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Scalable production of recombinant adeno-associated virus vectors (rAAV) in baculovirus-infected Sf9
cells yields high burst sizes but variable infectivity rates per packaged AAV vector genome depending on
the chosen serotype. Infectivity rates are particularly low for rAAV5 vectors, based on the genetically most
divergent AAV serotype. In this study we describe key improvements of the OneBac system for the
generation of rAAV5 vectors, whose manufacturing has been unsatisfactory in all current insect cell-based
production systems. The Sf9 cell-based expression strategy for AAV5 capsid proteins was modified to
enhance relative AAV5 VP1 levels. This resulted in a 100-fold boost of infectivity per genomic AAV5
particle with undiminished burst sizes per producer cell. Furthermore, the issue of collateral packaging of
helper DNA into AAV capsids was approached. By modifications of the AAV rep and cap expression
constructs used for the generation of stable Sf9 cell lines, collateral packaging of helper DNA sequences
during rAAV vector production was dramatically reduced down to 0.001% of packaged rAAV genomes,
while AAV5 burst sizes and infectivity rates were maintained. OneBac 2.0 represents the first insect cell-
based scalable production system for high per-particle AAV5 infectivity rates combined with minimal
collateral packaging of helper DNA, allowing the manufacturing of safe AAV5-based gene therapies for

clinical application.

INTRODUCTION

ADENO-ASSOCIATED VIRUS VECTORS (rAAV) for gene
therapy are becoming increasingly successful for a
wide spectrum of genetic and acquired diseases.
The availability of currently 12 naturally occurring
AAV serotypes and numerous natural and en-
gineered variants thereof allow in vivo transduc-
tion of almost any cell type or tissue. Successful
clinical trials have so far relied on the natural se-
rotypes AAV1, AAV2, or AAV8.1~3 The prevalence
of preexisting neutralizing antibodies for serotypes
AAV1 and AAV2 is high (up to 80%) in the human
population, largely precluding repeated AAV vec-
tor applications. Neutralizing antibodies are less
frequent for AAV5 (around 40%), the evolutionary
most divergent member of the AAV family.* AAV5
capsids show less than 60% amino acid homology to
any other AAV serotype.® The targeting profile of

AAVS5 in liver,® lung,” and retinal pigment epithe-
lium® makes rAAV5 vectors attractive candidates
for gene therapy.

rAAV5 vectors with high transduction efficien-
cies can be produced by plasmid cotransfection in
adherent HEK 293 cells.? In this system, the AAV5
capsid gene (cap) is transcribed from the authentic
AAV2 p40 promoter. The combination of alternative
splicing and the usage of noncanonical start codons
result in a VP1:VP2:VP3 stoichiometry of approxi-
mately 1:1:10. For scale-up production in insect Sf9
cells, AAV rep and cap, as well as the vector back-
bone, were initially introduced through infection
with three or two recombinant baculoviruses.'®!!
Whereas VP expression was adequate for AAV2
and several additional serotypes, rAAV5 produc-
tion suffered from low infectivity-per-particle ratios
that correlated with suboptimal VP1 levels.'?!® The
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N-terminus unique for VP1 harbors the phospholi-
pase domain that is required for AAV infectivity.'*
We have recently developed the OneBac system
to allow scalable, high-titer production of the full
range of rAAV serotypes by infection with a single
baculovirus. OneBac uses stable insect Sf9 cell
lines harboring silent copies of AAV rep and cap
genes for production of the different serotypes
(rAAV1-12).'® Rep and cap expression is induced
upon infection with a baculovirus that carries the
rAAV genome for packaging. Upon infection the
integrated rep and cap genes are highly amplified
for efficient gene expression.’® For AAV cap ex-
pression in insect cells, the individual VP proteins
are translated from a single transcript. VP1 is ini-
tiated at a mutated start codon (ACG), while VP2
and VP3 are translated from their authentic start
codons to yield the prototypic 1:1:10 ratio. Most
rAAV serotype vectors generated with the OneBac
system displayed transduction efficiencies compa-
rable or higher than 293 cell-derived AAVs. The
AAV5 producer Sf9 cell line also yielded high AAV5
titers but with reduced infectivity rates compared
with other serotypes. The reduced infectivity of
rAAV5 vector particles correlated with low VP1
expression levels in the stable Sf9 cell lines.

