

[image: image1]
Cell-Based Therapy Manufacturing in Stirred Suspension Bioreactor: Thoughts for cGMP Compliance












	 
	REVIEW
published: 26 November 2020
doi: 10.3389/fbioe.2020.599674





[image: image]

Cell-Based Therapy Manufacturing in Stirred Suspension Bioreactor: Thoughts for cGMP Compliance

Suman C. Nath1,2*, Lane Harper1* and Derrick E. Rancourt1,2*

1Department of Biochemistry & Molecular Biology, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada

2McCaig Institute for Bone and Joint Health, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada

Edited by:
Diego Correa, University of Miami, United States

Reviewed by:
Robert Zweigerdt, Hannover Medical School, Germany
Rodolfo E. De La Vega, Mayo Clinic, United States

*Correspondence: Derrick E. Rancourt, rancourt@ucalgary.ca; Suman C. Nath, suman.nath1@ucalgary.ca; Lane Harper, lane.harper1@ucalgary.ca

Specialty section: This article was submitted to Preclinical Cell and Gene Therapy, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 27 August 2020
Accepted: 30 October 2020
Published: 26 November 2020

Citation: Nath SC, Harper L and Rancourt DE (2020) Cell-Based Therapy Manufacturing in Stirred Suspension Bioreactor: Thoughts for cGMP Compliance. Front. Bioeng. Biotechnol. 8:599674. doi: 10.3389/fbioe.2020.599674

Cell-based therapy (CBT) is attracting much attention to treat incurable diseases. In recent years, several clinical trials have been conducted using human pluripotent stem cells (hPSCs), and other potential therapeutic cells. Various private- and government-funded organizations are investing in finding permanent cures for diseases that are difficult or expensive to treat over a lifespan, such as age-related macular degeneration, Parkinson’s disease, or diabetes, etc. Clinical-grade cell manufacturing requiring current good manufacturing practices (cGMP) has therefore become an important issue to make safe and effective CBT products. Current cell production practices are adopted from conventional antibody or protein production in the pharmaceutical industry, wherein cells are used as a vector to produce the desired products. With CBT, however, the “cells are the final products” and sensitive to physico- chemical parameters and storage conditions anywhere between isolation and patient administration. In addition, the manufacturing of cellular products involves multi-stage processing, including cell isolation, genetic modification, PSC derivation, expansion, differentiation, purification, characterization, cryopreservation, etc. Posing a high risk of product contamination, these can be time- and cost- prohibitive due to maintenance of cGMP. The growing demand of CBT needs integrated manufacturing systems that can provide a more simple and cost-effective platform. Here, we discuss the current methods and limitations of CBT, based upon experience with biologics production. We review current cell manufacturing integration, automation and provide an overview of some important considerations and best cGMP practices. Finally, we propose how multi-stage cell processing can be integrated into a single bioreactor, in order to develop streamlined cGMP-compliant cell processing systems.
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INTRODUCTION

Human pluripotent stem cells (hPSCs), including embryonic stem cells (ESCs) (Thomson et al., 1998) and induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007) are attractive tools in the field of regenerative medicine because of their ability to self-renew and differentiate into any cell type in the human body. Use of these cells increased exponentially after the discovery of hiPSCs in 2007 (Guhr et al., 2018). Recently, hundreds of biotechnology companies were founded with the mission to treat degenerative diseases using these cells. Age-related macular degeneration (AMD), type I diabetes mellitus, heart failure, Parkinson’s disease and spinal cord injury are the most common degenerative diseases being treated with hPSCs (Trounson and McDonald, 2015).

Although hiPSCs are a better source for autologous CBT, they are less preferable for clinical trials because they are less genetically stable than hESCs (Attwood and Edel, 2019). Viral vectors using for iPSC reprogramming integrate into the genome and poses risk of insertional mutagenesis (Baum, 2007). Moreover, genetic modification can cause mutations that associated with cancer (Gore et al., 2011). Evidence of transgene reactivation after iPSC reprogramming also poses risk after transplantation (Galat et al., 2016).

Some clinical studies have already begun using hiPSCs derived from patients. A clinical trial for the treatment of wet AMD has recently been conducted by the Masayo Takahashi group from the Riken Center for Developmental Biology (Reardon and Cyranoski, 2014). Similarly, Jun Takahashi from Kyoto University is also conducting a clinical trial using hiPSCs to treat Parkinson’s disease (Cyranoski, 2018). There are also several clinical trials in the United States using hiPSCs for the treatment of various diseases such as β-thalassemia, liver disease, diabetes, etc. and their use is increasing worldwide (Kimbrel and Lanza, 2015).

Since stem CBT trials are proliferating, many clinical studies continue to use both hESCs and hiPSCs. About 8141 CBTs and 1657 stem CBTs were found based upon searches recently performed on clinicaltrials.gov (October, 2020) (ClinicalTrials.gov, 2020). However, as speculated from previous clinical studies, the percentage of success is quiet low. Of the 315 clinical trials carried out, only 0.3% went to Phase 4 (Trounson and McDonald, 2015). The low percentage of clinical trial completion depends on different factors. One of the main factors is the design and implementation of cost-effective, high safety production practices required by regulatory bodies. In addition, multi-dose production costs also hamper the success rate of clinical trials. Since the global revenues from CBT in 2018 were approximately a billion dollars and are forecasted to be in the tens of billions by 2025, a great deal of attention is needed to produce high-quality cells to treat incurable diseases (Davie et al., 2012; PR Newswire, 2019).

The production of stem cell-derived biologics is adapted from the production of conventional pharmaceutical proteins and vaccines. The production of conventional biologics involves the following basic steps: Isolation and identification of raw materials, formulation, filling, packaging and storage, where total processing stops when final products are stored. This provides a very basic model as the production of conventional biologics. Yet CBT products differ in various significant ways. In biologics, cells are used as a platform for the production of desired therapeutic proteins. Cells are discarded after a batch and new cells with the requisite protein expression are used to produce the next batch. Proteins produced in this way are generally stable, uniform, and easily characterized, varying little between batches.

