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HEK293 is a preferred cellular platform to produce viral vectors including adeno-associated viruses (AAV).
However, HEK293 cells were shown to be genomically unstable and many HEK293 cell lines having distinct
genotypes and phenotypes have been reported. Here we generated a stable clonal cell line specifically selected
for the optimal production of recombinant AAV (rAAV) by the triple plasmid transfection method. Initially over
two thousand single cell clones were isolated from a HEK293 polyclonal cell line and evaluated for their growth
profile in suspension, doubling time, ability to recover freeze-thaw cycles and transfection efficacy. A selection of
clones that met these specific criteria were then screened for their ability to produce high rAAV titers by triple
plasmid transfection, yielding one high-performing clone named NBX1P01. This clone was genomically char-
acterized using optical genome mapping and whole genome sequencing and further evaluated for rAAV pro-
duction capacity across different serotypes and genes of interest (GOI). NBX1P01 was shown to be genomically
stable over 55 population doubling levels (PDL), highly transfectable and able to produce rAAV titers similar or
higher than those produced by a commercially available HEK293 cell line using the same culture, transfection,
harvest and quantification protocol. The ratio of full-to-empty rAAV particles produced by NBX1P01 was two-
fold higher than those of the commercial cell line. Long-read sequencing of the encapsidated DNA from the
NBX1PO01-produced rAAV indicated high levels of genome integrity with minimal levels of contaminants. These
results demonstrated the versatility of NBX1P01 cells and their ability to produce high-quality rAAV vectors.

1. Introduction

The HEK293 cell line was established by transforming human em-
bryonic kidney cells with sheared adenovirus type 5 DNA [1], and many
subtypes, subclones and derivatives have been generated. The paren-
teral HEK293 and its -T, and -F derivatives are frequently used in the
production of biopharmaceuticals [2]. Because of their ease of culture,
manipulation and transfectability, HEK293 were used for the transient
expression of recombinant proteins. For instance, NUWIQ®, a recom-
binant coagulation factor VIII (FVIII), is among the most commonly
known therapeutics produced in HEK293F cells [3,4].

HEK293 is the preferred cellular platform for the production of re-
combinant adeno-associated virus (rAAV) viral vectors. This stems from
the presence of genomically integrated adenoviral E1A/B genes which
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provide helper functions during viral vector production [5]. AAV are
non-enveloped, single-stranded DNA viruses which have shown safety
and efficacy as gene therapy recombinant viral vectors [6]. rAAVs are
typically produced by the transient transfection of HEK293 cells with
three plasmids containing: 1) AAV replicase (rep) and capsid (cap)
genes, 2) adenovirus E4, E2, and VA helper genes, and 3) the transgene
of interest flanked by AAV inverted terminal repeat (ITR) sequences.
HEK293 cells are known to be genomically unstable [7]. Thus,
although all the different HEK293 derivatives available to date were
derived from the same original cell line, passaging over many years,
changes in culture conditions, adaptation to high-density growth in
serum-free conditions and its genomic instability resulted in the gener-
ation of diverse pools of HEK293 cells with distinct genotypes and
phenotypes [8]. Moreover, these HEK293 derivatives are not necessarily
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optimal for rAAV production across all serotypes and transgenes, as their
productivity, transfectability, and rAAV yield can vary significantly.
Here we describe the generation of a clonal cell line specifically selected
for the optimal production of rAAV by the triple plasmid transient
transfection method [9]. Over two thousand single cell clones were
derived from an original HEK293 polyclonal cell line and evaluated for
their ability to be transfected and optimal growth profiles. A selection of
these clones was then screened for their ability to produce high titers of
rAAV and high full-to-empty capsid ratios by the triple plasmid trans-
fection method. One high-performing and one low-performing clones
were then selected and evaluated for rAAV production capacity in small
and medium scale cultures. These clones were also genomically char-
acterized and their stability was assessed upon further culturing.

2. Materials and methods
2.1. Cells and media

Suspension-adapted HEK293 cells were obtained from Florabio AS
(Turkey) and grown in ORCHID S media (Florabio) supplemented with 2
mM t-glutamine (Gibco) or Viral Production Media supplemented with 4
mM GlutaMAX (Thermo Fisher Scientific) and anticlumping agent
(Gibco). Cells were maintained in a volume of 20 mL in 50 mL TubeSpin
Bioreactors (TPP) at 37°C, 225 rpm (50 mm rotor) under 7 % COq, 85 %
humidity in a shaker-incubator (Kiihner) and were subcultured every
3-4 days. Cell viabilities and viable cell densities (VCD) were quantified
using a Vi-CELL BLU (Beckman). To generate single-cell clones, cells
were dispensed and imaged using an UP.SIGHT (Cytena) following the
manufacturer’s instructions, and the growth of the subclones was
monitored using an automated microscopic imaging system, the Cella-
vista 4 (SYNENTEC). Population doubling level (PDL) zero (PDL 0) was
defined as the time at which the stability study started. For comparison
studies, Expi293F and Viral Production Cells 2.0 (VPC2.0, Thermo
Fisher Scientific) were cultured following the manufacturer’s
instructions.

