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Abstract
The accelerating development of gene therapy from research towards clinical trials and beyond has elevated the demand for practical viral vector manufacturing solutions. The use of disposable upstream technology is gaining traction in  clinical manufacturing. The world's first disposable, fully integrated, high-cell density fixed-bed bioreactor was launched approximately one decade ago. By now, the iCELLis fixed-bed technology has obtained the broadest customer base. This system is available in small scale but also provides the largest GMP compliant commercial system. However, there are several alternative technologies, which have been widely used for the manufacturing of different viral vectors, allowing for complementation within the market. This article will review virus production using the latest disposable fixed-bed bioreactors, present highlights of an interview with the inventor of these bioreactors, and share some user experience. It is predicted that single-use fixed-bed bioreactors will receive even more attention in the field of viral vector manufacturing and commercialization, especially with high virus yields. 












1. 
Introduction 

The accelerating development of gene therapy from research towards clinical trials and beyond has elevated the demand for practical viral vector manufacturing solutions. Conventional 2D flask based systems can support virus manufacturing at the research level in small quantities and can even be reasonable for clinical ex vivo approaches. However, therapies requiring high dose virus administration create pressure for novel manufacturing solutions in a commercial scale. A packed-bed reactor consists of a vessel filled with porous carriers supporting the immobilization of cells. Immobilization occurs when cells are entrapped in the interstice of porous particles/membranes. A carrier must contain a high surface to volume ratio, be simple, sterilisable and non-toxic, provide optimal diffusion from the bulk phase to the center of the carrier, and keep the mechanical and pH stability (Pörtner et al., 2007). Medium flows through the bed providing oxygen and nutrients for the cells in the low-shear manner. Traditionally these packed-bed bioreactors have been re-usable systems requiring cleaning and sterilization steps between the batches, reviewed e.g. by (Meuwly et al., 2007; Pörtner et al., 2007)). The first gene therapy product that had already received market approval in 2003, Gendicine (Shenzhen SiBiono Genetech Co, Shenzhen, China), has been manufactured in a packed-bed bioreactor using Fibra-Cells disks (Mirro, 2011) (not a single-use system). 

The world's first disposable, fully integrated high-cell density packed-bed (better known today as fixed-bed) bioreactor , was launched approximately one decade ago.  Since then, scientists have become more and more focused on scaling conventional manufacturing processes towards disposable fixed-bed vessels.  This article will  include a literature overview on virus production using the latest disposable large scale fixed-bed bioreactors: iCELLis® Single-Use Fixed-Bed Bioreactor Systems (PALL Life Sciences) and scale-XTM (Univercells) and share highlights from the interview of inventor Jose Castillo.  We will also share some of our own gained knowledge after several years’ experience with the bioreactors. Besides large scale systems, some smaller novel disposable fixed-bed vessels are also addressed. 

2. Inventors vision- Jose Castillo interview 
Inventors vision - The interview of Dr. Jose Castillo 
One of the key persons in the field of fixed-bed bioreactors is Dr. Jose Castillo who invented iCELLis technology and later developed the scale-X system (personal interview 03-Feb-2020). Jose Castillo has a PhD degree in applied science and chemical engineering at Université libre de Bruxelles, Belgium. He started his career by working at GlaxoSmithKline (GSK) as the Head of viral vaccine industrialization. During that time, he saw an increasing need to provide  innovative technical solutions to scale-up vaccine production. 

iCELLis fixed-bed invention was the result of two main conclusions: 
1. There must be a way to avoid microcarrier-based traditional scale up, a real difficulty for vaccine manufacturing 
1. Packed-bed technologies have been implemented in many areas of the chemical industry, resulting in significant improvement of yields and the reduction of cultural footprints 

Castillo believed that bioprocessing should be looked at as a combination of chemical engineering proven principles and made the decision to leave his position at GSK to be able to develop an idea towards a functional bioreactor. He utilized his strong background in chemical engineering and understanding of bioprocesses focusing especially on fluid dynamics, and physical methods to immobilize biomass to dramatically increase concentrations.  Resulting from one lonely year of designing work at his PhD laboratory, Castillo developed his first fixed-bed bioreactor prototype, the future iCELLis, and filed several patent applications (e.g. WO2007039600, US 8,137,959 and US 8,597,939). Together with Hugues Bultot, former venture capitalist, Castillo became the founder of Artelis S.A, the company in which the single-use iCELLis™ bioreactor platform was born. Subsequently the technology was acquired by ATMI and later by Pall Life Sciences. Today the iCELLis market has broadly expanded.  Following this, Castillo was still eager to further develop the system towards complete upstream and downstream solution of manufacturing. Again, together with his partner Bultot, he co-founded Univercells, where Castillo is the chief technology officer. The vision was to create a cost-effective biomanufacturing platform NevoLine™ combining principles of process intensification, chaining, and automation in self-contained modules. Their pipeline also containsthe scale-X™ bioreactor with a structured and intensified fixed-bed design, and chained with in-line product concentration. Today Univercells is committed to bringing affordable solutions for biologics availability, in quality and price.

2. Scalable iCELLis and scale-X Fixed-bed bioreactors
iCELLis and scale-X fixed-bed bioreactors are single-use, scalable, controlled and automated systems especially designed for adherent cells. They consist of a disposable bioreactor vessel filled with the compact 3 dimensional polyethylene terephthalate (PET) matrix for cell growth (figure 1a). In the iCELLis bioreactor, hundreds of rectangular PET macrocarriers are forming either a high (144 g/L) or low (96 g/L) compaction fixed-bed.  One iCELLis macrocarrier provides 13.9 cm2 culture area for cell growth. The cone shaped bed of iCELLis Nano (figure 1b) has a total culture area of between 0.53 m2 and 4 m2 depending on the carrier compaction and height of the bed. In the iCELLis 500® Bioreactor large scale system, the bed is in the shape of a doughnut and culture area is 66-500 m2 (figure 1c). Today Pall Biotech has sold around 170 iCELLis® 500 Bioreactor Control Systems and up to 400 iCELLis® Nano bioreactor systems, with both numbers still growing (personal information by Marco Koppe, Global Product Manager iCELLis, Pall Biotech).

The scale-X bioreactor matrix is a consistent, non-woven spiral-wound double-layer PET with a spacer netting between the layers (figure 1d). The smallest system culture area is 2.4 m2 (commercial name known as hydro), middle-scale 10-30 m2 (carbo) and largest so far is 600 m2 (nitro). Controlled bioreactor systems are generally less labor-intensive than conventional 2D flask systems. For example 2.4 m2 culture area in a  bioreactor equals to four 10-layer Cell Factory 2D culture vessels (CF10, 6320 cm2) whereas 600 m2 corresponding to a growth area of approximately 950 times CF10s. iCELLis and scale-X both have been designed for commercial scale manufacturing of biologics.  iCELLis 500+ is already GMP compliant and large scale scale-X  nitro should be available for GMP manufacturing during 2020. 

