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1 | INTRODUCTION

Yu-Chieh Lin |

Ibrahim Irfanullah | Wen Cai |

Abstract

Recombinant adeno-associated virus (rAAV) is among the most commonly used in
vivo gene delivery vehicles and has seen a number of successes in clinical
application. Current manufacturing processes of rAAV employ multiple plasmid
transfection or rely on virus infection and face challenges in scale-up. A synthetic
biology approach was taken to generate stable cell lines with integrated genetic
modules, which produced rAAV upon induction albeit at a low productivity. To
identify potential factors that restrained the productivity, we systematically
characterized virus production kinetics through targeted quantitative proteomics
and various physical assays of viral components. We demonstrated that reducing the
excessive expression of gene of interest by its conditional expression greatly
increased the productivity of these synthetic cell lines. Further enhancement was
gained by optimizing induction profiles and alleviating proteasomal degradation of
viral capsid protein by the addition of proteasome inhibitors. Altogether, these
enhancements brought the productivity close to traditional multiple plasmid
transfection. The rAAV produced had comparable full particle contents as those
produced by conventional transient plasmid transfection. The present work
exemplified the versatility of our synthetic biology-based viral vector production

platform and its potential for plasmid- and virus-free rAAV manufacturing.
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products, including Luxturna for retinal dystrophy, Zolgensma for

spinal muscular atrophy, and Hemgenix for hemophilia B have

Recombinant adeno-associated virus (rAAV) is one of the most
commonly used delivery vehicles for gene therapy. Its many
advantages include effective in vivo gene delivery, long-term
persistency, different tissue tropism by various serotypes, and
high safety (Samulski & Muzyczka, 2014). Several rAAV-based

been approved by the United States Food and Drug Administra-
tion in recent years, paving the way for more rAAV-based
therapies to come (Herzog et al., 2023; Li & Samulski, 2020).
However, a very large dosage of rAAV is required in clinical

applications (Mendell et al., 2017), and the manufacturing of large
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quantities of rAAV poses a significant challenge. Innovations in
rAAV vector manufacturing are called for to create a scalable and
robust production platform to meet the demand.

AAV is a small, nonenveloped capsid virus with a single-
stranded DNA genome encoding two genes, rep and cap, flanked
by inverted terminal repeats (ITRs) (Sonntag et al., 2010a;
Srivastava et al.,, 1983). AAV as a replication-defective virus,
needs the coinfection of a helper virus such as Adenovirus (Ad) to
have efficient rep/cap gene expression and virus genome
replication (Stutika et al., 2016). With alternative splicing and
multiple translation initiation sites, both rep and cap genes
generate multiple transcripts and proteins. The large Rep
proteins, Rep78 and Repé8, have multiple functions, including
DNA binding, ATP-dependent endonuclease, and helicase activi-
ties (Im & Muzyczka, 1990) to bind and nick ITRs for AAV genome
replication. The small Rep proteins, Rep52 and Rep40, use their
helicase activity to encapsidate AAV genomes into pre-formed
capsids (King et al., 2001). The cap gene encodes VP1, VP2, and
VP3 capsid subunits which at a 1:1:10 ratio assemble into the 60-
subunit capsid. After translation in the cytoplasm, their trans-
location into the nucleolus and assembly is facilitated by the
assembly-activating protein (AAP) (Sonntag et al, 2010b).
Recently, the membrane-associated assembly protein (MAAP)
expressed from a novel open reading frame (ORF) in the cap gene
was found to modulate the secretion of AAV (Elmore et al., 2021;
Ogden et al., 2019). Successful AAV genome replication also
requires the participation of components from Ad, such as DNA-
binding protein (DBP) which increases the processivity of DNA
replication (Ward et al.,, 1998), and E1B55K/E4orfé complex,
which mediates degradation of host cellular proteins such as the
MRN complex and p53 (Querido et al., 2001; Schwartz
et al., 2007).

To make AAV a gene therapy agent, the rep and cap genes in
the genome are replaced by a gene of interest (GOI) which is to be
expressed upon delivery to target cells. The resulting rAAV
genome thus lacks the two essential genes for its replication.
rAAV is most commonly produced by triple transfection of
HEK293 cells with three plasmids, one containing the rAAV
genome and two others providing rep/cap genes and helper viral
genes including E2A, E4, and VA RNA in trans, respectively
(Matsushita et al., 1998). Additional Ad helper genes, E1A and
E1B, are already part of the HEK293 genome (Lin et al.,, 2014).
This method produces rAAV readily but is cumbersome in large-
scale manufacturing as large quantities of multiple plasmids must
first be produced (Srivastava et al., 2021).

