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Packaging or producer cell lines for scalable recombinant ad-
eno-associated virus (rAAV) production have been notoriously
difficult to create due in part to the cytostatic nature of the Rep
proteins required for AAV production. The most difficult chal-
lenge being creating AAV packaging cell lines using HEK293
parental cells, currently the best mammalian platform for
rAAV production due to the constitutive expression of E1A
in HEK293 cells, a key REP transcription activator. Using sus-
pension and serum-free media adapted HEK293SF carrying a
gene expression regulation system induced by addition of cu-
mate and coumermycin, we were able to create REP-expressing
AAV packaging cells. This was achieved by carefully choosing
two of the AAV Rep proteins (Rep 40 and 68), using two induc-
ible promoters with different expression levels and integrating
into the cells through lentiviral vector transduction. Three of
our best clones produced rAAV titers comparable to titers ob-
tained by standard triple plasmid transfection of their parental
cells. These clones were stable for up to 7 weeks under contin-
uous cultures condition. rAAV production from one clone was
also validated at scale of 1 L in a wave bioreactor using serum-
free suspension culture.

INTRODUCTION
Recombinant adeno-associated viruses (rAAV) are excellent vectors
for in vivo gene therapy due to their wide tropism, absence of patho-
genicity in humans, and long-term transgene expression stability
without the need for genome integration.1,2 The wild-type AAV
genome consists of inverted terminal repeat (ITR) flanked REP and
CAP genes that encode genome replication and packaging proteins
as well as capsid proteins. rAAV vectors have REP and CAP replaced
by a gene of interest making them replication defective with only ITRs
remaining to enable replication and genome packaging. Therefore,
the REP and CAP genes must be supplied separately from the
rAAV genome for production.3 REP promoters P5 and P19 generate
Rep78 and Rep52 transcripts, which can be spliced to encode Rep68
and Rep40, respectively.4–8

Currently, transfection is the dominant method for rAAV production
in HEK293 cells. rAAV production by transfection typically uses
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three plasmids that deliver REP/CAP, the rAAV genome, and adeno-
viral helper genes (E2A, E4, VA-RNA). In addition, the adenoviral
helper genes E1A and E1B are integrated in HEK293 cells.9 This triple
plasmid rAAV production method is well suited for research and
early clinical trials, but can be difficult to scale up due to issues
emerging when performing large-scale transfection and high cost of
materials.10

A drawback of rAAV vectors is the struggle of producing high-quality
vectors in a scalable manner. Packaging cells containing some, or pro-
ducer cells containing all genetic components for rAAV production
offer a solution by reducing the amount or eliminating the need for
plasmid in transfection. In addition, using producer cells would allow
production at high cell density and increase volumetric production
per batch due to the absence of transfection. In case of rAAVs,
creating packaging or producer cell lines has proven difficult in the
past due to the cytotoxic and cytostatic AAV and adenoviral compo-
nents required for production.11–16 Packaging cell lines that were
described in scientific publications possess the drawback of using
adenovirus co-infection during production instead of using a helper
gene containing plasmid.17–30

Without helper gene expression, the complex regulation mechanisms
of AAV promoters maintain tight transcriptional control.31–34 For
this reason, most described mammalian AAV packaging cell lines
are HeLa,17–24 or in some cases A549 cells,25,26 which were not
immortalized by adenovirus E1A, an activator of AAV REP/CAP
transcription. Therefore, these cells are able to contain stably inte-
grated endogenous REP/CAP and induced with adenovirus infection.
While these cell lines allow easier creation of AAV packaging cells, the
use of wild-type or replication defective adenovirus to deliver all help-
er functions also requires additional downstream processing to re-
move any residual adenovirus.21,35
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HEK293 cell lines are used for biomanufacturing recombinant pro-
tein and viral vectors due to their rapid growth rate, high transfect-
ability, and adaptability to serum-free media and suspension cul-
ture.36,37 Due to the constitutive expression of adenovirus E1A in
HEK293 cells, the AAV P5 promoter becomes active, leading to
Rep78 and Rep68 expression and cell-cycle arrest.12,38,39 Reports of
HEK293-based rAAV packaging cell lines are consequently few and
use more elaborate approaches of REP expression regulation. The
most notable examples are using Cre/LoxP recombination systems,
but still using adenovirus infection.27–29 Attempts using endogenous
P5 or other constitutive promoters were shown to be challenging to
isolate packaging cell lines and yielded unstable clones.19,30

The construction of an rAAV packaging cell line entails the stable
integration of genetic elements necessary for the virus assembly
(ITR flanked transgene, REP, CAP, and adenoviral helper genes)
into permissive cells such as HEK293. Also, it is important that these
genes are expressed at a sufficient level to obtain reasonable rAAV ti-
ters. Because of their toxicity, we consider the most difficult aspect of
constructing such packaging cells to be the isolation of clones express-
ing REP in a stable manner at an adequate level. Therefore, we inves-
tigated if it was possible to isolate functional Rep clones utilizing
inducible promoters in HEK293 cells. The induction system we
used is based on a combination of the cumate40 and coumermycin41

inducible systems recently described for the development of lentiviral
vector packaging cells.42 Using this induction system, expression of
Rep68 and Rep40 was sufficient to produce rAAVs. The characteris-
tics of the rAAV produced using HEK293-Rep clones adapted to sus-
pension culture and serum-free medium were comparable to the
rAAV produced through the standard triple transfection method.
In summary, this study describes a simple approach to generate
HEK293 clones expressing Rep, one of the key elements to obtain
packaging cells for rAAV.

RESULTS
Identification of Rep protein necessary for rAAV production in

293SF-CymR/lR-GyrB cells

Clear information on which combination of Rep protein is preferred
for production, and if some of the more toxic Rep proteins can be
omitted while maintaining a good titer is not available. To identify
which of the four Rep proteins are necessary for rAAV production
and investigate if there is a desirable combination yielding higher ti-
ters in 293SF-CymR/lR-GyrB cells, plasmids carrying the coding
sequence of each individual Rep protein were constructed. The
open reading frames (ORFs) of Rep proteins were designed to express
only individual proteins by introducing mutations in the internal pro-
moter p19 (TATTTAA to TACCTCT) for REP78 and REP68 and
mutating the splice sites (CAGGTACCA to CCGCTACCA) for
REP78 and REP52 while at the same time not affecting the amino
acid sequence of Rep proteins. The expression of individual Rep pro-
teins was verified with western blot (Figure 1A) of cells transfected
with Rep ORFs expressed using the CMV (pCMV5-CuO) promoter.
We assume the additional bands visible in the REP2/CAP2 sample of
Figure 1A are variable post-translational modifications of Rep protein
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specific to REP2/CAP2 transfection. Similar patterns were observed in
other publications.43,44 These ORFs were also cloned into an expres-
sion cassette containing a CMV minimal core promoter, adenovirus
tripartite leader sequence (Ad TPL), major late promoter (MLP)
enhancer, and 12 copies of the lambda operator sequence (12xl),
which act as a binding site for the chimeric transactivator (lR-
GyrB) of the coumermycin induction system.41 The cells used for
this study (293SF-CymR/lR-GyrB)42 constitutively express the
repressor protein of the cumate induction system (CymR) and condi-
tionally express lR-GyrB using the cumate induction system. Tran-
scription of lR-GyrB is controlled by the cumate inducible promoter
CMV5CuO. CymR binds to the cumate operator (CuO) of the
CMV5CuO promoter and represses transcription (Figure 1B). Addi-
tion of cumate dissociates CymR fromCuO and permits transcription
of lR-GyrB. In the presence of coumermycin, lR-GyrB dimerizes and
binds to lOp to activate transcription (Figure 1C). Hence in this
inducible system, transcription of the gene of interest is activated after
addition of both cumate and coumermycin to the culture medium.
The initial expression cassette used to express the individual Rep pro-
teins under regulation of the cumate and coumermycin system was
named pVR0 (Figure 1D).

