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Abstract

In recent years, the use of adeno-associated viruses (AAVs) as vectors for gene and

cell therapy has increased, leading to a rise in the amount of AAV vectors required

during pre-clinical and clinical trials. AAV serotype 6 (AAV6) has been found to be effi-

cient in transducing different cell types and has been successfully used in gene and

cell therapy protocols. However, the number of vectors required to effectively deliver

the transgene to one single cell has been estimated at 106 viral genomes (VG), mak-

ing large-scale production of AAV6 necessary. Suspension cell-based platforms are

currently limited to low cell density productions due to the widely reported cell den-

sity effect (CDE), which results in diminished production at high cell densities and

decreased cell-specific productivity. This limitation hinders the potential of the sus-

pension cell-based production process to increase yields. In this study, we investigated

the improvement of the production of AAV6 at higher cell densities by transiently

transfectingHEK293SF cells. The results showed thatwhen the plasmidDNAwas pro-

vided on a cell basis, the production could be carried out at medium cell density (MCD,

4 × 106 cells mL−1) resulting in titers above 1010 VG mL−1. No detrimental effects

on cell-specific virus yield or cell-specific functional titer were observed at MCD pro-

duction. Furthermore, while medium supplementation alleviated the CDE in terms of

VG/cell at high cell density (HCD, 10 × 106 cells mL−1) productions, the cell-specific

functional titer was not maintained, and further studies are necessary to understand

the observed limitations for AAV production in HCD processes. The MCD produc-

tion method reported here lays the foundation for large-scale process operations,

potentially solving the current vector shortage in AAVmanufacturing.
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1 INTRODUCTION

Adeno-associated viruses (AAVs) are small, 25-nm-wide, icosahe-

dral, non-enveloped viruses with a 4.7-kb-long single-stranded DNA

genome, who belong to the family Parvoviridae.[1] AAVs are non-

pathogenic and replication-defective,[2] depending on co-infection

with helper viruses, such as adenovirus or herpes simplex virus. First

discovered from stocks of adenovirus in the 1960s,[2,3] AAVs have

recently become a critical gene delivery vector for treating diseases.

Glybera was the first AAV-based gene therapy drug approved in 2012

by the EuropeanMedicines Agency.[4].The US Food andDrug Adminis-

tration (FDA) approved 2 AAV-based gene therapy drugs, Luxturna, in

2017[5] and, Zolgesma, in 2019.[6]

To this date, based on phylogenetic analysis, 13 different serotypes

and more than 100 variants of AAV have been identified.[2,3,7–14]

Due to heterogeneity in capsid proteins, each serotype exhibits a dis-

tinct tropism and ability to transduce different cell types.[15] Serotype

6 has a wide range of target cells and has been shown to suc-

cessfully transduce cells in the central nervous system,[16] human

prostate, breast, and liver cancer cells,[17] melanocytes,[18] skeletal

muscle,[19–21] heart,[22–24] lung,[25] and the eye.[26] Recently, AAV

serotype 6 (AAV6) gained popularity due to its ability to trans-

duce lymphocytes[27–29] and its use for generating Chimeric Antigen

Receptor T cells.[30–36]

The number of therapeutic AAV applications being investigated is

steadily increasing, with more than 300 completed or ongoing clinical

trials.[37] These applications require large amounts of AAV vectors to

validate pre-clinical animal studies and clinical trials. Reported doses

can reach up to 7.5 × 1015 viral genomes (VG) for targeted delivery

and up to 1.5 × 1017 VG for systemic delivery.[38] This large require-

ment in the number of viral vectors implies that an improvement in

current production methods is necessary. This is especially true for

AAV6, which requires up to 106 VG cell−1 during the transduction of

T cells.[27] Recombinant AAV is produced by replacing the viral genes,

Rep and Cap, with the gene of interest (GOI). Mammalian cells are

transiently transfected with a GOI cassette flanked by the inverted

terminal repeats, a plasmid carrying the Rep and Cap functions, and

a third plasmid encoding the helper functions.[39–42] The transient

transfection is generally done using the cost-effective cationic poly-

mer, polyethylenimine (PEI).[43] However, adherent cell cultures are

not deemed viable for AAV production at scales that exceed 1015

total VGs, making them unsuitable for late-phase clinical trials and

commercial applications of these viral vectors.[44] The use of HEK293

cells in suspension for producing AAV vectors was first described in

2006.[45] Despite many efforts in optimizing production, large-scale

production of AAV vectors is considered a bottleneck in their imple-

mentation as awidespread typeof viral vector for gene therapy and cell

therapy,[46] mainly because currentHEK293-based production is done

at low cell densities.[45,47–51] Limiting the production of viral vectors

to lower cell densities hinders the potential of this production process

to be intensified.[52] On the other hand, the production of viral vec-

tors at higher cell densities tends to be limited by the widely reported

cell density effect (CDE), which results in diminished transfection and

productivity.[53–55] In this study, we demonstrate that the production

of AAV6 via transient transfection of suspensionHKE293SF cells is not

limited to low cell density (LCD) cultures. No CDE is observed when

cells are transfected at 4 × 106 cells mL−1 with 1 μg of plasmid DNA

per 106 cells.