In cell-based therapies, the final products are cells that are sensitive to the physical or chemical attributes of the resident environment and are prone to spontaneous change. Therefore, these considerations must be taken into account when translating from bench to clinic (Roh et al., 2016). The need for CBT products are emerging from various cell lines including chimeric antigen receptor T-cell (CAR-T), retinal pigment epithelial cell, neural cell, hepatic cell, cardiac cell, mesenchymal stem cell (MSCs), ESCs, iPSCs, etc. for treating various degenerative diseases. In this review, we will focus on cell therapy development ranging from unipotent to pluripotent cells, namely, CAR-T cells (unipotent cells), MSCs (multipotent) and iPSCs (pluripotent) (Figure 1).
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FIGURE 1. Schematic illustration of current multi-step cell manufacturing strategies in planar culture for cell therapy applications.


Since CBT needs much consideration for producing large cell numbers, using conventional cell processing systems makes it more complicated and sometimes impossible. Being a multi-step process that can cause batch variability, inefficiency and low quality of transplantable cells in plate culture, there are too many possibilities for human error. CBT needs to be simplified and made more direct. In this context, we will discuss some of the current limitations of cell production strategies. We will propose how to possibly overcome these limitations by integrating the entire process into a single bioreactor system due to advantages over plate culture (Table 1). We will also discuss how genetic modification- transfection or transduction, reprogramming, differentiation, purification and development of final products in a single bioreactor can be integrated. In this context, we also discuss some basic, high level cGMP considerations for CBT biomanufacturing.


TABLE 1. Comparison of pros and cons of adherent and bioreactor culture.
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CONVENTIONAL PRACTICES FOR CBT PRODUCT MANUFACTURING

As stated earlier, cell processing differs widely from pharmaceutical proteins or vaccine production although current manufacturing practices are based on conventional biologics manufacturing that may not be compatible for CBT (Bennett, 2018; Sterlling, 2018). For example, in biologics manufacturing, microorganisms containing genes of interests are expanded and the proteins are isolated and purified for pharmaceutical peptide production (Figure 1) (Overton, 2014; Jozala et al., 2016). The purified proteins are screened for both chemical and biological properties for quality assurance. Chemical screening includes the testing of pH, solubility, percentage of active ingredients, whereas biological screening includes sterility test, endotoxin test, etc. Although biologics production from microorganisms is complicated, it is not as complicated as CBT production from living cells. Regardless, having fewer variables that need to be controlled, biologics production from microorganisms results in standardized and homogenous production of both target peptides and stock cells.

Difficulty in bioprocessing is increased when pharmaceutical proteins are produced using human, animal or plant cells. High-quality products in this case depend on the maintenance of high-quality cells and sterile conditions as these cells are generally less robust in culture, and tend to be more difficult to work with. In this case, cells transfected with the genes of interest are cultivated for a certain period of time after inoculation from a master cell bank (Lai et al., 2013; Tekoah et al., 2015). After expansion, cells are stored for future use or discarded after collecting the supernatant. The desired proteins or antibodies are separated, purified and concentrated. The isolated products are then checked for physical, chemical or biological properties similar to microbial peptide production to meet the regulatory agency’s criteria through quality assurance. A considerable benefit is that once the protein is produced, it again tends to be much more stable and characterizable compared to cells for CBT.

Stem cell or blood-derived product manufacturing is not as direct as the production of pharmaceutical proteins or vaccines (Figure 1). This is because cells are the product in CBT and they tend to be less robust in the face of perturbations and more vulnerable to changes in cell identity and gene expression. Manufacturing strategies for cell production can vary from source to source and can differ significantly based on autologous or allogeneic transplantation. The main general steps are the acquisition of tissue samples and cell isolation, initial cell purification, selection, activation and transduction, expansion of cells, differentiation, washing, harvesting and formulation, filling and cryopreservation, and finally storage and delivery to clinics (Roh et al., 2016). At every step, quality assurance and consideration for safety and efficacy are important for all CBT products manufactured for clinical application.

CBT products also differ from sources of tissue acquisition and target of diseases treated. For example, in CAR-T therapy, T-cells are isolated from patients’ blood, which contain abnormal levels of inhibitory factors and regulatory cells (Bellone et al., 1999; Gajewski et al., 2013) as patients are commonly also treated with chemo- and radiotherapies. Accordingly, heterogeneity can occur in the final products, which need much attention during the cell isolation step. Then initial cell culture is done for selection, activation or transduction of specific interest, in this case, the CAR gene. The transduced cells are then expanded in plate culture and stored in the master cell bank.

Cells are also screened for quality, safety and efficacy. Product potency is an important criterion to meet before releasing the product. For example, if a CBT product is applied for the CAR-T related cancer therapy, it needs to be examined for the secretion of cytotoxic cytokines (IFN-γ) and killing of target cells (Dudley et al., 2003). After passing all the steps of quality assurance, cells are stored or delivered to the clinic. Often cells need to be delivered in a timelier manner than other biologics and have a much less stable “shelf life”, which needs to be taken into serious consideration.

There is a further increase in the magnitude of process complexity, time, labor and cost when moving to CBT production from human hMSCs to hPSCs (Figure 1). MSCs are only slightly more complicated than T-cells. For biologics manufacturing from hMSCs, cells are expanded and stored in master cell banks after isolation and purification from patients’ bone marrow (Ullah et al., 2015). Then cells are genetically modified or expanded and differentiated into specific types of cells.

