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SHORT ABSTRACT:
In this protocol, AAV2 vector is produced by co-culturing Spodoptera frugiperda (Sf9) insect cells with baculovirus (BV)-AAV2-green fluorescent protein (GFP) or therapeutic gene and BV-AAV2-rep-cap infected Sf9 cells in suspension culture. AAV particles are released from the cells using detergent, clarified, purified by affinity column chromatography, and concentrated by tangential flow filtration.

LONG ABSTRACT:
Adeno-associated viruses (AAV) are promising vectors for gene therapy applications. Here, the AAV2 vector is produced by co-culture of Spodoptera frugiperda (Sf9) cells with Sf9 cells infected with baculovirus (BV)-AAV2-GFP (or therapeutic gene) and BV-AAV2-rep-cap in serum-free suspension culture. Cells are cultured in a flask in an orbital shaker or Wave bioreactor. To release the AAV particles, producer cells are lysed in buffer containing detergent, which is subsequently clarified by low-speed centrifugation and filtration. AAV particles are purified from the cell lysate using AVB Sepharose column chromatography, which binds AAV particles. Bound particles are washed with PBS to remove contaminants and eluted from the resin using sodium citrate buffer at pH 3.0. The acidic eluate is neutralized with alkaline Tris-HCl buffer (pH 8.0), diluted with phosphate-buffered saline (PBS), and further concentrated with tangential flow filtration (TFF). The protocol describes small-scale pre-clinical vector production compatible with scale-up to large-scale clinical-grade AAV manufacturing for human gene therapy applications.

INTRODUCTION:
Adeno-associated viruses (AAV) are non-enveloped human parvoviruses containing a single-stranded DNA of 4.6 kb. AAV vectors have several advantages over other viral vectors for gene therapy applications1–4. AAVs are naturally replication-incompetent, thereby, require a helper virus and host machinery for replication. AAVs do not cause any disease and have low immunogenicity in the infected host3,5. AAV can infect both quiescent and actively dividing cells and may persist as episome without integrating into the genome of the host cells (AAV rarely integrate into the host genome)1,3. These features have made AAV a desirable tool for gene therapy applications.

To generate an AAV gene transfer vector, the transgene cassette, including the therapeutic gene, is cloned between two internal terminal repeats (ITRs), which are typically derived from the AAV serotype 2. The maximum size from 5’ ITR to 3’ ITR, including the transgene sequence, is 4.6 kb6. Different capsids may have a different cell or tissue tropism. Therefore, capsids should be chosen based on the tissue or cell type intended to be targeted with the AAV vector7.

Recombinant AAV vectors are commonly produced in mammalian cell lines such as human embryonic kidney cells, HEK293 by transient transfection of the AAV gene transfer vector, AAV rep-cap, and helper virus plasmids2,3. However, there are several limitations for large-scale AAV production by transient transfection of adherent HEK293 cells. First, a large number of cell stacks or roller bottles are needed. Second, high-quality plasmid DNA and transfection reagents are needed, which increases the cost of manufacturing. Finally, when using adherent HEK293 cells, the serum is frequently needed for optimal production, complicating downstream processing1–3. An alternative method of AAV manufacturing involves using the insect cell line, Spodoptera frugiperda (Sf9) cells, and an insect virus called recombinant Autographa californica multicapsid nuclear polyhedrosis virus (AcMNPV or baculovirus)8–10. Sf9 cells are grown in serum-free suspension culture that is easy to scale up and is compatible with current good manufacturing practice (cGMP) production at a large scale, which does not require plasmid or transfection reagents. Moreover, the cost of the AAV production using the Sf9-baculovirus system is lower than the cost of using transient transfection of plasmids into HEK293 cells11.

The original rAAV production system using baculovirus-Sf9 cells used three baculoviruses: one baculovirus containing gene transfer cassette, the second baculovirus containing rep gene, and the third baculovirus containing serotype-specific capsid gene12,13. However, the baculovirus containing rep construct was genetically unstable upon multiple rounds of passages, which prevented amplification of the baculovirus for the large-scale AAV production. To resolve this issue, a novel rAAV vector system was developed, which contained two baculoviruses (TwoBac): one baculovirus containing the AAV gene transfer cassette and another baculovirus containing the AAV rep-cap genes together which are genetically more stable than the original system and more convenient to produce rAAV because of using TwoBac instead of three14,15. The OneBac system uses the AAV gene transfer cassette and the rep-cap genes in a single baculovirus which is more convenient to produce the rAAV because of using one baculovirus instead of using TwoBac or ThreeBac2,16,17. In our studies, the TwoBac system was used for optimization.