2.2. Recombinant AAV vector production, purification and titration

Rep2/Capl/2/5/8, Helper and Genome plasmids were purchased
from Takara-Bio. rAAV Genome plasmid contained an enhanced green
fluorescent protein (EGFP) under the control of a CMV promoter. Other
promoter-transgene combinations were synthesized by VectorBuilder
(Table 1). Small-scale rAAV productions were performed by the triple
transfection method [9,10] under agitation conditions in shallow-well
24-well plates (Enzyscreen). Medium-scale vector productions were
performed in TubeSpin Bioreactor 50 (TPP) and 1.5 L productions in
disposable 3L-Erlenmeyer culture flasks (TriForest). Briefly, cells were
subcultured at 3 x 10° cells/ml and grown for 3 or 4 days under defined
incubation conditions. The day before transfections, cells were seeded in
the corresponding vessels at 5 x 10° cells/ml. Plasmid DNA (molar ratio

Table 1
Transgene cassettes used for rAAV vector construction and production.
Promoter Transgene Reference PolyA  Size, ITR-to-ITR
(bp)
CBA mRPE65 NM_029987.2 BGH 3038
TBG BDD hFVIII KY682701.1 BGH 5420
CMV Aflibercept DB08885 BGH 2474
CBA LacZ KC896840.1 BGH 4487
SPc5-12 Nano Luciferase JQ437370.1 BGH 1447

CMV+intron  EGFP MH325108.1 BGH 2811

CBA: Chicken beta-actin; TBG: thyroxine-binding globulin; CMV: cytomegalo-
virus; SPc5-12: synthetic muscle-specific; mRPE65: mouse Retinal pigment
epithelium-specific 65 kDa protein; BDD hFVII: B-domain-deleted human
clotting factor VIII; EGFP: enhanced green fluorescent protein; BGH: bovine
growth hormone.
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of 1:2:2 of Helper:Rep2/CapX:Genome) and transfection reagent (Pol-
yethylenimine, Linear, MW 25,000 (PEI 25 K), from Polysciences) were
mixed at a ratio of 1:2 DNA:Reagent, and added to the cells after a
complexation time of 5 min. Transiently transfected cells were cultured
for 72 hrs at 37°C, 225 rpm under 7 % COs, 85 % humidity.

2.3. Purification of rAAV particles

The HEK293 cells were lysed post-cultivation using a 1 % poly-
sorbate 20-based lysis buffer containing 3 U/mL Salt-Activated Nuclease
(SAN, ArcticZymes Technologies). Following a 2-hour incubation at
37°C with agitation, the lysates were centrifuged at 700 rpm for 25 min
at 4°C, allowing cell debris to precipitate. The supernatant containing
rAAV particles was carefully separated, filtered through a 0.22 pm filter,
and loaded on a POROS GoPure™ AAVX Pre-packed affinity column.
Column washing proceeded with 10 vol of 20 mM Tris, 1.5 mM NaCl (pH
7.5) until the absorbance at 280 nm reached baseline, using an AKTA go
HPLC system (Cytiva). The bound rAAV vectors were eluted with 100
mM glycine, 100 mM NaCl (pH 2.5) and immediately neutralized with
1/20 vol of 1 M Tris-Base (pH 9.0). For further enrichment of full rAAV
particles, ion exchange chromatography was performed using a 1 mL
POROS™ GoPure™ XQ column (Thermo Fisher Scientific), equilibrated
with 20 mM Tris, 5 mM MgSO4 (pH 9.0), and eluted in a 2-step gradient
with Buffer B (50 mM Tris, 5 mM MgSOa, pH 9.0) at 22 % and 100 %
over 20 column volumes.

2.4. Quantification of viral vector genome titers by dPCR

Cell suspensions were freeze-thawed three times and then centri-
fuged at 3000 x g for 10 min at room temperature to pellet cell debris.
Supernatants were harvested as crude rAAV preparations. Extra-viral
DNA was digested with DNAse I (Ambion) following the manufac-
turer’s instructions. After DNAse I inactivation, rAAV genomes were
isolated using the CGT Viral Vector Lysis kit (Qiagen) following the
manufacturer’s instructions. The viral vector DNA was diluted and
mixed with a dPCR Master Mix (QIAcuity Probe PCR kit - Qiagen)
containing a Cy5-labeled Primer Probe mix targeting the CMV promoter
(forward primer: 5-CCCAGTACATGACCTTATGGGA-3/, reverse primer:
5-GCCCATTGATGTACTGCCAAA-3', Tagman probe: 5-TCGCTATTAC-
CATGGTGATGCGGT-3) and transferred to a QIAcuity Nanoplate (Qia-
gen). Primers and probes used for titrating transgenes other than EGFP
(Table 1) were designed using Primer3 and synthesized by MicroSynth
AG. Viral vector genomes were amplified by using a QIAcuity One in-
strument (Qiagen) and the data analyzed using QIAcuity software Suite
version 2.1.7.182. Titers are reported as vector genomes per milliliter
(vg/ml).