Medium flow and mixing inside the bioreactors are based on magnetic stirring.  Medium runs through the fixed-bed from the bottom to the top and falls as a thin film down the outer wall (called falling film), which is also critical for optimal gas (O2 and CO2) exchange. If a higher gas exchange rate is needed, medium flow rate can be increased with higher agitation speed, or the falling film can be increased by a longer dip tube inside the bioreactor. The systems support low shear stress for adherent (and suspension) cells. 

In the fixed-bed, cell mass can grow into high densities causing a demand for feeding nutrients, however the medium volume inside the bioreactor is limited. In iCELLis Nano and scale-X hydro, the culture volume is up to <1 L, scale-X carbo <3.5L L and iCELLis 500+ and scale-X nitro up to 60-70 L. There are two feeding options available: perfusion or re-circulation of the medium. Both bioreactor systems have integrated and automated perfusion capability. Re-circulation mimics fed-batch mode when no fresh media is added to the system and the total medium volume is increased by an external tank (figure 2a). The media from the external tank is fed into the bioreactor and re-circulated from the bioreactor back to the tank. Re-circulation conditions are more comparable to the standard flask-type approach when fresh medium is not constantly provided for the cells. An alternative is to use perfusion, where fresh medium with oxygen and nutrition is supplied to the cells continuously and simultaneously, spent media with metabolic waste is removed (figure 2b). Also a full medium exchange is possible, when the bioreactor is totally emptied and filled again with fresh medium.
2.1. Cell Growth 
Fixed-bed fibers have proven to be efficient for different kinds of adherent cells and even more precisely, there are no publications describing cells that lack the ability for growth in the fixed-bed bioreactor. The most frequently used cells have been HEK derived cells (Lennaertz et al., 2013; Lesch et al., 2015; Nass et al., 2019; Powers et al., 2016; Valkama et al., 2018; Wang et al., 2015), but many other cell types such as Vero (Friesewinkel et al., 2010; Gelbgras et al., 2011; Knowles et al., 2013; Rajendran et al., 2014), MRC-5 (Rajendran et al., 2014), A549 (Knowles et al., 2013; Lennaertz et al., 2013), CHO (Collignon et al., 2010), BHV (Drugmand et al., 2010), CEF (Chicken embryonic fibroblasts) or MDBK (Madin-Darby bovine kidney) (Knowles et al., 2013) cells have been successfully cultivated in the fixed-bed bioreactors. Cells anchor themselves onto the fiber network and start to grow on adherently, making layers (figure 1d). 

Typical HEK293 derived cells are maintained at set points of temperature + 37oC, dissolved oxygen 40-50 % air saturation, and a pH of approximately 7.2 (Leinonen et al., 2020; Lesch et al., 2015; Nass et al., 2019; Powers et al., 2016; Wang et al., 2015). Dissolved oxygen is regulated by continuous surface aeration of air and injection of pure oxygen if required. pH is maintained with CO2 or addition of base e.g. sodium bicarbonate or sodium hydroxide. Seeding cell density has varied in the publications depending on the cell line, desired cultivation time and techniques used for preliminary cell expansion (Figure 3). 

If possible, cell growth is monitored by sampling top carriers: Cells are lysed to release nuclei, which are then counted for the determination of the cell number per carrier (or per cm2).  Alternatively, cell growth can be monitored in real-time using a biomass probe and following the capacitance of the living cells under the influence of an electric field (ABER´s Futura Biomass Monitors, Applikon Biotechnology) (see also user experience section 3.3.). The challenge with the fixed-bed bioreactor system is the possibility to monitor only carriers from the top of the fixed-bed, leaving the cell numbers in the rest of the fixed-bed undefined. Also, as the biomass probe on top of the bioreactor affects, to some extent, the media flow inside the fixed bed, it may have an effect on the cell distribution during cell seeding. This means that there is not necessarily the same distribution of cells below the biomass probe as in the other parts of the fixed-bed, but it can be assumed that the growth rate of the cells would be somewhat similar. Typically, the consumption of glucose and glutamine or production of lactate or ammonium are analyzed from the media to track the cell metabolism and cell growth, providing a better understanding of the cell viability and metabolism from the whole bed. The velocities of the cell metabolic reactions can be modeled based on the experimental cell culture data and mathematical predictions to create a validated monitoring tool for process optimization and control (Friesewinkel et al., 2010; Gelbgras et al., 2011).

Several groups have studied cell growth in the fixed-bed by unpacking the bed and counting the cells including those from the middle and bottom parts of the fixed-bed. Generally speaking, a rather even distribution of cells has been observed with iCELLis Nano low compaction beds, especially with 2 and 4 cm of height (Valkama et al., 2018; Wang et al., 2015). The biggest difference in cell distribution throughout the bed has been observed with a high compaction bed of 10 cm at height in iCELLis Nano (4 m2) (Valkama et al., 2018). Interestingly, the distribution of the cells in the large-scale iCELLis500/500 m2 fixed-bed was better than in small scale (Lesch et al., 2015). The Scale-X fixed bed is 10 cm in height, but  distribution of the 293T cells was observed to be superior and more homogenous in scale-X hydro (2.4 m2) than in the iCELLis Nano (2.67 m2) (Leinonen et al., 2020). 
Cell growth can slow down aftertransfection or infection (Kiesslich et al., 2020; Lesch et al., 2015),  whereas Wang et al showed that retrovirus stable packaging cells 293VEC continued to grow throughout the entire 11 day process. At the end of the run, they had observed up to 1 190 000 cells/cm2, with a seeding density of 50 000 cells/cm2.  (Wang et al., 2015). 

Vero and MRC-5 cell growth kinetics were compared by Rajendan et al, concluding that the kinetics in the fixed-bed was identically maintained  in both bioreactors and roller bottles (Rajendran et al., 2014). Kieslish et al have compared the Vero cell metabolism in the fixed-bed bioreactor and microcarrier cultivation, in a process where there was no serum present in the medium. The process parameter set points utilized were DO 50%, pH 7.2, and temperature + 37oC (during the virus production the temperature was decreased to 34 oC). They concluded that there were no major differences in cell growth, and the consumption of glucose and glutamine was comparable between the processes. A maximum cell density of 271 605 cells/cm2 was achieved in the fixed bed and 240 000  cells/cm2 in the microcarriers, when the cell seeding densities were 11 458 and 22 700 cells/cm2, respectively (Kiesslich et al., 2020).  