In this report we advanced the OneBac system
by introduction of an artificial intron in AAV5 cap
that enhances VP1 expression and boosts rAAV5
per-particle infectivity rates. Furthermore, while
maintaining the achieved high AAV5 yields, col-
lateral packaging of foreign DNA could be drasti-
cally reduced by deletion of the Rep binding
element (RBE) previously postulated to be required
for template amplification.

MATERIALS AND METHODS
Plasmids

Plasmid pIR-rep78-hr2-RBE was described pre-
viously.'® The AAV5 cap coding sequence was
amplified by PCR. An artificial intron of 230bp
containing the baculovirus polyhedrin (polh) pro-
moter'” was inserted into the cap gene between
nucleotides 2231 and 2232 of the AAV5 genome
(accession number AF085716.1). AAV2 cap of pIR-
VP-hr2-RBE was replaced by the intron-containing
AAVS5 cap gene. For the generation of the ARBE
rep- and cap-encoding plasmids, the two BglII sites
directly flanking the RBE were used for its excision.

Cell culture and construction
of stable Sf9 cell lines

HEK 293- or HeLa-derived C12 cells were culti-
vated as described.® Sf9 cells and cell lines derived

thereof were maintained either as adherent mono-
layers or in suspension culture at 27°C under con-
stant agitation in serum-free medium. Sf9-derived
cell lines for rAAV5 production were generated
and screened by infection with Bac-rAAV-GFP as
described.®

Recombinant baculovirus

Recombinant baculoviruses carrying the rAAV
cassette for GFP expression under the control of
the chicken p-actin-CMV hybrid (CBA) promoter
(Bac-rAAV-GFP), or the empty transfer plasmid
pFBDM (Bac-control) were generated by the Mul-
tiBac system.'® Baculovirus stocks were prepared
and titers were quantified by plaque assays on
monolayer Sf9 cells. For short-term storage, stocks
were kept at 4°C in the dark. For long-term stor-
age, baculovirus-infected Sf9 cells were stored in
liquid nitrogen.

rAAV5 production, purification,
and quantification

rAAYV vectors generated by two plasmid transfec-
tion in HEK 293 cells were produced as described.’
For vector production in insect cells, Sf9-derived
AAV rep/cap-expressing cell lines were continuously
held in suspension culture within the logarithmic
growth phase before infection with a recombinant
baculovirus Bac-rAAV-GFP, or Bac-control (MOI=
5). Infected cells were incubated for 72hr at 27°C
under constant agitation. Vectors were purified by
one-step AVB sepharose affinity chromatography.
Genomic DNA titers were analyzed by quantitative
Light Cycler PCR as described.'®

Protein analysis and evaluation
of transduction efficiency

Western blot analysis, silver-staining gels, and
rAAV5 infectivity tests on HeLa C12 cells followed
by FACS analysis for quantification of transduced
cells were described before.'®

Total DNA isolation and quantification
of gene copy number

Total DNA from approximately 1x 107 Sf9 cells
was isolated by the QIAamp DNA Blood Mini Kit
(Qiagen). For copy number determination of rep,
cap, and blasticidin resistance gene (bsd) or hr2-0.9
in Sf9 cells, 100 ng of total genomic DNA (equals
1.1x10° cells) was analyzed by quantitative Light
Cycler PCR with gene-specific primers (Supple-
mentary Table S1; Supplementary Data are avail-
able online at www .liebertpub.com/hum). The same
gene-specific primers were also used for determi-
nation of AAV-packaged foreign genes. Aliquots of
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purified AAV vector preparation were digested with
Proteinase K (Roth) to release packaged DNA.

Southern blot analysis

Samples of 10 ug of total genomic DNA, isolated
from Sf9 cells, were digested with Swal, with a
combination of Avrll, Bsu36I, and Mfel, or with
Asel and Xbal for 12hr and separated on a 0.7%
agarose gel. Separated DNA was visualized by
Midori Green staining (Nippon Genetics). The sep-
arated DNA was depurinated with 0.25 M HCI,
denatured with 0.5 M NaOH and 1.5 M NaCl,
neutralized with 0.5 M Tris-HC1 pH 7.0 and 1.5 M
NaCl, and transferred overnight to a nylon mem-
brane (Hybond-N; GE Healthcare) by capillary blot-
ting in 25mM phosphate buffer pH 6.8. The
transferred DNA was fixated by UV cross-linking
(Strata-Linker). The membrane was prehybridized
for 1 hr at 42°C in 5% SDS, 125 mM phosphate buffer
pH 7.2, 0.25 M NaCl, 1mM EDTA, and 45% form-
amide. For the detection of AAV5 cap sequences,
a 1.4kb fragment (Smal-Smal) from the pIR-VP1-
intron-AAV5-cap plasmid was used, which was la-
beled with biotin-11-dUTP, according to the manual
of the Decal.abel DNA Labeling Kit (Fermentas).