2 MATERIAL AND METHODS

2.1 Cell line and culture

HEK293SF-3F6 (HEK293SF) cells were kindly provided by the

National Research Council Canada[56] and maintained in serum-free

suspension cultures at 37◦C, 5% CO2, and 75% relative humidity in a

shaker incubator (Infors, Switzerland) at 135 rpm speed of agitation

or specified otherwise. Cells were maintained at exponential growth

phase (between 0.25 and 2 × 106 cells mL−1) by splitting every 4 days.

Cells at a maximum passage of 15 (post-thawing) were used for trans-

fection experiments. The basal maintenance and production medium

was HyCell TransFx-H (Cytiva Life Sciences, USA) supplemented with

0.1% w/v of Kolliphor P188 (Sigma–Aldrich, USA) and 4 mM Glu-

taMAX (Gibco, USA). GlutaMAX was replaced by 6 mM L-glutamine

(Gibco, USA) for experiments in which nutrients and metabolites were

analyzed. The supplemented medium was prepared by adding either

glucose for a final concentration of 7.2 g L−1 (40 mM) or 15% v/v

Cell Boost 5 (Cytiva Life Sciences, USA) to achieve a similar glucose

concentration.

Low (LCD) and medium cell density (MCD) cultures (1 and 4 × 106

cells mL−1, respectively, at the time of transfection – TOT) were done

in 125-mL polycarbonate shake flasks (TriForest, USA) with a working

volume of 25 mL. For MCD, the cells were concentrated and inocu-

lated at the desired concentration in freshmedium immediately before

transfection to prevent any detrimental effects from spent medium.

High cell density (HCD, 10 × 106 cells mL−1 at TOT) transfection was

performed in 50-mL TubeSpin bioreactors (TPP, Switzerland) with a

working volume of 10 mL and 180 rpm. For achieving and maintain-

ing high cell densities, from 48 h post-seeding, a pseudo-perfusion was

conducted with medium exchange of 1 vessel volume per day (VVD)

both before and after transfection, where cells were centrifuged at

300× g for 5min and resuspended in freshmedium.

The bioreactor production was performed in a 3-L vessel (App-

likon Biotechnology, The Netherlands) equipped with a double marine

impeller with 45-mm outer diameter, a pH sensor, a temperature sen-

sor, a dissolved oxygen (DO) concentration sensor, a microsparger

with 100-nm pore size, and a capacitance probe for monitoring of cell
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culture characteristics, such as cell growth. The impeller speed was set

between100and120 rpmclockwise. ThepHand temperatureparame-

terswere set at 7.15±0.05 and37◦C, respectively. The overlay air flow

was maintained at 12.5 mL min−1. The oxygen flow into the sparger

was controlled by a one-way PID control loop with DO set 40% oxy-

gen saturation. The maximum oxygen flow was 100 mL min−1 when

PID outputwas 100%. In order to accurately reproduce the small-scale

experiments, the HEK293SF cells from shake flasks were inoculated

into the bioreactor at 4 × 106 cells mL−1 in a fresh culture medium.

The transfectionwas conducted immediately after cell inoculationwith

plasmid delivered on a cell basis (1 μg/106 cells).

2.2 Plasmids

The following plasmids were used to produce adeno-associated

viral vectors: (1) pAdDeltaF6 was a gift from James M. Wilson

(Addgene plasmid #112867; http://n2t.net/addgene:112867;

RRID:Addgene_112867), (2) pRep2Cap6 (provided by Dr. Samul-

ski, University of North Carolina, USA), (3) pAAV-CAG-GFP

was a gift from Edward Boyden (Addgene plasmid #37825;

http://n2t.net/addgene:37825; RRID:Addgene_37825), and (4)

pX601-AAV-saCas9-sgRNA, modified from pX601-AAV-CMV::NLS-

SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA, a gift from Feng

Zhang (Addgene plasmid #61591; http://n2t.net/addgene:61591;

RRID:Addgene_61591).

2.3 Transient transfection

Recombinant AAV6 particles expressing green fluorescent protein

(GFP) driven by the CAG promoter were produced via triple transient

transfection of HEK293SF cells as previously described.[57] In brief,

the transgene plasmid pAAV-CAG-GFP, the plasmid pRep2Cap6, and

the helper plasmid pAdDeltaF6 were co-transfected into HEK293SF

cells in a ratio of 1:1:1 after complexationwith 25-kDa linear PEI (Poly-

sciences, USA) at a ratio of 1:2 (DNA:PEI). Plasmid DNA and PEI were

diluted separately in HyCell TransFx-H in a volume corresponding to

2.5% of the volume of cells to be transfected. For experiments where

theDNAwasdeliveredonavolumetric basis, 1μgof plasmidwasadded

per milliliter of cell culture. For delivering DNA on a cell basis, 1 μg
of plasmid was added per 106 viable cells. Diluted DNA and PEI were

mixed and incubated at room temperature for 15 min. The DNA-PEI

cocktail was then added to the cells.

2.4 Determination of transfection efficiency

For evaluation of transfection efficiency, cellswere collected 24h post-

transduction and fixed with a solution of 2% paraformaldehyde. Cells

were analyzed using a BD Accuri C6 flow cytometer (BD Biosciences,

USA), and EGFP expression was analyzed using BD Accuri C6 Plus

Analysis Software (BDBiosciences, USA).

