compliance of CAR-T cells specific steps due to the important variability between companies. Our CAPA was to implement procedures and informative sheets specific for each CAR-T cells program.

In addition, critical steps were added in the ATMP software. Our CAPA allowed to reduce the criticality of identified risks to one Mi, seven Mo and three S.

For the Pharmacy part of the process, five Mo, two S and one Ma risks were identified. The most critical risk was the breaking of integrity of the CAR-T cells bag at the time of thawing.

In case of unavailability of a back-up bag, we designed and validated a Degraded Mode of Operation allowing product recovery. In this exceptional circumstance, an agreement has to be signed up between the physician, the Pharmacy, the CTU and the sponsor or the Marketing Authorization Holder. Implemented CAPA allowed to reduce the criticality of risks to three According to the European Regulation, Chimeric Antigen Receptor T cells (CAR-T cells) are Gene Therapy medicinal products [START_REF]Scientific recommendation on classification of advanced therapy medicinal products[END_REF] . Indeed, the active substance of CAR-T cells corresponds to genetically modified T cells, by the addition of a transgene that encodes for a Chimeric Antigen Receptor (CAR). The therapeutic effect of CAR-T cells depends directly on the expression of this receptor and the subsequent activation of the T-cell immune activities against the identified cancer cells [START_REF]Scientific recommendation on classification of advanced therapy medicinal products[END_REF] .

The development of the first CAR expressed by T cells began in the late 80's [START_REF] Kuwana | Expression of chimeric receptor composed of immunoglobulin-derived V regions and T-cell receptor-derived C regions[END_REF][START_REF] Gross | Expression of immunoglobulin-T-cell receptor chimeric molecules as functional receptors with antibody-type specificity[END_REF] . Despite a major expansion of clinical trials on these promising approaches, only two CAR-T cells products have so far been granted a Marketing Authorization (MA) in the USA in 2017 then in Europe in 2018:

-Kymriah® (tisagenlecleucel) from Novartis Europharm is indicated for the treatment of (i) pediatric and young adult patients up to 25 years of age with B-cell acute lymphoblastic leukemia (ALL) that is refractory, in relapse post-transplant or in second or later relapse and (ii) adult patients with relapsed or refractory diffuse large B-cell lymphoma (DLBCL) after two or more lines of systemic therapy [START_REF]) summary of positive opinion for Kymriah[END_REF] .

-Yescarta® (axicabtagene ciloleucel) from Kite Pharma is indicated for the treatment of adult patients with relapsed or refractory diffuse large B-cell lymphoma (DLBCL) and primary mediastinal large B-cell lymphoma (PMBCL), after two or more lines of systemic therapy [START_REF]Committee for Medicinal Products for Human Use (CHMP) summary of positive opinion for Yescarta[END_REF] .

It is important to highlight that these two authorized medicines as well as the majority of CAR-T cells in clinical trials are autologous products. However, allogeneic CAR-T cells are also in development and some of them are undergoing clinical trials [START_REF] Depil | Off-the-shelf' allogeneic CAR T cells: development and challenges[END_REF] . Depending on the origin of the starting material (autologous or allogeneic T-cells), the pharmaceutical circuit will not be the same. Herein, we will develop only the circuit of the autologous products as it is more complex, particularly at the stage of cell collection that has to be envisaged for each single patient to be treated. The arrival of the first CAR-T cells drug (at that time as an investigational medicinal product) required a complete reorganization and an adaptation of the pharmaceutical and the Hospital circuits for these new medicines. Indeed, the specific feature of autologous CAR-T cells is that the starting material consists of cells collected from the patient himself. The European directive 2004/23/EC stipulates that the competent authority of each member state, must ensure that cell collection is carried out under the responsibility of an authorized establishment 12 . According to the French regulation and in application of the above mentioned European directive, preparation, preservation, transport, distribution and transfer of cells are placed under the responsibility of a Cell Therapy Unit (CTU) [START_REF]définissant les règles de bonnes pratiques relatives à la préparation, à la conservation, au transport, à[END_REF][START_REF]Décision du 5 Mai 2017 modifiant la décision du 27 octobre 2010 définissant les règles de bonnes pratiques relatives à la préparation, à la conservation, au transport, à la distribution et à la cession des tissus, des cellules et des préparations de thérapie cellulaire[END_REF] . CTU have to be authorized for these activities by the French Medicines Agency, referred to as ANSM [START_REF]définissant les règles de bonnes pratiques relatives à la préparation, à la conservation, au transport, à[END_REF] .

Saint

However, the final CAR-T cells product, becomes in application of EU regulation 2001/83/EC cited above, an Advanced Therapy Medicinal Product. Thus, it has to be sent back to the Hospital Pharmacy which has the responsibility of the pharmaceutical circuit for receipt, storage and final distribution of the medicinal product 15,[START_REF]modifiant l'arrêté du 28 mars 2019 limitant l'utilisation de médicament de thérapie innovante à base de lymphocytes T génétiquement modifiés dits CAR-T Cells autologues indiqués dans le traitement de la leucémie aiguë lymphoblastique à cellules B et/ou du lymphome à grande cellule B, à certains établissements de santé en application des dispositions de[END_REF] . It is important to highlight that this circuit is different from hematopoietic stem cells (HSC) transplantation. Indeed, HSC transplantation does not meet the ATMP definition according to the EU regulation 2001/83/EC. Thus, HSC transplantation is defined as a cell therapy preparation which is entirely under the responsibility of a CTU, according to the Good Practices of Tissues and Cells defined by the French Medicines Agency (ANSM) [START_REF]définissant les règles de bonnes pratiques relatives à la préparation, à la conservation, au transport, à[END_REF] .