The probe was added to hybridization solution and
incubated at 42°C on the membrane for 24 hr. After
repeated washing with 2x SSC and 0.1% SDS at
42°C and with 0.1 x SSC and 0.1% SDS at 55°C, the
membrane was incubated twice with 5% SDS and 5%
milk in PBS for 10 min at room temperature before
the addition of horseradish peroxidase-conjugated
streptavidin (1:10,000), which was incubated for
20 min at room temperature. After repeated washing
of the membrane with 1% SDS in PBS and 0.1%
Tween-20 in PBS, signal detection was performed
with ECL Western Blotting Substrate (Pierce).

RESULTS
Generation of optimized rAAV5 insect
producer cell lines with increased
VP1 expression

Under the assumption that insufficient VP1 ex-
pression was the reason for the reduced infectivity-
to-particle ratio of AAV5 vectors produced with the
OneBac system,'® the VP1 expression strategy was
modified as follows: The original ATG start codon
for VP1 was reintroduced into the constructs for
stable expression in Sf9 cells (Fig. 1A). In order to
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Figure 1. AAV5 capsid expression pattern in stable SM cell lines in comparison to transiently transfected 293 cells. (A) Depiction of different cap expression
systems for production of rAAVS. (Left panel) Regulation of capsid protein expression in AAV wt. (Center) Capsid protein expression strategy in the OneBac
system with an ACG start codon for VP1. (Right) Capsid protein expression in OneBac 2.0 with an artificial intron containing a second polh promoter inserted
into the cap gene. The promoters and their transcripts are displayed. The start codons for the translation of the individual VP proteins are indicated. (B) AAV5
Cap expression was analyzed by Western blot analysis of cell extracts from three independent rAAV5 packaging experiments (I-ll1). Cell extracts from 293 cells
were analyzed 72 hr posttransfection. Cell extracts from rep/cap-expressing S cells were prepared 72 hr postinfection with recombinant Bac-rAAV at MOI=5.
VP proteins expressed were detected with mAb B1. (C) Quantitative analysis of the Western blots shown in (B) to compare the relative ratios of VP1, VP2, and
VP3 expression in 293 or SM cells, respectively. A secondary antibody emitting near-infrared fluorescence was used and its fluorescence was quantified by an
Odyssey imager. Expression levels of VP3 were arbitrarily set to 10 and expression levels of VP2 and VP1 were calculated as relative values thereof. The
results of three experiments are given as mean+standard deviation. Please note the logarithmic scale of the y axis. AAV, adeno-associated virus vectors;

rAAV, recombinant AAV.
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prevent VP1 overexpression at the cost of VP2 and
VP3 expression levels, an artificial intron was in-
serted at the AAV major splice acceptor site be-
tween the VP1 and VP2 translation initiation
codons.'” The inserted intron of 230 bp comprises
the consensus sequences for splicing and the ba-
culovirus polyhedrin promoter for expression of a
second unspliced transcript to express VP2 and
VP3 (Fig. 1A, right panel). As described for the
original OneBac system,® this construct for AAV5
cap was co-transfected in Sf9 cells with the de-
scribed AAV2 rep construct. Sf9 cell clones were
selected with blasticidin and analyzed for cap
expression induced by baculovirus infection (Bac-
rAAV-GFP). Of over 70 cell lines tested, all VP-
positive cell lines showed strong VP1 bands in
Western blots (data not shown). Cell lines were
screened by small-scale rAAV5 vector productions
(30ml) for high infectivity-to-genomic particle ra-
tios. Cell clones denoted as D7, D8, and E5 were
chosen for further analysis.

Comparative analysis of the capsid
expression profile

The AAVS5 cell lines D7, D8, and E5 were com-
pared side by side to the previously described
rAAV5 producer cell line (clone #6)'° and to rAAV5
production in HEK 293 cells. While baculovirus-
induced expression of Rep was indistinguishable
(data not shown), the expression profile of the
capsid proteins was clearly different. In contrast
to cell line #6, the three new cell lines showed a
strongly enhanced proportion of VP1 (Fig. 1B),
comparable to the HEK 293-based production
system.