2.5 Harvest of produced viral vectors

Viral particles (VPs) were harvested from the cell culture broth as

previously described.[47,57] Briefly, the cells were harvested and lysed

by adding a 10X Lysis Buffer (20 mM MgCl2, 1% Triton X-100 in

500 mM Tris-buffered solution). Benzonase was added to a final con-

centration of 5 U mL−1 to digest host-cell DNA and unpacked virus

DNA. After 1 h of incubation at 37◦C with agitation, MgSO4 was

added to a final concentration of 37.5 mM to prevent AAV aggrega-

tion and binding to cellular components. After 30 min of incubation

at 37◦C with agitation, the lysate was clarified via centrifugation at

10,000 × g for 15 min. The clarified viral lysate was stored in a −80◦C

freezer.

2.6 AAV production quantification

Genome-containing VPs were titrated via ddPCR.[58] Viral DNA from

samples was extracted using a High Pure Viral Nucleic Acid Extraction

kit (Roche Diagnostics, Switzerland). The following primers targeting

the transgene were used: EGFP, 5′-CTGCTGCCCGACAACCAC-
3′ (forward) and 5′-TCACGAACTCCAGCAGGAC-3′ (reverse);

SaCas9, 5′-GGCCAGATTCAGGATGTGCT-3′ (forward) and 5′-
CATCATCCCCAGAAGCGTGT-3′ (reverse). The primers were

purchased from Integrated DNA Technologies (USA). The thermo-

cycling temperature programming for EGFP was: preincubation

at 95◦C/15 min for denaturation. Forty cycles of 94◦C/30 s,

53◦C/30 s, and 72◦C/1 min, and final extension at 72◦C for

5 min. For SaCas9 was: preincubation at 95◦C/15 min for denatu-

ration. Forty cycles of 94◦C/30 s, 60◦C/1 min, and 72◦C/30 s, and

final extension at 72◦C for 5 min. The plates were scanned on a

QX100 droplet reader (Bio-Rad, USA), and the analysis was car-

ried out with QuantaSoft software (Bio-Rad, USA). Quantification

was performed as previously described[59] and the genomic titer

was calculated as VG mL−1. Cell-specific virus yield (CSVY) was

determined by dividing the titer by the cell density at the time of

harvest.

The total number of assembled capsids produced was quan-

tified by enzyme-linked immunosorbent assay using the AAV6

ELISA Titration kit (Progen, Germany). Quantification was per-

formed as per manufacturer’s protocol and result was calculated as

VPmL−1.

2.7 Functional virus titer via gene transfer assay

Suspension-adapted HEK293SF cells were transducedwith serial dilu-

tions of AAV6-GFP and co-infected with an E1, E3-deleted adenovirus

serotype 5 (∆E1E3Ad5) at an MOI of five infectious particles per cell.

At 24 h post-transduction, the cells were harvested and fixed in 2%

paraformaldehyde at 4◦C for 30 min. Cells were analyzed using a BD

Accuri C6 flow cytometer (BD Biosciences, USA), and EGFP expres-

sion was analyzed using BD Accuri C6 Plus Analysis Software (BD
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Biosciences, USA). The linear range of quantification was established

between 2%and20%ofGFP-positive cells.[60] The functional titerwas

calculated as enhanced transducing units (ETU) mL−1.

2.8 Analysis of medium nutrients and metabolites

Culture samples were collected every 24 h, centrifuged for removal

of cell pellet, and the supernatant was analyzed in a BioProfile FLEX2

Analyzer (Nova Biomedical, USA) to determine the following nutri-

ents and metabolites: glutamine, glutamic acid, glucose, lactate, and

ammonium.

2.9 Statistical analysis

Results are expressed as mean ± standard deviation. Student’s t-

test was used to measure the statistical significance between two

groups. One-way analysis of variance (ANOVA) followed by Dun-

nett’s post-hoc test was used to measure the statistical difference

between three or more groups. p < 0.05 was considered to indi-

cate a statistically significant difference. Asterisks are used to indi-

cate p values as follows: *p < 0.05, **p < 0.01, ***p < 0.005,

****p< 0.0005.

3 RESULTS

3.1 Effect of plasmid DNA availability on AAV
production at low cell densities

In the present study, we investigated the improvement of AAV6 pro-

duction via transient transfection of suspension-adapted HEK293SF

cells by increasing cell density. The standard AAV production in our

laboratory is conducted via transfection at LCD with 1 μg of plasmid

DNA per mL. First, we assessed if plasmid DNA availability played an

important role during production in an increased cell density.We com-

pared the AAV6 yield from productions at 1 and 2 × 106 cells mL−1.

During transfection, plasmidDNAwas delivered either on a volumetric

basis (1 μg mL−1) or a cell basis (1 μg/106 cells). PEI concentra-

tion for all experiments was set at 2 μg per μg of plasmid DNA.

Viral vectors were harvested 48 h post-transfection (hpt) to deter-

mine viral yield in terms of genome-containing particles (VG). The

cell density and viability profiles during AAV production are shown in

Figure 1A. Lower transduction efficiencies were observed in both pro-

ductions at 2 × 106 cells mL−1 compared to the control (Figure 1B).