The baculovirus system for AAV production also has limitations: baculovirus particles are unstable for long-term storage in serum-free medium11, and if the baculovirus titer is low, a large volume of baculovirus supernatant is needed, which may become toxic to the growth of Sf9 cells during AAV production (personal observation). The use of titer-less infected-cell preservation and scale-up (TIPS) cells, or baculovirus-infected insect cells (BIIC), provides a good option for AAV production in which baculovirus-infected Sf9 cells are prepared, cryopreserved, and subsequently used for infection of fresh Sf9 cells. Another advantage is the increased stability of baculovirus (BV) in Sf9 cells after cryopreservation10,11.

Two types of TIPS cells are generated to enable AAV production: the first one by infection of Sf9 cells with the BV-AAV2-GFP or therapeutic gene, and the second one by infection of Sf9 cell with BV-AAV2-rep-cap. TIPS cells are cryopreserved in small and ready-to-use aliquots. AAV vectors are produced in serum-free suspension culture in a flask placed in an orbital shaker or Wave bioreactor by co-culturing TIPS cells that produce baculoviruses and fresh Sf9 cells. Sf9 cells are infected by baculoviruses that carry the AAV2-GFP vector and the rep-cap sequences to generate AAV. Four to five days later, when AAV yields are the highest, the producer cells are lysed with detergent to release the AAV particles. The cell lysate is subsequently clarified by low-speed centrifugation and filtration. AAV particles are purified from the lysate by AVB Sepharose column chromatography. Finally, AAV vectors are concentrated using TFF. The protocol describes the production of AAV at a small scale, useful for research and pre-clinical studies. However, the methods are scalable and compatible with manufacturing clinical-grade AAV vectors for gene therapy applications.

PROTOCOL:

See Figure 1 for an illustration summarizing the protocol.

1. Generation of baculovirus-infected TIPS cells

1.1. Thaw one vial of Sf9 cells and immediately seed them in a 50 mL of insect cell culture medium. Grow Sf9 cells in an orbital shaker incubator at 125 rpm and 28 &#176;C in round bottom flasks with a loosely attached cap for exchange of air8,9. Propagate the cells in a 1 L flask containing 200 mL of medium to obtain enough cells for TIPS cells production.

1.2. Add 50 mL of Sf9 cells at 2 x 106 cells/mL in two flasks: infect one flask of Sf9 cells with 0.5 mL of baculovirus (BV)-AAV2-GFP (or therapeutic gene) and the other flask of cells with 0.5 mL of BV-AAV2-rep-cap.

NOTE: AAV vector plasmids were generously provided by Dr. Robert M. Kotin (NIH). Baculovirus production from bacmid DNA (Bac-to-Bac System) has been described previously8,9. The baculovirus stability during the passage is a critical problem for the scale-up production of rAAV. It is better to use a lower passage number of baculovirus (up to passage number 4). Determine the optimal volume of the baculovirus supernatant empirically by checking the baculovirus infection efficiency using flow cytometry (Figure 2) during TIPS cell production.

1.3. Monitor the baculovirus infection 3–4 days post-infection by staining baculovirus gp64 in infected Sf9 cells as follows.

1.3.1. Stain 2 x 105 Sf9 cells (both uninfected and baculovirus-infected cells) with 0.5 &#181;g of mouse anti-baculovirus gp64 antibody (1:200) containing a fluorescent dye in 100 &#181;L of blocking buffer for 30 min at ambient temperature.

1.3.2. Wash the cells with 1 mL of PBS to remove the antibody and resuspend the stained cells in 300 &#181;L of PBS containing 0.5% bovine serum albumin.

1.3.3. Analyze the baculovirus gp64 expression on cells using flow cytometry (Figure 2).

NOTE: Determine the gating strategy for flow cytometry acquisition and analysis empirically. A total of 10,000 single live cells is acquired. Baculovirus gp64 expression on Sf9 cell surfaces indicates baculovirus infection. After 3–4 days, most Sf9 cells become infected with the baculovirus, as evidenced by baculovirus gp64 expression (Figure 2).