A quantitative analysis of the relative amounts
of the different capsid proteins (Fig. 1C) showed
VP1 expression levels in the range of 10% of VP3
expression in the cell lines D8 and E5. For the
previously described Sf9 cell line for rAAV5 pro-
duction, clone #6, VP1 expression levels were below
1% of VP3.

Analysis of the AAV5 vector yields per cell

High rAAV yields per cell constitute the prime
requirement for the production of high-titer AAV
vector preparations. In a side-by-side analysis, the
burst sizes of the rAAV5 producer cell lines were
determined in triplicates of 30ml cultures infected
with Bac-rAAV-GFP. Yields of approximately 1 x 10°
rAAV5-GFP genomic particles (gp) per cell were at-
tained for cell lines #6, D8, and E5 (Fig. 2A). The
burst size of cell line D7 was roughly 10-fold lower
comparable to the HEK 293 two-plasmid transfec-
tion system.®

Comparative analysis
of the transduction efficiency

Transduction efficiencies were compared among
rAAV5 vectors produced in HEK 293 cells, the
published Sf9 cell line #6 (low VP1), and the new
rAAVS5 producer cell lines expressing higher ratios
of VP1. Identical amounts of genomic AAV parti-
cles from cleared freeze-thaw supernatants were
used to infect HeLa C12 cells followed by quantifi-
cation of GFP expression through FACS analysis.
The transduction efficiency of 293-derived AAV5
vectors was used as a reference and was arbitrarily
set to 1.0. As observed previously,'® rAAV5 vectors
from the Sf9 cell line #6 showed a roughly 10-fold
reduced transduction efficiency compared with 293
cell-derived rAAV5 vectors (Fig. 2B). In contrast,
vectors produced in the new Sf9 cell lines D7, D8,
and E5 showed even higher relative transduction
efficiencies than those derived from HEK 293 cells.
The enhancement of transduction rates of rAAV5
produced in the new Sf9 cell lines ranged between
20- and 30-fold in comparison to the initially pub-
lished rAAVS5 producer cell line. To confirm these
results with highly purified vector preparations,
400 ml suspension cultures of Sf9 cell lines #6 (low
VP1) and E5 (high VP1) were prepared in parallel
and infected with Bac-rAAV-GFP. In parallel,
rAAV5-GFP was produced from plasmid-transfected
HEK 293 cells. All rAAV5 preparations were puri-
fied by HPLC-AVB column chromatography. AAV
purity was evaluated in silver-stained SDS gels.
Distinct and pure VP bands of the expected sizes
were detected for all HPLC-purified vector prepa-
rations (Fig. 2C). Relative transduction efficiencies
of the purified AAV5 preparations were determined
that largely reproduced the results obtained with
the freeze-thaw supernatants (Fig. 2D, compare
with Fig. 2B). In comparison to the original AAV5
producer cell line, the transduction efficiency of
AAVS5 vectors produced by the new Sf9 cell line op-
timized for VP1 expression was increased almost
100-fold (p <0.001).

Analysis of helper gene-related DNA
impurities in purified AAV vector preparations
For the previously described OneBac system,’
purified rAAV vector preparation had initially been
analyzed for copackaged AAV rep-cap DNA se-
quences viewed as a potential source of replication-
competent AAVs. Only low rates of combined rep/
cap sequences were found in this analysis. Fusion
of rep and cap gene sequences from two separate
plasmids is a rare event, but a prerequisite for
the generation of wtAAV. To further analyze this
issue, quantitative PCRs for collateral packaging of

5



692

MIETZSCH ET AL.

A C &
o o o O
- 108+ kDa LS R
3 260 -1
< 107
5 4 140 -+
5 10
® 100 - - — VP1
> 10 — —— — VP2
% 102 70— ot b e @m0 | \/P3
= 50 -
2 10’
293 #6 D7 D8 E5 clone7
B D ”
freeze-thaw supernatants & purified rAAVS
3 35 3 35
& @ 3
2 3 = 4
£ 2 93 x
® 254 ® 25
5 5 92 x
T 21 T 27
p= | 3
B 151 32 151
c c
£ 1 £ 14
1] (1]
= 05 2 0.5
m [1:]
® ol ® 0