Interestingly, the fixed–bed bioreactor can be used not only for adherent, but also for suspension cells. The fixed-bed traps the suspension cells, but the cells are not attached to the carriers. The advantage of using the fixed-bed bioreactor for suspension cells is that the suspension cells remain entangled in the compact bed. This could potentially increase e.g. the transfection efficacy.  Within the fixed-bed bioreactor, the transfection mix is pushed near the cells through the bed.  Ventini-Monteiro et al showed cultivation of Drosophila melanofaster Schneider 2 (S2) and Spodoptera frugiperda (Sf9) insect suspension cells in 4 m2 bioreactor. Process parameters were suitably setfor insect cells: temperature +28°C, DO 30% and pH was not controlled. They inoculated 17 000 cells/cm2 into the bioreactor and cultured them in 700ml (volume inside the bioreactor) + 500 ml (re-circulation volume) of SF-900 II medium. They were able to achieve a total of 2.3 x 1010 cells inside the bioreactor and they produced up to 2.5 µg/1 x 107 cells of recombinant rabies virus glycoprotein (rVGP) in the process. As a comparison, the productivity of rVGP in the stirred tank was 1.9 µg/1 x 107 cells (Ventini-Monteiro et al., 2015; Ventini-Monteiro et al., 2017).

We have also tested the iCELLis fixed-bed bioreactor with suspension cells for lentivirus production. 293T cells were grown in Freestyle serum-free medium. In our hands, suspension cells grew slower compared to adherent 293T in DMEM containing 10% FBS. There were some challenges to reliably monitor the cell growth as the cells were not attached to the sampled carriers, and thus, the counting of the cells, proved difficult. Furthermore, we had not performed metabolic modelling of the suspension cells beforehand, and this may have generated inaccurate cell numbers and results of the cell metabolism (data not shown).


2.2. Virus production 

The typical viral vector manufacturing process starts by thawing the cell vial (master or working cell bank). Cells are expanded to the target cell number and inoculated into the fixed-bed bioreactor. Cell mass is further expanded in the bioreactor supported by the selected feeding strategy. When cells are at the target cell density, viral vector production is induced by infection (e.g adenovirus), transfection (e.g. AAV and Lentivirus) or induction (e.g. retrovirus). Virus generation typically takes a few days.  Depending on the virus, the product is harvested by collecting the budded viruses from the medium or lysing the cells to release the virus and collecting the lysed harvest. The typical downstream process contains clarification, concentration, polishing and final formulation steps utilizing e.g. depth filters, tangential flow filtration and chromatographic techniques (Figure 2c). 

These scalable and disposable fixed-beds have been used for production of several different viruses; most commonly used vector types are AAV and lentivirus. Additional virus types produced are e.g. adenovirus, Rabies, Hepatitis-A, Chikungunya vaccines, BHV and recombinant Vesicular Stomatitis Virus (rVSV).

2.2.1. AAV
Adeno-associated virus (AAV) has been increasingly gaining interest as a long-term gene therapy tool. Therefore there is also a need for scalable manufacturing methods for AAV. Stable producer cells, herpes simplex virus or baculoviral vector based production systems have been developed for AAV, however,today many of the approaches in the field are reliant on a two/three plasmid transfection based system. The old fashioned flask approach with adherent cells is not practical in large scale and the suspension platform has been an alternative, but requires adaptation of the cells into the serum-free environment and optimization of  large-scale transfection in suspension  (Merten, 2016; Penaud-Budloo et al., 2018). Scaling up the traditional adherent production has turned interest towards the fixed-bed bioreactor systems when traditional process compartments, such as cells, medium and transfection could remain unchanged. Virus production in fixed-bed bioreactors has been performed in HEK293 based cells (HEK293, 293T) (Emmerling et al., 2016; Illingworth et al., 2014; Nass et al., 2019; Powers et al., 2016) (Table 1). A549 producer cells have been used for AAV production in the iCELLis fixed-bed bioreactor as well (Knowles et al., 2013; Lennaertz et al., 2013). 

The transfection step has been said to be challenging in increasing volumes. For AAV, a two or three plasmid transfection is performed with Polyethylene Imine (PEI) transfection reagent, which has proven to be quite practical even in large scale volumes. Still there are several parameters, such as DNA amount, PEI:DNA ratio, and incubation time that requires optimization (Nass et al., 2019). Powers et al determined transfection efficacy with Green Fluorescent Protein (GFP) expressing plasmid and analyzed iCELLis Nano carriers by fluorescent microscopy and flow cytometry. They concluded that transfection through the fixed-bed was highly efficient, with an average of 97% (Powers et al., 2016).

Improving vector production is not only a matter of optimization of process parameters. Optimizing the construct may have remarkable effect on the productivity and quality of the produced vector. For example, Emmerling et al designed optimized AAV2 plasmids and were able to increase the productivity 12-fold.  They split viral rep and cap constructs into different plasmids and minimized the size of the adenovirus helper construct to enhance the transfection efficacy and copy numbers required for given amount of transfected DNA (Emmerling et al., 2016). They reported higher productivity in anchor-dependent cells versus suspension cells and showed successful process transfer from the plate format to the iCELLis fixed-bed bioreactor system.

Depending on the serotype, AAV vectors either remain intracellular or can be released into the supernatant. AAV particles are highly stable in extreme conditions of pH, detergent, and temperature. Several methods has been used for the release of the vector from the host cells (Penaud-Budloo et al., 2018). With fixed-bed bioreactors, the lysis has been performed by traditional freeze-and-thaw cycles (Emmerling et al., 2016; Lennaertz et al., 2013). The process step is not very practical as one should freeze the whole bioreactor, or optionally unpack the bioreactor and remove the carriers in order to perform the freeze-and-thaw cycle for the carriers only. Unpacking creates an open system and is impractical to perform in a large scale. A chemical  virus release has been efficient with different buffers (table 1). The chemical lysis step is easy to perform by adding the lysis detergent into the bioreactor and circulating buffer throughout the bed. The cells break, releasing vectors into the circulating buffer leaving the cell debris in the fixed-bed. The harvested material is typically quite clear of cell debris. Typical Triton X-100 based detergents are used for the release of AAVs.