At Saint-Louis Hospital, we implemented the following organization (Figure 1) which starts once the eligibility of the patient to receive a CAR-T cells treatment has been confirmed. The first step is carried out by an Apheresis Unit and, consists of a leukapheresis for collecting peripheral blood mononuclear cells (PBMC) from the selected patient. Collected cells are immediately transferred to the CTU, where Quality Controls (QC) are performed on the cells which have become now a "starting material" for the future CAR-T medicinal product. At Saint-Louis Hospital, a joint decision between the clinical departments, the Apheresis unit and the CTU has been taken to systematically perform QC on the starting material. After QC, there are two possibilities: (1) Collected PBMC are immediately shipped to the manufacturing facility, at 4°C as a cell suspension. (2) Collected PBMC are frozen and cryopreserved in a nitrogen vapor phase at the CTU before the shipment to the manufacturer. Currently, this step is performed for only one pharmaceutical company (Novartis Europharm). Since the majority of CAR-T cells manufacturing sites are located outside the European Union territory, an authorization to export human cells must be issued to the CTU by the French Medicines Agency (ANSM) [START_REF]Code de la santé publique -Article L1245-5-1 | Legifrance[END_REF] .

After manufacturing and QC, the CAR-T cells are released by the manufacturer as a cryopreserved medicinal product for distribution to the Hospital. In France, as already explained above, the receipt and further handling of any medicinal product, including CAR-T cells, is under the responsibility of the Hospital Pharmacy 15,16 . However, the majority of French Hospital Pharmacies are not equipped for the receipt and storage of cryopreserved products. To address this issue, a partnership was established between the Saint-Louis Hospital Pharmacy and CTU, the latter having a fully controlled cryobiology area. This collaboration is now regulated by a decree authorizing the delegation by the Hospital Pharmacy of CAR-T cells storage and/or manipulation to an authorized CTU 15,[START_REF]modifiant l'arrêté du 28 mars 2019 limitant l'utilisation de médicament de thérapie innovante à base de lymphocytes T génétiquement modifiés dits CAR-T Cells autologues indiqués dans le traitement de la leucémie aiguë lymphoblastique à cellules B et/ou du lymphome à grande cellule B, à certains établissements de santé en application des dispositions de[END_REF] .

Thereby, the cryopreserved CAR-T cells are directly shipped to the CTU facility. The receipt and regulatory controls will be carried out by the Hospital Pharmacy staff, before the final storage in the cryobiology area of the CTU. When the patient is ready to receive the medicine, the Pharmacy staff is responsible for thawing the CAR-T cells, at the CTU facility. The final distribution to the Hematology department is done within the allocated time period post thawing (30 min for Kymriah® [START_REF]Kymriah-epar-product-information[END_REF] and 3 h for Yescarta® 19 ). The Intensive Care Unit and the Neurology department are also informed and can be involved, at any time, in case of adverse effects. Regarding the complexity of this circuit, a strong coordination between the CTU, the Pharmacy and the pharmaceutical companies is mandatory to guarantee the quality of the product, its safe delivery and administration. In order to secure this new and complex circuit, we performed a risk analysis as part of our Quality Management System (QMS). Because of the close relationship between the CTU and the Hospital Pharmacy, and shared responsibilities, this risk analysis was restricted to the activities carried out by these two departments.

Materials and Methods

The risk analysis was performed according to the guidelines ICH Q9 on the Quality Risk Management [START_REF]ICH guideline Q9 on quality risk management[END_REF] .

Process Mapping and selection of the process steps

To visualize interactions between the CTU and the Pharmacy, we established a process mapping for these two Hospital departments which allowed to distinguish three main processes i) Management Process, ii) Realization Process and iii) Support Process.

The Management process encompasses the QMS of both the CTU and the Pharmacy. The Realization Process is related to the global circuit of the CAR-T cells products. The management of CAR-T cells circuit involves a multidisciplinary organization, which required a highly coordinated collaboration between several Hospital departments and the pharmaceutical companies. The Support Process encompasses the management of facilities, equipment, staff, documentation, traceability system, outsourcing activities, regulatory monitoring, non-compliance management, vigilance, hygiene and safety, audit and autoinspection.

The risk analysis will focus on the realization process itself, considering only the steps involving the CTU and the Hospital Pharmacy (Figure 2). 

Interdisciplinary working group

Based on the Quality Risk Management guidelines recommendations [START_REF]ICH guideline Q9 on quality risk management[END_REF] , we set up an interdisciplinary working group (expert group). The expert group was composed of three pharmacists, two laboratory technicians and one quality assurance manager from the CTU, and three pharmacists from the Hospital Pharmacy. Two decision makers, one from each department, were also appointed.