Alternative methods of rAAV production use recombinant
helper viruses, such as co-infecting Baby Hamster Kidney (BHK)
cells with two strains of replication-defective recombinant herpes
simplex viruses (rHSV) containing rAAV genome and rep/cap
genes, respectively (Clément et al., 2009). A similar approach
using recombinant Ad also produced rAAV (Merten et al., 2005).
The potential of contamination by helper viruses in rAAV
products requires additional downstream purification (Penaud-

Budloo et al., 2018). To alleviate the concern about residual
adenovirus contamination in the product, a tetracycline-enabled
self-attenuating Ad was used (Su et al.,, 2022). Production
systems using native rep/cap genes present the possibility of
generating replication-competent AAV (rcAAV) through homol-
ogy between the ITR and p5 promoter and through non-
homologous recombination (Allen et al.,, 1997). rAAV was also
produced in a baculovirus-based platform by coinfecting insect
cells, Spodoptera frugiperda (Sf9), with three strains of recombi-
nant baculovirus (rBV) with rAAV genome, rep gene, and cap
gene, respectively (Urabe et al., 2002). Later, the system was
streamlined to only two rBVs, one carrying the rep and cap genes,
and the other carrying the rAAV genome (Smith et al., 2009). A
safety feature of this system was that rep and cap genes were
separated with opposite transcriptional orientations, and the
native viral p5 promoter was replaced by heterologous promoters
(Allen et al., 1997; Penaud-Budloo et al., 2018; Wright, 2014) so
that rcAAV could not be formed. Another system, Monobac, used
a single baculovirus encoding AAV rep/cap genes and rAAV
genome to produce rAAVS8, thus reducing baculovirus DNA
contamination in the product (Galibert et al., 2021).

Others have sought to create cell lines, which can be rescued to
produce rAAV with or without additional virus infection. By
integrating the rAAV vector genome and rep/cap genes into Hela
cells, rAAV was produced by infection with Ad (Clark et al., 1995). To
eliminate the need for infection of Ad, a HelLa cell line was
constructed by integration into its genome an inducible E1A-E1B
along with rAAV genome, rep/cap, E2, E4, and VA RNA genes (Qiao
et al., 2002). The cell line was shown to produce rAAV in the early
passages but lost productivity gradually over time. The OneBac
system used a rep-cap expressing Sf9 cell line, which upon infection
with an rBV carrying the rAAV genome, produces the rAAV (Mietzsch
et al., 2013). A number of improvements were reported to enhance
the quality and productivity of the Sf9 system (Mietzsch et al., 2017;
Moreno et al.,, 2022); however, the possible effect of different
posttranslational modifications of rAAV produced in Sf9 cells and in
human cells needs to be further investigated (Rumachik et al., 2020).
A HEK293 cell-based rAAV production platform with inducible rep,
cap, and helper genes was reported to produce rAAV, but the
construction of the cell line was not described (Mainwaring
et al,, 2021).

We have taken a synthetic biology approach to construct
HEK293 cell lines which harbor the rAAV genome and genetic
modules that can be induced to express necessary replication, helper,
and structural components to produce rAAV (Lee et al., 2022). The
approach opened a new paradigm of viral vector production through
the creation of a stable cell line. However, in those first-generation
cell lines, the productivity was low. Here, we report enhancing rAAV
productivity in synthetic cell lines through data-driven redesign of
genetic modules and tuning of viral gene expression. The method can
be readily applied to rAAV of different serotypes with different GOI.
Such a stable cell line system will greatly facilitate large-scale
manufacturing of rAAV.
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2 | MATERIALS AND METHODS
21 | Vectors

The rAAV2-GFP genome from pAAV-CAG-GFP (Addgene) was
cloned into a Leap-In transposon backbone (ATUM) with a lacl
repressor gene linked to a puromycin resistance gene driven by a
phosphoglycerate kinase promoter, and CAG promoter was
replaced with RSV-LacO promoter (Agilent), yielding the induc-
ible rAAV genome module (GM; Figure 1a). The construction of
the replication module (RM) and packaging module (PM) was
previously described (Lee et al., 2022). Modification of RM was
made by replacing the GeneSwitch promoter with a TetON
promoter and removing the GeneSwitch transactivator gene,
yielding the new RM (Figure 1a). pAAV-CAG-GFP (Addgene),
pAAV-RC2 (Cell Biolabs), and pHelper vectors (Cell Biolabs) were
used for triple transfection.

2.2 | Generation of rAAV producer cell lines

HEK293 cells (Cell Biolabs) were cultured in Dulbecco's Modified
Eagle Medium (DMEM; Gibco) supplemented with 10% fetal bovine
Serum (Gibco) and 1X antibiotic-antimycotic (Gibco). GX stable cell
lines were generated by cotransfection of three transposon modules
with Leap-In Transposase® mRNA (ATUM) followed by selection,
single-cell cloning, and productivity screening. The workflow is in
reference to the previous report and is fully described in Supporting
Information: Figure S1C-F (Lee et al., 2022; Lee et al., 2023).