Generally, the iCELLis Nano can provide about >1014 vg of AAV, but direct comparison between the groups is difficult due to different sizes of the bioreactors, different constructs and the titering methods used (table 1). Few companies have reported AAV manufacturing using iCELLis500 system. Freeline process development was done using 0.53 m2 iCELLis Nano, scaled into iCELLis Nano 4 m2 with a 5-fold increase of titer and further to iCELLis500/333 m2 (Rehberger et al., 2017). The final process was successfully transferred to GMP manufacturing and achieved up to 2.5 x 1016 vg. Several runs demonstrated the robustness and reproducibility of the iCELLis500 manufacturing process (De Carli et al., 2019). Kuopio Center for Gene and Cell therapy has reported AAV2 manufacturing in iCELLis500/333 m2 achieving up to 5 x 1016 vgs (Galibert et al., 2018). Avexis has also reported the manufacturing of AAV in iCELLis500/333 m2. They have utilized Pall Xpansion 200 for their HEK293 cell expansion prior to the iCELLis500. The total harvest yield was reported as > 1 x 1016 vg. >90% of the virus was released by chemical detergent lysis and recovery was improved by rinsing the bioreactor (Kaspar et al., 2019). The results prove that the iCELLis500 is satisfying the demand for large-scale AAV manufacturing. Further scale-up above 500 m2 is not possible with iCELLis system but Univercells has highlighted the possibility to scale-up the scale-X bioreactor up to 2 400 m2 providing an  almost 5 fold area increase per batch.

2.2.2. Lentiviral and retroviral vectors
Lentiviral vectors are a promising vector choice for long term therapy. Today the use of Lentiviral vectors has been mostly focused on ex vivo approaches. StrimvelisTM, a stem cell therapy of ADA-SCID patients, was initially priced at $665,000 per treatment and Kymriah, a CAR-T therapy of Acute lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma (DLBCL), with a list price of $475,000. Both products involve lentivirus transduction in the manufacturing process. To be able to decrease the costs of dosing, more efficient manufacturing of virus and cell products need to be developed. Fixed-bed bioreactors are providing a potential option for more cost effective virus manufacturing. 

We have optimized the lentivirus manufacturing process in the iCELLis Nano bioreactor (Valkama et al., 2018). Several process parameters such as transfection reagent, plasmid amount and ratio, feeding strategy, and harvest, were optimized. In all of the runs, 7 000 cells/cm2 were inoculated and perfusion was set to target 0.5 g/L of glucose and PEIpro was used in the transfection. Calcium phosphate transfection was first tested but it was not easily reproducible and it was difficult to execute in increasing volumes. With PEI transfection, one iCELLis Nano bioreactor produced approximately 1 x 1013 vp per run. Next the production was scaled into iCELLis500 using a 100 m2 fixed-bed where the process parameters were based on small scale work. The first run with the 100 m2 bioreactor reached 9.27 x 1014 total vp in the volume of 165 L (Leinonen et al., 2019). Further process optimization was continued and the second run, using a low compaction 333 m2 fixed-bed, achieved a total yield of 4.35 x 1015 vp in the volume of 178 L. A decreased DNA/cm2 concentration was used in PEIpro transfection, medium was supplemented with sodium pyruvate, non-essentional amino acids (NEAAs) and CD lipids, and perfusion rate was slower compared to the first run with 100 m2 bioreactor. The perfusion rate optimization, decreased DNA concentration and increased productivity can be seen as direct savings in the production costs. 

A similar approach has been reported by Molmed. They used the iCELLis Nano 0.53 m2 and 1.06 m2 for process development, running a total of 53 and 33 process development runs, respectively (Vallanti and Glover, 2019). They reported a 5.1 x 106 TU/cm2 yield in Nano scale and concluded that the productivity was increased during the development mostly due to optimization of the transfection and harvest conditions. In the scale up runs, the total yield achieved was 4.4 x 1012 TU from the 66 m2 size bioreactor, and 1.1 x 1013 TU from the 133 m2 bioreactor. 

The manufacturing of γ-retroviral vectors is more straightforward with packaging cell lines when no transfection is needed. Wang et al. has compared two different stable packaging cell lines for γ-retrovirus production in iCELLis Nano bioreactors. They reported that with PG-13 and HEK-293VEC producer cells, total yields were 2.9 x 1010/TCIU (tissue culture infectious units) and 2.53 x 1012/TCIU, respectively, in iCELLis Nano 2.7 m2. The vectors produced in HEK-293VEC cells passed the release test assays proving that the quality was acceptable for clinical trials. They concluded that one produced lot of chimeric antigen receptors or T-cell receptors expressing vector was adequate for transducing up to a 500 patient dose (Wang et al., 2015). Molmed has also reported the retrovirus process development in iCELLis Nano 1.06 m2 using a stable packaging cell line. Productivity was increased by optimizing the process steps such as seeding cell density, DNA concentration, transfection agents, timing and volumes of harvest, in 28 iCELLis Nano runs. Productivity was 5.7 x 106 TU/ml with an infectivity of 6 x 104 TU/ng p30. Cell Factories were used for cell expansion prior to inoculation into the bioreactor. Finally, the process was scaled up into iCELLis500/133 m2. The produced vector was downstream processed with an approximate recovery of 50% (Vallanti and Glover, 2019).

The applicability of the scale-X hydro bioreactor for lentiviral vector production was tested and compared to the iCELLis Nano. As described above, the iCELLis system has two different (high and low) carrier compactions available, while Scale-X provides only one compaction homogenous fixed-bed. We have noted earlier that for lentiviral vectors, the yield/cm2 is increased when produced in a low compaction fixed-bed, compared to a high compaction bed. The first proof-of concept runs were performed using the process parameters from the Nano and implementing those directly to the scale-X bioreactor (Leinonen et al., 2020). 2.67 m2 low compaction iCELLis Nano and 2.4 m2 scale-X fixed-bed bioreactors were used because the sizes of the bioreactors were as close to each other as possible, and the height of the beds wereidentical.  A set concentration of 293T cells/cm2 was inoculated into both bioreactors. Cell growth was supported by perfusion with fresh media, aiming to keep glucose concentration at 0.5g/L inside the bioreactor. We concluded that homogenous cell distribution was better in scale-X and the productivity of lentiviral vectors was similar to iCELLis Nano, or even slightly improved. Preliminary results were very promising, but to be able to further conclude from the results, more runs should be performed (Leinonen et al., 2020; Valkama et al., 2018).