An interesting possibility being exploited with MSCs is that sometimes cell-derived bi-products can be used for clinical applications. For example, exosomes secreted from MSCs contain autocrine or paracrine signaling components (cytokines, RNAs, etc.) (Pisitkun et al., 2004; Valadi et al., 2007; NHLBI, 2009; Chen et al., 2010) and show immunological activities (Lai et al., 2011; Zhang et al., 2013; Lou et al., 2017). For this reason, it’s possible to consider value-added products, or creation of processes that can utilize such a potential secondary resource. MSC-derived exosomes are currently being studied for treating degenerative diseases (Chang et al., 2018; Yin et al., 2019). MSC-derived exosomes have recently been approved by US FDA for treating burn patients (PRWeb, 2018). For using exosomes in clinical applications, hMSCs are expanded and exosomes are purified by ultracentrifugation or size exclusion chromatography from culture medium. The benefit to this is that if the cell therapy itself is cGMP compliant, then it may be possible to have little added effort to extract a secondary cGMP compliant product in the form of exosomes. However, whether clinical applications use cells or cell-derived products, it needs go through a strict quality screening. Since here the product is cells, it needs to pass the in vivo biological tests for quality, efficacy and safety. After confirming the quality assurance, cells are cryopreserved or delivered to clinics.

hPSCs by contrast are very complicated; however, they have many benefits making theme an important cell choice for CBT. Being pluripotent, hPSCs have the ability to be differentiated into any cell type in the body. This provides advantages for therapies involving cells, other than T cells or MSCs that are not accessible via biopsy. Unlike T cells or MSCs, hPSCs do not senesce, making them very conducive to cell bio-banking (Zeng, 2007; Koch et al., 2013).

Biologics manufacturing from hESCs is impractical as isolation from human embryos has been unethical in many jurisdictions (Lo and Parham, 2009). Accordingly hESCs have been superseded by hiPSCs, which avoid such ethical barriers. Compared to hESCs which are subject to immune-rejection due to human leukocyte antigen (HLA) expression after differentiation (Taylor et al., 2005), iPSCs provide a better platform for autologous therapy because terminally-differentiated cells can be reprogrammed to desired cells using the four Yamanaka factors.

iPSCs also provide an alternative option of allogeneic treatment by creating haplotype biobank. HLA-typed biobank can help reduce both the rejection of grafted tissue, and the number of cell lines that are required to meet all populations in a given country (Zimmermann et al., 2012). Nakagawa et al. (2011) reported an integration-free iPSCs generation method that provides HLA-typed biobanking which match 20% of Japanese population.

In the case of biologics production from hiPSCs, the current paradigm is that cells are isolated from patients and reprogrammed into iPSCs using Yamanaka factors in conventional plate culture (Takahashi et al., 2007). As the Yamanaka factors contain the proto-oncogene, c-Myc, there are possibilities of increased genetic abnormalities from viral integration (Nakagawa et al., 2008, 2010). Currently, multiple methods of reprogramming of hiPSCs have been developed due to their unique limitations. Some methods that may be currently considered safer involve using mRNA, proteins, or cytokines although they have their own limitations as well, such as poor transduction efficiency (Kim et al., 2009; Warren et al., 2010). It is well established that these methods are less efficient than viral vectors for reprogramming. However, there are some efficient non-integrative viral vector approaches developed recently for reprogramming that we discuss later part of this study.

Depending on the final product and expected timelines, cell expansion is a very important consideration and area for considerable risk management analysis. After reprogramming, the cells are stored in the master cell bank or expanded for differentiation. Due to generally tighter time considerations in manufacture, application, and shelf-life, large-scale expansion is required in a sterile condition based on demand. This requires intensive consideration because it is a major rate-limiting step in the manufacturing of CBT products. The most important considerations for expansion on a large scale are: operational, economic, quality and safety (Table 2).


TABLE 2. Considerations for large-scale expansion of hPSCs in bioreactor culture.

[image: Table 2]Before large-scale expansion, it is important to consider operational design (2D or 3D) with manual or automatic operation (Jenkins and Farid, 2015). In order to obtain a large number of cells, bioreactors tend to be far superior to plate culture in total cell production (Table 1). Important parameters for operational consideration are online monitoring and control of process parameters (pH, DO, pCO2, etc.), as well as considering the shortest possible cultivation time. Due to the nature of 2D culture, it is often difficult to implement monitoring and control methods and therefore rely on operator know-how and standardization of process methods (such as changing media daily). However, by utilizing 3D vessels it is possible to automate or semi-automate monitoring and process parameters via onboard sensors, with the potential for savings in reagents and removing sources of error. For determining medium feeding regimes, a prediction model for medium consumption (glucose and glutamine) and production of toxic materials (lactic acid and ammonium) can be very useful (Galvanauskas et al., 2019). More data and higher quality data can lead to more effective decisions and use of advanced analytical tools. A single-use vessel is also a major operational consideration that increases expansion cost for cell-based products on a large scale. Although single-use vessel reduces contamination risk by eliminating cleaning procedures and its validation, the cost is not rather dominating here as the priority for the product safety is high. Since cellular products are costly, economic considerations are important for medium, efficient cell lines and other indirect utilities. Above all, product quality and safety are the most important consideration that will provide safe and efficient final product for CBT application.

After expansion, cells are harvested by separating them from the culture substratum of plate or microcarrier using enzymatic treatment or by changing temperature or pH (Yang et al., 2010; Guillaume-Gentil et al., 2011; Dou et al., 2012). For harvesting, aggregate culture in bioreactors may not necessarily require a detachment step (Bartosh et al., 2010; Amit et al., 2011; Larijani et al., 2011; Zweigerdt et al., 2011; Nath et al., 2018), however, microcarrier culture in bioreactor requires detachment step. Purified cells are formulated and checked for quality assurance. Quality assurance is carried out in three different stages: microbial contamination, chemical contamination and quality or potency. Microbial contamination is checked with different methods for bacteria, fungus or virus (Rayment and Williams, 2010; Goldring et al., 2011). A 14-day incubation of cell products for bacterial and fungal contamination is the most commonly used sterility test (Khuu et al., 2006; Hocquet et al., 2014). Chemical testing includes checking molecules that accompany the culture medium or other factors used during isolation, expansion and storage. The LAL test for bacterial endotoxin is a common chemical test. An automated 15-min test to determine endotoxin in CBT products has now been developed in accordance with FDA regulations (Gee et al., 2008). Other chemical testing concerns examine residual proteins of different origins, serum and other harmful cell processing particles.