To evaluate the production of rAAV using different combinations of
Rep, we transiently transfected 293SF-CymR/lR-GyrB cells with a
CAP2 encoding plasmid (Figure 1G), gene of interest (GOI) (GFP)-
ITR plasmid, plasmid encoding adenoviral helper genes, and combi-
nations of pVR0-REP encoding plasmids and determined the pro-
duced functional titer (infectious viral particles per milliliter; IVP/
mL) by transduction assay and flow cytometry. We compared the re-
sults with and without induction to rAAV production with the same
cell line transfected with a REP2/CAP2 plasmid, the same GOI (GFP)-
ITR plasmid, and same helper plasmid (standard triple transfection
method).

Production of rAAV (Figure 2A) was successful with all combinations
except when no large Rep protein (Rep78 or Rep68) was used. The re-
sults obtained clearly show rAAV production in noninduced condi-
tions at surprisingly high levels comparable to production by triple
plasmid transfection with the standard REP2/CAP2 plasmid. In
induced conditions, Rep protein expression increased as expected
(Figure S1). On the other hand, rAAV titer decreased in all cases,
but not always significantly (Table S1). Titers obtained without induc-
tion using combinations of two, three, and all four Rep proteins,
excluding the combination of Rep52 and Rep40, which does not pro-
duce AAV, showed no significant difference between each other.
Using only one large Rep protein for production (Rep78 or Rep68)
resulted in significantly lower production compared with other
combinations.

Because of the highly cytostatic properties of Rep proteins,11–14,16

leakiness of the expression system is undesirable for packaging cell
line generation. To address if the observed expression level in the
prior experiment is due to the nature of the inducible expression sys-
tem, or high basal expression of the core promoter, we performed
mber 2023
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Figure 1. Diagram of promoters used in the study

and evidence for Rep expression

(A) Western blot image of Rep protein expression from

REP2/CAP2 plasmid (left image) and individual Rep ex-

pressed from the synthesized ORFs (right image) ex-

pressed from a pCMV5-CuO construct after transient

transfection in HEK293SF cells. Western blot was

performed with an antibody that binds to all four Rep

proteins. (B) Diagram of expression system and Rep

expression cassette in uninduced state. The CymR

repressor binds to the CuO sequence and prevents

transcription of the lR-GyrB transactivator and Rep68

in this example. (C) Diagram of expression system and

Rep expression cassette in induced state. Addition of

cumate releases CymR from the CuO sequence, which

allows transcription of lR-GyrB. In the presence of

coumermycin, lR-GyrB dimerizes and binds to the

12xl operator and activates transcription of Rep68, in

this example. (D) Inducible expression cassette (pVR0)

used to identify necessary Rep proteins for AAV

production. (E) Inducible Rep expression cassette pVR1

constructed for cell line generation. (F) Inducible Rep

expression cassette pVR2 constructed for cell line

generation. (G) Constitutive CMV driven AAV2 CAP

expression cassette. Ad TPL, adenovirus tripartite

leader; MLP enhancer, adenovirus major late promoter

enhancer; CMV min, CMV minimal promoter.
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rAAV productions with the same plasmid combinations in
HEK293SF cells that do not produce the lR-GyrB transactivator
and consequently do not possess the ability to activate transcription
of the coumermycin inducible promoter.

The productions in HEK293SF cells (Figure 2B) using the same com-
binations of Rep-expressing plasmids yield similar titers of rAAV
compared with 293SF-CymR/lR-GyrB cells, therefore confirming
high basal expression of the core promoter.

As demonstrated by the previous experiments, rAAV production
with different combinations of Rep protein is not significantly
different regardless of using four, three, or two Rep proteins in
HEK293SF and 293SF-CymR/lR-GyrB. Therefore, using only two
for cell line generation would be more straightforward and would
most likely facilitate isolation of viable clones. Since structural and
functional research of Rep proteins was done in the past, the choice
of minimally toxic protein according to the literature11,12,45–61 with
highest rAAV yields would be a combination of Rep68 with Rep40.

To create a stable cell line with inducible Rep expression, core pro-
moter tightness is essential. Therefore, we modified the coumermycin
Molecular Therapy: Methods & Clinic
promoter described in Figure 1D to minimize
basal expression. In one version (pVR1, Fig-
ure 1E) the CMV minimal promoter was
replaced by the TATA box sequence as core
promoter while keeping the MLP enhancer
and TPL sequence. In the second version
(pVR2, Figure 1F), the MLP enhancer and TPL sequence were
removed and the CMV minimal promoter was replaced by the
TATA box sequence to have a minimal and tightly regulated expres-
sion cassette. Both cassettes contain 12xl operator sequences up-
stream and a CuO sequence inserted downstream of the TATA box
to prevent unwanted transcription in the absence of cumate and cou-
mermycin by steric hindrance caused by CymR binding. Expression
cassettes for Rep68 and Rep40 regulated with the pVR1 or pVR2 pro-
moters were constructed (Figures 1E and 1F). The same pVR1 and
pVR2 expression cassettes expressing GFP were also constructed
for promoter characterization.

Promoter characterization in context of stable LV integration

To characterize the properties of the new promoters, we used the
pVR1 GFP LVs and pVR2 GFP LVs to create stable cell lines in the
same way as for the Rep packaging cell line. This would allow us to
understand promoter tightness and expression profiles in context of
stable LV integration. We created a pVR1-GFP and pVR2-GFP
pool by transducing at MOI 5 and compared the levels of GFP expres-
sion by flow cytometry. The fluorescence indexes in Figure 3A show
pVR1 expression cassette is 3-fold stronger than pVR2 in induced
conditions demonstrating pVR1 provides higher expression than
al Development Vol. 30 September 2023 261
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Figure 2. Identification of minimal Rep proteins for

production of rAAV by transient transfection

(A) Functional rAAV titers obtained by transient trans-

fection of 293SF-CymR/lR-GyrB cells with plasmids

expressing Rep from inducible promoters. Brackets de-

picting significance refer to uninduced conditions only. (B)

Functional rAAV titers obtained by transient transfection

of HEK293SF cells with plasmids expressing Rep from

inducible promoters, but without inducible expression

system present in transfected cells (basal expression of

core promoter). The data presented are infectious virus

titers (IVP/mL) measured by flow cytometry 24 h after

transduction of HEK293 cells. The table underneath the

graphs contains information on combinations of

plasmid used in transfection. Columns and error bars

represent mean values and SD of n = 3 productions.

Statistical significance is shown with * symbols (one and

two * symbols represent p % 0.05, p % 0.01,

respectively) and samples with no statistical significance

are labeled with “ns”.
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pVR2. In uninduced conditions, pVR2 demonstrated higher pro-
moter tightness as pVR1 is 7.7-fold stronger than pVR2.

We isolated 18 and 19 GFP-expressing clones transduced with pVR1
GFP LV and pVR2 GFP LV, respectively, from pools created using
MOI 10. GFP expression level was monitored by flow cytometry in
induced and uninduced conditions as well as different inducer con-
centrations. First, induced and uninduced conditions were monitored
on pools and the isolated clones and then the selected clones were
evaluated for the GFP expression levels at different inducer
concentrations.

Clones transduced with pVR1 GFP LV showed measurable GFP
expression in uninduced conditions, while pVR2 GFP LV transduced
clones do not show detectable GFP expression in most analyzed
clones. The mean of GFP-positive cells in uninduced conditions of
all 18 analyzed pVR1 GFP clones was 88%. On the other hand, the
mean of GFP-positive cells in uninduced conditions of all 19 analyzed
pVR2 GFP clones was 6%. As a measurement of fold-induction, we
observed the fluorescence index “on/off” ratio. The mean on/off ratio
of pVR1 GFP clones was 5, while in pVR2 GFP clones it was 11,400
(Tables S2 and S3)

Out of 18 pVR1 GFP clones, all exhibited measurable GFP expression
as demonstrated with example of an isolated clone in Figure 3B, while
11 of 19 pVR2GFP clones did not show any detectable GFP expression
262 Molecular Therapy: Methods & Clinical Development Vol. 30 September 2023
in noninduced conditions (%0.1% GFP-positive
cells) as in the example shown in Figure 3C.