2.3 | Cell culture and rAAV vector production

For rAAV production using GX cell lines, cells were seeded at
3.75 % 10° cells per well in 6-well plates or 7.5 x 10* cells per well in
24-well plates. After 24 h, media were replaced with induction media
containing 10 pg/mL of doxycycline and 90 pug/mL of cumate (Sigma
Aldrich) unless noted otherwise. For proteasome inhibitor experi-
ments, 1 uM of MG132 (Invivogen) was added to GX cells at 24 h
postinduction (hpi), and cells were incubated with inhibitors for 24 h
before media replacement unless noted otherwise. Cells were
harvested at 72 hpi. Extraction methods and quantitative polymerase
chain reaction (QPCR) assays of intracellular DNA and RNA were
previously described (Lee et al., 2022).

2.4 | rAAV preparation and characterization

Preparation of benzonase-treated rAAV crude lysate and titration of
encapsidation vector genome (VG) by qPCR, capsids by enzyme-
linked immunosorbent assay (ELISA), and transducing units by RM4
assay cells were previously described (Lee et al., 2022). Total
intracellular virus genome (TG) copies, including free virus genomes
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and encapsidated VGs were measured by gPCR using total

intracellular DNA. The full particle content was obtained by dividing
the VG by the capsid titer (Grimm et al., 1999).

2.5 | Targeted quantitative proteomics

Sample processing, parameters used for data acquisition by mass
spectrometry with parallel reaction monitoring (PRM) method, and
data analysis were described previously (Lee et al., 2022). Four new
heavy isotope-labeled peptides of VP1, GFP, Rep, and beta-actin
proteins were synthesized (Biosynth), and a full list of peptide

standards is shown in Supporting Information: Table S1.

2.6 | Transmission electron microscopy and
Cryo-EM

rAAV crude lysate was produced in multiple 150 mm dishes, and then
purified using POROS CaptureSelect AAVX (Thermo Fisher Scientific)
affinity chromatography. rAAV containing cell lysate was loaded, and
the column was subsequently washed with 1x TD buffer (5.3 mM
KCl, 137 mM NaCl, 10 mM Na,HPOQ,4, 1.8 mM KH,PO,4, and 1 mM
MgCl,) (Mietzsch et al., 2020). The adsorbed rAAV was eluted with
0.1 M glycine-HCI (pH 2.6). The rAAV eluate was immediately
neutralized with 1 M Tris-HCI (pH 10). For negative-staining TEM,
5 uL of the purified AAV sample was applied to a glow-discharged
400 mesh ultra-thin carbon grid (Electron Microscopy Sciences) and
stained by 2% uranyl formate solution (w/v), then blotted dry. For
cryo-EM, 3 pL of sample was applied to a glow-discharged R2/1 200
mesh Quantifoil TEM grid (Ted Pella). The blotted dry grid was
plunged into liquid ethane, then transferred at the liquid nitrogen
temperature to an FEI Tecnai 300 kV field emission gun TEM (Thermo
Fisher Scientific). The images were recorded on a Gatan 4k slow scan
CCD camera or a Gatan Summit K2 direct electron detector camera
(Gatan).

3 | RESULTS

3.1 | Controlled gene expression of GOI increased
productivity

We had previously established Pf3 cell line, which synthesized rAAV
expressing green fluorescence protein (GFP) as GOl upon induction
(Lee et al., 2022). In Pf3 cells, the expression of GFP was driven by a
strong constitutive CAG promoter. Its cap was encoded by a single
intron-less transcript with altered translation initiation, which has
been reported to give a more favorable ratio of VP1:VP2:VP3 and
denoted as VP123 (Urabe et al., 2002). We used transcriptomic and
proteomic analysis to probe potential limiting factors whose
relaxation could lead to enhanced productivity. Pf3 had a transcript
level of GFP several times of GAPDH even under uninduced
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conditions (Supporting Information: Figure S1A). GFP transcript level
increased almost 20-fold upon induction. After viral genome
amplification, GFP transcript accounted for 93% of total viral
transcripts or 17% of total cellular mRNAs. In comparison, VP123
transcript constituted only 1.64% of viral RNAs or 0.3% of total
mRNAs. At the protein level, GFP was also much higher than other
viral proteins (Supporting Information: Figure S1B). Based on the
results, we hypothesized that such excessive and wasteful expression
of GOl diverted resources, which could have been used for
transcription and/or translation of viral genome and proteins and
contributed to the low virus productivity. We postulated that
minimizing GOI expression in producing cells would increase rAAV
production.