     3.2.3 Adenovirus
Adenoviruses have been one of the pioneering tools of the gene therapy field. In 2015 we published the first articles of adenovirus serotype 5 manufacturing using iCELLis Nano as a tool for process development and showing the process scale up into iCELLis 500 scale with 100 m2 fixed-bed (Lesch et al., 2015). The small scale process development was started bytesting process parameters in flasks and implementing these into iCELLis Nano bioreactors. First, the cell culture parameters and feeding strategy were optimized, followed by infection and harvest optimization. The scale up run was started by inoculating 10 000 cells/cm2 into the 100 m2 fixed-bed bioreactor. Cell growth was supported by perfusion, and oxygen and glucose consumption and lactate production were monitored daily, and were comparable to observations from the Nano experiments. Interestingly, the virus productivity/cm2 was comparable from the flasks experiment through Nano scale  up until the 100 m2 scale runs. The harvest yield was 5.3. x 1015 vp  and recovery was 14% (8.4x1014 vp) (Lesch et al., 2015). Pall Life Sciences has also developed a complete, large scale, single-use platform for adenovirus.  They used Xpansion® multiplate bioreactor for cell expansion and 66 m2 iCELLIs 500 fixed-bed bioreactor for virus production. Upstream yield was 1.0 x 1016 Infection Units (IFU). Virus was downstream processed by depth filtration, Mustang® Q anion exchange chromatography, Ultrafiltration/diafiltration for further buffer exchange, and final sterilized product recovery was 62% with high purity (Legmann, 2018).

Also Scale-X hydro has been piloted for adenovirus production. A couple of scale-X runs were compared to those in iCELLis Nano, using the same process parameters. Virus particle production was analyzed by titering the Ad-GFP viral vector with HPLC. It was observed that the Scale-X titer 1.11 x 1011 vp/ml was slightly higher than what was received with iCELLis Nano (8.53 x 1010 vp/ml). However, as only a few runs have been performed, it is not possible to say if the difference is significant, but the results showed that scale-X is a practical alternative for adenovirus production (Leinonen et al., 2020). The same phenomenon was observed when we performed comparison runs using another Ad5 product  (unpublished results by Piia Valonen, Kati Heikkilä, Minna Karhinen).
      3.2.4 Other viral products
The first iCELLis Nano virus experiments were published by Drugmand et al in 2010 (Drugmand et al., 2010). During that time the system was called Artelis´ fixed-bed bioreactor. Drugmand et al were concentrating on animal vaccines, and they produced bovine herpesvirus (BHV) using MDBK cell line. Results confirmed that the novel system was suitable for virus production and it achieved comparable results with 10-layer Cell Factory (CF-10) and 10L bioreactor with Cytodex-1 (6g/L) microcarrier cultivation. Another animal vaccine, Modified Vaccinia Ankara virus (MVA) was produced in primary chicken embryo fibroblasts (CEF) that were extracted from incubated eggs. Typical production in uncontrolled static devices, such as in T-flasks or multitray systems was compared to iCELLis system.  Havelange et al showed that only 30-40% of the total production was obtained in the fixed-bed bioreactor compared to static systems, but they used only 25 % of the amount of embryos that they used in the static system. They concluded that further process optimization was still required to reach the comparable productivity. Early MVA and CEF studies were also presented at a conference (Havelange et al., 2011). At the time, there were some drawbacks with non-controlled pH and DO conditions and open aseptic operations. Knowles et al. published a board comparison article of different cell types and viruses that had been produced in iCELLis Nano. In the studies they used CEF, MDBK, A540 and Vero cell culture to manufacture either MVA, Bovine herpes virus, AAV, Adenovirus, influenza virus or paramyxovirus. They were able to show that by keeping the cell culture conditions and process parameters identical to the standard flask process, the process scale up into the fixed-bed bioreactor was straightforward for all products (Knowles et al., 2013).

Rajendran et al. tested iCELLis Nano system for several different viral vaccines, and compared the results to roller bottle systems and a commercially available undisclosed packed bed bioreactor system crammed with carriers. They reported the highest productivity of Hepatitis-A and Chikungunya vaccines in iCELLis Nano system, but almost one log higher cumulative titers of rabies vaccine were obtained in the commercial packed bed bioreactor (Rajendran et al., 2014). In the initial experiment, the growth parameters and medium consumption of Vero and MRC-5 cells were evaluated in all three systems. MRC-5 cells grew better in iCELLis Nano system, whereas Vero cells had similar growth characteristics in all systems. Improved cell growth in iCELLis Nano might explain the increased productivity of the Hepatitis-A and Chikungunya vaccine (Rajendran et al., 2014).

Scale-X hydro bioreactor was tested for Ebola vaccine rVSV-ZEBOV, relying on a recombinant vesicular stomatitis virus and compared to a microcarrier bioreactor. Process parameters (e.g. cell growth, multiplicity of infection (MOI), production kinetics and quality in terms of infectivity per particle produced) were defined in small scale flask experiments and modulated to bioreactor runs. Kieslich et al were able to show that Vero cell growth at +34oC in the fixed-bed bioreactor was similar to cultivation on microcarriers, with comparable cell metabolism. The maximum infection titer of 1.95 x 107 TCDI50/ml was achieved at early 24 hours post infection in the fixed-bed, indicating faster reaction kinetics in the fixed-bed bioreactor (Kiesslich et al., 2020)

2.3. Our experience with iCELLis500 fixed-bed bioreactor


In early 2013, we began a search for possibilities to scale up the viral production process in adherent mode, as efficiently and conveniently as possible. We were looking for single use systems, and ATMI had just introduced iCELLis bioreactors at Nano and iCELLis500 –scales. Development batches were performed at the Nano-scale, during which we observed the potential in the system and decided to go further and invest in the iCELLis500. The first development run in iCELLis500 was performed in 2014 after which it was shown that the scale-up of the process from flasks to the iCELLis500 was successfully achieved (Lesch et al 2015). 

One of the first issues that we needed to resolve when upscaling the process into iCELLis500 was to conveniently achieve the appropriate number of cells for the inoculation of the iCELLis500 100 m2 bioreactor, and especially the 500 m2. At inoculation with a cell density of 10 000 cells/cm2, the 100 m2 bioreactor requires 1 × 1010 cells and the 500 m2 bioreactor 5 × 1010 cells. It would have been impractical in labour as well as time, to produce that many cells in flasks or in cell factories. The collection of the cells into single cell suspension prior to inoculation, and  the prevention of cells from aggregating with each other during the processing was problematic. With the help of our long history with viral particle production with HEK293 cells, we came up with the idea that the cells could proliferate in suspension, after which the viral particle production would be performed in adherent mode in the iCELLis bioreactor. Viral particle production for this specific vector is required to be performed in adherent mode, because the productivity is significantly higher when compared to suspension mode. The determination of cultivation mode of HEK293 cells is done by selection of the cultivation media: when the cells are cultivated in EX-CELL (supplemented with L-Glutamine), cells grow in suspension, and when they are cultivated in DMEM (supplemented with FBS and L-Glutamine), cells grow in adherent mode. This was tested during our development runs with the iCELLis Nano bioreactors, where cells were first proliferated in roller bottles and in BIOSTAT® CultiBag bioreactor in EX-CELL-media and then inoculated in the iCELLis Nano bioreactor which was equilibrated with DMEM (supplemented with FBS and L-Glutamine). The tests were promising, and it was decided to be a worthwhile technique to develop further(Lesch et al., 2015). 