A 2.4-fold increase in viral titer was observed in the transfection of

2 × 106 cells mL−1 when DNA was supplied on a cell basis (5.4 ×

109 VG mL−1), resulting in a better-than-linear increase of viral titer

when compared to the standard production (2.2 × 109 VG mL−1)

(Figure 1C). Productions at 2 × 106 cells mL−1 showed the highest

CSVY only when DNA was supplied on a cell basis (approximately

3100 VG cell−1). The delivery of DNA as 1 μg mL−1 in the trans-

fection of 2 × 106 cells mL−1 caused a reduction in the CSVY to

only 870 VG cell−1, resulting in a volumetric yield of only 1.8 × 109

VGmL−1.

3.2 Cell-specific production maintained at a
medium cell density

The next step was to evaluate the viral vector production at an MCD

(4 × 106 cells mL−1 at the time of transfection). To avoid detrimental

effects from spent medium, the cells were inoculated at the desired

concentration in freshmediumand transfected immediately. Again, the

cellswere transfectedwith plasmids on either a volumetric or cell basis

and the viral titer VG mL−1 was assessed every 24 h. Figure 2A shows

the cell density and viability profiles during AAV production at low

and medium cell densities. A drop in the transfection efficiency was

observed evenwhen a higher amount ofDNAwas supplied (Figure 2C).

However, as previously observed, this lower transfection efficiency did

not impact viral titer (Figure 2B, DNA delivered on a cell basis). Similar

towhatwas observed in the transfection of 2×106 cellsmL−1, the titer

of the MCD production with DNA delivered on a cell basis (equivalent

to 4 μg mL−1) was 3.8 times the control, reaching 8.6 × 109 VG mL−1

(Figure 2B). DNA delivery on a volumetric basis resulted in 4.9 × 109

VGmL−1 (a 2.2-fold increase from the control). When DNA is supplied

on a cell basis, the CSVYwasmaintained at around 1500 VG cell−1. On

the other hand, volumetric delivery of DNA resulted in a decrease to

600 VG cell−1 (Figure 2B). The functional viral titers (enhanced trans-

duction units (ETU) mL−1) are summarized in Figure 2D. An increase

in cell density resulted in a rise of functional titer by 2.5-3.9 times,

depending on the harvest time. At 48hpt, no statistically significant dif-

ference (p = 0.4261) was observed in the ratio VG/ETU between LCD

and MCD production with 1 μg of DNA per 106 cells (Figure 2E). The

total number of capsids producedwas quantified by ELISA and the per-

centage of full capsids was calculated, resulting in a mean of 12.8% full

capsids for LCDproduction and 29.8% full capsids forMCDproduction

(ns, p> 0.05).

3.3 The cell density effect was observed at higher
density

To study if cell-based delivery of DNAwould be enough to prevent the

CDE at an HCD production, we evaluated AAV6 production at 10 ×

106 cells mL−1. A pseudo-perfusion was devised in 50-mL TubeSpin

bioreactors to achieve the desired cell density. A working volume of

10mL andmediumexchange of 1VVDwere set. Themediumexchange

started 48 h after the seeding of the cells and was maintained past

the transfection to keep providing fresh nutrients to the cells. Cells

were transfected at a density of 10 × 106 cells mL−1, with plasmid

DNA delivered on a cell basis (equivalent to 10 μg mL−1) and viral

titer was assessed every 24 h. An LCD control was also prepared in

similar vessels. As expected, the transduction of the high cell-density

production was lower than the control (Figure 3A). Cell densities and
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F IGURE 1 Production of adeno-associated virus 6 (AAV6) via triple transient transfection at low cell densities. Cells were transfected at 1×
106 cells mL−1 (low cell density [LCD]) or 2× 106 cells mL−1 (2M) in shake flasks, and plasmid DNAwas delivered on a volumetric basis (VB:
1 μgmL−1) or cell basis (CB: 1 μg/106 cells). (A) Cell growth kinetics and viability. Black arrows indicate the time of transfection, and dashed arrows
indicate the time of viral harvest. (B) Transfection efficiency is described as the percentage of cells expressing the transgene (green fluorescent
protein [GFP]) 24 h post-transfection. (C) Volumetric titer (viral genomes [VG]mL−1) and cell-specific virus yields (VG cell−1). Values represent
mean± standard deviation (n= 3). **p< 0.01, *p< 0.05, by analysis of variance (ANOVA) followed by Dunnett’s test.

volumetric titers during AAV6 productions are shown in Figure 3B.

AAV6 yield peaked at 72 hpt, and the HCD production resulted in 9.3

× 109 VGmL−1, a 4.6-fold increase compared to the LCD control. Even

though the yield was higher than the control, this result shows that the

titer does not increase linearly with the increase in cell density at the

time of transfection. This difference becomes evenmore evident at the

cell-specific level. At 72 hpt, the LCD batch control yielded an average

of 1200 VG cell−1, while the HCD pseudo-perfusion yielded less than

600 VG cell−1 (Figure 5C).

3.4 Medium supplementation improves
cell-specific virus yield

Nutrients and cell metabolites were analyzed during the produc-

tion of AAV6 at low and high cell densities in TubeSpin bioreactors.