Quality is the main concern in CBT products, especially when cell growth is a requirement. A cell viability test is therefore performed to determine live or dead cells in the product using a variety of staining methods. It is also useful to determine the biological activity of CBT products (Choi et al., 2011; Schellenberg et al., 2013). Pre-release product potency is an important criterion to meet. For example, the final products for hPSCs are differentiated cells, wherein the potency should be checked through transplantation into disease models.

Strict quality control is imperative for products derived from hPSC before transplantation to patients, as there is a high risk of transferring oncogenes to patients. In Japan, a clinical trial was halted in 2015 when treating AMD with autologous retinal pigmented epithelial cells derived from hiPSC due to genetic abnormality (Garber, 2015). Since genetic abnormalities occur in products derived from hiPSCs from reprogramming to finally differentiated cells (Rohani et al., 2014), cells should be screened strictly for epigenetic signatures, karyotype, telomerase activity, and mitochondrial remodeling, and functional assays including teratoma formation and in vitro differentiation (Feng et al., 2010; Kim et al., 2010; Yehezkel et al., 2011; Rohani et al., 2018). Some of the other proposed quality tests include whole- genome sequencing, single- cell genome sequencing, epigenetic analysis, and DNA integrity testing to maximize patient safety.

Cells must be delivered to clinics immediately or stored for future use after the product quality assurance has been passed. If the cells are vitrified, cells are usually shipped to clinics on dry ice (−78°C) or in liquid nitrogen dry shippers (−160°C). The most commonly used cell storage technique is cryopreservation in liquid nitrogen at −196°C, which is adapted from the conventional stem cells banking (Thirumala et al., 2009; Hunt, 2011). For the better recovery of cryopreserved cells, slow-freezing and rapid thawing is generally highly applicable (Kurata et al., 1994; Moon et al., 2008). Recently Celikkan et al. (2019) developed a new media for transporting multipotent stromal cells using Ringer’s lactate-based transport media supplemented with human serum albumin that supported more than 90% cell survival after 6 h of transportation. Developing more robust methods and media is also important for long distance cell delivery.



STANDARDIZATION OF BIOLOGICS MANUFACTURING IN BIOREACTORS

Manufacturing of pharmaceutical proteins or other biological products consists of several steps from raw materials to finished products that may significantly compromise the quality of the product. They also reduce productivity and are prone to human errors. Different pharmaceutical companies have attempted integrated pharmaceutical production to overcome these disadvantages. One of the major attempts to fully integrate the cell processing system is being made by the Novartis-MIT Center for Continuous Production of Pharmaceutical Products (Bisson, 2008; Schaber et al., 2011). GenzymeTM is also attempting to continuously produce pharmaceutical recombinant protein in bioreactors, wherein cell culture is being integrated into a single flow for product isolation and purification (Warikoo, 2011). In order to reduce cumbersome production steps and significantly reduce costs, process integrity is necessary. One such integrated system developed by Johnson and Johnson has recently been approved by the FDA for large-scale production of HIV drugs (FIERCE Pharma, 2016), which have been shown to reduce time and costs by one third compared to conventional batch processing.

The integration of production steps provides high product quality and safety and helps to overcome strict regulatory requirements by easing ability to obtain and retain cGMP compliance. In this context, the next sections will discuss how to integrate certain important basic steps in cell production, in particular genetic modification, cell reprogramming, expansion and differentiation in bioreactors to promote a single step approach for cell-based therapies utilizing T-cells, MSCs, and hPSCs (Figure 2).
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FIGURE 2. Schematic illustrations of integrated single-step cell manufacturing strategies in bioreactor culture for cell therapy applications. Cells are isolated from patient’s (a) blood or (b) bone-marrow, or (c) skin and genetically modified. After expansion, cells are stored in a master cell bank or differentiated directly in bioreactor. After performing characterization, quality assurance and screening for safety and efficacy, cells are delivered to hospital or stored in cell bank for future use.



Standardization of Genetic Modifications in Bioreactors

Genetic modification has been applied for production of antibodies, proteins or other biotechnological drugs production for many years in the pharmaceutical industry. It has also been widely used in recent years to treat multiple incurable genetic diseases. For example, in a neurological disorder called adrenoleukodystrophy (ALD), there is a malfunction of oligodendrocytes and microglia, and genetic modification can directly affect disease outcome. A corrected gene is inserted into the patient-derived hPSCs and transplanted into the patient’s brain. The inserted hPSCs differentiate into microglia to promote myelin production in the patient’s brain that affects ALD outcomes (Cartier et al., 2009).

Sometimes patients are exposed indirectly to genetic modification. For example, in thalassemia, patient blood cells are extracted from the body are modified and enriched ex vivo in order to target specific antigens in the body of patients (Naldini, 2011). Other indirect genetic changes include modification of CAR or T cell receptors (TCR) in T- cells (Wang and Riviere, 2015), expression of CD40 ligand in dendritic cells (Kikuchi et al., 2000), etc. Genetically modified CAR-T cells can target antigens specifically and efficiently kill cancer cells (Song, 2013). CARs and TCRs are the most commonly used receptors for the activation of T cells (Kerkar, 2013). Many cell-based CAR-T therapies are now being developed for the treatment of advanced- stage lymphoma (Kochenderfer and Rosenberg, 2013), B-cell lymphoma (Kochenderfer et al., 2010) and other autoimmune diseases (Jethwa et al., 2014).