293 #6 D7 D8

ES

293 #6 E5 clone7

Figure 2. Comparative analysis of the burst size and cell transduction efficiency of the rAAV5 vectors produced in 293 or SA cells. (A) The yields of rAAV5
preparations were quantified as benzonase-resistant genomic particles (gp) per cell by gPCR using rAAV genome-specific primers. rAAV burst sizes of three
experiments are displayed as mean + standard deviation. Please note the logarithmic scale of the y axis. (B) Analysis of the transduction efficiencies of rAAV5
vectors derived from freeze-thaw supernatants as determined in HelLa C12 cells (MOI: 10,000). Transduction efficiencies of rAAV5s prepared in 293 were
arbitrarily set to 1.0, while those of rAAV5 vectors derived from S cells are displayed as percentage thereof. The experiments were performed in triplicates
and are displayed as mean + standard deviation. (C) Silver staining gel analysis of AVB-chromatography-purified rAAV5 preparations separated on 8% SDS-
PAGE with 5x 10° gp loaded per lane. (D) Analysis of rAAVS transduction as described in (B), except that highly purified rAAVS5 vector preparations were used
(MOI: 1000). Data on clone 7 (ARBE) are added for comparison, and details are discussed in the context of Fig. 3. RBE, Rep binding element.

subfragments of candidate helper sequences were
performed. In AVB sepharose-purified rAAV vector
preparations, significantly higher copy numbers of
isolated rep or cap gene sequences per vector ge-
nome were detected for most AAV serotypes (data
not shown).

Generation of rAAV5 Sf9 producer cell lines
without Rep binding elements

Previously, the AAV2 RBE derived from the in-
verted terminal repeat (ITR) was inserted into the
rep and cap expression constructs for the genera-
tion of rAAV producer cell lines.*® It was postulated
that the RBE would mediate Rep-dependent rescue
and template amplification required for sufficient
Rep and VP expression as a prerequisite for high-
titer AAV production.

The RBEs are parts of the AAV ITRs and also
serve as packaging signals. This led to the as-
sumption that the RBE embedded in the constructs
might be also responsible for collateral rep and cap

gene packaging as observed in the OneBac system.
To explore this issue, the RBE was excised from the
AAV2 rep expression plasmid and from the here-
described AAV5 cap expression plasmid with the
artificial intron (Fig. 3A). The resulting plasmids
were cotransfected in Sf9 cells to generate pro-
ducer cell lines for the production of highly infec-
tious rAAV5 vectors with reduced AAV rep and cap
gene packaging. Of the derived rAAV5 producer
cell lines, clone 7 was further analyzed. Upon
infection with Bac-rAAV-GFP, a vector yield of
1.3x10° gp/cell was achieved, comparable to the
other RBE-containing Sf9 AAV5 producer cell
lines (Fig. 2A). The transduction efficiency of AVB
sepharose-purified AAV5 vectors produced in clone
7 (Fig. 2C) was determined on HeLa C12 cells. The
ratio of infectious to genomic rAAV5 was identical
to rAAV5 vectors produced in cell clone E5 (Fig.
2D). These results clearly show that the presence
or absence of RBE has little effect on rAAV vector
yields or transduction efficiency.
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Figure 3. Comparative analysis of the RBE* and ARBE rAAV5 producer cell lines. (A) Depiction of the constructs for the expression of rep and cap. Rep and
cap expression is regulated by a polyhedrin promoter (polh) and the enhancer element hr2-0.9. Further elements on these construct include an ampicillin
resistance gene (ampR), the blasticidin S deaminase gene (bsd), and the RBE with the terminal resolution site (trs). (B) Number of rep, cap, and bsd gene or
hr2-0.9 copies in uninfected or baculovirus-infected AAV5 cell lines E5 (RBE™) or clone 7 (ARBE). In case of infected cells, total DNA was isolated 72 hr after
baculovirus infection. Gene copy numbers were determined by quantitative Light Cycler PCR with gene-specific primers. (C) Analysis of total genomic DNA by
agarose gel (0.7%) electrophoresis. An amount of 10 ug of total DNA from two different rAAV5 producer cell lines (clone 7 and E5) was loaded per lane. For
baculovirus-infected cell lines, DNA was additionally digested with different sets of restriction enzymes as indicated. Swal represents a single cutter for the
cap expression constructs that were transfected in SM cells for the generation of the cell lines. Avrdl, Bsu36l, and Mfel were chosen as noncutting enzymes
(3x noncut) for the cap expression constructs. The restriction enzymes Asel and Xbal flank the AAV5 cap gene resulting in a 2650 bp fragment. (D) For the
Southern blot a hybridization probe was used that detects the AAV5 cap gene (AAV5 genome: nt 2232-3603). (E) Analysis of copackaging of rep, cap, bsd, and
hr2-0.9 sequences into AAV5 capsids during vector production. Aliquots from AVB sepharose-purified AAV vector preparation were digested with proteinase K
to release the packaged DNA from the capsids. The samples were analyzed by quantitative Light Cycler PCR with primers specific for the vector genome or the
indicated genes, respectively. The titers of rAAV5 particles containing the vector genome are shown as absolute values, whereas the portions of rep-, cap-, or
bsd-gene and hr2-0.9 element-containing particles are displayed as percentages thereof.