We replaced the CAG promoter for GFP in the Genome module
(GM) with the Rous sarcoma virus (RSV) promoter controlled by lac
operators and repressors (Figure 1a) (Wyborski & Short, 1991). The
IPTG-inducible lac repressor gene, lacl, was placed upstream of the
AAV ITR and linked to a puromycin resistance gene via a 2A self-
cleaving peptide. Under uninduced conditions, lacl is expressed to
suppress GFP expression. The replicated and encapsidated genome
does not have the lacl gene. Upon transducing into a lacl-free
recipient cell, GFP can be expressed. Additionally, we made a
modification to the replication module (RM). The TetON inducible
promoter was used to control both Rep68 and helper genes to
reduce the size of the RM, eliminating the need of the transactivator
for a second inducible promoter. HEK293 cells were transfected with
the inducible GM, RM, packaging module (PM), and Leap-In
Transposase® mRNA. Cells were selected with puromycin, hygro-
mycin, and blasticidin for 2 weeks followed by single-cell cloning.
Over 60 clones were screened for high rAAV titer using RM4 assay
cells upon induction with 10 ug/mL of doxycycline (Dox) and 90 pg/
mL of cumate (10D90C) (Supporting Information: Figure S1C-E) (Lee
et al., 2023). The top four rAAV-producing clones (GX1, GX2, GX6,
and GX7) were isolated, expanded, and further characterized.

GX1, 2, and 7 produced around 5x 10° encapsidated vector
genomes (VG) per mL, and all four clones produced roughly 3000 VG

R 1.
DIOENGINEERIN
per cell (Figure 1b) upon induction by Dox and cumate. A parallel
triple transfection using the traditional pAAV-GFP, pAAV-RC2, and
pHelper vectors yielded a somewhat higher titer. The transducing
titer (assayed using RM4 assay cells and called transducing units [TU])
(Lee et al., 2023) largely followed the trend of vector genome titer
(i.e., VG titer) for all four clones (Figure 1c). The VG:TU ratio was
around 100:1, and the full particle content estimated by VG to capsid
ratio was from approximately 25% to 80% (Figure 1d). In general, the
quality of viral vectors produced using the four clones, in terms of
VG:TU and full particle content, was similar to or better than triple
transfection. Three out of four clones kept the same productivity
after 30 doublings (Figure 1e). We evaluated the effect of inducing
GOl expression on the rAAV productivity. The rep, helper and cap
genes were induced with or without IPTG induction of GFP
expression. With 5mM of IPTG, producer cells became much
greener, and both VG and TU titers markedly decreased in all four
clones (Figure 1f,g and Supporting Information: S1F-I). The result
indicated that a high level of GOI expression impeded rAAV
production.

The number of copies of each module integrated into the host
cell genome, that of amplified viral genome after induction for 72 h,
and the transcript level of viral genes were determined via gPCR. The
three modules were integrated into the genome in somewhat
different numbers for each clone (Figure 1h). All four clones had
four to eight times more GM integrated than the previously
established Pf3 cell line (Lee et al., 2022). Induction at 10D90C
caused rAAV genome to replicate to more than 10° copies per cell.
Although the number of cell clones was small, there appears to be a
correlation between copy number of integrated GM to total number
of amplified genomes. The genes encoded in RM and PM modules
had low levels of leaky expression, but GFP in GM was expressed
slightly higher than GAPDH (Figure 1i). Upon induction, all viral
transcripts became highly expressed. GFP reached a very high level
of expression even though its promoter was uninduced because of
rAAV genome amplification that could have exhausted the lacl
repressor protein.

FIGURE 1 Construction and characterization of GX rAAV2 producer cell lines. (a) Gene modules. Symbols: CymR: the Cym Repressor; DD:
the destabilization domain; LacO: the lactose (lac) operator; RSV: the Rous sarcoma virus promoter; rtTA3: the reverse Tet transactivator gene.
(b) Encapsidated vector genome (VG) titers. (c) Transducing unit (TU) titers. (d) The ratio of VG to TU and VG to capsid as vector quality
parameters. (e) Specific rAAV titer in VG/cell at 3 and 33 population doublings. (f and g) VG and TU titers with or without induction of GOI
expression by addition of 5 mM of IPTG. (h) Intracellular copy numbers of GM, RM, and PM before induction (solid lines) and GM after induction
with Dox and cumate for 72 h (+, dash line). (i) Transcript level of viral genes relative to GAPDH before induction (solid lines) and after Dox and
cumate induction for 72 h (dash line). rAAV production using GX cell lines was carried out by inducing GX cell lines with 10 pg/mL of Dox and
90 pg/mL of cumate (10D90C) for 72 h. For (b-d), triple plasmid transfection of HEK293 cells with pAAV-CAG-GFP, pAAV2-RC, and pHelper
was included for comparison with GX cell lines. Encapsidated VG titers were measured by gPCR, TU titers by image analysis using RM4 assay
cells, and capsid titers by ELISA. For (b-g), data represent mean and standard deviation of three independent replicates. For (h) and (i), data
represent mean and standard deviation of triplicate qPCR wells. ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 as determined by an unpaired,
two-tailed, two-sample t-test. Multiple-comparisons t-test was assessed by using a false discovery rate (FDR) of 0.05. ELISA, enzyme-linked
immunosorbent assay; GFP, green fluorescence protein; GM, genome module; GOI, gene of interest; IPTG, isopropyl -pb-1-
thiogalactopyranoside; PM, packaging module; gPCR, quantitative polymerase chain reaction; rAAV, recombinant adeno-associated virus;
RM, replication module.
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FIGURE 2 Kinetic profiles of viral transcripts and proteins, total intracellular virus genome, assembled capsids, and vector genome in GX cell
lines upon induction. (a-d) Transcript level of viral genes relative to GAPDH. (e-j) Absolute quantification (AQUA) of viral proteins measured by
mass spectrometry with the parallel reaction monitoring (PRM) method. Protein copies per cell were calculated based on the assumption that
total protein from one HEK293 cell is 360 pg. (k) Total intracellular virus genome copies per cell. (I) Assembled capsids per cell. (m) Encapsidated
VG per cell. Samples were prepared by inducing GX cell lines with 10D90C. For (a-d, k, and m), data represent mean and standard deviation of
triplicate gPCR wells. For (e-j), data represent mean and standard deviation calculated from light to heavy peak area ratios of top three fragment
ions in ion chromatograms multiplied by the concentration of peptide standards. For (l), data represent the mean of duplicate ELISA wells. ELISA,
enzyme-linked immunosorbent assay; qPCR, quantitative polymerase chain reaction; VG, vector genome.