Risk management method and tools

Regarding the complexity of the CAR-T cells operational circuit, the chosen tool for the risk analysis should be appropriate. The "failure mode, effects and criticality analysis" (FMECA) methodology was selected as it offers the possibility to quantify the amplitude of a failure mode effect, using a score that determines the risk criticality [START_REF]Analysis techniques for system reliability -Procedure for failure mode and effects analysis (FMEA)[END_REF] . The determination of criticality allows to prioritize failures or risks for which corrective actions or preventive actions (CAPA) should be put in place. The FMECA was performed according to the International Standard IEC 60812 [START_REF]Analysis techniques for system reliability -Procedure for failure mode and effects analysis (FMEA)[END_REF] . For the selected critical steps of the realization process, the various risks or failures likely to occur were identified.

Process step description and assessment

All process steps entering the scope of this analysis were ascribed the following criteria: A. Process Steps: the realization process was divided into elementary steps. Each step was allocated a reference number: PcX for CTU and PpX for Pharmacy (P: Process, c: CTU, p: Pharmacy and X: number of the step). 

Risk identification

A risk description was performed for each elementary step, in order to identify potential failures that could prevent the correct realization of the process. A reference number was assigned to each identified risk: PcXRY for CTU and PpXRY for Pharmacy (P: Process, c: CTU, p: Pharmacy, X: number of the step, R: Risk, Y: number of the risk).

Risk assessment

For each identified risk, the expert group evaluated the probability of occurrence (O), the severity of effect (S) and the probability of detection (D) using a criticality scoring matrix established and validated by the expert group (Table 1). Considering the risk ranking scale used for O, S and D (Table 1), the identified risks for the various steps analyzed may be attributed a RPN ranging from 1 to 512 (Table 2). The scores were then ranked according to a four-level risk category: minor, moderate, significant and major. Depending on the criticality of the risk, the expert group decided that for (i) moderate criticality, CAPA should be envisaged when deemed necessary, for (ii) significant criticality, CAPA should be described and put in place systematically and for (iii) major criticality, CAPA should be described and put in place systematically and urgently (Table 2). 

Probability of occurrence (O) Description

Results

The description of the realization process allowed to identify four steps under the responsibility of the CTU (Pc steps): (i) PBMC receipt from the Apheresis Unit, (ii) PBMC handling (freezing), (iii) PBMC cryopreservation and (iv) PBMC shipment from the CTU to the manufacturer. Concerning the Pharmacy, four steps were also identified (Pp steps): (i) CAR-T cells receipt by the Pharmacy staff in the CTU facility, (ii) CAR-T cells storage in the cryobiology area of the CTU, (iii) CAR-T cells thawing by the Pharmacy staff in the CTU facility and (iv) CAR-T cells distribution by the Pharmacy staff to the clinical department (Figure 2).

We will only present and discuss risks with RPN score equal or above 8, i.e. moderate criticality and above.

1. Risk analysis of activities performed by the CTU (Table 3)

PBMC receipt from the Apheresis Unit

For this first elementary step at the CTU, two significant risks were identified (Table 3, Pc1-Pc2):

-Confusion between PBMC received from the Apheresis Unit and PBMC to be shipped to the manufacturing site (Pc1R1, RPN = 64): this risk can occur because the dedicated areas for receipt and shipment of products by the CTU are too close to each other. The impact is critical in case of products inversion. To solve this issue, after re-organization of the CTU facilities, these two areas were extended and totally separated. This corrective measure by reducing the O score from 4 to 1, decreased the criticality of this risk to moderate (RPN = 16).

-Non compliant traceability of received PBMC (Pc2R1, RPN = 64): this risk is significant and the most frequent. The root cause was due to the non-electronic traceability system for the ATMP activities at the CTU. To address this issue, we developed a software, dedicated to the ATMP activity, and included it into the CTU QMS. This software allows to record data regarding the PBMC receipt, QC operations, manipulation when necessary, storage and shipment to the manufacturing site. This CAPA, by reducing the O score from 8 to 4, decreased criticality which however remains still significant (RPN = 32).

PBMC handling

For this CTU elementary step, we identified one moderate and two significant risks (Table 3, Pc3 -Pc4):

- -Non-compliant delay between the Apheresis and PBMC freezing (Pc3R2, RPN = 8) (only for Novartis Europharm circuit) : this risk has been judged exceptional by the expert group, but may become more and more frequent because of the significant increase of CAR-T cells activity in the CTU daily activities. This adds to the management of HSC products used for transplantation, which represents the main activity of a CTU. To avoid this risk, our preventive action was to allocate dedicated staff, facilities and equipment to the CAR-T cells activity. However, as the occurrence of this risk was considered exceptional (O = 1) and the proposed CAPA have no impact on S and D scores, the overall criticality was not reduced (RPN = 8).

-Non-compliant traceability of PBMC freezing (Pc4R1, RPN = 64): refer to paragraph 1.1.

and Table 3 risk Pc2R1.