Rep cell line generation and

characterization

Our results demonstrated the tightness of the
pVR2 promoter (Figure 1F) and higher expres-
sion level of pVR1 (Figure 1E) at the cost of promoter tightness. Since
the main and most documented cytostatic and cytotoxic properties
are from Rep68, the pVR2 promoter was used for its expression.
The pVR1 promoter was selected for Rep40 expression since we as-
sume better tolerance of cells to Rep40.

To create the Rep-expressing cell line, we transduced the 293SF-
CymR/lR-GyrB cell line with REP encoding LVs. The MOIs of
REP68 and REP40 used to create pools are listed in Table S4. From
those two pools, clones were isolated and screened for rAAV produc-
tion in 96 deep-well plates.

The rAAV-producing clones were expanded to six-well plates and
tested for rAAV production for increased assurance in selection.
Rep expression in the isolated clones during AAV production
was confirmed with western blot and integrated REP gene copy
number by droplet digital PCR (ddPCR) and additionally, we
tracked expression levels and AAV productivity after a number
of passages.

rAAV2 and AAV DJ production with isolated clones in six-well

plate format and comparison to parental cell line

As clones D19 (from pool 1) and C8 and C24 (from pool 2) were
identified as the best-producing clones, a comparison of functional
rAAV titers produced in crude lysates was made with parental cell
lines. The productions with parental cell lines (HEK293SF and
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Figure 3. Comparison of pVR1 and pVR2 promoter

activity in the context of lentivirus integration

(A) Fluorescence indexes of 293SF-CymR/lR-GyrB cells

transduced with lentivirus containing pVR1 or pVR2 GFP

expression cassette at MOI 5. Cells were analyzed 48 h

after induction (72 h after transduction) by flow cytometry.

Columns and error bars represent mean values and SD of

n = 3 technical replicates. (B) pVR1GFP-expressing clone

induction profile at different inducer (cumate and cou-

mermycin) concentrations. (C) pVR2 GFP-expressing

clone induction profile at different inducer (cumate and

coumermycin) concentrations. Cumate concentration

(mg/mL) is indicated in the legend. Clones analyzed in

(B) and (C) were obtained from a GFP pool created by

lentiviral transduction at MOI 10 and isolated using the

CelCelector robotic cell picking system. Cells were

analyzed 48 h after induction by flow cytometry.
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293SF-CymR/lR-GyrB) were done with standard triple plasmid
transfection as well as five plasmid transfections containing
plasmids encoding Rep expression cassettes used to create the sta-
ble cell lines (Figure 4A). We observed that functional titers pro-
duced by Rep-expressing clones were indistinguishable from
each other, yielding about 3 � 107 IVP/mL in crude lysate.
Comparison with standard triple plasmid transfection with
Molecular Therapy: Methods & Clinic
REP2/CAP2 plasmid showed no significant
difference when parental 293SF-CymR/lR-
GyrB cells are used, but compared with using
HEK293SF cells, a statistically significant 1.7-
fold difference was observed. Using 293SF-
CymR/lR-GyrB cells to produce rAAV using
Rep expression cassettes in uninduced condi-
tions gave significantly lower titers (2.7-fold)
compared with Rep clones, while induced
conditions gave 3.4-fold lower titer compared
with uninduced, similar to results presented
in Figure 2A.

In addition to production of rAAV2, we also
demonstrated the ability of the Rep clones to
produce the chimeric (AAV2, 8, 9) rAAV DJ
serotype (Figure 4B). The titers of rAAV DJ
produced by Rep clones closely resemble those
of rAAV2 (Figure 4A). There is no difference
in rAAV DJ production when comparing the
three Rep clones. Comparison of rAAV DJ pro-
duction with HEK293SF and Rep clones reveals
a statistically significant difference between Rep
clone D19 and HEK293SF, but not when
comparing C8 and C24 with HEK293SF.

In order to confirm our findings that the
inducible GFP expression cassettes and induc-
tion (Figure 3) are valid for Rep expression
and a plateau in induction is reached at inducer concentration of
30 mg/mL cumate and 10 nM coumermycin, we investigated the
Rep expression and rAAV production at varying inducer concentra-
tions with clone D19 (Figure S2). Our results confirmed no further
increase in Rep expression or rAAV titer is achieved when the
inducer concentration exceeds 30 mg/mL cumate and 10 nM
coumermycin.
al Development Vol. 30 September 2023 263
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Figure 4. Functional rAAV titer of Rep-expressing

clones and parental cell lines

(A) Production of rAAV2 serotype. Clones and cell lines

were transfected with the indicated plasmids and AAV

production was determined in the crude lysate at 72 h

post transfection by flow cytometry. Columns and error

bars represent mean values and SD of n = 5 to 7 pro-

ductions. 293CG refers to 293SF-CymR/lR-GyrB cells.

The data presented are infectious virus titers (IVP/mL)

measured by flow cytometry 24 h after transduction of

HEK293 cells. Statistical significance is shown with *

symbols (two and four * symbols represent p% 0.01 and

p % 0.0001, respectively). (B) Production of rAAV

DJ serotype. Clones were transfected with pCMV-

CAPDJ, pGFP-ITR, and pHelper and HEK293SF cells

were transfected with pREP2/CAPDJ, pGFP-ITR, and

pHelper. rAAV production was determined in the crude

lysate at 72 h post transfection by flow cytometry.

Columns and error bars represent mean values and SD

of n = 3 productions. Statistical significance is shown

with * symbol representing p % 0.05.
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Comparison of Rep68 and Rep40 expression levels and AAV

titers in the best-producing clones

We compared the levels of Rep68 and Rep40 at harvest (72 h post
transfection) using semi-quantitative western blot. The relative
levels of Rep68 and Rep40 expression in analyzed clones (Figure 5A)
showed lower Rep68 expression in clone D19 compared with clones
C8 and C24. The expression level of Rep68 was observed to always
be lower than Rep40, as expected due to the difference in promoters.
We also investigated the mRNA levels of the inducible REP genes
with RT-ddPCR and using the housekeeping gene RPLP0 (Fig-
ure 5B). The induced condition demonstrates comparable patterns
of expression to semi-quantitative western blot and uninduced con-
264 Molecular Therapy: Methods & Clinical Development Vol. 30 September 2023
ditions demonstrate the stringent Rep68
expression regulation using the pVR2 expres-
sion cassette.

While investigating the stability of AAV pro-
duction and Rep expression, we found clones
C8, C24, and D19 to be stable at least until pas-
sage 20 (1.5 months, Figure 6). The decrease in
AAV production in later passages follows a
decrease in Rep68, but not Rep40 expression,
which remains at similar levels through all pas-
sages (Figures 6B and 6C).