To transduce cells with desired genes, viral vectors are usually used as genetic cargos. Genetic transduction is a two-step process: preparing viral vectors and transducing cells to express the desired property. For their superior transduction efficiency, lentiviral and gamma-retroviral vectors are widely used. However, these vectors still currently have some issues, such as the ability to integrate into the host genome running the risk of mutation (Sakuma et al., 2012), which raises safety concerns (Yamashita et al., 2016).

Non-integrative viruses, such as, Sendai virus have proven to be useful for transient transfections, including cellular reprogramming. There are other non-viral approaches. DNA vectors can carry large cargo with less immunotoxicity and are easy to scale up (Hsu and Uludag, 2012). However, their use is less efficient than viral transduction. Non-viral cationic reagents have also been reported to successfully transfect cells with high efficiency (Hsu et al., 2018). Effective transduction using mRNA was also reported for reprogramming terminally differentiated cell to hiPSCs (Warren et al., 2010; Rohani et al., 2016). hiPSCs have also been reprogrammed using recombinant protein (Kim et al., 2009).

As viral vectors and/or DNA integration possess high risk of cancer, some methods for removing these vectors have been developed. One method is the piggyBac, a transposon system that was used to remove tandem Yamanaka factors from iPSCs after reprogramming (Woltjen et al., 2009). After CAR was incorporated into T-cells, the removal of transgenes used another transposon system called Sleeping Beauty, which successfully removed genetic scars from the transduced cells (Huls et al., 2013; Singh et al., 2013). Similarly, Cre excision of reprogramming genes via loxP sites has also resulted in transgene-free iPSCs (Sommer et al., 2010). Viral vectors deficient in integration are also good candidates for the production of transgene-free CBT by mutating viral integrase (Yáñez-Muñoz et al., 2006).

Genome engineering technologies are other choices for the addition, deletion or correction of genes in the CBT industry (Lombardo et al., 2007). Zinc-finger nucleases (ZFNs), clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas endonucleases, or transcription-activator nucleases (TALENs) (Provasi et al., 2012) are the most commonly used targeting nucleases. CRISPR/Cas system has recently received much attention due to its broad use in the genome engineering of patient cells (Mullard, 2015). ZFNs are also popular for treating graft-versus-host disease in T-cell therapy (Gaj et al., 2013). In cellular reprogramming, a nuclease dead variant of Cas9 with a transcriptional trans-activator was recently used by activating the transcription factors Oct4 and Sox2, which maintained pluripotency and expressed the markers for the three germ layers (Liu et al., 2018).

Genetic modification is considered one of the rate-limiting steps in cell manufacturing industry. Current conventional methods make it more complicated because they are multi-step processes. Genetic modification in planar culture is also expensive, time-consuming and labor-intensive (Hsu et al., 2018). The bioreactor is a better platform for the production of large-scale genetically modified cells for commercial purposes (Figure 2). In adherent culture, reprogramming factors are generally transfected in order to generate iPSCs, and cells are then expanded in 2D or 3D, which is a two-step process. By integrating the genetic modification step into the bioreactor, a single-step process can be established that allows the production of cells in an automated and closed bioreactor system (Hsu et al., 2018).

In CAR-T CBT application, genetic modification is also a challenging step. After isolating cells from the blood sample of patients, selection and activation are done followed by expansion (Wang and Rivièrea, 2016). Finally, it is necessary to transduce cells with CAR or any other antigens depending on target diseases (Pampusch et al., 2020). Conventional genetic transduction methods are based on a planar culture wherein each step is carried out in an open culture system posing difficulties in maintaining cGMP.

A few steps have recently been integrated into the bag culture system, wherein selection, activation and expansion can be carried out in a single step using DynaMagTM CTSTM (Hollyman et al., 2009), while the XuriTM cell expansion system developed by GE Healthcare can expand cells in large numbers (Jin et al., 2012; Somerville et al., 2012). Although washing and concentrating the final product is integrated into the COBE® 2991 system developed by Terumo BCT (Bajgain et al., 2014), the transduction step is not yet integrated into any of the above systems. The integration of the transduction step with the expansion and formulation will make CAR-T CBT straight forward and it is a good platform to carry out these steps in the bioreactor.

Miltenyi Biotech has developed a device called CliniMACS ProdigyTM based on bag culture for CAR-T CBT. In an automated system (Terakura et al., 2012; Casati et al., 2013; Acker et al., 2016), this device integrated major steps in particular cell preparation, selection, activation, transduction, expansion, washing, and formulation. Such integration in the bioreactor will pave the way for the production of closed and automatic cell-based products. This device is also useful for cGMP-compliant production of dendritic cell for cell therapy applications (Erdmann et al., 2018). These systems are now beginning to prove their superiority in implementation of manufacturing protocols and cGMP compliance. Early data also suggests that adoption of such technologies even at an early stage may still be superior to conventional methods and offer returns on investments due to ability to adapt to multiple cell types and different processes (Terakura et al., 2012; Casati et al., 2013; Acker et al., 2016).



Integration of Expansion and Differentiation in Bioreactors

Current manufacturing practices for cell-based products are multi-step: derivation, expansion, and differentiation. In this process, cells are isolated from any part of patient’s body. In case of MSCs, bone marrow-derived stromal cells are mostly used for clinical application. However, only a very limited number of MSCs can be isolated from specific sources, e.g., MSCs represent only approximately 0.01% of the total fraction of mononuclear cells in the bone marrow (Apel et al., 2013; Orozco et al., 2013). The clinical applications of hMSCs require 1–5 million cells per kilogram of body weight of patient (Meirelles and Nardi, 2003; Connick et al., 2012). In addition, it is important that the derived MSCs can differentiate properly. Therefore, bioprocess development for both expansion and differentiation is equally important.