2.5. Characterization of rAAV full vs empty capsid ratio and genome
integrity

Mass photometry analyses of empty and DNA-containing capsids
were carried out using a SamuxMP (Refeyn) as described previously [11,
12] and following the manufacturer’s instructions.

Recombinant AAV genome quality was assessed using Oxford
Nanopore Technologies (ONT) long-read sequencing as described in the
Supplementary Information. Bioinformatic analysis of the sequenced
reads was performed as described previously [13].

2.6. TAAV genome analysis by long-read sequencing

Recombinant AAV genome quality was assessed using Oxford
Nanopore Technologies (ONT) long-read sequencing. Purified rAAV
capsids were first assessed for genomic and plasmid DNA contamination
using the Qubit ssDNA and dsDNA assay (Thermo Fisher Scientific)
following the manufacturer’s instructions. Encapsidated rAAV genomes
were extracted using the PureLink™ Viral RNA/DNA Mini Kit (Thermo
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Fisher Scientific) following manufacturer’s instructions. The extracted
DNA was analyzed for quantity and quality using Qubit and FemtoPulse
assays to confirm DNA concentration and expected DNA fragment
profile.

Library preparation was performed according to the Ligation
sequencing amplicons - Native Barcoding Kit 24 V14 protocol from
Oxford Nanopore. Samples were barcoded using the Native Barcoding
Kit 24 V14 (Oxford Nanopore) and pooled together. Sequencing was
performed on a Minlon Flowcell following standard procedure and run
recommendations defined by the manufacturer for sequencing. Bio-
informatic analysis of the sequenced reads was performed as described
previously [13].

2.7. Genotypic and genomic characterization of cell clone stability

Optical genome mapping (OGM) was carried out using Bionano
Genomics Saphyr system. Single-molecule imaging raw data were pro-
cessed using Access software version 1.8.2 and hg38 DLE1 Ok-
b_Olabels_masked_YPARs.cmap file as the reference genome. First,
consistency across samples of molecule quality metrics such as Direct
Labeling Enzyme 1 (DLE1) density (14-16,/100 Kb), N50 (230-330 Kb),
total number of aligned molecules (4.4-5.3 M) and effective coverage
(260-400X) of the reference genome were checked. Subsequently, the
Rare Variant Analysis pipeline was launched on each sample with
neither copy-number variants (CNV) nor structural variations (SV) mask
filtering applied from the Advanced Analysis Option panel. Custom R
scripts were used to perform data post-processing and analysis for
chromosome-scaled ploidy estimates chromosome-specific coverage and
variances, translocations, duplications, inversions and insertions/de-
letions. The genomic stability of a given clone over time was assessed by
comparing changes in called variants between the parental HEK293 cell
line and the clone at generation 0 on the one hand, and the clone be-
tween generations 0 and 55 on the other. For structural variant analysis,
a Fisher's exact test was used to evaluate significant discrepancies in
variant counts between the parental cell line and its derived clones. For
copy number variant analysis, all non-overlapping genomic intervals
interested in copy number changes were tested for significant differ-
ences of the impacted total genome size using a Pearson's Chi-squared
test with continuity correction.

2.8. Clonality assessment, single-nucleotide polymorphism and structural
variant calling from PacBio sequencing data

Whole-genome sequencing was performed following PacBio recom-
mendations. Briefly, high-molecular weight DNA was extracted using
PacBio Nanobind CBB extraction kit (Pacific Biosciences). DNA shearing
was performed with Megaruptor 3, producing on average 15-18 Kb-long
fragments. Library preparation was performed according to the
SMRTbell prep kit 3.0 (PacBio) following manufacturer’s instructions.
Sequencing was performed on a Revio instrument (Pacific Biosciences)
following standard procedures defined by the manufacturer following
the SMRTLink sample setup and run recommendations.