Even though the levels of metabolites (lactate and ammonium) would

be maintained low, levels of glutamine and glutamic acid were kept

constant by themediumexchange, a significant drop in glucose concen-

tration was observed (Figures 4A,B). At 48 hpt, glucose concentration

was 3.2 g L−1 (17.8 mM) for LCD, while for HCD, as low as 1.8 g L−1

(10 mM). Two other HCD productions were performed to evaluate the

effect of medium supplementation. This time, the medium was sup-

plemented with either glucose at a final concentration of 7.2 g L−1

(40 mM) or 15% Cell Boost 5, which resulted in a similar concentration

of glucose between LCD and HCD production at their lowest points

(Figure 4B).

Figure 5A shows the cell density and viability profiles during AAV6

production at HCDwith basal and supplementedmedia, and Figure 5B

shows the transfection efficiency 24 h post-transfection. Medium sup-

plementation with Cell Boost 5 resulted in a higher growth rate after

transfection, with cell density reaching 25.5 × 106 cells mL−1 96 hpt,

while cells in basal medium reached up to 20.4 × 106 cells mL−1.

Cells cultured in the glucose-supplemented medium showed a slower

growth rate, resulting in the transfection being doneoneday later com-

pared to the medium supplemented with Cell Boost 5. At 72 hpt, when

compared to the use of the basal medium, the use of supplementa-

tion resulted in increased volumetric titer (1.4- and 1.6-fold increase

for glucose and Cell Boost 5, respectively) and a significant improve-

ment of CSVY (2.1-fold increase for Cell Boost 5) (Figure 5C). A mean

of 25.5% full capsids were obtained at that timepoint.

Medium supplementation alleviated the observed CDE in the HCD

production, resulting in CSVY similar to those in the LCD control, lead-

ing to an almost 10-fold increase in viral titer. There was an increase in

functional titerwhenHCDproductionwas supplemented. Cell-specific

functional titer also increased depending on the supplementation, but
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6 of 14 MOÇO ET AL.

F IGURE 2 Production of adeno-associated virus 6 (AAV6) via triple transient transfection at medium cell densities. Cells were transfected at
low cell density (LCD – 1× 106 cells mL−1) as control or at medium cell density (MCD – 4× 106 cells mL−1) in shake flasks. Plasmid DNAwas
delivered on a volumetric basis (VB: 1 μgmL−1) or cell basis (CB: 1 μg/106 cells). (A) Cell growth kinetics and viability. (B) Volumetric (VGmL−1) and
cell-specific virus yields (viral genomes [VG] cell−1). Time expressed in hours post-transfection (hpt). (C) Transfection efficiency is described as the
percentage of cells expressing the transgene (green fluorescent protein [GFP]) 24 hpt (D) Functional titer (enhanced transducing units
[ETU] mL−1). (E) Ratio between the genomic titer and functional titer (VG/ETU) 48 hpt, the lower the better. Values represent mean± standard
deviation (n= 2). ****p< 0.0001, ***p< 0.001, by analysis of variance (ANOVA) followed by Dunnett’s test and Student’s t-test.

itwas two times inferior compared to theLCD (Figure6A). TheVG/ETU

ratio for LCDproductionwas34.4,while forHCD, it reached79.9when

themediumwas supplemented with Cell Boost 5 (Figure 6B).

3.5 Validation of medium cell density production
at bioreactor scale

Since the MCD production resulted in a significant improvement in

titer and no loss in functionality, we decided to evaluate the scalability

of this process. For that, we conducted the production in a 3-L bioreac-

tor, where the cells were seeded at 4 × 106 cells mL−1 in fresh medium

and were immediately transfected with plasmids delivered on a cell

basis. Whole broth culture was sampled at 8–16 h intervals. A satel-

lite culture, with a volume of around 25 mL taken from the bioreactor

post-transfection, was evaluated in parallel in a shake flask (Figure S1).

At 24 hpt, a transfection efficiency of 36.9% was observed, similar to

the production in shake flasks (33.8%, Figure 2C). Figure 7 shows cellu-

lar and production kinetics in the bioreactor, demonstrating that MCD

production is feasible at a bioreactor scale. LCD3-L bioreactor produc-

tions previously completed in our laboratory were used as control. In

theseLCDruns,AAV6vectors packaging agenomewithout fluorescent

marker were produced; thus, it was impractical to assess their func-

tional titer. Cell density in the MCD bioreactor reached its maximum
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MOÇO ET AL. 7 of 14

F IGURE 3 Production of adeno-associated virus 6 (AAV6) via triple transient transfection at high cell density. Cells were transfected at low
cell density (LCD – 1× 106 cells mL−1) as control or at high cell density (HCD – 10× 106 cells mL−1) in TubeSpin bioreactors. Plasmid DNAwas
delivered on a cell basis (1 μg/106 cells). (A) transfection efficiency is described as the percentage of cells expressing the transgene (green
fluorescent protein [GFP]) 24 h post-transfection. (B) Cell growth kinetics (●) and volumetric viral yield (□). Values represent mean± standard
deviation (n= 3). ***p< 0.001, by Student’s t-test.

at 59 hpt with 9.5 × 106 viable cells mL−1. Vector production peaked

around 60 hpt with a titer of 5.9 × 1010 VG mL−1, an ∼4-fold increase

compared to control bioreactors (Figure 7C), with 22.2% full capsids.