PBMC cryopreservation

This elementary step is optional for the processing of PBMC received from the Apheresis unit. For the PBMC units for which such a step is requested, we identified one moderate and two significant risks (Table 3, Pc5 -Pc6):

-Storage of the cryopreserved PBMC in a non-dedicated equipment (Pc5R1, RPN = 16):

this risk has been identified in case, for the same patient, a first collection of HSC has been prescribed for an autologous graft, followed by the decision of initiating a treatment with CAR-T cells. The critically score was moderate (RPN = 16) but its impact may be significant in case of a confusion between the PBMC and the HSC for the same patient.

To diminish this risk, we separated the storage location of PBMC intended for the CAR-T cells manufacturing and the HSC cryopreserved for the transplantation. For that, a tanker of vapor nitrogen was dedicated to the storage of PBMC and the location is handled by the ATMP software. This CAPA reduced the occurrence of this risk from rare to exceptional (O = 1).

-Non-compliant traceability of PBMC freezing (Pc6R1, RPN = 64): refer to the paragraph 1.1. and Table 3 risk Pc2R1.

-Deviation of storage temperature not declared to the CAR-T cells manufacturer (Pc6R2, RPN = 32): the temperature of all nitrogen tankers is monitored 24h/24 and 7d/7 with an electronic traceability and alarm system. However, it has been observed that not all deviations were declared to the CAR-T cells manufacturer, at the time of shipping. To solve this issue, we implemented a systematic temperature traceability in the ATMP software, in order to provide a full recording of the storage temperature applied during the storage period of PBMC and before they are shipped to the CAR-T cells manufacturer.

This corrective measure, reduced the criticality score from significant to moderate (RPN = 8).

PBMC shipment from the CTU to the manufacturer

For this last, but crucial, elementary step to be carried out by CTU, we identified two significant and one moderate risks (Table 3, Pc7 -Pc8):

-PBMC shipment scheduling without prior CTU agreement (Pc7R1, RPN = 64): in the beginning of the CAR-T cells activity at Saint-Louis Hospital, the pharmaceutical companies had organized the circuit from the Apheresis up to cells shipment to their manufacturing site without concertation, in terms of timing and time slot availability with the CTU staff. This affected significantly the CTU organization as; PBMC shipment to the correct manufacturing site requires two CTU staff members. Our corrective action was to put in place an email address dedicated to organizing, in advance, the necessary action plan and time slot to prepare PBMC shipment in the best security conditions. Nowadays, no PBMC shipment is made without the prior agreement of the CTU staff. This preventive measure, allowed to significantly reduce the occurrence, from very frequent (O = 8) to exceptional (O = 1) diminishing the criticality score from significant to moderate (RPN = 8).

-Non-compliant shipment equipment (Pc8R1, RPN = 8): this risk includes the absence of temperature monitoring, seals or attached documents sent by the pharmaceutical company.

This will delay the shipment and consequently disorganize both the CTU activity and the rest of the complex process. The corrective action was to organize an in advance delivery of the equipment and documentation by the company, allowing an a priori checking by the CTU staff members before preparing shipment operations. This measure reduced the risk criticality from moderate to minor (RPN = 4).

-Errors during the shipment step (Pc8R2, RPN = 32): errors or confusion can be envisaged between patients, brand name and company, or regulatory procedure (MA versus clinical trial). As the impact is critical (S = 8), two preventive actions were put in place: (i) the shipment frequency was limited to one operation per day and per company, (ii) two CTU staff members were dedicated to this step. Although S cannot be modified by these CAPA, the proposed measures decreased the occurrence score (O = 1) and finally reduced this risk criticality to moderate (RPN = 16). One shipment per day, by two dedicated CTU staff Table 3: Risk analysis according to FMECA of activities performed by the CTU: PBMC receipt from the Apheresis Unit step (Pc1 -Pc2); PBMC handling step (Pc3 -Pc4); PBMC cryopreservation step (Pc5 -Pc6) and PBMC shipment from the CTU to the manufacturing site step (Pc7 -Pc8). Process steps description (P), risk description (PR), criticality scoring (RPN) before (up-line) then after CAPA (down-line) and CAPA description.

Process steps Risk description O S D RPN CAPA

Risk analysis of the Pharmacy steps (Table 4)

CAR-T cells receipt by the Pharmacy staff

During this process, we identified two moderate and one significant risks (Table 4, Pp1 -Pp2):

-CAR-T cells receipt scheduling without the Pharmacy agreement (Pp1R1, RPN = 32): this risk was the most frequent (O = 8) and can be explained by the variability of CAR-T cells pharmaceutical circuit between countries. Indeed, in France, any medicine, including ATMP, is under the responsibility of the Hospital Pharmacy. Even if the CAR-T cells are delivered to the CTU, the receipt and the control are under the responsibility of the Pharmacy. In order to reduce the frequency of this risk, we established a mandatory appointment with the Pharmacy for any CAR-T cells delivery. This corrective measure reduces the risk criticality from significant to minor (RPN = 4).