3.2 | Dynamics of viral gene expression and virus
assembly

We characterized the time-course profiles of various viral compo-
nents after induction. The transcript level of three viral genes,
Rep68 and DBP in RM and VP123 in PM, increased rapidly upon
induction with Dox and cumate and reached close to GAPDH level
by 8h before leveling off around 16h in all four cell lines
(Figure 2a-d). Consistent with the results of Figure 1i, DBP was
the most highly expressed viral gene in all four cell lines. The
transcript levels of Rep68 and the VP123 were several folds lower
but still at high levels similar to GAPDH. GFP transcript followed
different dynamics to the viral genes. It started from a high leaky
expression level and increased as the viral genome replicated
despite the absence of inducer IPTG.

Targeted quantitative proteomics was performed on heavy
isotope-labeled peptide spiked samples to quantify key proteins. By
abundance level they fell into two broad groups: Rep68, DBP, VP1/
2/3 (quantified using a peptide common to VP1, VP2, and VP3), and
GFP in the order of 100 fmol/ug protein (Figure 2e-h), while VP1
(quantified using a peptide unique to VP1) and AAP in approximately
the level of 5 fmol/pg protein (Figure 2i-j). The rise of viral proteins
lagged somewhat from the corresponding transcript; the initial fast
rise transited to a slower increase around 24h. The relative
abundance level and dynamics of different proteins followed similar
trends in different clones. The most abundant protein was DBP which
had more than 107 copies per cell. Notably, VP1 and AAP proteins
decreased sharply after peaking around 24 h, along with a similar but
less drastic decrease of VP1/2/3. The decrease of VP proteins was
also shown in western blot analysis (Supporting Information:
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Figure S2). DBP was the only detectable viral protein in uninduced
conditions, which had around 5 x 10* copies per cell. A housekeeping
protein, beta-actin, had 10 copies per cell and remained steady
across different conditions (data not shown).

Total intracellular virus genomes, including those encapsidated
and free ones, reached approximately 10* copies at 24h and
increased to around 10° copies by 48 h (Figure 2k). From 10°-107
copies per cell of VP1/2/3 protein, about 103-10% of capsids were
assembled at 24 h (Figure 2I). However, the vast majority ( > 90%) of
genome copies and most encapsidated genomes (VGs) were formed
after 24 h (Figure 2m). Each capsid constitutes 60 VP subunits, hence
approximately 3%-10% of VP1/2/3 proteins were incorporated into
capsids (Supporting Information: Figure S3). The data also suggested
that capsid assembly initiated early while VP1/2/3 level was still
some way from its peak level around 24 h. Compared with the
dynamics of other viral components, genome packaging into capsid
was a slow process (Figure 2m). Genome encapsidation started early
but the rate was slow until total genome copies reached about
10*-10° copies per cell. Only a very small portion of total genomes
(0.3%-3%) were encapsidated (Supporting Information: Figure S3).
The data suggested that genome packaging is a potential limiting

factor.

3.3 | Cell line-dependent optimal induction profile
for high productivity

The induction condition used in the preceding experiments was
for maximum expression of target genes, which might not be
most favorable for rAAV production. A premise of our synthetic
biology approach was that the expression profile of viral genes
could be modulated by different induction profiles to enhance
productivity and product quality. Multiplex screening of the
concentration and time profile of Dox and cumate was set up for
rAAV production using all four cell lines (Supporting Information:
Figure S4A-D). For GX1 and GX2, the initial induction condition
(10D90C) gave a good titer, while for GX6 and GX7, a better titer
was obtained by reducing the Dox level, removing Dox at 8 h
post-induction (hpi), or delaying addition of Dox. The results
show the benefit of a tunable induction system on enhancing the
rAAV productivity.