1.4. When the cells are 80%–90% viable with an increase in the diameter (Figure 3), harvest the cells and cryopreserve 1 x 107 cells in 1 mL of insect culture medium supplemented with 10% fetal bovine serum and 10% dimethyl sulfoxide in a slow-freezing container at -80 &#176;C. The next day, transfer the tube containing TIPS cells to a liquid nitrogen freezer for long-term storage.

NOTE: Perform cell culture in a biosafety cabinet following the standard aseptic laboratory technique at Biosafety Level 2 (BSL-2).

2. Production of AAV vector

2.1. Day 1: Co-culture Sf9 cells with the baculovirus-infected TIPS cells

2.1.1. Culture and grow naive Sf9 cells at 1 x 106 cells/mL at 28 &#176;C in several 2 L flasks containing 400 mL of insect cell culture medium in a shaker incubator that is needed for AAV production. After 3–4 days, the cell density is increased up to 5 x 106–6 x 106 cells/mL.

NOTE: CO2 and humidity are not important factors for the growth of Sf9 cells.

2.1.2. Seed the Sf9 cells either in shake flasks or in a bioreactor as follows.

2.1.2.1. AAV production in flasks in an orbital shaker incubator: Use a pipette or a peristaltic pump to seed 400 mL of Sf9 culture at 2 x 106 cells/mL into a 2 L flask aseptically. Set up the orbital shaker at 125 rpm and 28 &#176;C.

NOTE: Use a peristaltic pump or standard pipette depending on the scale of the AAV production.

2.1.2.2. AAV production in a bioreactor: Use a peristaltic pump to seed 1 L of Sf9 culture at 2 x 106 cells/mL into a 10 L bioreactor bag aseptically. Load the bag onto the Bioreactor unit for culturing at 28 &#176;C. Add 40% oxygen to the bioreactor bag at 0.1 psi. Set up the bioreactor unit at a 20&#176; angle and shake the bag at 25 rpm.

2.1.3. Thaw one vial of each BV-AAV2-GFP (or therapeutic gene) and BV-AAV2-rep-cap TIPS cell. Dilute the cells with 20 mL of insect culture medium and perform a viability count of the cells using trypan blue. Inoculate both TIPS cells at a ratio of 1:10,000 relative to the naive Sf9 cells cultured in a shaker flask or bioreactor.

NOTE: The survival of the TIPS cells is reduced due to cryopreservation, and the recovery rate is approximately 50% when cell viability is determined with the trypan blue staining. Perform a pilot experiment to empirically determine the ratio of TIPS cells and na&#239;ve Sf9 cells before large-scale rAAV production.

2.2. Day 2: Culture monitoring

2.2.1. Harvest 1 mL of Sf9 culture aseptically. Stain with the Trypan blue dye to analyze the cell count, viability, and morphology.

2.3. Day 3: Culture monitoring and feeding

2.3.1. Harvest 1 mL of Sf9 culture and analyze the cell count, viability, and morphology. Check the status of baculovirus infection after staining the Sf9 cells as mentioned in step 1.3.

NOTE: Increase in cell diameter and cytopathic effect are indications of baculovirus infection. The increase in diameter precedes a decrease in cell viability, and these parameters are used to determine the cell harvest time during AAV production. Determine the optimal time point empirically.

2.3.2. Feed the Sf9 culture with fresh insect culture medium at a ratio of 1:5 aseptically.

2.4. Day 4: Culture monitoring

2.4.1. Harvest 1 mL of Sf9 culture and analyze the cell count, viability, and morphology. Disconnect oxygen supply from the bioreactor bag.

2.5. Day 5: Culture monitoring and harvest

2.5.1. Harvest 1 mL of Sf9 culture and analyze the cell count, viability, and morphology. Harvest the culture medium and cells when Sf9 cell viability has decreased to around 50% (Figure 4).

2.5.2. Spin the cell suspension at 2100 x g for 15 min at 4 &#176;C. Collect the supernatant and the cell pellet, and store them at -80 &#176;C.