-Confusion between equipment of cryopreserved PBMC shipment and CAR-T cells delivery (Pp2R1, RPN = 8): this risk is possible because PBMC shipment and CAR-T cells delivery are both realized in the CTU facility and may occur simultaneously. To avoid any confusion, we implemented a systematic identification of any equipment delivered to the CTU and related to the CAR-T cells activity. However, this measure did not modify the risk criticality.

-Damage during the shipment of CAR-T cells (Pp2R2, RPN =16): this risk is moderate however, its impact is critical with the possibility to lose the product. A joint decision between the clinical department, the CTU and the Pharmacy was to begin the lymphodepleting chemotherapy of the patient only after the confirmation of CAR-T cells receipt and the integrity of the bag by the Pharmacy. This preventive measure allows to make the probability of detection of this risk systematic and immediate (D = 1) at the moment of CAR-T cells receipt and control by the Pharmacy staff.

CAR-T cells storage in the cryobiology area of the CTU

During this process, we identified one moderate and one significant risks (Table 4, Pp3 -Pp4):

-Error or lack of CAR-T cells storage traceability (Pp3R1, RPN = 64): this significant risk may appear because the Pharmacy staff performs the storage, in the CTU facility, without any common traceability platform between both departments. To correct this risk, our aim is to implement the traceability of CAR-T cells storage in the dedicated ATMP software.

This corrective measure will allow to reduce the criticality of this risk to moderate (RPN = 8).

-Deviation of storage temperature (Pp4R1, RPN = 16): this risk is moderate but its impact is significant if the storage temperature is not conform to requirements of CAR-T cells sponsor or MA holder. To prevent this risk, we have dedicated a CTU nitrogen tanker to the ATMP storage. The temperature and the alarm were adapted in order to meet the lowest required temperature threshold. In case of an alarm, the CTU staff schedules an urgent intervention. In case of a major default, products are urgently transferred in a backup tanker by the CTU staff, with information immediately given to the Pharmacy staff. This measure allows to reduce the frequency of this risk to exceptional (O = 1).

CAR-T cells thawing by the Pharmacy staff

During this process, we identified two moderate risks (Table 4, Pp5):

-Absence of tocilizumab before thawing (Pp5R1, RPN = 16): the impact of this risk may be critical (S = 8) in case of absence or insufficient doses of tocilizumab. Indeed, tocilizumab is used for the treatment of cytokine release syndrome (CRS), which can be fatal in the absence of a rapid therapeutic management of patients. To avoid this risk, thawing of any CAR-T cells medicine is performed only after the confirmation of a sufficient stock of tocilizumab (up to 4 doses) at the Hospital Pharmacy. This preventive measure reduces the criticality of this risk from moderate to minor (RPN = 4).

-Breaking of CAR-T cells bag integrity (Pp5R2, RPN = 8): even if the criticality of this risk is moderate, the severity of its effect is the most critical as it can results in the total loss of the product. In case of unavailability of a back-up bag at the pharmaceutical company, we implemented a Degraded Mode of Operation for product recovery. In this case, an agreement is established between the clinical department, the Pharmacy, the CTU and the pharmaceutical company. This preventive measure reduces the severity of this risk from critical to significant (S = 4), as it would prevent the total loss of the product.

CAR-T cells delivery by the Pharmacy staff to the clinical department

During this process, we identified the only major risk of our circuit (Table 4, Pp6):

-Use of non-compliant administration device (i.e. filter use) (Pp6R1, RPN = 128): the administration devices are delivered by the Hospital Pharmacy to different clinical departments. Regarding the major criticality of the use of a non-compliant device by nurses for CAR-T cells administration, the Pharmacy staff delivers systematically CAR-T cells thawed bag with the administration device. In addition, informative sheets for the use of this material were implemented for nurses. These preventive measures allows to reduce the risk criticality from major to moderate (RPN = 8). 

Discussion

CAR-T cells represent a new generation of biological medicines, named ATMP [START_REF]and of the Council of 13 November 2007 on advanced therapy medicinal products and amending Directive 2001/83[END_REF][3][4] . Despite the large panel of existing clinical trials, only two medicines (Kymriah® and Yescarta®) have been granted MA in USA and in Europe. It is important to note that both MA were based on the results of phase II studies and that phase III are in progress [START_REF]Phase III B in Acute Lymphoblastic Leukemia -Full Text View -ClinicalTrials[END_REF][START_REF]Efficacy of Axicabtagene Ciloleucel Compared to Standard of Care Therapy in Subjects With Relapsed/Refractory Diffuse Large B Cell Lymphoma -Full Text View -ClinicalTrials[END_REF] .