IntegratedREP copy number determination

The genomic DNA of Rep clones C8, C24, and
D19 was isolated and ddPCR was performed to
determine the REP68 and REP40 copy number
(Table S5). The integrated copy number of
REP40 in analyzed clones is comparable to the
MOI used to generate the original pool with
varying numbers between different clones (between 6 and 12). The
copy number of REP68 on the other hand, was always lower than
the MOI used and did not exceed three copies per cell in any analyzed
clone. We also isolated the genomic DNA of the most promising
clones after a number of passages to confirm constant REP copy num-
ber over time. In all tested clones, both REP68 and REP40 copy num-
ber did not significantly change at any point during culturing, with
the exception of clone C8, where there is a significant difference be-
tween the REP40 copy number between passages 5 and 24. In the
case of clone D19, genomic DNA isolated at passage 36 after the
observed decrease in titer showed no decrease in REP68 or REP40
copy number.
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Figure 5. Relative expression level of Rep68 and Rep40 in stable Rep clones

(A) Expression levels analyzed by western blot at AAV harvest (72 h after induction), and normalization was done using total protein staining for loading normalization with

TotalStain Q. (B) Rep mRNA levels measured by RT-ddPCR and normalized to housekeeping gene RPLP0 expression level. Columns and error bars represent mean values

and SD of n = 3 technical replicates.
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AAV characterization

The rAAVs produced by the newly generated clones were titrated
for their physical (ddPCR and total particle ELISA) and func-
tional (transduction assay) titers. The material used for analysis
was purified by iodixanol step gradient ultracentrifugation to re-
move residual reporter gene plasmid to avoid ddPCR titer
overestimation.

The Rep-expressing packaging cells D19, C8, and C24 show no signif-
icant difference between them when comparing physical and func-
tional titers (Figures 7A–7C). When comparing rAAVs produced
with HEK293SF cells and Rep-expressing clones, no significant differ-
ence was observed in total particles produced. Although HEK293SF
gives slightly higher functional and vector genome titer in shake
flasks, rAAV production in wave bioreactor with D19 clone was com-
parable to HEK293SF cells for functional and vector genome titers.
Comparing percentage of full capsids obtained from vector genome
and total particle ratio (ddPCR/ELISA) shows 1.03%, 0.84%, and
0.82% genome-containing particles in clones D19, C8, and C24,
respectively. Production with HEK293SF cells shows 14.33%
genome-containing particles and wave bioreactor production using
D19 clone shows 5.60% genome-containing particles. Transmission
electron microscopy (TEM) of rAAVs produced using packaging cells
Molecular The
(Figure 8) shows the same morphology as rAAV produced by triple
plasmid transfection in HEK293SF cells.
DISCUSSION
In this study, we demonstrate the feasibility of generating high rAAV
titer producing, inducible REP-expressing packaging HEK293 cell
lines compatible with production using helper genes as opposed to
adenovirus infection. We established that using Rep68 and Rep40,
the least cytostatic Rep proteins,11,12,45–61 yields titers comparable
to other combinations of Rep protein, allowing us to have a simpler
cell line generation method and higher probability of isolating
rAAV-producing cells. Our method of pool generation using lenti-
virus, utilizing a robotic clonal cell picking system and screening in
small volumes, allowed for gentler handling and faster generation
of packaging cells compared with standard methods of stable trans-
fection with antibiotic selection and limiting dilution. The MOIs of
lentivirus used to create the cell lines were 10 or 15 for Rep68 encod-
ing lentivirus and 10 for Rep40 encoding lentivirus (Table S4). While
we attempted to isolate rAAV-producing clones from a lower MOI
Rep68 pool (MOI 5), we were not successful. We have also attempted
to generate clones where both Rep68 and Rep40 are expressed from
the pVR2 expression cassette but were not successful and we believe
rapy: Methods & Clinical Development Vol. 30 September 2023 265
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Figure 6. Stability study of Rep clones

Functional rAAV titer and Rep68 and Rep40 expression

level over time (passages) in clones: (A) C8, (B) C24, (C)

D19. (D) Doubling time of Rep-expressing clones and

parental 293SF-CymR/lR-GyrB cells. (E) Viability of Rep

cell line cultures. The rAAV titer data presented are in-

fectious virus titers (IVP/mL) measured by flow cytometry

24 h after transduction of HEK293 cells. Expression levels

analyzed by western blot at AAV harvest (72 h after in-

duction), and normalization was done using total protein

staining for loading normalization with TotalStain Q. The

graph bars are the infectious virus particles (IVP)

measured by flow cytometry after transduction of

HEK293 cells. Lines represent Rep68 or Rep40

expression levels measured by semi-quantitative

western blot where values and error bars are means

and SD of n = 3 technical replicates.
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in this case, Rep40 expression was not sufficiently high. The pack-
aging cells we were able to isolate were able to produce titers compa-
rable to rAAV production by triple plasmid transfection using the
parental 293SF-CymR/lR-GyrB cells. In addition, we have demon-
strated the stability of the packaging cells for at least 1.5 months in
culture, a substantial problem for other HEK293-based packaging
cells not utilizing a Cre/LoxP recombination system.19,30

The rAAV titer inhibition observed when Rep expression cassettes are
induced in productions by transient transfection with 293SF-CymR/
lR-GyrB cells (Figure 2A) is consistent with previous reports on
rAAV titer inhibition by Rep overexpression.62 Our data confirm pre-
vious studies that have indicated the minimal requirement of Rep78
or Rep68 and the inability of Rep52 and Rep40 to produce AAVs
on their own.63,64 In our case, after transient transfection rAAV pro-
duction with Rep ORFs, we surprisingly obtained higher titer in unin-
duced conditions with most Rep ORFs. The particular level of expres-
sion achieved by using this configuration of coumermycin inducible
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promoter under uninduced conditions is shown
to be beneficial for AAV production, but further
expression after induction results in lower
rAAV titers.

The rAAV productions by transient transfec-
tion (Figure 2B) demonstrate rAAV production
in uninduced conditions is due to high basal
core promoter transcription and not due to a
leaky expression system. The HEK293SF cells
used in this experiment do not possess the cu-
mate and coumermycin expression system and
the means to induce Rep expression, therefore
only high basal expression of core promoters
could cause the detected rAAV production.
This observation is not surprising since the
CMV minimal core promoter used is reported
to have a relatively high basal expression
compared with other core promoters.65 In addition to the CMVmin-
imal promoter, the other two promoter elements (MLP enhancer and
TPL) in the construct most likely amplify the basal transcription,
leading to a higher expression level in uninduced conditions.

Our choice of using a transduction assay for the initial experiments
(Figure 2) and later screening of clonal cells is the convenience of
analyzing a larger number of samples in a simple manner. Another
reason is the difficulty of separation of transgene plasmid since
nuclease is not sufficient to degrade the PEI-plasmid polyplexes,
therefore making ddPCR or qPCR susceptible to titer inflation due
to leftover plasmid found in unpurified lysate.

Investigating the promoters intended for Rep protein expression
showed that the pVR2 (Figure 1F) promoter in pools has low basal
GFP expression compared with the basal expression of pVR1 (Fig-
ure 1E). Additionally, when clonal cells were isolated from the
pools, the 18 pVR1 GFP clones were all showing an average of



A B

C

Figure 7. Comparison of functional and physical rAAV titer produced by Rep clones and HEK293SF cells

rAAVwere obtained from 20mL productions (D19, C8, C24, and HEK293SF) and a 1 Lwave bioreactor production (D19Wave). Thematerial used for analysis was purified by

iodixanol step gradient ultracentrifugation to remove residual reporter gene plasmid to avoid ddPCR titer overestimation. Rep clones and HEK293SF cells were transfected

with a combination of plasmids indicated in Figure 4A. (A) Functional rAAV titer obtained from transduction assay (IVP/mL) measured by flow cytometry 24 h after transduction

of HEK293 cells. (B) Vector genome titer (VG/mL, physical titer) obtained from ddPCR. (C) Total AAV capsid titer (TC/mL, physical titer) obtained from ELISA assay. Columns

and error bars represent means and SD of n = 3 productions. Data of D19 1 L wave production are n = 3 technical replicates of one wave run. Statistical significance is shown

with * symbols (one and two * symbols represent p % 0.05 and p % 0.01, respectively).
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88% GFP-positive cells in culture in uninduced conditions
(Tables S2 and S3). Further, the pVR2 GFP clones demonstrated
that it is possible to isolate a clone with no detectable GFP expres-
sion when uninduced, a necessary feature for Rep68 expression
regulation due to high toxicity. The induction profiles of pVR1
and pVR2 clones also demonstrate pVR1 is more sensitive at lower
inducer concentrations than pVR2.