The CSVY was around 6000 VG cell−1, similar to the LCD production

in bioreactors (Figure 7D). Regarding the functional titer, the bioreac-

tor yielded 7.8× 109 ETUmL−1 48 h post-transfection (Figure 7E). As a

result, the VG/ETU ratio was as low as 4.6 at 48 hpt, plateauing around

10 at subsequent time points (Figure 7F).

4 DISCUSSION

In Figure 1, we observe that plasmid DNA availability plays an essen-

tial role in the maintenance of VG titer when cell density at the time

of transfection is increased from 1 to 2 × 106 cells mL−1. In LCD tran-

sient transfection, plasmid DNA is usually delivered on a volumetric

basis.[45,47–50] Like our study, Grieger et al.[48] also observed a titer

increase during production when cell density and plasmid concentra-

tion were doubled. The need for a higher plasmid DNA concentration

was also observed for productions at 4× 106 cellsmL−1 (MCD). A four-

fold increase in the number of cells at the time of transfection resulted

in an almost linear increase in viral titer (VG mL−1) only when plas-

mid DNA was delivered per 106 cells (Figure 2B). Moreover, the CSVY

was maintained during MCD production, with plasmid DNA concen-

tration maintained on a per-cell basis (Figure 2B). Yields around 1500

VG cell−1 were obtained, similar to those reported by Chahal et al.[47]

The improvement in titer was also observed for functional particles

(ETU). The functional titer of the MCD production with plasmid DNA

delivered on a cell basis was maintained constant (Figure 2D), result-

ing in a difference of up to 3.9 times compared to the LCD control at 96

hpt. At LCD, the slight decrease in transducingunits, but not in genome-

containing particles, could be explained by the loss in functionality of

the viral vectors. AAV vectors are thermally stable, but their trans-

duction efficiency decreases when maintained at 37◦C and as the pH

decreases.[61] Extending the culture to 96 hpt can decrease intracellu-

lar and extracellular pH due to the accumulation of metabolites, such

as ammonia and lactate.[62,63]

The VG/ETU ratiomeasures viral functionality, showing the propor-

tion of genome-containing viruses competent to transduce a target

cell. At 48 hpt, the MCD production had a mean VG/ETU ratio of

67.1 (Figure 2E). Although this value is higher than reported in the

literature,[47,48] there was no statistically significant difference from

our LCD control. As shown in Figure 7, the production of AAV6 at

MCD was successfully performed at a 3-L bioreactor. The cells were

inoculated into the bioreactor in fresh medium at the desired cell den-

sity of 4 × 106 cells mL−1 to prevent detrimental effects from the

spent medium. At larger scales, this could be achieved, for example, by

medium exchange using a membrane-based cell retention device, such

as the alternating tangential flow (ATF) or the tangential flow depth

filtration (TFDF) system.[64,65] This bioreactor production resulted in

30-fold increase in VG mL−1 titer, compared to previously reported

production at a similar scale.[47] Surprisingly, the viral vector yield on

the bioreactor was around 10-fold higher than the small-scale satellite

culture. Similarly, the LCD bioreactor production also showed a higher

yield than the small-scale experiments. This enhanced production in

the bioreactors could be associated with better-regulated culture con-

ditions, such as DO and pH. Again, no loss in functional titer was

observed, with a maximum value of 7.8 × 109 ETU mL−1 achieved

48 h post-transfection and a VG/ETU ratio of 4.6 (Figure 7D,E). These

results show an improvement from previous reports.[47,48]

When productions were conducted at cell densities other than 1

× 106 cell mL−1, the transfection efficiency, measured by the expres-

sion of the transgene 24 h post-transfection, decreased to about 30%

independently of the cell density (Figure 1B, Figure 2C, and Figure 3A).

However, the percentage of cells expressing the transgene did not cor-

relate directly with production efficiency. Others observed this same

phenomenon during the production of viral-like particles via tran-

sient transfection ofHEK293SF suspension cells.[66] Hildinger et al.[67]
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8 of 14 MOÇO ET AL.

F IGURE 4 Metabolite profiles of production of adeno-associated virus 6 (AAV6) via triple transient transfection at high cell density. Cells were
transfected at low cell density (LCD – 1× 106 cells mL−1) as control or at high cell density (HCD – 10× 106 cells mL−1) in TubeSpin bioreactors.
Plasmid DNAwas delivered on a cell basis (1 μg/106 cells). (A) Nutrient andmetabolite concentrations for production at low and high cell densities
using basal or supplementedmedium (7.2 g L−1 [40mM] glucose concentration or 15%Cell Boost 5). (B) Concentration of glucose for productions
at low and high cell densities. Values represent mean± standard deviation (n= 3).

concluded that the transfection efficiency reduction resulted from

DNA being provided on a volumetric basis. However, increasing the

plasmid DNA availability in our study did not significantly improve

transduction efficiency (Figure 1B, Figure 2C, and Figure 3A), as mea-

sured by the detection of the product of one of the three plasmids,

which corroborates previous findings.[47] Increased energetic demand

is reported to occur at higher cell densities and to allow recovery from

transfection, an event known to be cytotoxic.[68] Transfection effi-

ciency did not improve during production in pseudo-perfusion, even

when the medium was supplemented (Figure 5B). The transfection

efficiency was even lower at a higher glucose concentration. Lavado-

García et al.[68] partially explained the low transfection efficiency as

a result of downregulated pathways involved in lipid biosynthesis and

nuclear transportation of intracellular proteins. The transfection step,

per se, is a knownbottleneck in theproductionofAAVvectors. A recent

study from our group showed that the proportion of cells that produce

VPs is as low as 7%, despite high transduction efficiency.[69]

Recently, the improvement of AAV8 production at high-cell density

with a medium exchange strategy was reported.[65] Conversely, the

CDE was confirmed during our HCD productions (Figures 3B and 5).