3. Lysis of cells and release of AAV

3.1. Thaw the AAV producer cell pellet. Add 100 mL of cell lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM sodium chloride, 0.5 % Triton-X-100) to the cell pellet, mix vigorously, and incubate for 30 min at ambient temperature to release the AAV particles.

3.2. Centrifuge at 2100 &#215; g for 30 min at 4 &#176;C and transfer the cell lysate to a new container. Mix the cell lysate and cell culture supernatant after thawing.

3.3. Add 20 U/mL nuclease and 10 mM MgCl2 to the cell lysate to digest the DNA and RNA. Incubate for 2–4 h at 37 &#176;C.

3.4. Filter the lysate through a 0.8 &#181;m and 0.2 &#181;m polyethersulfone dual filtration system using a pump.

3.5. Store the clarified cell lysate at 4 &#176;C overnight or purify the AAV immediately.

4. Purification of AAV vector using affinity column chromatography system

4.1. Prepare the chromatography instrument by sequentially washing the sample and buffer lines with sterile water, 1 N sodium hydroxide, water, and phosphate-buffered saline (PBS, pH 7.4) at a flow rate of 50 mL/min.

4.2. Prepare the Sepharose column (10.0 mL), run 100 mL of PBS at a flow rate of 5 mL/min.

NOTE: Use a lower or higher volume of Sepharose column depending on the scale of AAV production and set up the flow rate as suggested by the column or resin manufacturer (see Table of Materials).

4.3. To collect the fractions of column pass-through solution, wash buffer, and elution buffer containing AAV particles, insert tubes into the fraction collector slots of the chromatography instrument.

4.4. Equilibrate the Sepharose column with PBS at a flow rate of 5.0 mL/min.

4.5. Load the filtered cell lysate containing AAV particles onto the Sepharose affinity column using the chromatography machine equipped with a sample pump. Run the sample at a flow rate of 3.0 mL per min.

4.6. Run PBS through the Sepharose column at a flow rate of 3.0 mL/min until the ultraviolet (UV) absorbance curve (280 nm) returns to the baseline and becomes stable.

4.7. Elute the AAV particles from the Sepharose column with 50 mM sodium citrate (pH 3.0) buffer at a flow rate of 3.0 mL/min (Figure 5).

NOTE: While the AAV particles dissociate from the Sepharose resin and pass through the UV detector, an elution peak of protein can be seen on the chromatogram.

4.8. Immediately dilute the AAV supernatant with a one-fifth volume of 500 mM Tris-HCl (pH 8.0) to increase the pH of the AAV containing supernatant to approximately pH 5.5 to prevent pH-mediated degradation with acidic pH 3.0 elution buffer. Further, dilute the AAV supernatant 10-fold with PBS to fully neutralize the pH.

NOTE: The pH value is approximately 5.5 after neutralizing the rAAV solution. After neutralizing AAV, dilute the rAAV solution 10-fold with PBS (pH 7.4) so that AAV is in a physiologic buffer.

4.9. Store 1 mL of each column run-through samples, wash buffer, and 100 &#181;L of the eluted AAV supernatant to evaluate the presence of AAV by infection of the HT1080 cells.

4.10. Clean the Sepharose column with 100 mL of 100 mM citric acid (pH 2.1) and 100 mL of PBS (pH7.4) at a flow rate of 5.0 mL/min. Rinse the column with 20% ethanol at a flow rate of 5.0 mL/min and store at 4 &#176;C.

4.11. Clean the pipelines of the chromatography instrument with the column offline position as described in section 4.1. Finally, rinse the chromatography column with 200 mL of 20% Ethanol at a flow rate of 50.0 mL/min and store in 20% ethanol.

5. Concentration and diafiltration of AAV vector using tangential flow filtration (TFF)

5.1. Set up the TFF system equipped with a 140 cm2 polysulfone membrane cartridge (100 KDa Molecular Weight Cut Off) to concentrate the AAV.

5.2. Equilibrate the TFF module; run PBS at 200 mL/min for 10 min.

5.3. Load the AAV sample at approximately 100 mL/min by controlling the pump’s flow until the sample is reduced to the desired volume while maintaining a trans-membrane pressure at 2–3 psi.

5.4. Diafiltrate the retentate with 100 mL of PBS, as used in this study, or empirically defined alternate buffer that supports long-term stability of AAV.