HiFi reads were aligned to the Telomere-to-Telomere (T2T) reference
genome [14] using minimap2 [15]. Single-nucleotide polymorphism
(SNPs) calling was performed with DeepVariant [16] with T2T as con-
trol reference for each cell line. Multi-allelic variants, and variants
overlapping with repeated or low-complexity regions were detected
using RepeatMasker (http://www.repeatmasker.org), and variants that
were detected in the parental polyclonal population with an allele fre-
quency of 1, indicating differences with the T2T reference only related
to assembly mismatch, were excluded from further analysis. Structural
variations (SVs) were detected using pbsv (Pacific Biosciences) and
underwent the same screening as SNPs. Clonality assessment was per-
formed as previously described [17], as based on a putatively haploid
region on the polyclonal HEK293 cell line identified from copy number
analysis (chr15:20Mb-30Mb) and the distribution of Variant Allele
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Frequencies (VAF) scores for the SNPs along that region. Clonal pop-
ulations showed an enrichment in SNPs with VAF close to 1. Copy
number analysis on PacBio reads was performed by computing the read
coverage in 1Mb bins along the T2T genome. Normalized read coverage
for each bin was computed dividing the raw coverage by the median
genomic coverage and applying Log;¢ normalization.

Whole-genome data obtained from PacBio sequencing was used to
assemble the genome of cell clones. Specifically, PacBio's HiFi long-
reads were assembled de-novo using Hifiasm [18]. Polishing and
chromosome-scaled scaffolding of the raw assembly were performed
using RagTag [19]. Genome-wide copy number changes,
low-complexity (non-)syntenic regions, (un-)mapped genes, transcript
and (un-)methylated CpGs were respectively called using deepTools
[20], DNAcopy (https://github.com/veseshan/DNAcopy), nQuire [21],
windowmasker [22], syri [23], Liftoff [24] and MethBat (https://github.
com/PacificBiosciences/MethBat) respectively. Sequencing and assem-
bly QA/QC metrics were evaluated using fastp [25], merqury [26] and
BUSCO [27] software tools.

2.9. Statistics

Geographic statistics such as the means, standard deviations (S.D.),
standard errors of the means (S.E.M) and significance (p) were graphed
and calculated using GraphPad Prism for Windows. Unless indicated,
significant differences were calculated using 2-way analysis of variants
(ANOVA).

3. Results

3.1. Generation of a clonal cell line with an enhanced rAAV production
profile

The selection process designed to screen and identify HEK293 cell
subclones displaying optimized rAAV production and cell culture
properties is shown in Fig. 1. To generate single cell clones from the
parenteral HEK293 cell population, 2298 single cells were printed onto
384-well plates and expanded sequentially up to 50 mL TubeSpin sus-
pension cultures. Ninety-nine single cell clones survived the process and
a 2-cycle evaluation process for growth profiles, transfectability using
both chemical transfection and electroporation, and survival ability to
freeze-thawing. Cell clones displaying high transfection efficacies,
yielding a high proportion of the cells expressing a chemically trans-
fected transgene were identified and selected for further analysis (Sup-
plementary Fig. S1).

The ability of selected cell clones to produce high rAAV titers by
triple plasmid transfection were investigated, resulting in the selection
of one highly performing (HP) clone displaying improved properties and
one low performance (LP) clone used as a control. The performance of
the HP clone, named NBX1P01, and of the LP control clone NBX6M16,
were compared to the parenteral HEK293 cells. NBX1P01 showed
similar transfection efficiency as the original polyclonal HEK293 cells
but significantly higher transfection efficiency when compared to
NBX6M16 (Fig. 2A). The doubling time (DT) of NBX1P01 increased from
26 h to 29 h over 55 population doubling level (PDL); in contrast, the DT
for both the parenteral HEK293 and clone NBX6M16 decreased from 30
h to 27 h and 27 h to 26 h respectively (Fig. 2B). The viability of all cells
was >95 % over 55 PDL (data not shown). During initial rAAV pro-
duction studies, the HP clone produced more rAAV2 (p < 0.0001) than
the parenteral HEK293 cells. In contrast, the LP clone produced signif-
icantly less rAAV1, 2, 5 and 8 than the HP clone NBX1PO01 (Fig. 2C). To
demonstrate the performance of NBX1P01 at various cell suspension
culture scales, rAAV8 was generated in increasing culture volumes, from
10 mL up to 1.5 L and in all cases vector production was consistently
similar (Fig. 2D). These studies demonstrated the scalability and
versatility of NBX1P01 for rAAV production.