Several clinical trials using MSCs are taking place worldwide and are increasing day by day. More than 200 clinical trials using MSCs were conducted in 2015 and 2016, which require intensified standardization of production practices (Carlsson et al., 2015). Typically, MSCs are expanded in plate culture and transplanted as whole cells or differentiated into lineage-specific cells for clinical application. However, plate culture is disadvantageous when the clinical trial requires large number of cells (Table 1). Bioreactor expansion of MSCs is required and can provide a large number of cells to exploit the remarkable potential of MSCs in therapeutic applications. When grown as three-dimensional aggregates or spheroids, MSCs show increased angiogenic, anti-inflammatory and immunomodulatory effects and improved stemness and survival after transplantation (Bunpetch et al., 2019). The dynamic culture of MSCs also increases the survivability, proliferation and paracrine effects.

Different configurations of dynamic bioreactors have been developed for MSC expansion according to specific cell types. Among them stirred suspension bioreactors (SSB), rotating wall vessel bioreactors (RWV), and perfusion bioreactors were widely used for the expansion of MSCs (Chen et al., 2006; Rodrigues et al., 2011; Hanley et al., 2014; Lechanteur et al., 2014; Lawson et al., 2016; Egger et al., 2018). To reduce heterogeneous shear stress, NASA has developed a RWV bioreactor (Somerville et al., 2012) which has been shown to be superior to SSB for MSC expansion and differentiation (Chen et al., 2006). Since MSCs have the capacity for multi-lineage differentiation, integration of expansion and differentiation could help to streamline manufacturing processes. Several researchers have reported the integration of expansion and differentiation in the derivation of osteogenic and adipogenic lineages in bioreactors (Chen et al., 2004; Dominici et al., 2006; Duijvestein et al., 2010; Hoch et al., 2012). MSCs have also been expanded and differentiated on microcarriers (see below) in stirred suspension bioreactors for deriving osteogenic lineages (Field et al., 1994; Mazzini et al., 2003; Goh et al., 2013; Shekaran et al., 2016).

As generation of hPSCs from terminally differentiated patient cells is complicated by several steps, the final products are at high risk of contamination. Therefore, as with any pharmaceutical grade medical product, it is also mandatory to maintain cGMP for CBT products (Sensebe et al., 2011; Heathman et al., 2015; Wuchter et al., 2015), which adds many additional complications in the cell production process. It is therefore necessary to standardize the system that can combine all these steps from derivation to final products. Bioreactors are a platform that has shown capability in filling this role (Figure 2).

The bioreactor platform is widely used for the large-scale expansion of hPSC-based CBT production because it is easy to operate and different physicochemical parameters can be regulated in a closed-system. Two groups have shown the bioreactor derivation of PSCs (Fluri et al., 2012; Shafa et al., 2012). Shafa et al. (2012) reported a significantly higher efficiency in bioreactor reprogramming compared to the planar culture. Since mesenchymal-epithelial transition (MET) is an important early step in cellular reprogramming (Samavarchi-Tehrani et al., 2010), transformed fibroblasts moved into the bioreactor form aggregates that are efficiently expanded in the bioreactor. Since fibroblasts are substrate dependent, bioreactor culture can promote the formation of aggregates and therefore cellular reprogramming.

After the bioreactor derivation of hPSCs, expansion and differentiation are the next major steps. A large number of cells are generally required for effective CBT, and can range anywhere from 108 to 1010 cells per 70 kg patient (Serra et al., 2012). Obtaining such numbers of cells in plate culture is cumbersome because of growth surface limitation. The surface coating with extracellular matrix (ECM) poses a high risk in the production of clinical products because it is usually derived from animal sources. Recently, a discovery of recombinant ECM (laminin E8 fragment) has been developed that can be used efficiently in clinical applications (Miyazaki et al., 2012).

Automated planar culture systems have been established for the production of clinical-grade hPSCs. CompacT SelecTM developed by TAP Biosystems is one of the notable automated systems for cell production. This system is based on T-flask design, which can accommodate ninety T175 flasks for cell expansion on a large scale. This robotic system can automatically perform all cell culture steps, cell counting, seeding, medium change, passage, plating and transient transfection. Such systems are not used for differentiation, however, because differentiation is a complicated process that needs several components to be added to the culture medium. This mainly disintegrates the process of expansion and differentiation in planar culture.

Except for microcarrier culture, cell expansion in bioreactors does not need surface coating. The bioreactor also provides sufficient availability of growth surface. In general, a single bioreactor (100 ml working volume) is sufficient to provide autologous CBT with a clinically relevant number of cells. For the expansion of hPSCs, several types of bioreactors are used (Wang et al., 2014) (Table 2).

Microcarriers must be coated with ECM for cell attachment in the bioreactor (Olmer et al., 2012; Lam et al., 2014; Fan et al., 2015; Badenes et al., 2016; Kropp et al., 2017) for anchorage-dependent expansion of hPSCs. Cells are harvested by removing them from the microcarrier using enzymatic treatment after large-scale expansion. Bioreactor expansion of hPSCs on microcarriers is problematic for clinical use, as separating the microcarrier from the final cell harvest requires an additional step. On the other hand, aggregate cultivation in bioreactors may not necessarily require a detachment step for harvesting (Bartosh et al., 2010; Amit et al., 2011; Larijani et al., 2011; Dou et al., 2012; Nath et al., 2018), and clinically relevant cell numbers has been produced as aggregate in a single bioreactor (Haraguchi et al., 2015; Rungarunlert et al., 2016; Nath et al., 2017, 2018) (Table 3).


TABLE 3. Summary of hPSCs expansion in stirred suspension bioreactor.