5.5. After concentrating the AAV sample to the desired volume, collect the AAV sample, filter it through a 0.2 &#181;m polyethersulfone filter, aliquot, and then store it at -80 &#176;C.

6. Infection of AAV samples into the target cells to evaluate the presence of AAV in the purification steps

6.1. Inoculate 7 x 104 HT1080 cells/well in a 24-well plate in 500 &#181;L of Dulbecco's Modified Eagle’s Medium (DMEM) supplemented with 1% L-glutamine, 1% sodium pyruvate, and 10% fetal bovine serum (FBS) the day before infection. Culture the cells in an incubator at 37 &#176;C and 5% CO2.

6.2. Count the cells before infection. Add the diluted unpurified AAV bulk sample before the column run, column run-through samples, wash buffer, and eluted purified AAV sample.

NOTE: Count the Trypan blue-stained cells with a hemocytometer. Determine the dilution factor and volume (&#181;L) of the AAV samples empirically. The higher the AAV titers, the more dilution is needed. Ensure that the baculovirus particles of the unpurified bulk sample before the column run, column run-through samples, wash buffer are heat-inactivated at 50 &#176;C for 50 min before infecting the target cells to determine infectious titers of AAV.

6.3. Two days after infection, analyze the protein expression (e.g., GFP or therapeutic gene) in the cells using a flow cytometer.

6.4. Calculate infectious titers of AAV using the number of cells at the time of infection, dilution factor, and percentage of GFP+ cells with the formula: (Total number of cells x Percentages GFP+ cells x Dilution Factor) / Volume of AAV in milliliters. 

6.4.1. For example, the number of cells is 1 x 105, the percentage of GFP+ cells is 3.4%, the dilution factor is 100, and the volume of AAV added is 2 &#181;L. The titer of AAV is 1.7 x 108 infectious unit (IU)/mL. The total amount of purified AAV particles in 25 mL of the eluted fraction is 4.3 x 109 infectious units (IU)/mL (Figure 6). The total number of initial unpurified AAV particles is 1.09 x 1010 IU/mL, and purified AAV particles are 4.3 x 109 IU/mL. Therefore, the percentage of recovery is 39.4%.

NOTE: The percentage of GFP+ cells should be between 1%–30%, which corresponds to a linear range when used to calculate the infectious titer of AAV.

6.5. If more concentrated AAV vector particles are infected into the target cells; there is a possibility that multiple copies of the AAV particles may infect a single cell that will show as a single copy of the vector. Therefore, dilute the AAV vector supernatant to obtain 1%–30% vector infection in the target cells.

6.6. If the AAV vector does not have a reporter gene, stain the transgene or the therapeutic gene expressed by the AAV vector with an antibody containing a fluorescent dye that can be detected and quantitated using a flow cytometer.

6.7. Not all AAV serotypes can efficiently infect HT1080 cells. Therefore, to perform the infectivity assay for other AAV serotypes, use different cell lines.

6.8. Titer the AAV2-GFP particles before purification and after purification on HT1080 cells and measure the GFP expression by flow cytometry. Calculate the recovery (%) by the ratio of the number of purified AAV particles and the number of AAV particles prior to purification multiplied by 100.

REPRESENTATIVE RESULTS:
Here, the representative results of process development for the production and purification of AAV vectors using the Sf9 insect cell system are shown. The method includes co-culture of Sf9 cells with baculovirus-infected TIPS cells, feeding the cells with growth medium, harvesting and lysis of the producer cells to release the AAV particles, clarification of the cell lysate with nuclease treatment, centrifugation and filtration, purification of AAV using Sepharose affinity chromatography, and concentration with TFF (Figure 1).

TIPS cells are generated by infection of BV-AAV2-GFP or therapeutic gene and BV-AAV2-rep-cap into Sf9 cells separately. Most of the Sf9 cells become infected with the baculovirus in 3–4 days due to the multiple rounds of infection, evidenced by baculovirus glycoprotein gp64 expression in most cells (Figure 2) and the cells show an increase in diameter (Figure 3). TIPS cells are harvested 3–4 days post-infection and cryopreserved for AAV production. Sf9 cells are co-cultured with the TIPS cells that secrete baculovirus particles in the culture medium that infect naive Sf9 cells. Baculovirus is replication-competent; therefore, the number of infected cells rapidly increases by multiple round infections with newly produced baculovirus particles that are secreted into the culture medium8,9. The cells show an increase in diameter, cytopathic effect, and around half of the cells die in 5 days post-infection, which are the signs of completion of AAV production (Figure 4).