To demonstrate the capacity of NBX1PO01 to produce rAAV of various
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Fig. 1. Schematic representation of the selection process carried out for the selection of high-performing HEK293 cells.
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Fig. 2. Phenotypic characteristics of high-performing and low performing HEK293 cell clones. A) Transfectability of parental HEK293 cells and of the NBX1P01 and
NBX6M16 cell subclones was measured by scoring the percentage of GFP™ cells following transient transfections of an rAAV-GFP plasmid (N = 8). B) Doubling time
of the cells over 55 population doubling levels (PDL) of cultures of the parental cells (circles) and of the NBX1P01 (squares) or NBX6M16 (triangles) subclones. C)
Vector titers were determined on crude rAAV preparations produced by NBX1P01 and NBX6M16 cells, relative to those produced by the parental HEK293 cells set to
a value of 100 (N = 3). D) Mean rAAV8-EGFP crude titers obtained from increasing volumes of NBX1P01 cell suspension cultures (N = 3). Bars represent means; error
bars indicate S.D. ns=not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

recombinant genome sizes, 8 ml production cultures were carried out to
generate rAAV8 carrying combinations of promoters and transgenes
ranging from 1.4 Kbp to 5.4 Kbp (Fig. 3A). Vector production titers
decrease as the size of the cargo increased and there was a 10-fold dif-
ference between rAAV8-aflibercept (2.4 Kbp) and rAAV8-BDD hF.VIII
(5.4 Kbp). To demonstrate NBX1P01 capacity to produce rAAV of
various serotypes with a range of transgenes, 8 mL production cultures
were carried out to generate rAAV1-Nano-Luciferase, rAAV2-mRPE65
(the equivalent of Luxturna®), AAV5-BDD-hF.VIII (the equivalent of
Roctavian®), rAAV8-EGFP, rAAV8-aflibercept (the equivalent of
ADVM-022) and AAV9-LacZ (Fig. 3B). Most crude vector titers obtained
were around 10'° vg/mL with the notable exceptions of rAAV2-mRPE65
and AAV9-LacZ. AAV serotype 2 is known to be cell membrane associ-
ated and crude vector titers are expected to be lower than those of other
serotypes. The LacZ cassette is a large transgene of 4.5 Kbp and crude
titers were therefore also expected to be lower. These studies

demonstrated the robustness and versatility of NBX1P01 for the pro-
duction of a variety of rAAV vectors comprising transgenes and sero-
types of clinical relevance.

3.2. Comparison of NBX1P01 with a leading commercial HEK293 cell
line

A series of head-to-head comparisons were carried out to evaluate
the productivity of NBX1PO1 against a leading commercial HEK293
rAAV production cell line using the same protocol for culture, trans-
fection, harvest and quantification. Recombinant AAVS8-EGFP and
rAAV8-aflibercept were produced in 10 mL cultures by the triple
transfection method. Crude rAAV8-EGFP titers obtained from both cell
lines were statistically similar (p > 0.01). However, rAAV8-aflibercept
titers produced by NBX1P01 were significantly higher than those from
the commercial cell line (p = 0.0266, Fig. 4). In an additional study, 1.5
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L vector productions of both rAAV8-EGFP and rAAV8-aflibercept were
carried out and, following an affinity chromatography concentration
step, rAAVS8 full/empty ratios were evaluated by mass photometry.
NBX1PO1 produced 16 % of full rAAV8-EGFP particles whereas the
commercial cell line produced 8 % full particles (Table 2). Similarly,
NBX1PO01 produced 23 % of full AAV8-aflibercept particles versus 8 % of
full particles produced by the commercial cell line (Table 2). Lastly,
long-read DNA sequencing using Oxford Nanopore Technologies (ONT)
revealed that the quality and integrity of the vectors produced by both
cell lines was comparable, both producing >70 % of intact genomes. The
encapsidation frequency of Rep/Cap, AdV Helper, plasmid and HEK293
host DNA sequences was similar in vectors produced by either cell line.

Table 2

Thus, vector production using NBX1PO1 resulted in equal or more
encapsidated EGFP or aflibercept sequences overall, when compared to
vectors produced with the commercial cell line (Table 2). These studies
demonstrated that the HP clone NBX1PO1 is able to generate similar or
higher amounts of rAAV than a leading commercial HEK293 cell line
using the same protocol for culture, transfection, harvest and quantifi-
cation, while consistently yielding higher full particle ratios and higher
encapsidation frequencies of an intact gene of interest.

3.3. Genomic characterization of the NBX1PO01 cell clone

Optical mapping and long-read sequencing were carried out to
characterize both the HP and LP clone genomes and to compare them to
the parental cell line. As expected, no evidence of Y-chromosome-
derived sequences was observed using optical mapping (Fig. 5A) and the
pseudotriploidy of the cells was also confirmed. Chromosomes 1, 2, 5, 7,
11, 12, 17, 21, 22 and X were observed to be triploid, while chromo-
somes 2, 3,9, 14, 16, 18 and 20 were diploid in all three lines. However,
some ploidy alterations were specifically observed in the LP clone. For
instance, chromosomes 6 and 13 were observed to be tetraploid for both
the parental cell line and the HP clone NBX1P01 but triploid in the LP
clone NBX6M16. Interestingly, chromosome 10 was found to be diploid
in the HP clone whereas it was triploid in both the parental and LP clone.
Taking the human genome as reference, a genomic translocation anal-
ysis using optical mapping revealed 37 genomic translocation events for
NBX1PO01, versus the 50 and 61 translocation events of the NBX6M16
and parental HEK293 cells, respectively (Fig. 5B-D). The assembled
genomes of these cells were searched for the E1A and E1B coding se-
quences, revealing the presence of AdV E1A/E1B at the expected PSG4
gene region of chromosome 19 (data not shown).