Comparative analysis of RBE* and ARBE

rAAV5 producer cell lines

For the generation of stable insect cell lines, the
rep and cap constructs were transfected in molec-
ular ratios of 1:2.5. In the resulting rAAV5 pro-
ducer cell lines, approximately two gene copies of
rep and five gene copies of cap per cell were de-
tected, irrespective of the presence of the RBE (Fig.

3B). Upon baculovirus infection,

the numbers of

rep and cap genes were highly amplified, even in
the absence of the RBE. However, the degree of rep

and cap gene amplification was about 10-fold
higher in RBE" compared with ARBE cell lines
(Fig. 3B). The result shows that the lower level of
gene amplification is obviously sufficient for high-
titer rAAV5 production as shown in Fig. 2A.
Furthermore, our data show that the amplifica-
tion mechanism in the cell lines is not dependent on
baculovirus-transduced rAAV genomes. AAV rep
and cap are similarly amplified in presence of
a “control” baculovirus with an empty transfer
plasmid. The state of the amplified cap genes was
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further analyzed by restriction digests of total ge-
nomic DNAs separated on agarose gels. The high-
molecular-weight bands of undigested, genomic
DNA only marginally changed upon digestion with
Swal (Fig. 3C). Swal cuts statistically every 65 kb
and represents a single-cut enzyme for the trans-
fected expression cassettes. Digests with a combi-
nation of three noncut enzymes for the transfected
expression cassettes, or two restriction enzymes
that cut at flanking sites of the rep or cap genes
almost entirely digested high-molecular-weight
genomic DNA. On the corresponding Southern blot
probed with AAV5 cap sequences, high-molecular-
weight bands were predominant in the case of
undigested, baculovirus-infected cell DNA (Fig.
3D). Swal-digested DNA of the ARBE cell lines
produced a band of approximately 6.8 kb that cor-
responded to the linearized transfected cap ex-
pression construct (6,788bp). The RBE* cell line
showed stronger signals and additional off-size
bands. Digests with a combination of three noncut
enzymes left the high-molecular-weight bands in-
tact, although the genomic DNA was entirely di-
gested. Genomic DNA cut with Asel and Xbal
produced a band of approximately 2.6 kb that cor-
responds to the size of the Asel-Xbal fragment of
the transfected cap expression construct (2650 bp).

The combination of an agarose gel and corre-
sponding Southern blot probed with AAV5 cap
documented that the rep and cap expression cas-
settes were amplified to high-molecular-weight,
predominantly head-to-tail concatemers, irrespec-
tive of the presence of an RBE. The additional off-
size bands observed in the presence of the RBE
(Fig. 3D) appear to reflect the overall higher level of
amplification (Fig. 3B). In addition, the blasticidin
resistance gene (bsd) and the hr2-0.9 element,
which are a parts of either expression construct,
were similarly amplified (Fig. 3B). The data docu-
ment that baculovirus-induced AAV rep/cap tem-
plate amplification is partially independent of the
Rep-RBE interaction.

Comparative analysis of collateral packaging
of helper gene in rAAV5 producer cell lines

AVB sepharose-purified AAV5 vector prepara-
tions were produced for the three generations of
Sf9rAAVS5 producer cell lines and for HEK 293 cell-
produced rAAV5 (Fig. 2C). Packaged genomes were
released and analyzed by quantitative Light Cycler
PCR. While the titers of vector genome-containing
particles were comparable, the percentage of cap-
sids containing rep, cap, or bsd genes varied dra-
matically (Fig. 3E). In the two Sf9 AAV5 RBE™
producer cell lines, considerable amounts of pack-

aged rep, cap, and bsd genes or hr2-0.9 sequences
were detectable in highly purified AAV prepara-
tions. In contrast, in rAAV5 vector preparations
derived from the ARBE cell line, the copy numbers
of copackaged sequences were reduced to less than
0.001%. The proportion was even lower than that of
AAVS5 vectors generated in HEK 293 cells. These
results clearly show that the presence of the RBE in
the constructs for Sf9 cell generation is responsible
for increased collateral packaging of rep and cap in
rAAV vector preparations.