Another issue with the iCELLis bioreactors is the even distribution of the cells in the iCELLis fixed-bed (Lesch 2015). One important note is to concentrate on having homogenous single cell suspension for the inoculation. This is because in these bioreactors (in iCELLis as well as with Scale-X), cells are pushed by the media through the fixed-bed from the bottom to the top (as described earlier). If the cells are aggregated, most of the cells cannot get through the fixed-bed and are gathered to the bottom part of it. When the cells proliferate, the ratio of cells  on the bottom versus the top part of the fixed-bed increases over time. This creates a situation during infection, where the cells are at a totally different micro-environment within the bioreactor, affecting the infectability of the cells/availability of the cells to the virus. There may be a situation where the cells are too tightly packed, at the bottom of the fixed-bed,  impacting the viral particle productivity: It has been shown that a too high cell concentration at infection has a negative effect on  viral particle productivity of the cells (Yamada et al., 2009). This supports the importance of having even cell distribution inside the fixed-bed and to avoid cell aggregates at the cell inoculation phase. 


One disadvantage with the iCELLis500 bioreactor is the lack of possibility to count the cells during the process. With iCELLis Nano, the process is performed in the laminar flow hood where the bioreactor can be opened from the top and macrocarriers can be sampled and cells counted, but at iCELLis500 scale this is not possible. One way of confirming that the cells are growing inside the bioreactor is to follow the level of dissolved oxygen (DO) in the media. This is an indicator of oxygen consumption by the cells, indirectly displaying that the cells are proliferating and are metabolically active. DO of the media is highly affected by the agitation rate, volume of media inside the bioreactor and the concentration of oxygen inoculated into the bioreactor, therefore it cannot be directly used to determine the number of cells inside the bioreactor at a certain time point. Basically, the trend curves of batches can be compared with each other to see if the batches are behaving similarly at certain point of the process. Only media samples can be collected from the iCELLis500 bioreactor without compromising the batch.  We have utilized the following: daily measurement of pH is compared to the off-line pH measurement to confirm that the equipment measures the pH correctly, also glucose and lactate levels from the media are measured. 

To collect more precise information about the cell proliferation and number of cells inside the bioreactor, PALL has implemented a biomass probe (ABER Instruments Ltd) into the disposable bioreactors, placed on top of the fixed-bed. The biomass probe uses radio frequency to measure capacitance, which is directly proportional to the membrane bound volume of live cells. Cells with intact membranes are polarized by the electric field, and they can be considered as tiny capacitors. Dead cells and cell debris are not polarized, therefore the capacitance recorded by the biomass probe is from the viable cells only. According to ABER, a biomass probe on top of the fixed-bed can measure capacitance from an area approximately  the size of a golf ball. As the thickness of the fixed-bed in 100 m2 bioreactor is 2 cm, this means that the biomass probe would be able to “see” through the entire thickness of the fixed-bed. Capacitance can be used as an indicator of how the cells are growing inside the bioreactor, and for example, how the cells react  to infection. We have been using 100 m2 bioreactors with a biomass probe for data collection. From the capacitance curve, we can observe the point of infection, the infection progress, and the cell reaction to it. 

When the cells are proliferating and number of cells increases inside the bioreactor, more nutrients are consumed and metabolic waste is produced. To confirm that the cells are provided an environment that supports their proliferation and ability to produce viruses efficiently, perfusion of the media is implemented to the process: fresh media is pumped in, and from the opposite side of the bioreactor, media is pumped out (this is considered to be the waste media). When the perfusion step is started in our process, the rate is rather slow because the number of cells is low at this point. With the increasing number of cells and increasing consumption of glucose and production of lactate, perfusion rate is increased. In our 100 m2 process the rate of perfusion is too slow to be performed with the pumps integrated into the iCELLis500 equipment (Feed In and Feed Out –pumps), therefore we have implemented the use of external pumps to our process. iCELLis500 equipment’s Feed in and Feed Out pumps could be programmed to work in cycles (running and stopping at certain interval) making it possible to match the overall flow rate we use in our process (e.g. total volume of media pumped in per hour), but we have observed that this does not fit our purposes, as constant flow of fresh media into the bioreactor has shown to improve the viral particle production in cells (data not shown). 

Perfusion in an adherent bioreactor, especially those similar to iCELLis and Scale-X is, in principle, easy to arrange when compared to the suspension process or with floating microcarriers. This is because the cells are attached to the fixed-bed and the viruses remain inside the cells until the harvest (when adenovirus and AAV processes are in question). As there is no risk of losing the cells or viruses to waste, there is no need to use membrane filters or tangential flow filtration (TFF)/alternating tangential flow filtration (ATF) –systems in the Feed out –line. With higher cell densities and higher perfusion rates the membrane could get blocked, and with TFF and ATF, shear forces experienced by the cells increase, which may have a significantly negative effect on the wellbeing of the cells, especially after infection when the cells are more vulnerable. 

Another positive feature in the fixed-bed bioreactors is observed during harvest, when the viral particles are collected. In our process we use chemical lysis of the cell membrane to release the viruses from the cells into the media. Viral particles are collected by emptying the bioreactor, when most of the cell debris remains inside the fixed-bed. In practice, no visually observable particles are released from the bioreactor. This has a significant effect to the subsequent downstream process steps, as the amount of impurities is significantly lower than observed in suspension processes. 

Since our first development run with the iCELLis500 in 2014, we have gained vast experience with the equipment. One of our main focuses has been to develop a robust and reproducible process that can produce viral particles in an adherent process at a scale that can be considered feasible when producing material for Phase III clinical trials (Karhinen et al., 2016). It was highly successful and we were the first to take a process utilizing iCELLis500 through the regulatory stage to perform Phase III clinical trials. Preliminary results from this trial in the treatment of bladder cancer are promising  (Dinney, 2019).  