As previously reported, an approach for clonality assessment em-
ploys the usage of WGS data to calculate Variant Allele Frequencies
(VAF) at putative haploid regions [17]; [28]). Therefore, a VAF analysis

Summary of analytics obtained from rAAV8-EGFP and rAAV8-aflibercept produced in 1.5 L cultures using either a commercial HEK293 cell line or NBX1P01 and

purified using affinity chromatography.

Mass Photometry

Long Read DNA Sequencing

Vector* Cell Line Full:Empty Intact:Partial % GOI % Rep/Cap % Helper % Plasmid % Host

AAVS-EGFP Commercial 8:92 75:25 90.97 0.14 0.13 0.47 0.56
NBX1P01 16:84 73:27 91.09 0.14 0.11 0.27 0.96

AAV8-Aflibercept Commercial 8:92 77:23 90.95 0.14 0.14 0.75 0.57
NBX1P01 23:72 77:23 91.43 0.11 0.11 0.3 0.54
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Fig. 5. Optical genome mapping (OGM) summary of the parental HEK293-FB cell line (gray), NBX1PO1 (purple) and NBX6M16 (black). A) Bar graph showing the
average number of each chromosome obtained from the three cell lines; error bars indicate twice the standard deviation of the molecule coverage for each chro-
mosome. B-D) Genome-wide circos plots for each cell line showing the number of translocations detected for the three cell lines in relation to the human genome

assembly (hg38).

was carried out on a haploid portion of chromosome 15 of the parental
HEK293 line and of NBX1P01 and NBX6M16 cells. A uniform allele
distribution along this region of the parental HEK293 cell line confirmed
that this cell line is highly polyclonal (Fig. 6A). In contrast, enrichment
of single nucleotide polymorphisms (SNPs) having VAF of 1 were
observed in both NBX1P01 and NBX6M16 (Figs. 6C), indicating the
clonality of these two cell lines. In addition, the number of single
nucleotide variants (SNV, Fig. 6D) and structural variations (SV, i.e.
insertions, deletions and translocations, Fig. 6E) using long-read
sequencing and optical mapping were determined. Significantly fewer
events were observed in both the HP and LP clones compared to the
parental cell line, demonstrating a lower genomic heterogeneity. Inter-
estingly, the HP clone was found to have a fewer number of both SNV
(Fig. 6D) and SV (Fig. 6E) than the LP clone. Lastly, copy number
variation (CNV) analysis was carried out to determine similarities and
differences between the three cell lines, showing that the LP clone was
more distantly related to either the parental cells or the HP clone
(Fig. 7F). Both the parental and HP displayed a CN gain in the q arm of
chromosome 13; the parental cell had a gain of the initial part of the p
arm of chromosome 6, whereas the HP clone showed an extension of this
CN gain to the rest of the chromosome (Fig. 7F). These results indicated
that the HP NBX1PO01 cells are genomically clonal and show lower ge-
netic heterogeneity than the parental cell line and the LP clone.

3.4. Long-term genomic stability of NBX1P01

To determine the genomic stability over cell divisions of the
NBX1PO01 HP clone, the cells were passaged for 55 population doubling
level (PDL) and analyzed again using optical mapping and long-range
sequencing. Long-read sequencing revealed that the genome of
NBX1P01 was 99 % identical between PDL 0 and PDL 55 cell

populations (data not shown), whereas few syntenic mutations, in-
versions, translocations and duplications were observed (Fig. 7A). Op-
tical mapping analysis demonstrated that the genome-wide ploidy of
NBX1P01 remained unmodified (Fig. 7B) after 55 PDL. AAV8-EGFP
production was carried out to compare PDLO and PDL55 cells, and no
significant differences in vector production titers were observed (p =
0.789, Fig. 7C). These results indicated that the NBX1P01 HP clone is
genetically and phenotypically stable over at least 55 PDL.