[image: Table 3]Size limitation is a major disadvantage in aggregate culture. As the aggregate size increases, the growth potential of the large aggregate decreases due to the limited diffusion of oxygen and nutrients (Nath et al., 2017). Maintenance of aggregate size is therefore an important point in order to maintain a high growth rate and high quality for CBT applications (Dou et al., 2012).

Bioreactor culture is a unique choice for CBT production because differentiation and expansion can be done in the same vessel. Bioreactors have been used to differentiate hPSCs into different cell types, especially for cardiac (Matsuura et al., 2012; Kempf et al., 2015; Rungarunlert et al., 2016), hepatic (Vosough et al., 2013; Park et al., 2014), and neural (Yan et al., 2016) lineages. In order to provide direct methods for clinical applications, it is important to integrate expansion and differentiation, and several reports have recently been published wherein expansion and differentiation have been integrated (Lam et al., 2014; Ting et al., 2014; Fonoudi et al., 2015; Haraguchi et al., 2015). The integration of derivation with expansion and differentiation, however, still faces complications and very few reports are available (Steiner et al., 2010).

Steiner et al. (2010) have reported integrating the derivation, propagation and differentiation of hESCs in the suspension culture where hESCs were isolated from the inner cell mass, and did not involve feeder cells or microcarriers. However, the integration of derivation, expansion and differentiation for personalized medicine, in particular for autologous or allogeneic CBT applications, has still not been achieved. This integration is necessary to overcome multi-step cell processing, which reduces the risk of contamination, saves cell processing time and reduces costs for the CBT manufacturing.



REGULATORY CONSTRAINTS IN CBT MANUFACTURING

With the advancement of cell processing facilities, several clinical trials have taken place in recent years using hPSCs (Lebkowski, 2011; Menasché et al., 2015; Schwartz et al., 2015; Trounson and McDonald, 2015; Mandai et al., 2017) which is triggering much attention from regulatory bodies on cGMP implementation in CBT manufacturing (Giancola et al., 2012). Since cell culture media contains various xenogens including source-derived virus and biochemicals (Martin et al., 2005; Cobo et al., 2008), CBT products need to be cultured in the xeno-free condition so that they are free from xeno-mediated infection or immune rejection according to regulatory agencies (Cimino et al., 2017). Currently both hESC and hiPSC lines have been derived following cGMP and deposited into national cell bank from various nations including China, Japan, United States, and United Kingdom, and their efficacy and safety has been tested using standard protocol (Hawkes, 2011; Ilic et al., 2012; Baghbaderani et al., 2015; Wang et al., 2015; Azuma and Yamanaka, 2016; Catapult, 2017). However, their differentiation capability into diverse cell lineages is yet to be tested although a few cell lines have already been tested in cGMP facilities (Kajiwara et al., 2012; Löhle et al., 2012; Heslop et al., 2017; Rao et al., 2018; Blackford et al., 2019; Shafa et al., 2019). Therefore, facilitating cGMP-compliant manufacturing and establishing standard operating procedures (SOP) according to regulatory agencies is a prime concern for CBT products.

cGMP is a regulatory framework overseen at the governmental level meant to establish basic minimum standards in safety, efficacy, and standardization of many types of products. All CBTs must meet regulatory requirements to be approved for sale and marketing. This is the end goal of clinical trials, to make a therapy available for wide scale implementation, and entry into worldwide markets. One of the first considerations is to begin engaging with the national regulatory board as soon as there even a thought about potential commercialization.

Approval from two of the most stringent regulatory organizations: USFDA, and the European Medicines Agency (EMA) that allows for easy entry into virtually every other market in the world (Rehakova et al., 2020). The intended application of human cells, tissues, and cellular and tissue-based products (HCT/P) are regulated by FDA’s Center for Biologics Evaluation and Research (CBER). However, FDA is intrinsically concerned about stem cell-related therapeutic products implementation, transplantation and infusion into patient since the cells may change their cellular properties after being expanded outside of body (Reisman and Adams, 2014). The EMA is generally considered the most stringent and well defined regulatory board for CBTs, and usually, if these standards are met, it will lead to the least problems in transferring to other markets, barring other legal issues such as patents and intellectual property rights.

Without engagement with regulatory boards, the CBT products have less chance of avoiding common pitfalls that have led to efficacious products not making it to market, even with good supporting data. This is important because, as mentioned, regulatory standards can differ across national lines. As the field is relatively new and advancing at a fast pace, regulators have been left to working with companies on a case-by-case basis to establish guidelines, and best practices that are in line with the stringency of cGMP standards in other areas (Bedford et al., 2018). This has led to the publishing of various guidance documents rather than overly strict ordinances, which acknowledge the inherent variability in these products, both between types (protein, whole cell, gene, etc.), and even between lots of the same product (European Medicines Agency, 2020; U.S. Food and Drug Administration, 2020).

It is well understood that CBTs inherently carry a higher level of heterogeneity, and difficult to control factors than chemical reactions that can produce extremely homogenous batches of classic pharmaceuticals. As part of this, regulators such as, Health Canada are often eager to work with potential CBT companies and academic institutions to develop guidelines based on the best current science available, and the unique product under review, while also helping to navigate the difficult regulatory terrain to higher phase studies and commercialization.

The second most important consideration is to hire or assign a team member to focus mainly on the navigation of regulation immediately. It is advisable that this be their main task, as the beginning stages are the most important. In CBTs, it is said that “the process is the product” and if the project is taken too far without this consideration it can be virtually impossible or at least economically unlikely to be able to recover after having to go back to earlier stages because details were overlooked. The unavoidable nature of GMP in CBTs is that even sometimes a seemingly simple laboratory procedure must become a multi-page SOP document covering literally every detail of the procedure. These documents then become the trail of documentation, and the very process itself, which is to be adhered to in manufacturing and available for regulatory review.