At the moment we have concentrated on working with both the 100 m2 and 500 m2 scales. We have had challenges to compel the cells into an even distribution in the fixed-bed, as discussed above. That is even more important at the larger scale, because the thickness of the fixed-bed increases from 2 cm into 10 cm, when going from a 100 m2 bioreactor into a 500 m2. This means that the cells need to travel a longer distance inside a relatively tight fixed-bed. To push the cells further inside the fixed-bed, velocity of the media is increased at cell inoculation. Too high a speed would increase the shear forces experienced by the cells  that they may suffer from it. Therefore a compromise needs to be accepted, resulting in a situation where there are somewhat more cells at the bottom, than in the middle and the top parts of the fixed-bed. Single cell suspension at inoculation of 500 m2 bioreactor becomes even more important because of the longer distance the cells need to travel inside the fixed-bed. Thus, the proliferation of the cells in suspension mode prior to inoculation is practically the only feasible method to be used.

Another challenge in upscaling was that the size of the bioreactor itself remains the same, but the size of the fixed-bed inside of it increases. This means that less media can fit inside the bioreactor, despite the increased number of cells. One solution to this is to recirculate the media between the external medium container and the bioreactor (Figure 2), but we have overcome this with increased perfusion rate instead. 

3. Smaller scale automated disposable bioreactors
BelloCell-500 bottle (Cesco Bioengineering) is a compact fixed-bed bioreactor offering 1.56 m2 culture area for adherent cell attachment (figure 4a). Cell growth takes place in BioNOC II matrix of hydrophilic non-woven fabric PET filaments packed into the upper chamber. Cell culture medium, driven by the BelloStage system, rises and descends, submerging and exposing matrices periodically (figure 4a). BelloCell-500 bottle has shown suitabilty for several different cell lines and has been evaluated for virus production such as influenza virus (Lai et al., 2019), baculovirus (Hu et al., 2003) or Japanese encephalitis virus (Toriniwa and Komiya, 2007). rAAV production in HEK293 cells using baculovirus mediated system achieved approximately 1 x 1014 vg or 8.5 x 1011 infectious viral particles per BelloCell-500 bioreactor run (Huang et al., 2007). 

Fibra-Cel® Disks (Eppendorf) are round shaped disks made of polyester mesh with polypropylene support. Fibra-Cel Disks have been used since 1980s for wide range of cell types and production of biologicals. Originally the disks are used in New BrunswickTM CelliGen autoclavable cell culture bioreactors in large scale, and even for commercial production (Peng, 2004). Nowadays, the BioBLU® Packed-Bed Fibra-Cel® Basket (Eppendorf), packed with 150g of Fibra-Cel Disks, which provides a total of 18 m2 culture area and a 3.74L volume, is the only single-use vessel available (figure 4b).  It has shown promising results e.g. for Lentivirus production in 293T cells and PEI-based plasmid transfection (McCarron et al., 2019). The lentiviral titers (functional titers between 105 ‐ 106 TU/mL and physical particles between 107 ‐ 108 VP/mL) were slightly lower compared to the standard flask approach but scalability of the system was highlighted. Importantly, the quality of the produced viruses in the bioreactor and flasks were comparable.

On the market there are several other comparable scale disposable bioreactors for adherent cells which may not be precisely called “fixed-bed” bioreactors. Many of these bioreactors have been used for cell therapy purposes.  ZRP® perfusion Bioreactors from Zellwerk GmbH belongs to meander type bioreactors where cells face minimized shear stress, and medium flow is directed to laminar flow. This bioreactor has been used e.g. for Natural Killer (NK) cell mass production in GMP conditions (Bröker et al., 2019). CocoonTM bioreactor by Octane Biotech was also developed especially for fully closed point-of-care patient-scale cell therapy manufacturing. Quantum® by Terumo BCT is a hollow fiber bioreactor disposable system with a culture area of 2.1 m2. This bioreactor contains porous hollow fibers where cells attach to the inner loop of the fibers but medium and metabolites can pass through the pores of the membrane. Sheu et al showed a lentivirus yield total of 3.82 × 109 vg per one Quantum run and concluded that harvested titers were comparable to the traditional flask process (Sheu et al 2015). 

There is also an older system available which are not fully disposable fixed-bed bioreactors. One of the examples are the Corning-provided CellCube® Modules with up to a 34 m2 culture area for adherent cells. Medium is circulated from a conditioning vessel to the CellCube ﬁxed-bed module and back to the conditioning vessel.  The entire system is only partially disposable as the conditioning vessel is re-usable, but the CellCube is disposable. The CellCube module has been used successfully with retrovirus (Merten et al., 2001),  herpes virus (Ozuer et al., 2002) and attenuated hepatitis A virus (Aunins et al., 2003). 

4. Costs

One of the biggest challenges in the production of biologics is the very high cost. Production consumables, such as bioreactors, filters and columns, can be tens of thousands of dollars per batch and possible plasmids, transfection reagents, endonuclease and GMP acceptable FBS increase the price tag even more. Costs can be decreased by increasing the productivity, maximizing the recovery and preferring cost-effective manufacturing choices. Still today, most of the adherent systems are relying on traditional FBS supplemented medium as the productivity has been higher than in suspension adapted cells (Merten et al., 2016; Penaud-Budloo et al., 2018). The large scale fixed-bed bioreactor is seen as a cost-effective option to the flask approach and it will reduce biological contamination and cross-contamination risk (Miessner, 2016). The serum-free production system would be an ethical, regulatory preferable and preferred economic choice. Several cell lines have been adapted to serum-free, chemically defined mediums and is increasingly taken into use for viral vector manufacturing (van der Loo and Wright, 2016)(van der Loo and Wright, 2016; (Ansorge et al., 2010; van der Loo and Wright, 2016; Merten, 2016). However, the serum-free medium can be more expensive compared e.g. to traditional DMEM (Dulbecco's Modified Eagle Medium). In addition, optimization of the medium supplementation may be required to be able to keep the high virus productivity (Gélinas et al., 2017). Serum-free production with suspension adapted cells is applicable to fixed-bed bioreactors, but mostly suspension cells are used with stirred tank bioreactors. As a consumable, a stirred tank bioreactor bag is a cost beneficial option compared to the disposable fixed-bed bioreactor. 
Upstream choices can also affect downstream processing and thus to the total cost of goods. The fixed-bed functions as a “pre-filter” when the cells are chemically lysed and material harvested from the bioreactor. The harvested product contains remarkably less impurities and cell debris compared to the material harvested from stirred tank bioreactors and the starting material contains less burden for downstream processing. Eventually it might be possible to elide the first clarification step. 
Cameau et al published the cost modelling comparison of adherent multi-trays with suspension and fixed-bed bioreactors. They concluded that trapping the suspension cells into the fixed bed provides advantages to lower the concentration of plasmid DNA and transfection reagent required, while still having an option to remove FBS cost by using serum-free medium (Cameau et al., 2019). Stable cell lines would be a more economical option for plasmid transfection. The development of stable cell lines has been hindered by the toxicity of viral enzymes (Burns et al., 1993; Haselhorst et al., 1998) and lack of proper inducible systems, but also due to the fact that the development of stable cell lines is very time consuming (Merten, 2016). 
Constantly developing technology brings new solutions to the market. At the moment, one of the most interesting topics in this field has been on developing continuous processes for manufacturing. This would naturally lead to increased productivity, cost reductions and increased flexibility. In the ideal system, all of these previously mentioned cost-related choices with improved technological solutions should be considered early enough during the product and process development pipeline.