4. Discussion

Since their original description [1], HEK293 cells have been exten-
sively used in bioproduction, specifically for viral vectors including
lentiviral and recombinant AAV-based vectors. Different HEK293 line-
ages have been generated, propagated under different conditions,
adapted to various growth media, selected to grow in either suspension
or adherent platforms, cloned and subcloned to obtain desired pheno-
types [9,29,30]. More recently, genetically modified HEK293T cells
were reported for the production of rAAV [31]. Several biotherapeutics
produced in HEK293 cells have been approved for human use by regu-
latory agencies [32]. Here, we describe the generation, selection and
characterization of a HEK293 clonal cell line derived from a polyclonal
source, following single cell cloning and phenotypic screening. The
traditional method to generate single cell clones is through limiting
dilution, however we chose to use single-cell printing with optical
tracking to maintain traceability of the single cell clones. The first se-
lection criteria were the single cell cloning survival and transfectability
potential. HEK293 cells are relatively easy to transfect [33] and the
cationic polymer polyethylenimine (PEI) is one of the most commonly
used reagents for plasmid DNA transfection into HEK293 cells [34]. Our
data showed that there were significant differences in transfection
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genomic bins. SNP, SV and CNV calling were performed using the Telomere-to-Telomere human genome as a reference.

efficiencies between the tested clones (Supplementary Figure 1). One
particular HP clone, NBX1P01, showed consistently high levels of
transfection efficiency, whereas an LP clone, NBX6M16, showed
consistently low levels of transfection efficiency. This suggested that
there are genotypic or phenotypic differences in polyclonal populations
of the same type that result in a differential capacity to uptake DNA and
express the encoded recombinant proteins. The transfection efficiency of
cells can be optimized depending on the transgene of interest ([9,35]; de
Los Milagros Bassani Molinas et al., [36,32]). Thus, we used in this study
a standardized, predictable and well-established transfection protocol as
a first-pass approach [9,10].

A helper virus-free packaging system — also known as the triple
plasmid transient transfection system — for the production of rAAV in
HEK293 cells [10] is now the most commonly-used rAAV production
system in research, clinical and commercial use [32]. This system was
used to evaluate the capacity of the chosen HEK293 clones to produce
rAAV of various serotypes. The HP clone outperformed the LP clone in
AAV production when normalized to the parental HEK293 cell line. We
did not investigate if the relatively low rAAV production by the LP clone
6M16 was related to its low transfectability or whether other biological
factors could have influenced these observations. However, we found
that the transfection efficacy of NBX1PO01 clone was indistinguishable
from that of the parental polyclonal population. Whether this stems from
some of the observed genetic changes and/or from epigenetic alterations
in NBX1PO1 cells remains to be determined. Process development (PD)
and design of experiment (DOE) are normally used to optimize pro-
duction parameters and we have exploited both of these approaches to
improve rAAV production in NBX1PO1 achieving >1 x 10'2 vg/ml of

rAAV8-GFP in crude supernatants (Kolcak-Yasli et al., Manuscript in
preparation).

The capacity of NBX1P01 to produce consistent levels of rAAV in
culture volumes ranging from 10 mL to 1.5 L was also demonstrated, as
well as the capacity of NBX1P01 to produce rAAV carrying transgenes of
different sizes, ranging from 1.4 Kbp to 5.4 Kbp. Vector productions with
smaller transgenes resulted in higher production levels when compared
to vectors carrying larger transgenes as observed previously [37,38],
illustrating the ability of NBX1PO1 cells to produce rAAV vectors of
various transgene sizes. In a head-to-head comparison using the same
protocol for culture, transfection, harvest and quantification, rAAV8
production with two different transgenes was carried out using
NBX1P01 and a leading commercially-available HEK293 cell line, and
we did not observe any statistically-significant differences between the
vector titers.

Although vector titers are generally considered the main critical
quality attribute (CQA) of rAAV production, both empty:full capsid ra-
tios and packaged DNA analysis, including genome integrity and the
presence of contaminating sequences, are becoming standard assess-
ments of quality. For instance, mass photometry (MP) provides a fast,
relatively low cost and accurate way of quantifying empty:full capsid
ratios during vector production [39,11,37,12]. We observed that the
production of full capsids by NBX1P01 were similar or higher than those
produced by the commercial cells. A possible explanation for these
differences may stem from the clonal selection of NBX1P01, when
compared to the commercial cell line which may yield more heteroge-
nous vectors.