The AAV producer cells are harvested by low-speed centrifugation, lysed with buffer containing detergent to release the AAV into the cell lysate. This is then treated with nuclease for digestion of DNA and RNA to reduce viscosity, filtered through a 0.8 &#181;m and 0.2 &#181;m membrane, and subsequently purified and concentrated. The cell lysate is loaded onto a Sepharose column using a chromatography system. The Sepharose resin binds AAV2 particles due to its affinity to the capsid proteins. Wash buffer is run through the Sepharose column to remove unbound and loosely bound materials until the ultraviolet (UV) absorbance curve (280 nm) becomes stable at the baseline. Since AAV particles strongly bind Sepharose, no significant number of AAV2 particles is detected during the washing. The AAV particles are eluted with acidic buffer (pH 3.0), which dissociates the interaction between AAV particles and Sepharose resin. To prevent the pH-mediated degradation of the AAV by the acidic solution, the eluant is neutralized with an alkaline buffer (pH 8.0). A peak of protein is seen while elution with an acidic buffer corresponding to the AAV fraction (Figure 5 and Figure 6). Purified AAV is diluted 10-fold with PBS, concentrated and buffer exchanged with a TFF system. In this example, total AAV particles in cell lysate (560 mL) are 1.1 x 1014 vector genome (vg), after Sepharose chromatography purification (25 mL) are 4.1 x 1013 vg, and after concentration with TFF (25 mL) are 2.4 x 1013 vg. The purified AAV samples show three distinct capsid proteins, VP1, VP2, and VP3, after SDS-PAGE and silver staining (Figure 7)

Figure 1: A schematic diagram for the production and purification of AAV Vector.

Figure 2: Flow cytometry analysis of baculovirus gp64 expression in Sf9 cells. Baculovirus infected Sf9 cells are stained with a mouse anti-baculovirus gp64 antibody containing a fluorescent dye, PE detected by flow cytometry. (A) Uninfected Sf9 cells. (B) Baculovirus infected Sf9 cells are showing gp64 expression in most of the cells.

Figure 3: Morphology of the baculovirus-infected Sf9 (TIPS) cells. Baculovirus is infected into the Sf9 cells to produce the TIPS cells. (A) Uninfected Sf9 cells. (B) Baculovirus infected Sf9 (TIPS) cells. Cells are shown at 200x magnification.

Figure 4: Morphology of the baculovirus-infected Sf9 cells during AAV production. TIPS cells secrete baculoviruses that infect co-cultured na&#239;ve Sf9 cells during AAV production. (A) Uninfected Sf9 cells. (B) Baculovirus infected Sf9 cells show an increase in diameter. Five days post-infection, almost half of the cells die (visualized under an inverted phase microscope after trypan blue staining). Red arrows indicate live cells, and blue arrows indicate dead cells. Cells are shown at 200x magnification.

Figure 5: AAV purification using Sepharose column chromatography. A chromatogram shows the absorbance of protein samples at 280 nm during sample loading on column, washing, and elution. The chromatogram has been modified to fit in the figure.

Figure 6: The number of infectious AAV particles in the flow-through during loading onto the column, washing, and elution. A total of 560 mL of AAV samples are loaded on a 10 mL Sepharose column. The fraction volume for the column load is 50 mL, column wash is 50 mL, and elution is 25 mL. AAV titers are measured after infection of HT1080 cells with the column run-through samples while loading on column, washing, and elution to investigate the presence of AAV at each step of the purification. The total purified AAV yield is 4.3 x 109 infectious units. Each diamond-shaped symbol represents the infectious units (IU) of AAV in each fraction.

Figure 7. SDS-PAGE and silver staining of pure AAV vector showing capsid proteins. The reduced AAV samples are run on SDS-PAGE, and silver staining is performed. Three distinct bands of AAV capsid proteins, VP1, VP2, and VP3, are visible.