DISCUSSION

In this study we improved the OneBac system by
solving two inherent problems of baculovirus-
based AAV production in insect cells: (1) By raising
the relative amounts of VP1 in AAV5 capsids,
the infectivity per genomic particle (gp/ml) was
enhanced 100-fold, exceeding AAV5 infectivity of
existing Sf9- or 293 cell-based AAV5 production
systems. (2) Packaging of nonvector DNA, includ-
ing rep/cap DNA sequences amplified during
rAAV5 production, was drastically reduced by de-
letion of the RBE while maintaining rAAV5 vector
yields and infectivity. This is the first report on a
baculovirus-based AAV5 production system that
combines high burst sizes with high relative in-
fectivity and minimal copackaging of foreign DNA.
These combined improvements render the OneBac
system particularly suitable for scalable produc-
tion of AAV5 vectors for clinical gene therapy.

The VP1 content of AAV vectors
as the major determinant for infectivity
Baculovirus-based rAAV production systems
were initially developed for prototype AAV2, and a
few additional serotypes. Baculovirus-expressed
AAVS5 cap consistently failed to produce infectious
rAAV5 vectors in insect cells.'®!® The previously
described OneBac system also suffered from re-
duced AAVS5 infectivity despite high burst sizes per
cell. Low VP1 levels were the most likely explana-
tion, a finding that was consistent with the results
from the three- or two-Bac AAV5 production sys-
tems. The commonly accepted 1:1:10 ratio of VP1,
VP2, and VP3 was first described for wild-type
AAV?2 capsids'® and believed to be universal for all
other AAV serotypes. While VP1 is not required
for the assembly of intact capsids,?’ it has a high
impact on AAV infectivity.'* The unique VP1N-
terminus harbors a phospholipase domain (PLA2)
that is required for endosomal escape and infec-
tivity. The PLA2 domain is highly conserved
among the AAV serotypes; only the AAV5 PLA2 is
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more divergent and possibly less active.'®?! In the
three-Bac system, fusion of the VP1 unique region of
AAV2 to the VP2-VP3 ORF of AAV5 raised infec-
tivity, but at the price of hybrid AAV5/2 capsids.'*!?

The here-presented side-by-side comparison of
AAV5 vectors with low and high VP1 content un-
derlines the importance of sufficient and authentic
VP1 for full AAV5 infectivity. For OneBac 2.0
AAV5 VP1 expression was enhanced by reintro-
duction of the original ATG start codon combined
with a splicing-mediated expression strategy de-
scribed previously to coexpress VP1-3 of AAV2,
AAV1, AAV6, and AAVS in a recombinant baculo-
virus backbone.!” The described VP1 expression
strategy may be helpful for additional AAV sero-
types in order to boost infectivity. High infectivity
rates per particle represent a prime issue in AAV
gene therapy, allowing lower AAV doses, mini-
mizing potential adverse effects, and, last but not
least, decreasing production costs.

Avoiding potential packaging signals
in helper gene constructs

In gene therapy, collateral packaging of nonvector
DNA represents a critical safety issue. Previously,
we showed that combined rep/cap sequences as
potential source of AAV wildtype were relatively low
in the OneBac system.'® Further PCR analysis of
helper gene subsequences described here revealed
that copackaging of isolated rep or cap genes was
significantly higher, exceeding that of HEK 293 cell-
derived AAV preparations. Most OneBac producer
cell lines were generated using the AAV2 rep ex-
pression construct. The RBE as part of the AAV ITRs
also represents the AAV2 packaging signal. It is
present on both the AAV rep and the AAV cap ex-
pression plasmids used for the generation of the Sf9
cell lines. Solely by deleting the RBE in either plas-
mid, the ratio of copackaged rep genes decreased
dramatically to <0.001% and of copackaged cap
genes to 0.02% per genomic particle. This virtually
proves that the RBE acts as a packaging signal in
the OneBac system. Rep78 has been shown to in-
teract with the RBE and release packageable RBE-
containing AAV sequences from wildtype AAV2
plasmids. Considerable copackaging of rep/cap se-
quences is also mediated by a cryptic RBE in the
AAV p5 promoter that was described before in
plasmid transfection-based AAV production.?