CDE refers to the diminished production at high cell densities result-

ing fromdecreased cell-specific productivity.[55,70] This effect has been

previously documented for the generation of AAV using other pro-

duction systems, such as insect cells.[53,60,71–73] During production,

25–30% of the AVV6 vectors are released in the supernatant.[47]

Because of the HCD and the elevated shaking speed to properly oxy-

genate the bioreactors used, it is possible that the cells were under

increased sheer stress and could have released more vectors into the
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MOÇO ET AL. 9 of 14

F IGURE 5 Effect of medium supplementation on the production of adeno-associated virus 6 (AAV6) at high cell density (HCD). HyCell
TransFx-H (basal medium) was supplemented with glucose (7.2 g L−1 [40mM] final concentration) or with 15%Cell Boost 5. (A) Cell growth
kinetics and viability. Black arrows indicate the time of transfection. (B) Transfection efficiency is described as the percentage of cells expressing
the transgene (green fluorescent protein [GFP]) 24 h post-transfection (hpt). (C) Volumetric (viral genomes [VG]mL−1) and cell-specific virus yields
(VG cell−1) of low cell-density control and high cell-density productions with basal and supplementedmedia. Experiment conducted in TubeSpin
bioreactors. Data from Figure 3 for the groupHCD has been replotted here as BasalMedium. Values represent mean± standard deviation (n= 3).

F IGURE 6 Effect of medium supplementation of functional titers of adeno-associated virus 6 (AAV6) produced at high cell density. (A)
Functional titer (enhanced transducing units [ETU]mL−1) and cell-specific functional titer (ETUmL−1) at 72 hpt. (B) Ratio between volumetric and
functional titer at 72 hpt. Experiment conducted in TubeSpin bioreactors. HCD, high cell density; LCD, low cell density control. Values represent
mean± standard deviation (n= 3). **p< 0.01, *p< 0.05, by analysis of variance (ANOVA) followed by Dunnett’s test.

supernatant, which were removed during the medium exchange. This

could explain the sudden drop in viral titer at 96 hpt in the HCD

production (Figure 3B), which is not expected since AAV vectors are

consideredvery stable at awide rangeof temperatures.[61,74] The same

drop, however, was not observedwhen themediumwas supplemented

(Figure 5C).

The CDE is thought to occur mainly due to metabolic limita-

tions caused by low concentrations of nutrients or the accumulation

of inhibitory metabolites.[53,55,75] During the production at HCD, a

pseudo-perfusion was employed to provide enough nutrients to sup-

port HCD and remove inhibitory metabolites; however, the conditions

selected were insufficient to prevent the CDE (Figure 3). The glucose
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10 of 14 MOÇO ET AL.

F IGURE 7 3-L bioreactor production of adeno-associated virus 6 (AAV6) at medium cell density. Cells were transfected at 4× 106 cells mL−1

(medium cell density [MCD]), and plasmid DNAwas delivered on a cell basis (1 μg/106 cells). Low cell density (LCD, 1× 106 cell mL−1) 3-L
bioreactor productions from previous runs (unpublished data) shown as control. (A) Cell growth kinetics and viability forMCD production. (B)
Volumetric titer (viral genomes [VG]mL−1). (C) Cell-specific virus yield (VG/cell). (D) Functional titer (enhanced transducing units [ETU] mL−1). (E)
Ratio between genomic and functional titer (VG/ETU). Values represent mean± standard deviation (n= 1 forMCD; n= 2 for LCD).

level dropped significantly at HCD, even though the medium was fully

exchanged daily. For that reason, the basal medium, HyCell TransFx-H,

which contains around 6 g L−1 (33.3mM) of glucose, was supplemented

with either glucose or Cells Boost 5. The amount of supplement added

was based on the cell-specific consumption rate of glucose (average of

4.8 pmol cell−1 day−1 and similar to reported values[76]) so that amini-

mumof 2 g L−1 (11.1mM) of glucosewas available at any given time,[77]

mimicking the observed glucose concentrations in the LCD produc-

tions. HEK293 cells exhibit a high level of glycolytic activity[78] and

higher consumption rates have been associated with improved viral

productions.[79] Mediumsupplementationwith glucose aloneonly par-

tially restored the CSVY of AAV6 (Figure 5C). The CDE was alleviated,

and the CSVY was restored to LCD levels when a medium supple-

mented with 15% Cell Boost 5 was used (Figure 5C), indicating that

other critical nutrients were limiting viral vector yield. Besides glu-

cose, other components of the Cell Boost 5 supplement are thought to

contribute to alleviating the CDE. While producing adenoviral vectors

using the HEK293SF cells, Shen et al.[80] emphasized that the com-

position of the medium used is crucial to support high yields at HCD.