It is very important to attempt to begin to think about cGMP-like standards as soon as even the idea of a potential commercialization begins to materialize. Often this can be as early as pre-clinical, depending on the data, though perhaps more reasonably around phase 1 trials. For example, Health Canada requires increasing GMP compliance, and increasingly stringent manufacturing controls as trials advance although a manufacturing establishment license is not required while the product is still under any phase of clinical trials (Government of Canada, 2015). The FDA also requires GMP compliance in Investigational New Drug (IND) assessments at phase 1, and stringency increases in manufacturing establishment licensing from phase 2 onwards (US FDA, 2008). Finally, the EMA requires manufacturing authorization and compliance with established GMP regulations for all stages of clinical trial development, with “inspections performed by a competent authority/qualified person (QP) of a member state” (Bedford et al., 2018).

As one can see, in the United States and Canada an early phase can be “boutique” in having each treatment individually created under standard laboratory proper conditions and very carefully controlled, whereas this is not necessarily the case in Europe. Therefore, with increasing enrolment as trials continue a GMP-like approach should be adopted in every economically and physically feasible manner throughout the process as required. This includes making changes such as using “clinical grade” versus “laboratory grade” reagents, designing a robust manufacturing pipeline, considering quality and assurance guidelines, and creating in-depth documentation to regulatory standards to name merely a few requirements. It should be considered that any change in reagent, manufacturer of said reagents, processes, etc. carries a large weight as there is absolutely a chance of a change in associated outcomes and requirements.

One of the reasons bioreactors and automated processes are extremely useful in meeting GMP standards in CBTs is that, informally, some key aspects can be summarized as: the less manipulations in the process, and the fewer hands that touch to product, the better. Let us recall the phrase “the process is the product,” this is essential to remember for CBTs. If the process is not correctly implemented in a GMP-like fashion, it does not matter if the product works as intended. It will be required to go back the drawing board to make the bio-process compliant. This increases the time and cost even further.

It may be the case that for the near-future CBTs will only be successful in smaller-scale manufacturing, and smaller lots due to the challenges with characterization and standardization associated with whole cell populations. This may require smaller, more flexible operations spread across nations rather than mega-manufacturing centers as is currently the case with standard pharmaceuticals. It is prudent to consider de-centralized models of production in order to achieve profitability and market penetration.

CBTs often require more flexibility in production as there are finer windows of effectiveness and therapeutic application, as well as, inherently less ability to control and properly assess safety and efficacy in increasing scale. This may lead to needing to find ways to adapt similar processes across multiple pipelines in order to flexibly meet supply and demand based on various ailments and treatments. The upside of this is that integrated automated processes and bioreactor technologies tend to be far easier to scale up and down as required. Further advances in computing technology, basic biomarker discovery, cell characterization, and onboard or automated monitoring equipment will be essential in decreasing costs and increasing capacity, allowing for CBTs to become more and more ubiquitous in improving human health.



CONCLUDING REMARKS AND FUTURE DIRECTIONS

Application of CBT increases day by day and several clinical studies are continuing to treat incurable diseases. Manufacturing facilities should be compatible with the growing need for cell-based products to meet market demand by providing safe and effective cell-based products. Since current production systems have several disadvantages particularly multi-stage processing, which poses a high risk of contamination, long processing times, and increased production costs, a more straightforward cGMP-compliant system is needed. Bioreactor-based cell production systems can provide cell-based products with single step, easing the practice of cGMP for CBT production. The integration of various steps in bioreactors: derivation, genetic modification, expansion, and differentiation, will pave the way for the future of CBT manufacturing. The integrated production of cell biologics in bioreactor will significantly reduce the risk of contamination, and cell-processing time providing a cost-effective platform for CBTs.
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Cell types Seeding density, Final density, Culture time Medium Bioreactor types References
(cells/mL, 105) (cells/mL, 105) (day) volume, (mL)

hESC 3.3 7.9 4 100 Bioreactor Kempf et al., 2015
(DASGIP/Eppendorf)

hESC 0.7 7 5 200 Gas permeable single use Otsuii et al., 2014
bag (Nipro)

hiPSC 3 10 6 100 Spinner flask (Cellspin, Haraguchi et al., 2015
Integra Biosciences)

hiPSC 4 16 ! 50 Spinner flasks (Cellspin, Wang et al., 2013
Integra Bio-sciences)

hESC 25 20 6 60 Spinner flasks (50119114, Chen et al., 2011
Thermo Scientific)

hiPSC 4 15 7 100 Bioreactor Olmer et al., 2012
(DASGIP/Eppendorf)

hiPSC 3 12 7 100 Bioreactor (Cellspin, Abbasalizadeh et al.,
Integra Biosciences) 2012

hESC 18 20 7 100 Spinner flask (IBS Integra Zweigerdt et al., 2011
Biosciences)

hESC il 18 6 50 Spinner flasks (Integra Amit et al., 2011
Biosciences)

hESC 10 20 7 50 Spinner flask (Cellspin, Singh et al., 2010
IBS Integra Biosciences)

hESC 0.2 5 6 100 Bioreactor (NDS Krawetz et al., 2010
Technologies)

hESC 6 360 28 B5 Slow-turning lateral vessel Gerecht-Nir et al., 2004
(Synthecon)

hiPSC 5 36 7 125 DASbox mini bioreactor Kropp et al., 2016
system (Eppendorf AG,
Hamburg, Germany)

hiPSC 2 12 7 100 Spinner flask (Corning) Kwok et al., 2018

hESC 6 35 5 100 Spinner flask, Bellco Oh et al., 2009

hESC 25 3 10 125 Spinner flask (Croning) Silva et al., 2015

hiPSC & 5 & 100 Bioreactor (NDS Meng et al., 2017
Technologies)

hiPSC 1 45 8 100 Bioreactor (Able) Nath et al., 2018
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