The two new induction conditions, reducing Dox from 10 pg/mL
to 0.5 pg/mL (0.5D90C) and removing the 10 ug/mL of Dox at 8 hpi
(10D90C-8h) were further compared to the original condition of
10D90C in GX6 and GX7. The results confirmed that 0.5D90C and
10D90C-8h gave higher VG, capsid, and TU titers on both a
volumetric basis (Figure 3a,b,g,h) and per cell basis (Supporting
Information: Figure S4E,F,J,K). Further characterization was per-
formed on the dynamics of viral gene products under these induction
conditions. Consistently, induction with 0.5D90C or 10D90C-8h
gave higher levels of assembled capsids, VG, and TU than induction
with 10D90C (Figure 3c-e,i-k). However, the total intracellular

genome was not markedly different among different induction

R 1.
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conditions (Figure 3f,l). At the transcript level, expression of Rep68
and DBP decreased greatly with a lower level or removal of Dox as
expected (Figure 3m,n,p,q). Since the induction concentration of
cumate was the same in all three conditions, VP123 transcript level
was similar (Figure 3o,r). Nevertheless, the levels of assembled capsid
were higher with lower level or removal of Dox (Figure 3c,i), so was
the level of VP1/2/3 proteins in the western blots and immuno-
fluorescence intensity measured by flow cytometry (Figure S40-Q)
suggesting that VP expression might be affected by post-
transcriptional regulation.

The kinetic profiles of 0.5D90C and 10D90C-8h were largely
similar for both GX6 and GX7. Practically, removing Dox would
require the replacement of medium and is difficult to implement in
manufacturing. In the following experiments 0.5D90C was adopted
for GX6 and GX7.

3.4 | Inhibition of proteasomal degradation
increased productivity in synthetic cells

A striking observation on the dynamic behavior of viral proteins
through targeted proteomics was the decline of VP1/2/3 and AAP
after reaching peak values around 24 h (Figure 2e-j). We postulated
that the decrease was caused by proteolytic degradation. In a
screening experiment, we tested four proteasome inhibitors on their
effect on the infectious rAAV titer under different conditions on the
four GX cell lines. An inhibitor was added to cultures at 24 h after
induction under optimal induction conditions and incubated for 2, 6,
or 24 h before being removed for the remainder of the 72 h. Among
the four inhibitors tested, MG132 had a consistent enhancing effect
on TU titer using all four cell lines tested (Supporting Information:
Figure S5A-P). Two conditions, MG132 (10 uM, 6 h) and MG132
(1uM, 24h) were further evaluated and both showed enhancing
effect on the rAAV productivity as compared to the case of without
MG132. For GX2 and GXé, both conditions had a similar enhancing
effect, but for GX1 and GX7, a higher titer was obtained with MG132
(1uM, 24 h) (Supporting Information: Figure S5Q). In subsequent
studies, the MG132 at 1 uM with incubation for 24 h was used for all
cell lines.

Targeted proteomics quantification on the cell samples
subjected to induction and with or without MG132 (1 uM, 24 h)
showed significant increase of VP1/2/3, VP1, and AAP proteins
with MG132 for all four cell lines (Figure 4a-c). Since Rep68 was
tagged with a destabilization domain, Rep68 abundance also
increased by inhibition of proteasomal degradation (Figure 4d). In
comparison, the abundance levels of viral protein DBP and viral
genome encoded GFP did not increase upon inhibition of
proteasome (Figure 4e,f). The effect on viral protein abundance
was further verified by immunofluorescence intensity measured
by flow cytometry (Supporting Information: Figure S6A-H). With
the optimal induction condition and the treatment of MG132,
GX2 clones can produce more than 10* VG and over 10° capsids
per cell (Figure 4g,h).
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3.5 | Full particle content of rAAV produced

The full particle content produced under optimal induction conditions
with or without MG132 was determined by taking the ratio of VG to
capsids. While total viral particles increased with MG132 treatment,
there was a concurrent increase of empty capsids and hence a
marginal decrease in the full particle ratio (Figure 5a). Since the full
particle content estimated from gPCR and ELISA data had large
variations, negative-staining transmission electron microscopy (TEM)
and Cryo-EM were used to examine the particle morphology and
quantify genome-containing rAAV directly (Subramanian et al., 2019)
using samples prepared in two higher producers GX2 and GX7
because of the large quantity of viral particles required for the assay
(Supporting Information: Figure S7A-H). Viral particles produced
using GX2 and GX7 were 24% and 56% full, respectively, without
MG132. Upon MG132 treatment, it remained at a similar level (26%)
for GX2 and dropped moderately (42%) in GX7 (Figure 5b).