Functional rAAV titers obtained from lysates of Rep-expressing clones
in six-well plates (Figure 4A) demonstrate the ability to produce rAAV
vectors in the same amounts as parental 293SF-CymR/lR-GyrB or 1.5-
fold lower than HEK293SF cells using the standard triple plasmid
transfection production method. Interestingly, production of rAAVs
using 293SF-CymR/lR-GyrB cells by five plasmid transfection where
Rep68 and Rep40 are expressed from cassettes used to generate the iso-
lated clones, yields a relatively high titer in uninduced conditions
Molecular The
despite theminimal promoter used forREP68 expression and no visible
Rep68 band visible onwestern blot. The induced condition on the other
hand still shows a decreased titer with clear visibility of both Rep pro-
teins on western blot (Figure S3).

Productions of rAAVDJ, a chimeric serotype (AAV2, 8, 9)66 achieved
similar levels of rAAV production to AAV2, demonstrating the flex-
ibility of the packaging system to produce serotypes other than AAV2
(Figure 4B).

Lower Rep68 expression in D19 compared with the other two clones
is most likely due to D19 having one less gene copy than the other two
clones. Despite the differences in copy number and expression level of
both REP68 and REP40, there is no observed difference in rAAV pro-
duction between the clones. Furthermore, comparing titers obtained
from initial transfection production using the same REP68 and REP40
rapy: Methods & Clinical Development Vol. 30 September 2023 267
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Figure 8. Comparative TEM analysis of rAAV

produced in HEK293SF cells and Rep-expressing

clones

AAV produced in HEK293SF cells (A) or D19 Rep clone

(B) were purified by ultracentrifugation on iodixanol

gradients and analyzed by TEM. Blue arrow points

toward full rAAV capsid and red arrow points toward

empty capsid.
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expression cassettes (Figure 4A) with titers obtained from clones,
shows that the clones exceeded the titer expectation.

The observed low integrated REP68 copy number not matching the
used lentivirus MOI could be explained with the toxicity of
REP68.11–14,16 As lentiviruses direct their integration into actively tran-
scribed genes,67 it is possible that the integration could occur down-
stream of a constitutive promoter and activate transcription of
REP68, leading to cellular toxicity. Therefore, each REP68 integration
event presents a chance of constitutive expression occurring and result-
ing in cell-cycle inhibition and death of the clone, making it difficult to
obtain higherREP68 copy using lentiviral transduction. Another expla-
nation could be that even though the expression cassette used is min-
imal, some expression still occurs, and cells could only tolerate the basal
expression of a low copy number of REP68. While possible, this would
most likely mean that isolated clones would be phenotypically distinct
due to the basal expression, likely having a longer doubling time, yet the
isolated clones show the same doubling time and viability as the
parental cell line (Figures 6D and 6E).

Monitoring AAV production and Rep expression at later passages
showed a decrease in REP68 expression along titer decrease without
changes in REP40 expression. Since the REP68 copy number is shown
to be stable beyond the decrease in rAAV titer, an epigenetic silencing
mechanism is likely to have caused a decrease of expression. The low
integrated copy number of REP68makes it more vulnerable to epige-
netic silencing as two or three loci are easily silenced to a point of
affecting rAAV titer compared with the six or 12 copies as seen
with REP40.

Before discussing titers obtainedwith the packaging cells, it is important
to note that no production conditions were optimized for packaging
cells except the concentration of inducer, which was shown to be
optimal when full induction is achieved (data not shown). For produc-
tion using HEK293SF cells, in-house optimized conditions specific to
the cell line and triple plasmid transfection were used.68 rAAV charac-
terization revealed that isolated clones produce the same quantity and
quality of vectors despite the observed differences in integrated REP
gene copy number and expression levels.
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The functional and vector genome titer pro-
duced by packaging cells, while being slightly
lower than the production by triple plasmid
transfection using parental HEK293SF cells
(three and four times lower, respectively), could
most likely be increased by optimizing the plasmid ratio (pCAP,
pHelper, pAAV-GFP), production conditions, method, and possibly
media. The wave bioreactor production with D19 clone demonstrated
that the production method has an impact on titer and consequently
reached functional and vector genome titer comparable to optimized
HEK293SF triple plasmid transfection production. Although when
we attempted to improve the percentage of genome-containing parti-
cles by using lower concentrations of pCMV-CAP2 plasmid (Fig-
ure 1G) in transfection with Rep cell lines in small scale (six-well
format), we did not see an improvement (data not shown). This
would indicate the level of CAP expression is not the cause of high to-
tal particle production, but some other underlying factors with the
system. Additionally, the wave bioreactor production using D19 clone
showed lower total particle titer, further implying room for quality
and titer increase with bioprocess optimization.

MATERIALS AND METHODS
Cell culture and AAV production

HEK293 cells adapted to serum-free suspension culture (clone 293SF-
3F6) and HEK293SF-CymR/lR-GyrB cells are described else-
where.42,69 The AAV packaging cell lines were cultured in the same
way as the parental HEK293SF-CymR/lR-GyrB cells.

Suspension cultures were maintained in 125 mL vented cap shake
flasks (Corning, Oneonta, NY) in Hyclone Hycell TransFx-H (Hy-
clone, South Logan, UT) supplemented with 4 mM final concentra-
tion L-glutamine (Hyclone) and 0.1% final concentration kolliphor
(Sigma-Aldrich, St Louis, MO) at 37�C, 120 rpm, and atmosphere
with 5% CO2. Static culturing used in cell line generation were main-
tained in a mixture (1:1) of Hyclone Hycell TransFx-H (Hyclone)
supplemented with 4 mM final concentration L-glutamine (Hyclone)
and 0.1% final concentration kolliphor (Sigma-Aldrich) and
Hybridoma-SFM (Gibco, Life Technology Corporation Grand Island,
NY)media supplemented with 4mM final concentration L-glutamine
(Hyclone), 10 ng/L transferin (Biogems, Westlake Village, CA), and
30 mM final concentration sodium bicarbonate.

The HEK293A cells (ATCC, Manassas, VA, Cat# CRL-1573) used for
lentivirus titration were grown in Dulbecco’s modified Eagle medium
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(Hyclone) supplemented with 5% fetal bovine serum (Hyclone) and
2 mM final concentration L-glutamine (Hyclone) using tissue culture
treated dishes.

Growth conditions for 96 deep-well plates (Corning) were 37�C,
950 rpm, and atmosphere with 5% CO2 in Infors HT multitron
3-mm shaking throw incubator. Culture volume used was 300 mL.

Recombinant AAV production was performed in six-well plate in
suspension format, with the exception of productions for screening
(96 deep-well plate) and productions that were afterward used for
ddPCR, electron microscopy, and ELISA (shake flask and wave biore-
actor). Cell density at transfection was 1 � 106 cells/mL and
media used Hyclone Hycell TransFx-H supplemented with 4 mM
L-glutamine and 0.1% kolliphor unless indicated otherwise. Produc-
tion incubation conditions were 37�C, 120 rpm, and atmosphere with
5% CO2 unless indicated otherwise. Transfections were performed at
final DNA concentration of 1 mg/mL and 2 mg/mL of PEIpro and
transfection mixture was prepared in 5% of total cell culture volume
with incubation time of 10–15 min.

Transfection for AAV production in 96 deep-well plates (Corning)
was performed using final DNA concentration of 1 mg/mL and
2 mg/mL of PEI (PEIpro, Polyplus, Illkirch France). Cells were grown
to approximately 2 million cells/mL density in 300 mL prior to trans-
fection, 150 mL of culture was then removed. Transfection mixture
was prepared in 5% of total cell culture volume with incubation
time of 10–15 min, then added to 50% total culture volume of fresh
media (150 mL). Then, 150 mL of plasmid/media mixture was added
to the 150 mL cell culture in a deep-well plate resulting in a final
cell density of 1 million cells/mL.