In France, Saint-Louis Hospital and Robert-Debré Children Hospital were the first two investigational centers to use CAR-T cells for adult and pediatric patients treatment respectively. The Saint-Louis Hospital CTU and Pharmacy have to manage both clinical centers in terms of procurement, manipulation and storage of the leukapheresis as well as the receipt, storage and preparation of the CAR-T cells products before administration to the patient. As the first qualified centers, an implementation of a new pharmaceutical circuit for these innovative products was necessary. This circuit for two Hospital sites required a strong collaboration between the CTU and the Pharmacy, which was a first time in France for such a new and advanced medicinal product. CAR-T cells are complex and fragile products, with significant organizational constraints due essentially to the very short shelf life of the final product, which has to be kept in nitrogen vapor and administered within 30 minutes after thawing. Despite a promising clinical efficacy offering an additional therapeutic opportunity to patients, the current CAR-T cells preparations of autologous origin present several limitations. The first major limitation is the production lead time before the product is available since the medical decision. The production lag time can reach more than one month between the confirmation of patient eligibility and the CAR-T cells administration [START_REF] Couzin-Frankel | Supply of promising T cell therapy is strained[END_REF] . Considering the current indication, this long waiting period is often not compatible with patient clinical condition despite the use of a bridging therapy [START_REF] Schuster | Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma[END_REF][START_REF] Yakoub-Agha | Management of Adults and Children Undergoing Chimeric Antigen Receptor T-cell Therapy: Best Practice Recommendations of the European Society for Blood and Marrow Transplantation (EBMT) and the Joint Accreditation Committee of ISCT and EBMT (JACIE)[END_REF] . In addition, at the manufacturer level, the limitation in the production capacities (only few manufacturing sites currently approved) with often lack of manufacturing slots can further increase the waiting list. To limit patient waiting, there was a need for an increased coordination between Hospital actors and the MA holder or clinical trial sponsors.

As an example, our analysis highlighted the importance of the correct timing for PBMC shipment from the CTU to the manufacturer (Table 3, Pc7R1). All these parameters, including manufacturing failure are being recorded in the survey requested to the MA holder by the regulatory authorities and to be coordinated by the EBMT [START_REF]EBMT receives a regulatory qualification from the European Medicine Agency (EMA) on the use of its patient registry to support novel CAR T-cell therapies[END_REF] .

Thus, arrival of these products in our Hospital required an important preparation for all involved actors. Regarding the need to organize a strong collaboration between the CTU and the Pharmacy, we decided to implement a common risk analysis of the CAR-T cells pharmaceutical circuit. In all, we evaluated 31 steps divided into four processes for the CTU and four for the Pharmacy. For all these steps, we identified ten risks with moderate criticality and eight risks with significant criticality. It is worth noting that only one major risk was identified for the 31 steps studied in the circuit, which from the prescription up to the final administration, is even more extended. Preventive and/or corrective measures were implemented by priority according to the severity of the risk impact [START_REF]Analysis techniques for system reliability -Procedure for failure mode and effects analysis (FMEA)[END_REF] .

For the CTU processes that include PBMC receipt, freezing, cryopreservation and shipment to the manufacturer, five moderate and six significant risks were identified. The implementation of CAPA allowed us to reduce the criticality for one minor, seven moderate and three significant risks. For the Pharmacy processes including CAR-T cells receipt, storage in the CTU cryobiology area, thawing and delivery; we identified five moderate, two significant and one major risks. After CAPA, risk criticality was reduced to three minor and five moderate risks. It is important to highlight that implemented measures allowed to eliminate significant and major risks for the Pharmacy steps, illustrating the benefit of such a risk analysis approach.

At the CTU level, our analysis determined that the most frequent risk was traceability deviations or failures. This risk, identified as of the first step of the process is critical as; if not detected, will propagate on the remaining steps of the circuit and will be at the origin of quality or safety defects of the final product. The recently adopted guidelines on Good Manufacturing Practices (GMP) for ATMP, as well as the Directive 2004/23/EC and the Regulation 1394/2007 impose that a traceability system should be put in place from the cells collection up to the final ATMP delivery to the recipient [START_REF]Guidelines on Good Manufacturing Practice specific to Advanced Therapy Medicinal Products[END_REF] . Those regulations accept both manual or electronic system for traceability recording. It is noteworthy that traceability recording represents a Common-Cause Failures (CCF) [START_REF]Analysis techniques for system reliability -Procedure for failure mode and effects analysis (FMEA)[END_REF] . Indeed, in our case, where a manual system is used, the risk analysis showed that traceability deviations can occur during several steps of the circuit. To correct this risk we developed a software dedicated to the ATMP activity in the CTU and after its implementation, the frequency of traceability deficiencies was reduced. Indeed, the electronic system allowed a real-time traceability, improved by a double control and a validation step conducted by one of the CTU manager. In addition, this software allows to edit electronically labels that meet the International Society of Blood Transfusion (ISBT) for cellular therapy standards [START_REF][END_REF] . Based on this satisfactory result our perspective is to generalize the use of this software at the CTU level for other ATMPs and to extend its use to the Pharmacy for tracing the receipt, storage and delivery of the final CAR-T cells medicinal product. It is important to highlight that the use of a software represents also a CCF. To avoid this, a qualification and a validation of the software were done according to the GMP [START_REF]Guidelines on Good Manufacturing Practice specific to Advanced Therapy Medicinal Products[END_REF] .