4 | DISCUSSION

The design of our synthetic cell lines for rAAV production had two key
features: the integration of only minimal essential viral elements into the
host cell genome and replacing native viral transcription regulation
elements with inducible promoters whose expression can be tuned
through exogenous chemical signals. In the current study, we reduced
wasteful expression of GOlI, isolated new clones with a higher copy
number of genetic modules, optimized induction profile, and minimized
proteasomal degradation of capsid proteins to further advance the
productivity. Similar impediment of rAAV production by overexpression
of the GOI in transient triple transfection was reported before (Strobel
et al,, 2015). Using an inducible promoter for GOI, the high-producing GX
cell lines isolated indeed had higher numbers of copies of GM integrated
into the host genome than the previous Pf cell lines. After induction and
genome amplification, the transcript level was still rather high. With our
proof-of-concept design of GM, viral genome replication amplified only
ITR-flanked regions, but not the lacl repressor gene outside the ITR.
Hence, after viral genome amplification, the vastly large number of LacO
would quickly exhaust Lacl repressor proteins and lead to an increased
transcript level of GOI. Further suppression of GOI, for example, by using
tightly regulated tissue-specific promoters that have been successfully
employed in rAAV targeting different tissues such as muscle (Wang

R 1L
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et al., 2008), central neuron system (Tenenbaum et al., 2004), heart and
liver (Chen et al., 2013) for GOI expression, may further enhance the
productivity. We compared common features of four GX lines and
compared to those of Pf lines to glean possible features that might
contribute to higher productivity (Lee et al., 2022). All four GX cell lines
had more copies of GM and RM than Pf lines. Upon induction and
genome amplification, the difference in total intracellular virus genome
between GX and Pf lines widened to more than 10-200-fold. This might
have contributed to the higher VG titer and vector quality in GX cells.
Some common patterns in transcript level of viral genes were seen. DBP
transcript and protein levels were very high in all four cell lines. Rep68
and VP123 transcript and protein levels were several-fold lower than
DBP, and VP1 and AAP had the lowest levels. However, there was a
noticeable difference in Rep68 and VP1/2/3 protein levels among clones.
GX2 had somewhat higher VP123 transcript and VP1/2/3 protein levels
compared to other cell lines. However, with many variables, including
genome replication, capsid assembly, and genome packaging in the
production of rAAV, it is hard to assess how much the higher VP protein
level contributed to the higher productivity of GX2. Although GX cells
had more rAAV genome copies than Pf3, GFP protein was lower as
attributed to the use of an inducible promoter for GFP.

Using assay cell line RM4, we surveyed rAAV productivity
under different combinations of inducer dose and time profile.
While higher levels of Dox induction gave higher rAAV titers in
GX1 and GX2, reduced Dox induction increased the productivity
in GX6 and GX7. With 10D, GX6 and GX7 cell lines expressed
somewhat higher levels of Rep68 transcript and markedly higher
levels of Repé8 protein than GX1 and GX2 (Figure 2a-h). The
observed enhancing effect on rAAV titer in GX6 and GX7 at
reduced expression of Repé8 by using a lower Dox or its removal
at 8 hpi may reflect a negative influence of high Rep level on
rAAV titer. This was consistent with the report that large Rep
proteins inhibited translation and elicited apoptosis (Schmidt
et al., 2000; Trempe & Carter, 1988).

Our targeted proteomic study revealed possible degradation
of AAP and VP1/2/3 proteins after reaching their peak values in
all four GX cell lines (Figure 2e-j). AAP facilitates cotransport of
VP proteins to the nucleoli and promotes VP protein stability and
capsid assembly by oligomerization (Maurer et al., 2018; Sonntag
et al, 2010b). Without AAP, VP proteins are subject to
degradation through several pathways, including proteasomal
degradation in the unfolded protein response (UPR) as part of

FIGURE 3 Induction conditions affected rAAV production by GX6é and GX7 cell lines. (a-f, m-o0) For GX6, (g-I, p-r) for GX7 cell line. (a, g)
VG, (b, h) capsid and TU titers upon induction with 10D90C for 72 h, 0.5D90C for 72 h, or 10D90C for 8 h, and then with Dox removed for the
remainder of 72 h. (c-f, i-I) Kinetic profiles of capsids, total intracellular virus genome, VG, and TU under three induction conditions. (m-o, p-r)
Relative transcript levels of viral genes. For a, b, g, and h, data represent mean and standard deviation of three independent replicates. For (c) and
(i), data represent mean of duplicate ELISA wells. For (d, e, j, k, and m-r), data represent mean and standard deviation of triplicate gPCR wells. For
(f and 1), data represent mean and standard deviation of GFP-positive cell counts from 12 images. *p < 0.05, **p < 0.01, ***p < 0.001 as
determined by a one-way analysis of variance (ANOVA) multiple-comparisons test. ELISA, enzyme-linked immunosorbent assay; GFP, green
fluorescence protein; rAAV, recombinant adeno-associated virus; gPCR, quantitative polymerase chain reaction; TU, transducing unit; VG,