Cell culturing in the wave bioreactor system 20/50 (GE Healthcare,
Uppsala, Sweden) for rAAV production using the D19 clone was per-
formed by seeding cells in at 2.5� 105 cells/mL in 500 mL media in a
5-L single use wave bioreactor bag (GEHealthcare, Uppsala, Sweden).
The system was set to 37�C, 22 rpm at 8� angle, and 100 mL/min air
flow. After 3 days, culture reached approximately 2 � 106 cells/mL
and was diluted to 1 � 106 cells/mL in 1 L. Transfections were per-
formed at final DNA concentration of 1 mg/mL and 2 mg/mL of PEI-
pro and transfection mixture was prepared in 5% of total cell culture
volume with incubation time of 10–15min. Inducer was added imme-
diately after transfection at a final concentration of 30 mg/mL cumate
and 10 nM coumermycin and angle was changed to 9.5�.

The concentrations of individual plasmids used in transfection are
indicated in Table S6 in the supplementary information. The incuba-
tion of transfected cells lasted 3 days, except for the wave bioreactor
production, which was 4 days, after which cells were lysed with
MgCl2 Triton X-100 and benzonase (EMDMillipore, Etobicoke, Can-
ada) at final concentrations of 2 mM, 0.1%, and 2.5 U/mL, respec-
tively. Lysis incubation lasted 2 h at previously described production
conditions and MgSO4 at final concentration of 37.5 mM was added
and incubated for another 30 min. Lysis of samples for clone
Molecular The
screening produced in 96 deep-well plate format was performed
with three cycles of freeze-thaw.

Plasmids and cloning

Plasmids were constructed using standard methods of molecular
biology. After amplification of plasmid in DH5a E. coli, purification
was performed using commercial plasmid purification kits (Qiagen,
Hilden, Germany). Concentration of plasmid or genomic DNA was
measured using the Nanodrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA).

The pAAV (ITR-GFP), pHelper, and pREP2/CAP2 are commercially
available plasmids for rAAV production (Cell biolabs, San Diego,
CA). The AAV2 REP ORFs (Rep78, Rep68, Rep52, Rep40) were syn-
thetized and codon optimized for human cell expression (Genscript,
Piscataway, NJ) (sequences provided in supplementary information,
Figure S4). Mutations were introduced in the internal AAV p19 pro-
moter (TATTTAA to TACCTCA) for REP78 and REP68 and the
splice sites were mutated (CAGGTACCA to CCGCTACCA) for
REP78 and REP52 while at the same time not affecting the amino
acid sequence of Rep proteins. The ORFs of each individual REP
were cloned into pUC57.

The pVR0 REP encoding plasmid depicted in Figure 1D was con-
structed as follows. The pVV 13xlambda-TPL VSVg Q96H-I57L
plasmid described elsewhere42 was cut with BglII/NotI to remove
the VSV-G and inserting each synthetized REP open reading frame
(REP78, REP68, REP52, REP40) using the same restriction enzymes.

The pVR1 and pVR2 expression cassettes were constructed by
using plasmid pKCMV5-CuO (created by removing the Rev gene
of pkCMV5CuO-Rev described elsewhere)70 as template. The
12xl-TATA box-CuO core promoter was synthesized (Genscript)
and cloned into pUC57 using SacI/XbaI sites. For pVR1, the
pKCMV5-CuO template was cut using KpnI and AgeI to remove
the CMV5 promoter and CuO sequence and ligated with the
12xl-TATA box-CuO core promoter cut using the same restriction
enzymes. pVR2 was constructed by cutting the pKCMV5-CuO tem-
plate with Acc65I and BglII to remove the CMV5 promoter, TPL, and
MLP enhancer. The 12xl-TATA box-CuO core promoter was ligated
into the cut vector backbone using identical restriction sites.

pVR2-REP68 was constructed by cutting pUC57-REP68 with EcoRI/
StuI and inserting the isolated cDNA in pVR2 EcoRI/HincII sites.
pVR1-REP40 was cloned using BglII/SalI sites in both pUC57-
REP40 and pVR1. The lentiviral transfer vector backbone pNRC-
LV1 was described elsewhere.42 pNRC-LV1-pVR2-REP68was cloned
by cutting pVR2-REP68with XhoI, filling in the overhang and cutting
with NheI while the pNRC-LV1 vector was cut with HpaI/NheI.
pNRC-LV1-pVR1-REP40 was cloned by cutting pVR1-REP40 with
SmaI/NheI and cutting pNRC-LV1 with HpaI/NheI.

The pCMV5-CuO-REP encoding plasmids used to express Rep in
Figure 1A were constructed by cutting pUC57-REP(78, 68, 52, 40)
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with BglII/SalI and inserting the isolated REP cDNA in pKCMV5-
CuO (created by removing the Rev gene of pkCMV5CuO-Rev
described elsewhere)70 cut with BglII/SalI.

The pCMV-CAP2 plasmid was created by cloning of the CAP gene of
AAV2 and its upstream untranslated region after the CMV5 pro-
moter71 of pTT3 (Patent WO2022147617A1).

The pCMV-CAP DJ plasmid was cloned by cutting of pAAV REP-
CAP DJ (Cell biolabs) with NotI and HindIII and inserting into the
pVV-CMV5 backbone that was cut using the same restriction en-
zymes. The pVV-CMV5 plasmid was constructed by removing a
BglII/BbsI fragment containing the DS and FR sequence from the
pTT5 vector,72 filling in the ends and re-circularizing the plasmid.
Transduction assay for rAAV2 GFP

The procedure was described elsewhere and adapted for AAV
transduction.73 HEK293SF-3F6 cells used for the transduction
assay were infected with first-generation adenovirus (Ad DE1,
DE3) at MOI 5 and seeded at 0.5 � 106 cells/mL in suspension
in 12-well plates (1 mL per well). Three dilutions of an AAV sam-
ple were prepared and 40 mL was added to the cells infected with
adenovirus to ensure a range of GFP-positive cells of 2%–20% to
ensure that cells were not transduced with more than one infec-
tious viral particle. Positive control was an AAV sample with
known titer and negative control was HEK293SF cells infected
only with Ad (DE1, DE3). Infected cells were incubated for 24 h,
transferred to deep-well plates (Corning) and pelleted by centrifu-
gation for 2 min at 400 � g. Supernatant was removed and cells
were resuspended in PBS with 2% formaldehyde. Fixed cells
were read on a flow cytometer and percentage of GFP-positive
cells was used to calculate the infectious viral particles titer
(IVP/mL). The following formula was used to calculate titer:
IVP =mL =
%GFP sample � %GFP negctl

100
� Dilution Factor �

Average Cell Count

�
cells
mL

�

40mL
� 1000 mL =mL:
Generation of 293SF-Rep cells

We used lentivirus (LV) transduction for cell line generation to con-
trol the copy number introduced to cells by choosing different MOIs
indicated in Table S3. Parental HEK293SF-CymR/lR-GyrB cells were
plated in 24-well plates for growth in static conditions (1 � 105 to
2 � 105 cells/well). After 4 h or the next day when cells attached to
the plate surface, media was removed and replaced with 500 mLmedia
containing the appropriate concentration of Rep68 and Rep40 encod-
ing LV with 8 mg/mL final concentration of polybrene (Hexadimethr-
ine bromide; Sigma-Aldrich). Next day, media was removed from
wells and fresh media was added. The pool was maintained for 3–
7 days (until recovered from transduction) and plated for clonal
cell picking using the CellCelector (ALS, Automated Lab Solutions
270 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
GmbH, Jena, Germany). The clonal cell picking procedure is
described elsewhere.42

AAV titration by ddPCR using EvaGreen DNA binding dye assay

AAV samples were serially diluted with 0.05% pluronic, 2 mg/mL
sheared salmon sperm DNA. PCR reaction contained 0.1 mM of
each primer, 0.4 mg/mL BSA, and 1x EvaGreen supermix (Bio-Rad
Laboratories, Hercules, CA). Primers Fwd (50-GGAACCCCTAGT
GATGGAGTT-30) and Rev (50-CGGCCTCAGTGAGCGA-30) used
for AAV titration anneal to multiple sites within the ITRs and are
described in detail elsewhere.74 The following thermocycler setup
was used: (1) Enzyme activation (95�C for 10 min); (2) 35 cycles of
DNA denaturation (95�C 30 s), annealing (59�C 60 s), extension
(72�C, 30 s); (3) signal stabilization (4�C, 5 min and 90�C, 5 min);
and (4) infinite 12�C hold. The droplet generator (QX200), plate
sealer (PX1), and droplet reader (QX200) used are made by Bio-
Rad Laboratories and the thermocycler used was the Mastercycler
X50s (Eppendorf, Hamburg, Germany).