However, the complexity of culture media and supplements, such as

Cell Boost 5, which can contain hundreds of different components at

variable concentrations, complicates the understanding of individual

nutrients’ effect on viral vector productions.[55] An optimized cell cul-

ture medium to produce AAV vectors could improve titers and vector

quality, as seen and suggested for other viral vectors[62,68,77,80]

As discussed above, supplementing the medium with Cell Boost

5 alleviated the CDE in terms of genome-containing particles; how-

ever, the same was not observed for functional particles. Whereas

there was an increase in functional yield when the medium was sup-

plemented, the cell-specific functional titer (ETU/cell) was not fully

maintained, resulting in higher VG/ETU ratios compared to the LCD

control (Figure 6). One possible explanation is the misassembly of the

viral capsid,which contains a stoichiometryof 1:1:10 (VP1:VP2:VP3). If

this proportion is altered, the efficacy of the AAV to deliver the trans-

gene decreases.[81] Due to nuclear localization signals, the VP1 and

VP2 proteins play a crucial role in transduction, specifically in nuclear
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MOÇO ET AL. 11 of 14

transportation.[82] The N-terminus of VP1 also contains a phospholi-

paseA2 domain responsible for viral escape from the endosome.[83–86]

Our results highlight the importance of assessing viral transduc-

tion efficacy by measuring biologically active vectors[87] as part of

optimizing AAV vector production. This measurement is sometimes

overlooked by authors,[49,51] even though the quality attributes of

a viral vector, including functional titer, are an essential part of the

potency tests recommended by the FDA.[88] In order to find a solu-

tion to the issue of decreased virus functionality atHCD, future studies

could, for instance, further research the effects of medium composi-

tion or evaluate alternativemodes of operation, such as fed-batch.One

crucial aspect that should be evaluated during viral vector production

is the percentage of capsids that contain the genome. The presence

of empty particles, which lack the transgene cargo, can significantly

compromise the transduction efficiency of the vector.[89] Additionally,

when used in vivo, empty capsids can induce innate and adaptative

immune responses.[90] No significant difference was observed in the

percentage of full capsids between LCD and MCD methods. In fact,

theMCDproduction resulted in a slightly higher percentage compared

to the LCD control. Nevertheless, it is possible to further enhance

thismetric via purification using anion-exchange chromatography. This

technique can aid in the separation and isolation of full capsids from

partial or empty ones, ultimately leading to a higher yield of functional

vectors.[57]

In summary, we demonstrated that it is possible to produce AAV6

via triple transient transfection at MCD in fresh medium without

losing cell-specific productivity or functional titer. For that, the plas-

mid DNA must be provided on a cell basis. Our MCD productions

achieved titers at the order of 1010 VG mL−1 of crude lysate. The

yields obtained by this method represent a significant increase com-

pared to a well-established production protocol.[47] TheMCDmethod

for AAV vector production described in this manuscript was shown

to be efficient at a 3-L bioreactor scale. It could be used as the foun-

dation for large-scale production processes, potentially contributing

to solving the current vector shortage in AAV manufacturing. The

authors are aware that this method can be associated with high

manufacturing costs due to the significant quantity of plasmid DNA

required[49,91] and that further development of plasmid production

systems are needed. The CDE could be alleviated at a higher cell den-

sity, resulting in similar CSVY (VG/cell) when a pseudo-perfusion was

conducted with a supplemented medium. However, the cell-specific

functional productivity (ETU/cell) was reduced, highlighting the impor-

tance of evaluating both VG and transducing units during bioprocess

optimization. Further research is necessary to fully understand how

the CDE results in reduced functional titer and how to alleviate it

fully.
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Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Moço, P. D., Xu, X., Silva, C. A. T., &

Kamen, A. A. (2023). Production of adeno-associated viral

vector serotype 6 by triple transfection of suspension HEK293

cells at higher cell densities. Biotechnology Journal, 18,

e2300051. https://doi.org/10.1002/biot.202300051

 18607314, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/biot.202300051 by E

cole Polytechnique D
e M

ontreal, W
iley O

nline L
ibrary on [14/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/biot.202300051

	Production of adeno-associated viral vector serotype 6 by triple transfection of suspension HEK293 cells at higher cell densities
	Abstract
	1 | INTRODUCTION
	2 | MATERIAL AND METHODS
	2.1 | Cell line and culture
	2.2 | Plasmids
	2.3 | Transient transfection
	2.4 | Determination of transfection efficiency
	2.5 | Harvest of produced viral vectors
	2.6 | AAV production quantification
	2.7 | Functional virus titer via gene transfer assay
	2.8 | Analysis of medium nutrients and metabolites
	2.9 | Statistical analysis

	3 | RESULTS
	3.1 | Effect of plasmid DNA availability on AAV production at low cell densities
	3.2 | Cell-specific production maintained at a medium cell density
	3.3 | The cell density effect was observed at higher density
	3.4 | Medium supplementation improves cell-specific virus yield
	3.5 | Validation of medium cell density production at bioreactor scale

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	SUPPORTING INFORMATION