At the opposite of this high frequency risk, the risk analysis identified several other risks with an exceptional occurrence level. This finding was expected as it is well acknowledged that FMECA has certain limits such as neglecting certain low criticality risk because of the rarity of occurrence of these events. The best example highlighted by our analysis was the risk for the CAR-T cells bags to break during thawing (Table 4,Pp5R2). Despite the exceptional occurrence of this failure, the impact was deemed the most critical with potential irreversible consequence for the patient and a high financial loss for the Hospital. Indeed, a critical limit of autologous CAR-T cells, is the absence, in most cases, of a second additional bag as a back-up which imposes, in case of product damage, the manufacturing circuit to be restarted from the Apheresis step. From the example, it should be concluded that the FMECA should not be the unique tool used to anticipate and appreciate failures severity in a highly-complex pharmaceutical circuit like the one covering the CAR-T cells production and delivery. Other influential parameters must be taken into account as the probability of avoidance or the fault detection mechanisms [START_REF]Analysis techniques for system reliability -Procedure for failure mode and effects analysis (FMEA)[END_REF] . For this mode of failure, there is little option for autologous CAR-T cells therapy as the starting material is limited to a new leukapheresis. In this context, allogeneic CAR-T cells could represent an alternative, allowing a rapid availability of off the shelf products [START_REF] Depil | Off-the-shelf' allogeneic CAR T cells: development and challenges[END_REF] .

In addition, FMECA does not allow to exhaustively identify all the risks. Thus, this approach must be dynamic and has to mature over the time. Therefore, our analysis was based on our real-life experiences and accompanied by scientific and regulatory advancements.

In regards to Pharmacy activities, it is important to note that only one major risk was identified by our analysis, concerning the use by the nurse, of a non-compliant administration device (Table 4,Pp6R1). This risk can be explained in case of lack of information given by the pharmaceutical companies or sponsors, regarding the administration procedures of their product. In addition, it is noteworthy that administration procedures and devices may vary between companies or sponsors as well as for investigational and commercial products. To reduce the occurrence of this major risk at Saint-Louis Hospital, it has been decided that the administration device should accompany the final product, ready to use after thawing, delivered by the Pharmacy staff. In addition, the Pharmacy staff has to follow the correctness of the CAR-T cells infusion procedure, to detect immediately any error in terms of final traceability, administration device and completion time of administration. Finally, to reinforce the control of this risk, the Pharmacy and the CTU staff collaborated together to provide nurses and medical staff with information sheets about the administration procedures.

Conclusion

In France, few Hospitals have, so far, been qualified by sponsors or pharmaceutical companies to have access to CAR-T cells treatments for their patients. This qualification is a long and complex process, requiring for Hospital structures, to meet new quality standards especially in terms of traceability, staff training, coordination, storage and delivery procedures. Until 2018, the choice of Hospital centers having access to CAR-T cells was under the mere decision of sponsors or MA holder. In 2019, a specific French decree has established a regulatory framework to restrict access to autologous commercialized CAR-T cells to the Hospitals fulfilling specific provisions laid down in the French public health code 15,[START_REF]modifiant l'arrêté du 28 mars 2019 limitant l'utilisation de médicament de thérapie innovante à base de lymphocytes T génétiquement modifiés dits CAR-T Cells autologues indiqués dans le traitement de la leucémie aiguë lymphoblastique à cellules B et/ou du lymphome à grande cellule B, à certains établissements de santé en application des dispositions de[END_REF] .

Saint-Louis Hospital in Paris was one of the first qualified centers in Europe to treat patients with CAR-T cells, requiring implementation of this new multi-actor pharmaceutical circuit.

Establishing a secured circuit of ATMP in the French hospitals is an important issue to guarantee their safe use. Our FMECA allowed to detect the numerous causes of potential risks of this circuit and to reduce, thanks to identification of relevant CAPA, their criticality, resulting in a better control of the CAR-T cells circuit. This analysis appeared all the more important; in a context of a weak recoil of security and efficacy of these products, to guarantee the best use of such high cost (price and hindered cost of the circuit) innovative product. The effectiveness of implemented CAPA is continuously assessed, in particular through audits in both CTU and Pharmacy departments. These measures may be adapted in accordance with regulatory or medical advancements as well as in response to new requirements of pharmaceutical companies.

Our perspective is to apply this risk analysis to other ATMPs used in our Hospital. In addition, our risk analysis could serve as a case study for other French or European health centers wishing to implement a secure pharmaceutical circuit of CAR-T cells or other autologous ATMP treatments. Besides the commercialized CAR-T cells (Kymriah® and Yescarta®), other ATMP have been granted a MA in Europe. As an example, Zynteglo® (betibeglogene autotemcel) is a Gene Therapy used for the treatment of a transfusiondependent β-thalassemia 30 . Zynteglo® is composed of autologous HSC transduced with lentiviral vector encoding the β-globin gene. As for CAR-T cells, the starting material consists of cells (HSC) collected from the patient himself whereas the final product is a drug.

The same circuit can be applied for Strimvelis® 31 . This Gene Therapy is indicated for the treatment of Severe Combined Immunodeficiency and consists of autologous HSC transduced with retroviral vector which encodes for the human adenosine deaminase.