5. Conclusion

In this article we have reviewed the current possibilities for viral particle production in fixed-bed bioreactors. As observed there are a few options, but for large, commercial scale manufacturing there is practically only one GMP compliant option, that being iCELLis500 by PALL Life Sciences. Univercells has also been developing scale-XTM nitro bioreactor to be used in commercial scale, which should be available for GMP manufacturing during 2020. For smaller scale and for development use there are more options to choose from.

As for every process, there are pros and cons for using fixed-bed bioreactors in viral particle production. One of the most important favorable aspects in the iCELLis500 fixed-bed bioreactor has been the scalability. As we have observed the productivity of viral particles in the large scale to be comparable to the productivity at that of a smaller scale. Another issue is that perfusion in fixed-bed bioreactors is easy to arrange, as the cells with the viruses are inside the fixed-bed. Thus, there is no risk of losing the viruses in the waste.  In the suspension cell process, the advantage of a fixed-bed is that it may increase the transfection efficacy. In the lysis-based harvest, most of the cell debris is retained inside the fixed-bed, having a significant effect on the downstream processing, as the amount of impurities is significantly lower than for example, in the suspension process. 

One disadvantage with the iCELLis500 bioreactor is the lack of possibility to count the cells during the process. This means we do not have accurate knowledge of how many cells are inside the bioreactor when infection or transfection is performed. This has been partly solved by implementing a biomass probe from ABER Instruments Ltd into the disposable bioreactors, on top of the fixed-bed. With the biomass probe, the proliferation and condition of the cells can be followed, but the exact number of cells cannot be determined accurately. Despite the inability to perform cell counting, we have been able to develop a robust and reproducible process with iCELLis500, and were the first to take it through the regulatory stage to perform Phase III clinical trials, with promising results. 

[bookmark: _GoBack]The use of fixed-bed bioreactors will continue in the future, as long as there are no practical options for vectors that are only efficiently produced in adherent mode. More producers of fixed-bed bioreactors are coming to the market, but only Univercells seems to be close in bringing an option to iCELLis500 in commercial scale. The use of FBS in adherent production of viral particles in large scale fixed-bed bioreactors may cause a risk for the process in the future (availability of the FBS, ethical issues, costs) At the moment, development work is ongoing for the adaption of cell lines to serum-free conditions, for their use in viral vector manufacturing at an increasing rate.
 
The Scale-X system has further elements to perform continuous in-line concentration with an optional built-in hollow fiber tangential-flow filtration system. Scale-X bioreactors can be combined with the NevoLine™ micro-facilities which are closed cabinets, lowering the GMP facility requirements.
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Table I. Comparison of AAV manufacturing in fixed-bed bioreactors
	Cells
	Seeding density
	Media
	Feeding mode
	Scale
	Transfection
	Yield vg
	Release of the virus
	reference

	HEK293
	10 000
	DMEM+10% FBS
	Re-circulation
	4
	PEI (Polyscience)
	1.5 x 1014
	20 mM Tris, 150 mM NaCl, 10 mM MgCL2 following the addition of Bensonaze and 0.1% Triton X-100
	(Nass et al., 2019)

	HEK293T/17
	10 000
	DMEM or IMDM
	NA
	0.53
	PEIpro
	3.64 x 1014
	Chemical lysis by 1mM Tris, 1mM MaCl2, 0.1% Triton X-100, 25U/ml Benzonase
	(Powers et al., 2016)

	HEK293T
	100 000
	DMEM
	NA
	0.53
	PEI (Polyscience or Polyplus)
	1.14 X 1014
	Freeze-and thaw of the carriers
	(Emmerling et al., 2016)

	HEK293T
	80 000
	NA
	NA
	0.53
	PEI
	4.5 × 108 vg/cm2 (calculated: )
	Freeze-and thaw 
	(Lennaertz et al., 2013)

	A549
	NA
	Optipro+ 1% FBS
	NA
	0.53
	Ad infection
	3.1 × 108 vg/cm2
	Medium harvest
	(Lennaertz et al., 2013)

	HEK293T
	NA
	DMEM, 10% FBS
	NA
	0.53
	PEI
	2.3 x 1013
	in situ lysis (buffer not defined)
	(Illingworth et al., 2014)

	HEK293
	NA
	DMEM+10% FBS
	recirculation
	333 m2
	NA
	>1 x 1016 vg
	Detergent based lysis
	(Kaspar et al., 2019)
AVEXIS

	HEK293
	NA
	DMEM+10% FBS
	Perfusion
	333m2
	PEIpro
	vg
	Detergent based lysis
	Kuopio Center for Gene and Cell Therapy 

	HEK293T/17
	NA
	NA
	NA
	333 m2
	NA
	2.5 x 1016 vg
	NA
	(Rehberger et al., 2017) Freeline






Figure Legends

Figure 1. iCELLis bioreactor vessel is filled with the compact 3 dimensional polyethylene terephthalate (PET) macrocarries for cell growth (a). The scale-X bioreactor matrix is a consistent, non-woven spiral-wound double-layer PET with a spacer netting between the layers (left) whereas hundreds of rectangular PET macrocarriers form the cone shape bed of iCELLis Nano (right) (b). In the iCELLis 500+  large scale system the bed is in a shape of a doughnut (c). Fluorescent microscopy picture of HEK293 cells growing on iCELLis macrocarrier fiber network (d).

Figure 2.  Bioreactor feeding strategy is based on the re-circulation of the medium between the bioreactor and external medium tank (a) or fresh medium is perfused to the bioreactor and spent medium goes to waste/harvest (b). Typical viral vector manufacturing flow chart (c). 

Figure 3. Typical iCELLis Nano run paragraph. Glucose and lactate were measured daily form cell culture medium. Cell growth was monitored using a ABER´s Futura biomass monitor and following the capacitance of the living cells under the influence of an electric field.

Figure 4.  BelloCell-500 bottle (Cesco Bioengineering) is a compact fixed-bed bioreactor offering 1,56 m2 culture area (a). Fibra-Cel® Basket (Eppendorf) packed with 150g of Fibra-Cel disks providing total of 18 m2 culture area (b).
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