Viral genomes per mL was calculated using the reported concentra-
tion of copies/mL and the following formula:

VG
mL

=
copies
mL

� dilution factor � ð20mL = 4mLÞ � 1000:

REP gene copy number determination by ddPCR using

EvaGreen DNA binding dye assay

Genomic DNA was isolated using the Qiagen blood and tissue kit
(Qiagen) according to manufacturer’s recommendation. After isola-
tion, 5 mg of genomic DNA was cut with 30 U of MseI restriction
enzyme in 60 mL reaction volume for 2 h at 37�C. DNA was serially
diluted with nuclease-free water. PCR reaction contained 0.1 mM
of each primer, 0.4 mg/mL BSA, and 1x EvaGreen supermix (Bio-
Rad Laboratories). Primers used for Rep68 expression cassette
detection 55qF (50-CAGATCCGGGAGAAGCTGAT-30) and 55qR
(50-TGAGAGGTACTGCTCCATGTT-30) amplify a 201-base pair
(bp) sequence specific to REP68. Primers used for Rep40 expression
cassette detection 56qF (50- GCATGACTTCTGCGCTAAGAT-30)
and 56qR (50- TCCTGGATCCACTGCTTCTC-30) amplify a 217-
bp sequence specific to the MLP enhancer used only in the Rep40
expression cassette and the 50 end of the REP40 sequence.
Reference gene (Albumin) amplification was done using primers
57qF (50-AGGCTAGGGCTTAGGGATTT-30) and 57qR (50-CCCT
GTCCCACATGTACAAAG-30) yielding a 56-bp fragment. The
thermocycler setup used was the same as described for AAV
titration.
mber 2023
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The calculation of REP gene copies per cell was done using the ratio of
REP68 or REP40 concentration and albumin concentration and
multiplying by 3.2, which is the estimated albumin copy number in
HEK293 cells75:

REP copies per cell =
REP concentration ½copies=mL�
Alb concentration ½copies=mL� � 3:2:

RT-ddPCR for Rep68 and Rep40 mRNA quantification

mRNA was isolated from 4.5 million cells after 3 days of culturing
(uninduced and induced conditions 30 mg/mL cumate and 10 nM cou-
mermycin) using the RNeasy plus mini kit according to manufacturer
recommendations (Qiagen). Reverse transcription was performed
using QuantiTect kit (Qiagen) using 500 ng of RNA according to
manufacturer recommendations (Qiagen). Primers used for Rep68
mRNA quantification 55qF (50-CAGATCCGGGAGAAGCTGAT-30)
and 55qR (50-TGAGAGG(PrimersATGTT-30) amplify a 201-bp
sequence specific to REP68. Primers used for Rep40 mRNA quantifica-
tion 68qF (50-TCCACTCCCAGGTCCAAAG-30) and 56qR (50- TCC
TGGATCCACTGCTTCTC-30) amplify a 94-bp sequence specific to
the pVR1 expression cassette used for Rep40 expression and the 50

end of the REP40 sequence. The housekeeping reference gene used
was RPLP0 and primers were purchased as a set from IDT (Cat#
Hs.PT.39a.22214824), sequences are: 50-TCGTCTTTAAACCCTGC
GTG-30 and 50-TGTCTGCTCCCACAATGAAAC-30, PCR reaction
contained 0.1 mM of each primer, 0.4 mg/mL BSA, and 1x EvaGreen
supermix (Bio-Rad Laboratories). The following thermocycler setup
was used: (1) enzyme activation (95�C for 10 min); (2) 35 cycles of
DNA denaturation (95�C 30 s), annealing (59�C 60 s), extension
(72�C, 30 s); (3) signal stabilization (4�C, 5 min and 90�C, 5 min);
and (4) infinite 12�C hold. Droplet generator (QX200), plate sealer
(PX1) and droplet reader (QX200) used are made by Bio-Rad Labora-
tories and the thermocycler used was Mastercycler X50s (Eppendorf).
Western blot and ELISA

Prior to rAAV harvest, 72 h post transfection, 1 mL of culture was
centrifuged at 300 � g for 5 min. Supernatant was discarded and
cell pellet was resuspended in PBS. Cells were again centrifuged at
300� g for 5 min, supernatant was discarded, and cell pellet was lysed
with 1x RIPA (0.25 mM Tris-HCl pH8.0, 150 mM NaCl, 5 mM
EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate) on
ice for 30 min. Samples were sonicated and centrifuged for 20 min
at 21,000� g at 4�C and supernatant was then transferred into a clean
tube on ice. Total protein quantification of samples was performed
using DC protein assay (Bio-Rad Laboratories) according to manu-
facturer recommendation. Sample was prepared for loading on 4%–

12% bis-tris Criterion (Bio-Rad Laboratories) polyacrylamide gel by
mixing with XT sample buffer (Bio-Rad Laboratories) and DTT
(50 mM) and incubating for 10 min at 70�C. SDS-PAGE was per-
formed at 200 V for 30 min followed by transfer on nitrocellulose
membrane using Trans-blot turbo transfer system (Bio-Rad Labora-
tories). Total protein staining for loading normalization was per-
formed using TotalStain Q (Azure Biosystems, Dublin, CA, cat#
Molecular The
AC2227) according to manufacturer recommendations. Membrane
was incubated for 1 h in blocking buffer (1x PBS, 0.1% Tween 20
with 5% non-fat dry milk) followed by overnight incubation with
1:200 diluted primary antibody (Anti-Rep mouse monoclonal anti-
body, cat# 03–61069; American Research Products, Waltham, MA)
at 4�C. Membrane was washed three times for 10 min on orbital
shaker with washing buffer (1x PBS, 0.1% Tween 20) and incubated
with fluorescent secondary antibody 1:10,000 dilution, goat anti-
mouse immunoglobulin (Ig)G H&L IRDye 800CW (cat# ab216772;
Abcam, Waltham, MA) for 1 h in blocking buffer. The membrane
was then washed three times for 10 min on an orbital shaker with
washing buffer and visualized on the imaging system Azure 600
(Azure Biosystems). Images for semi-quantitative western blot were
analyzed using Azure Spot software (Azure Biosystems).

In the case of Figures 1E, S1, and S3, secondary antibody used was
horseradish peroxidase-conjugated sheep anti-mouse IgG antibody
(GE Healthcare, Backinghamshire, UK). The signal was revealed by
chemiluminescence using the ECL western blotting detection re-
agents (PerkinElmer Inc., Boston, MA) and visualized with the Image
Quant LAS 4000 mini biomolecular imager (GE Healthcare, Backing-
hamshire UK).

Total rAAV particle titer was determined using AAV2 Titration
ELISA 2.0R kit (cat# PRAAV2R; Progen, Heidelberg, Germany) ac-
cording to manufacturer recommendation.