Recently, an AAV production system based on
stable HeLa cell lines was presented that harbors
the rep and cap genes and the ITR-flanked rAAV
genome.?? Considerable collateral packaging of rep
and cap was reported, up to 0.62% and 0.25%, re-
spectively, of vector genome-containing capsids. In

rAAV2 vector lots for a clinical trial, the reported
percentage of packaged cap genes ranged between
0.016% and 0.021%.%* These numbers are compa-
rable to those of the described RBE-deleted insect
cell lines for rAAV5 production. In contrast to co-
packaged rep or cap sequences in mammalian AAV
production systems, residual packaged AAV genes
in the OneBac system will not be expressed upon
transduction of human cells. Their expression is
regulated by the baculovirus polyhedrin promoter
that is not active in mammalian cells. Another
issue of AAV production by plasmid transfection
represents the fact that significant proportions of
encapsidated DNA arise from “reverse” packaging
at the ITRs.?® This was shown to lead to collateral
packaging of prokaryotic DNA sequences, for ex-
ample, ampicillin genes, derived from the plasmid
backbone.?® Reverse packaging could be reduced by
the use of oversized plasmid backbones that ex-
ceeded the packaging capacity of AAV vectors.?*

In the OneBac system, the vector genome cas-
sette resides on the 134 kb baculovirus genome that
is too large for reverse packaging. Another source
of DNA impurities can arise from the host cell ge-
nome as shown for collateral packaging of chro-
mosomal DNA with functional RBE homologs.?’
For Spodoptera frugiperda a draft genome has
been published recently.?® A blast search using the
Spodobase database showed that the full 16 bp
RBE sequence of the AAV2 ITR or the AAVSI re-
gion of human chromosome 19 was not present
in sequencing contigs of Spodoptera frugiperda
(Mietzsch et al., unpublished). It cannot be ex-
cluded that sequence motifs with small variations
exist that allow binding of Rep78. The only existing
method to analyze whether and to what extent
chromosomal DNA from Sf9 genome is packaged
into AAV capsids will be next-generation sequenc-
ing of rAAV vector pools.

Rep and cap constructs are amplified
by a baculovirus-mediated
replication mechanism

The RBE in the rep and cap expression constructs
used for the generation of the individual Sf9 cell
lines of the OneBac system was initially thought to
be important for rescue and amplification. Amplifi-
cation levels range between 200- and 500-fold.
However, by deletion of the RBE we could show that
it is not necessary for rep and cap amplification after
baculovirus infection. Even in the absence of the
RBE, rep and cap genes are still amplified up to 65-
fold. Obviously, this is fully sufficient since the AAV
yields are maintained. Our data suggest that the
entire expression cassettes are replicated in this
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Figure 4. Postulated mechanism leading to high-molecular-weight concatemers of the rep and cap expression cassettes. In uninfected stable SM cells, the
rep and cap expression cassettes are integrated as two or more head-to-tail concatemers into the host genome. Baculovirus infection promotes high-
frequency homologous recombinations assumedly exploiting the repeated hr elements as cis signals and a rolling circle replication mechanism initiated at the
homologous regions (hn, leading to long continuous DNA molecules that contain multiple copies of the rep or cap expression construct.

process. This can be deduced from the fact that the
number of bsd genes after amplification was ap-
proximately as high as the number of rep and cap
genes combined. It is therefore highly likely that the
hr2-0.9 element drives the amplification. The ho-
mologous regions (Ar) of baculovirus have been im-
plicated both as transcriptional enhancers®® and as
origins of DNA replication.*®

In the stable Sf9 cell lines of the OneBac system,
the integrated rep and cap genes are present as two
or more head-to-tail concatemers'® (Fig. 4). We
show in this study that upon baculovirus infection
of Sf9 cells the cap expression cassettes persist as
high-molecular-weight concatemers. Baculovirus
replication promotes high-frequency homologous
recombinations assumedly exploiting the repeated
hr elements as cis signals.?! We therefore assume
that comparable recombination events occur in
baculovirus-infected OneBac cell lines (Fig. 4).
Baculovirus replication was described to occur
by a rolling circle mechanism?®? involving the Ar

elements.®® This is consistent with the notion that
the high-molecular-weight rep/cap concatemers de-
scribed here at high copy numbers represent the re-
sult of baculovirus-induced rolling circle replication.
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