DISCUSSION:
The parameters used in this protocol for the process development of production, purification, and concentration of AAV vectors can be applied to both small and large-scale manufacturing of AAV vectors for gene therapy applications. The entire upstream and downstream process can be performed in a closed system compatible with the current Good Manufacturing Practices (cGMP). The major advantages of the Sf9-baculovirus system are scalability for large-scale GMP-grade AAV production at an affordable cost. The system does not need expensive plasmids and transfection reagents, which are needed for the production of AAV using HEK293 cells. It has been reported that both HEK293 cells and Sf9 cells yield similar quality AAV vectors (Eric D. Horowitz, ASGCT 2018, Abstract #100). The major challenge is that this system requires the generation of baculoviruses and TIPS cells that need a significant time and effort.

In this protocol, two types of TIPS cells (TwoBac system) were used: one TIPS cell containing baculovirus with AAV-gene transfer cassette and another TIPS cell containing AAV-rep-cap. The OneBac system2,16,17 can generate TIPS cells containing both AAV gene transfer cassette and rep-cap genes in a single baculovirus. The OneBac system provides an alternative approach to produce the rAAV using only one set of TIPS cells rather than two as described in the TwoBac system described here, which would further simplify the protocol.

This protocol describes AAV production in Sf9 cells. It is important to optimize the ratio of the baculovirus-infected TIPS cells to producer na&#239;ve Sf9 cells to obtain a good AAV yield. If this ratio is sub-optimal, the yield of AAV will be reduced11. For example, if more AAV ITR containing gene transfer vectors are generated than the capsids in the producer cells due to the sub-optimal ratio of TIPS and producer cells, all of the available gene transfer vectors will not get enough capsids to produce full AAV particles. On the other hand, if more capsids are generated than the AAV gene transfer vectors in the producer cells, all capsids will not get AAV ITR containing gene transfer vectors that result in empty AAV particles.

As the cells multiply, the nutrients of the culture medium become exhausted, and metabolic waste products accumulate. Therefore, supplementation of 20% fresh growth medium into the cell culture 2 days after co-culture of TIPS cells and Sf9 cells can increase AAV titers significantly (Amine A. Kamen, National Research Council Canada, personal communication).

The purity of AAV particles is a critical factor for achieving effective transduction of target cells without any cytotoxicity for both in vitro and in vivo studies3,5. Therefore, it is important to include a chromatography step that can selectively purify AAV particles and eliminate impurities such as host cell proteins and debris, genomic and baculoviral DNA, and aggregated and fragmented vectors. While loading AAV supernatant onto a Sepharose column, it is critical to check the flow-through samples for the presence of AAV particles that may pass through the column without binding to the resin. If that is the case, (1) a lower run speed that results in a longer residence time will be necessary for binding the AAV particles, (2) the amount of loaded sample onto the column should be reduced, and/or (3) the volume of the Sepharose should be increased, so that the binding capacity of the column never exceeds the number of AAV particles. The ability of AVB Sepharose resin to bind AAV particles at a high flow rate and with high affinity and capacity is important to reduce purification time. The major limitation of Sepharose is that it binds the capsid of AAV serotypes 1, 2, and 5. Therefore, different chromatography resins should be tested and used for the purification of other AAV serotypes18. The downstream purification protocol described herein can also be used to purify AAV produced in HEK 293 cells.

This protocol can purify AAV from cell lysate but cannot remove empty particles. A few articles have described methods that can distinguish empty vs. full AAV particles in purified AAV stocks19,20. However, we believe that the AAV production should be optimized at the upstream process level to minimize the generation of empty particles. If the ratio of AAV gene transfer vector and capsid production in producer cells are not optimal, more empty particles may generate.

In addition to binding full AAV particles, Sepharose medium binds fragmented AAV particles or capsid proteins which can be removed using TFF. Most of the low molecular weight particles are eliminated from AAV samples by including the TFF step downstream of the Sepharose column chromatography. In addition, TFF is used to perform a buffer exchange/diafiltration and to concentrate the AAV10,21.

Although ultracentrifugation of the AAV lysate with cesium chloride or iodixanol gradient is the preferred method for small-scale and pre-clinical grade AAV purification, this method is not scalable and less suitable for large-scale purification of AAV21,22.

In conclusion, this protocol for the process development of production and purification of AAV will be useful for small-scale pre-clinical and large-scale manufacturing of recombinant AAV for the gene therapy of inherited genetic diseases.
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