GFP expression experiments for inducible promoter

characterization

Promoter characterization in pools generated using LV transduction
were performed in static conditions in 96-well plates. 293SF-CymR/
lR-GyrB cells were plated (20,000 cells/well) and 4 h after plating
when attached, transduction with LV was performed at MOI 5 as
described above. After 24 h, inducer was added to the culture at final
concentration of 80 mg/mL cumate 10 nM coumermycin. Forty-eight
hours after induction (72 h after transduction), cells were fixed by
adding formaldehyde to a final concentration of 2% analyzed by
flow cytometry.

Expression level experiments using GFP clones were performed in
suspension culture 24-well plates at 160 rpm shaking speed with addi-
tion of variable inducer concentration (cumate, coumermycin).

Electron microscopy

Observation by TEM (HITACHI H-7500, Japan) equipped with bot-
tom-mounted AMT NanoSprint 12 MP camera and operating at
80 kV in high-contrast mode, was performed using a negative-stain-
ing technique. TEM grids (Cu 200mesh, 15–25 nm carbon supported,
Ted Pella Inc.) were freshly glow-discharged using EMS GloQube-D,
dual chamber glow discharge system (Electron Microscopy Sciences,
PA) in negative mode with plasma current of 25 mA for 45 s. Such
grids were floated on 10 mL AAV aliquots on the Parafilm for
3 min. The excess droplets were subsequently wicked away from
the edge of the grid with the filter paper strips (Whatman 541). The
rapy: Methods & Clinical Development Vol. 30 September 2023 271
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grid was then rinsed three times with droplets of double distilled wa-
ter each time removing the excess. Immediately after the last rinse, the
grid was exposed to the staining solutions (1% uranyl formate) for
60 s and the stain was carefully removed using a fresh piece of filter
paper. Finally, the grid was dried at ambient conditions for 2 h and
used for TEM analysis. Empty AAV particles can be discerned by
their ring-like shape from full particles, and both were manually
counted.

Lentivirus generation

Packaging cells for LV production is described elsewhere.42 Cells were
transfected in 200 mL culture at 1 � 106 cells/mL cell density. Final
DNA concentration of LV backbone plasmid in culture used for pro-
duction was 0.4 mg/mL and DNA/PEI ratio 1:2. Transfection mixture
was prepared in 5% of total cell culture volume with incubation time
of 10–15 min. Production incubation conditions were 37�C, 120 rpm,
and atmosphere with 5% CO2. Four hours post transfection inducers
cumate and coumermycin were added to final concentrations of
80 mg/mL and 10 nM, respectively. Sixteen hours post transfection so-
dium butyrate was added to a final concentration of 7 mM. Seventy-
two hours post transfection cell culture was centrifuged at 300 � g,
5 min at 4�C, and supernatant containing LVs was filtered through
a 0.45-mm membrane filter. Concentration was performed by ultra-
centrifugation on a sucrose cushion where 25% sucrose in 20 mM
Tris-HCl, pH 7.5, is underlaid below the filtered lysate. Centrifugation
was performed at 15,000 rpm for 3 h and 4�C on Beckman
Optima L-80 XP ultracentrifuge with Type-19 fixed angle rotor
(cat#325620). Pellet was resuspended in cell culture medium, ali-
quoted and stored at �80�C.

Functional LV titration by qPCR

HEK293A cells were plated in 96-well plates (25 000 cells/well) 4 h
before transduction with LV. Samples of LV were prepared in 40x,
160x, 640x, 2560x dilutions in media containing 8 mg/mL polybrene
and incubated at 37�C. Media was removed from the plated cells
and 60 mL of LV dilution was added; 140 mL of fresh media is added
24 h after transduction. Transduced cells were kept in culture for
14 days and passed into a new plate when confluent. Genomic
DNA of transduced cells was isolated with Qiagen blood and tissue
kit. qPCR reaction was performed in 20 mL total volume containing
10 mL PrimeTime Gene Expression Master Mix (IDT cat#1055771),
0.6 mL primer/probe mix for target amplification 300 nM/150 nM
final concentration, respectively, 0.6 mL primer/probe mix for refer-
ence gene (hALB) amplification 300 nM/150 nM final concentration,
respectively, 4.8 mL nuclease-free H2O, 4 mL of sample, standard or
nuclease-free H2O. For LV backbone amplification, primers LV-F
(50-TGAAAGCGAAAGGGAAACCAG-30) and LV-R (50-CACC
CATCTCTCTCCTTCTAGCC-30) were used with FAM probe LV-
Pr (50-6FAM-AGCTCTCTCGACGCAGGACTCGGC–BHQ1-30).
For reference gene amplification, primers hALB-F (50-GCTGTCAT
CTCTTGTGGGCTGT-30) and hALB-R (50-ACTCATGGGAGCT
GCTGGTTC-30) were used with HEX probe hALB-Pr (50-6HEX-
CCTGTCATGCCCACACAAATCTCTCC-BHQ1-30). Standard curve
was generated for each qPCR run with serial dilutions of standard
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from 108–102 copies per reaction. The following PCR conditions
were used: initial denaturation (95�C, 3 min), 40 cycles of denatur-
ation (95�C, 15 s) and annealing/extension (60�C, 1 min). The reac-
tion was performed in a Quantstudio 5 qPCR instrument (Thermo
Fisher Scientific), and analysis was performed in Quantstudio design
and analysis software.

Transduction units were calculated using the following formula:

Titer

�
TU
mL

�
=

n½cells� � X
�
copies
cell

�

V ½mL� ;

where n represents the number of transduced cells, X the integrated
copies of LV per cell, and V the volume used for qPCR reaction in mL.

X is calculated using the following formula using the data obtained
from qPCR:

X

�
copies
cell

�
=

Copies of LV
Copies of hALB

� 2:

Iodixanol step gradient ultracentrifugation

rAAV samples were purified using iodixanol step gradient ultracen-
trifugation adapted from Zolotukhin et al.76 Twelve milliliters of sam-
ple was purified by underlaying 15 (5 mL), 25 (5 mL), 40 (7 mL), and
54% (5 mL) step gradients of iodixanol solution. To avoid rAAV
aggregation, 15% iodixanol solution contained 1M NaCl. Centrifuga-
tion was performed at 385,000 � g for 1 h and 45 min in Beckman
Optima L-80 XP ultracentrifuge with swinging bucket rotor.
After centrifugation, 6.5 mL was taken with a syringe and needle
2 mm below the 40%/54% interface marked before starting the
ultracentrifuge.

Flow cytometry

Emitted GFP fluorescence from 10,000 single cells per condition
was acquired on a BD LSRFortessa (BD Biosciences, San Jose, CA)
equipped with a 488-nm 100 mW laser and 530/30 bandpass filter.
The population gating was performed on the parental cell line
HEK293SF or 293SF-CymR/lR-GyrB. The fluorescence index was
calculated by multiplying the percentage of GFP positive cells and
the FITC mean fluorescence. The data were analyzed using BD
FACSDiva software version 9.0.

Statistical analysis

For Figures 2, 4, and 7, one-way ANOVA with Tukey’s multiple com-
parison test was performed. In Figure 3 A, Student’s t test was per-
formed for comparison of means. For Figure 5A, one-way ANOVA
with Tukey’s multiple comparison test was performed for Rep68
data, and Kruskal-Wallis test with Dunn’s multiple comparison test
was performed for Rep40 data due to D19 dataset not passing the
normality test. For Table S4, one-way ANOVA with Tukey’s multiple
comparison test was performed for C8 Rep68, C24, and D19 data.
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Kruskal-Wallis test with Dunn’s multiple comparison test was per-
formed for C8 Rep40 data due to dataset not passing the normality
test. The difference between means was considered significant
if p < 0.05.
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