Lastly, a genomic characterization of the encapsidated DNA was
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carried out using long-read and high-throughput DNA sequencing,
commonly known as next generation sequencing (NGS). Sequencing
approaches to characterize rAAV genome quality were developed, as
based on a combination of Oxford Nanopore (ONT), Illumina, and
PacificBio (PacBio) technologies, thereby providing much higher sen-
sitivities and information than traditional PCR-based approaches
[40-43]. Here, we found that the genomic quality, as defined by the
percentage of intact genome and presence of contaminating sequences,
of encapsidated vector DNA produced by NBX1P01 was comparable to
that of the DNA produced by the leading commercial HEK293 cell line.
The ratios of intact to partial genomes were similar in all samples
analyzed, with >70 % intact rAAV genomes, similarly to some previous
reports [44], but significantly higher than others [11]. The observed
differences in the proportion of intact and partial AAV genomes may
stem from the variations in purification methods used in this study
versus others, or in the use of different quantification approaches, such
as long-read sequencing technologies, digital or droplet PCR-based an-
alytics. In this study, the vectors underwent only affinity chromatog-
raphy enrichment, in contrast to other studies utilizing density
ultracentrifugation for purification. Thus, the purification method,
specifically the choice of downstream processing, may influence the
quality and integrity of the rAAV packaged DNA. Head-to-head down-
stream process analysis aided by drug product potency assays will help
to determine how different processes affect the quality of the therapeutic
products.

HEK293 cells have been shown to have a high degree of genomic
instability, displaying a pseudotriploidic genotype and with frequent
chromosomal rearrangements [7,8,45]. Similarly, CHO cells, which are
also commonly used in biomanufacturing, have also been shown to be
genetically unstable [46,47]. Using optical genome mapping (OGM), we
demonstrated that NBX1P01 retains the pseudotriploidy characteristic
of HEK293 cells. Comparing the HEK293 with the human genome

assembly, we found the parental HEK293 polyclonal cell line contained
61 structural variations, whereas the LP clone contained 50 and the HP
clone NBX1P01 only 37. This indicates a lower degree of genetic het-
erogeneity of NBX1PO1 when compared to the parental cell line and
most importantly, this level of stability was demonstrated over 55 PDL,
which correlated with the ability of NBX1PO01 to consistently produce
high-levels of rAAV after continuous passaging.

The inserted AdV5 E1A/B sequences within HEK293 cells were
originally described to be within the pregnancy-specific f—1 glycopro-
tein 4 (PSG4) gene as a single, 4344 nucleotide collinear insertion of
viral DNA without any rearrangements [48]. It has been previously re-
ported that the copies of E1A/B can vary between 5 and 6 depending on
the HEK293 line [7] with some reports indicating the presence of up to
15 copies [49]. Because AdV E1A/B have been proposed to be necessary
for the optimal production of rAAV [50,51], the copy number and
resulting differential expression of these viral proteins may have a direct
impact on rAAV production. During our studies, we calculated that the
original HEK293 cell line from which our clones were derived had three
copies of E1IA/B and that the HP clone NBX1PO01 also contained the three
copies in the same locus. This data further supports the genomic stability
profile of NBX1PO1.

As previously reported, an approach for clonality assessment em-
ploys the usage of WGS data to calculate Variant Allele Frequencies
(VAF) at putative haploid regions [28,17]. Our studies demonstrated
that both NBX1P01 and NBX6M16 are clonal populations, as observed
by the high number of VAF equal to 1 within the haploid region of
chromosome 15, in contrast to the VAF observed for the parental
HEK293 cell line. Single nucleotide variant (SNV) and structural variant
(SV) quantification revealed that NBX1P01 contains significantly fewer
variations than both the parental HEK293 or the LP clone NBX6M16.
SNV and SV are commonly used in cancer genomic studies to determine
clonality origin of oncogenesis and other cytogenetic profiles [52-54]
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and SNV-based analytical processes were developed to demonstrate the
monoclonality of CHO cell lines [17]. As biomanufacturing progresses,
the unstable nature of the cell lines used in manufacturing becomes even
more relevant, and choosing the most genomically-stable clones has
been shown to improve manufacturing yields [55].

It has become clear that many HEK293 cell lines available today are
very heterogeneous, containing cells displaying highly variable geno-
types and phenotypes [49,7,8]. This heterogeneity represents a signifi-
cant disadvantage during biomanufacturing, resulting in differences in
transfection efficiencies and batch-to-batch variability in cell culture
performance. It is now well-recognized that there should be an emphasis
on generating genetically homogeneous and stable cell lines, in addition
to high-production abilities. The favored approach is to carry out
single-cell cloning followed by extensive genomic and functional char-
acterization of the resulting clones. Although this approach originally
creates well-defined subcultures with optimal performance, the unstable
nature of the cells tends to result in genetic and functional variations
over time [56,57]. Overall, using stable as well as high-yield HEK293
cell lines is the ultimate goal in rAAV manufacturing, as it would reduce
costs of manufacturing and the occurrence of failed batches, while
increasing the quality of the drug substance [58,13]. Ongoing transient
transfection optimization studies in NBX1P01 cells have yielded crude
rAAV titers above 10'2 vg/ml, indicating that very high productivities
may be achieved with these cells (unpublished results). Therefore, using
stable and genomically homogeneous cell clones to produce biologics by
transient processes may be a significant step towards achieving this goal.
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