In February 2020, the EBMT and JACIE published recommendations on the management of patients under CAR-T cells therapy [START_REF] Yakoub-Agha | Management of Adults and Children Undergoing Chimeric Antigen Receptor T-cell Therapy: Best Practice Recommendations of the European Society for Blood and Marrow Transplantation (EBMT) and the Joint Accreditation Committee of ISCT and EBMT (JACIE)[END_REF] . Regarding the large variability among pharmaceutical companies and the pharmaceutical circuit, a reflection on harmonized Hospital and pharmaceutical circuits should also be considered to facilitate and secure the circuit of ATMP product in any Hospital center.

  Abbreviations

  Mi and five Mo. Introduction The last twenty years have been marked by the emergence of biotherapies, with the development of biotechnological medicinal products such as recombinant proteins. In 2003, the European Directive 2003/63/EC 1 completed in 2007 by the European Regulation 1394/2007 2 introduced a new class of biological medicinal products identified as « Advanced Therapy Medicinal Products (ATMP) ». This Regulation amended European Directive 2001/83/EC relating to medicinal products for human use 3 . The definition of ATMP was revised in 2009, and are nowadays classified into four categories: (1) Gene Therapy medicinal products, (2) Somatic Cell Therapy medicinal products, (3) Tissue Engineered products and (4) Combined Advanced Therapy Medicinal products 4 .

  -Louis Hospital, in Paris, was the first European Hospital qualified for the use of Kymriah® in adults and the second one for the use of Yescarta®. Robert Debré Hospital was the first European Hospital qualified for the use of Kymriah® in children, and is also managed by the CTU and the Pharmacy of Saint-Louis Hospital. The compliance with the Foundation for the Accreditation of Cellular Therapy (FACT) and the Joint Accreditation Committee of the International Society for Cell Therapy (JACIE) and the European Society for Blood & Marrow Transplantation (EBMT) Standards 11 was mandatory by the pharmaceutical companies to qualify both centers.

Figure 1 :

 1 Figure 1: Pharmaceutical circuit of CAR-T cells medicine in a French Hospital. (1) Confirmation of patient eligibility to receive a CAR-T cells treatment by the clinical department (hemato-oncology unit). (2) Harvest of autologous PBMC in an Apheresis unit. (3) Transfer of PBMC to a Cell Therapy Unit (CTU), where Quality Controls are performed. (4) Shipment of PBMC by the CTU the day of harvest at 4°C or, (4 bis) cryopreservation before shipment. (5) CAR-T cells manufacturing by the pharmaceutical company. (6) Receipt of cryopreserved CAR-T cells at the CTU facility, by the Hospital Pharmacy staff. (7) CAR-T cells thawing and delivery by the Pharmacy staff. As the Pharmacy does not have the required facility and equipment, an agreement with the CTU was implemented (6-7). (8) CAR-T cells administration in the clinical department (hemato-oncology unit).

Figure 2 :

 2 Figure 2: Process mapping of CAR-T cells pharmaceutical circuit. Description of the Realization Process of the CAR-T cells pharmaceutical circuit between the Saint-Louis Hospital CTU and Pharmacy.

B

  . Definition of Process Steps: brief description of the elementary steps included in the CTU and Pharmacy sub process. C. Performers: identification of staff involved in each elementary step. D. Input data: description of elements on which each elementary step acts. E. Output data: description of elements that the elementary step produces. F. Purposes of the process: description of the objective(s) of each elementary step. G. Success factors: description of elements that contribute to the successful completion of the elementary step. H. Performance indicators: identification of performance indicators (dashboard, ratio, etc).

  Non-compliant CAR-T cells specific steps (Pc3R1, RPN = 32): each PBMC unit received by the CTU may have gone to a different destination depending on the initial medical decision (inclusion into a clinical trial, prescription for Kymriah® or Yescarta®…). As such, the cell processing is specific for each clinical trial and commercial product, creating the risk of confusion or omission. Considering the significant criticality of this risk (RPN = 32), we implemented dedicated procedures, informative sheets and specific steps to be initiated and open by the ATMP software (see above) upon receipt of the PBMC bag. These CAPA allow to reduce the risk criticality to moderate (RPN = 16).

  Upstream delivery of the equipment by the companies Pc8R2. Errors during the shipment
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 8 Administration device delivered by the Pharmacy + informative sheets Table 4: Risk analysis according toFMECA of activities performed by the Pharmacy: CAR-T cells receipt by the Pharmacy step (Pp1 -Pp2); CAR-T cells storage in the cryobiology area of the CTU step (Pp3 -Pp4); CAR-T cells thawing by the Pharmacy staff step (Pp5); CAR-T cells delivery by the Pharmacy staff to the clinical department step (Pp6). Process steps description (P), risk description (PR), criticality scoring (RPN) before (up-line) then after CAPA (down-line) and CAPA description.

Table 1 :

 1 Scoring matrix of the probability of the risk occurrence (O), the severity of risk effect (S) and the probability of the risk detection (D).

	Score

For each individual risk identified for the respective elementary steps, O, S and D were scored and the final criticality level was determined using the Risk Priority Number (RPN) calculated according to the formula: RPN = O x S x D.

Table 2 :

 2 Evaluation of risk criticality according to the Risk Priority Number (RPN). CAPA:

	Corrective Actions and Preventive Actions.
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