vector genome.
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FIGURE 4 Treatment of proteasome inhibitor MG132 increased viral protein abundance and rAAV titers. AQUA of (a) VP1/2/3, (b) VP1, (c)
AAP, (d) Repé8, (e) DBP, and (f) GFP. (g) Capsids and (h) VG per cell produced in GX cell lines at 72 hpi with or without MG132. GX1 and GX2
were induced with 10D90C, and GX6 and GX7 were induced with 0.5D90C. Proteasome inhibitor, 1 uM of MG132, was added at 24 hpi for 24 h
(MG132, 1 uM, 24 h) before being removed by medium replenishment with fresh induction media. For (a-f), data represent mean and standard
deviation calculated from light to heavy peak area ratios of top three fragment ions in ion chromatograms multiplied by the concentration of
peptide standards. For (h) and (i), data represent mean and standard deviation of three independent replicates. *p < 0.05, **p < 0.01, ***p < 0.001
as determined by an unpaired, two-tailed, two-sample t-test. Multiple-comparisons t-test was assessed by using an FDR of 0.05. AAP, assembly-
activating protein; AQUA, absolute quantification; DBP, DNA binding protein; FDR, false discovery rate; GFP, green fluorescence protein;

VG, vector genome.

host cell response to virus infection (Balakrishnan et al., 2013;
Prasad & Greber, 2021). Adding a proteasome inhibitor in rAAV
transduction has been shown to have an enhancing effect
on transgene expression (Jennings et al.,, 2005; Mitchell &
Samulski, 2013). Inhibiting proteasome-mediated degradation
during rAAV production led to a higher level of AAV2 capsid
proteins and boosted rAAV production. This enhancing effect of
rAAV productivity was attainable with a high level of MG132 for
a shorter period or by using a low MG132 concentration
throughout the induction (Supporting Information: Figures S5Q

and S8). The titer-enhancing effect of MG132 provided additional
evidence of the role of host cell-initiated degradation in rAAV
production.

With enhanced induction conditions and MG132 treatment, the
productivity in terms of VG was approaching that of traditional triple
transfection. For future manufacturing, one anticipates that the host cells
will be suspension-growth adapted to allow for high-density cultures. The
use of a chemical inhibitor in manufacturing may not be desirable. One
may consider the possibility of knocking out the responsible protease
genes.
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FIGURE 5 Full particle contents produced using GX cell lines under optimal induction conditions with or without MG132 treatment. (a) Full
particle content (%) determined by taking the ratio of VG to capsids measured by gPCR and ELISA, respectively. (b) Full particle content (%)
determined by Cryo-EM analysis. For (a), data represent mean and standard deviation of three independent replicates. For (b), data represent
ratio of full to total particles counted by enumerating particles in multiple Cryo-EM images. ns: p > 0.05, as determined by an unpaired, two-
tailed, two-sample t-test. Multiple-comparisons t-test was assessed by using an FDR of 0.05. Cryo-EM, Cryo-electron microscopy; ELISA,
enzyme-linked immunosorbent assay; FDR, false discovery rate; gPCR, quantitative polymerase chain reaction; VG, vector genome.

The full particle content ranged from 25% to over 50%. The
value was comparable to or higher than the 30% reported in the
literature (Penaud-Budloo et al., 2018). VG:TU ratio is often used as
an estimate of rAAV infectivity. Its value can be highly variable
between production methods or even preparation lots (Francois
et al., 2018; Mohiuddin et al., 2005). rAAV produced from GX cells
across different batches of production had VG:TU about 100, a value
comparable to prior reports (Zeltner et al., 2010). While the number
of cell lines and rAAV production kinetic studies is still small, a
general trend seems to emerge. Increasing the VP1/2/3 protein level
results in higher capsid titers as well as VG titers. However, their
increase is not proportionate; instead, the capsid titer increases more
than the VG titer, leading to a drop in full particle content. An optimal
production condition will need to consider both VG titer and full
particle content.

We had previously reported proof-of-concept rAAV-
producing cell lines created using a synthetic biology approach
by employing only essential gene sets for rAAV synthesis and
placing them under inducible promoter control (Lee et al., 2022).
Here we report our success in further enhancing productivity
through cell engineering and optimization of gene expression
dynamics and culture conditions. The productivity of the GX cell
lines approaches that of commonly used triple plasmid transient
transfection. Also, only a tiny portion of the total genome
encapsidated, thus one may speculate that the productivity can
possibly be enhanced by the higher expression of cap genes and
increasing the efficiency of viral genome packaging into capsids.
Further exploration of helper viral components such as Ad
noncoding VA RNA, which inhibits PKR-mediated antiviral
response (Vachon & Conn, 2016) and other Ad E4 proteins (e.g.,
E4orf3 and E4orf6/7) (Huang & Hearing, 1989; Soriano
et al., 2019) which modulate host responses along with tempering
of host cell responses to rAAV replication may have much

enhancing effect on the productivity. With further enhancement,

the use of stable cell lines for rAAV manufacturing may become a

reality.
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