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Manufacturing of adeno-associated viruses (AAV) for gene
and cell therapy applications has increased significantly and
spurred development of improved mammalian and insect
cell-based production systems. We developed a baculovirus-
based insect cell production system—the SGMO Helper—
with a novel gene architecture and greater flexibility to modu-
late the expression level and content of individual Rep and Cap
proteins. In addition, we incorporated modifications to the
AAV6 capsid sequence that improves yield, capsid integrity,
and potency. Production of recombinant AAV 6 (rAAV6) us-
ing the SGMO Helper had improved yields compared to the
Bac-RepCap helper from the Kotin lab. SGMO Helper-derived
rAAV6 is resistant to a previously described proteolytic cleav-
age unique to baculovirus-insect cell production systems and
has improved capsid ratios and potency, in vitro and in vivo,
compared with rAAV6 produced using Bac-RepCap. Next-gen-
eration sequencing sequence analysis demonstrated that the
SGMOHelper is stable over six serial passages and rAAV6 cap-
sids contain comparable amounts of non-vector genome DNA
as rAAV6 produced using Bac-RepCap. AAV production using
the SGMO Helper is scalable using bioreactors and has
improved yield, capsid ratio, and in vitro potency. Our studies
demonstrate that the SGMO Helper is an improved platform
for AAV manufacturing to enable delivery of cutting-edge
gene and cell therapies.

INTRODUCTION
Adeno-associated virus (AAV) is a member of the family Parvovir-
idae, genus Dependoparvovirus, and is composed of a non-envel-
oped capsid containing an approximately 4.7 kb single-stranded
DNA genome.1 AAV is a promising delivery modality for gene
and cell therapies, as demonstrated by the 2017 Food and Drug
Administration approval of Luxturna, to treat retinal dystrophy,
and the 2019 approval for Zolgensma, to treat spinal muscular atro-
phy (https://www.fda.gov/vaccines-blood-biologics/cellular-gene-
therapy-products/approved-cellular-and-gene-therapy-products).
AAV is a non-pathogenic, replication-dependent virus with low cyto-
toxicity and the ability to infect both dividing and non-dividing cells,
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thus avoiding some of the challenges associated with retroviral or len-
tiviral delivery.2

AAV requires helper functions to replicate, typically provided by
either adenovirus coinfection or a subset of adenovirus genes, though
AAV replication can also be supported by Herpesviruses, Papilloma-
viruses, and Bocaviruses.3 AAV expresses two major sets of proteins,
the enzymatic Rep proteins and the structural Cap proteins. Wild-
type AAV uses a combination of internal promoters, RNA splicing,
and suboptimal start codons that allow leaky ribosome scanning to
control expression of the Rep (Rep78, Rep68, Rep52, and Rep40)
and Cap proteins (VP1, VP2, and VP3).1 In addition, the Rep and
Cap genes contain overlapping, in-frame sequences, where the
Rep52 sequence is contained within the Rep78 sequence and the
VP2 and VP3 sequences are contained within the VP1 sequence.1

In the process of developing the HEK-293 production system, it
was determined that Rep78 and Rep52 are sufficient to generate re-
combinant AAV (rAAV) and that AAV can be pseudotyped using
Rep proteins and vector genomes containing the inverted terminal re-
peats (ITRs) from the same serotype (i.e., AAV2 Rep and AAV2
ITRs).1 The mammalian HEK-293 production system is one of the
most widely used technologies for the generation of rAAV at labora-
tory scale and has been optimized for transfection of HEK-293 cells
with plasmids encoding the AAV Rep and Cap proteins, the vector
genome of interest, and adenoviral helper genes.3 The need for
scaled-up production for larger clinical trials and commercialization
of rAAV products led to the development of baculovirus-insect (Sf9)
cell systems for rAAV production (reviewed in Joshi et al.4). The Bac-
RepCap system developed by the Kotin lab contains the AAV2 Rep
(Rep78 and Rep52) gene and the AAV Cap gene (VP1, VP2 and
VP3) on a single baculovirus.5 The Rep protein is expressed from a
single mRNA, where the Rep78 open reading frame (ORF) contains
a suboptimal start codon that allows leaky ribosomal scanning
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Figure 1. Schematic of Rep/Cap helpers and VP1 sequence modifications

(A) The Rep78 and VP2/3 ORFs were cloned into the pFastBacDual vector under

the control of the polyhedrin (PPH) or p10 (Pp10) promoters, respectively. (B) The

Rep52 and VP1 ORFs were cloned into the pFastBacDual vector under the control

of the polyhedrin (PPH) or p10 (Pp10) promoters, respectively. The ITR-containing

GOI was cloned adjacent to the Rep52 ORF. (C) The AAV6 VP1 sequence was

modified to contain the AAV2 phospholipase A2 (PLA2) domain and a short frag-

ment of VP1 from AAV9 at the indicated nucleotide coordinates.
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through to the strong Rep52 start codon. The Cap proteins are also
expressed from a single mRNA, where the VP1 and VP2 ORFs
contain suboptimal start codons, allowing leaky ribosomal scanning
through to the strong VP3 start codon. To produce rAAV, an addi-
tional baculovirus containing the vector genome of interest is used
to coinfect Sf9 cells with Bac-RepCap and the resulting rAAV is pu-
rified away from the infected cells and baculovirus.

While the baculovirus-Sf9 cell system has been successfully utilized
for AAV production at multiple scales, it was observed that rAAV
generated in insect cells has reduced VP1 content (VP1:VP2:VP3 ra-
tio is approximately 1:1:30 to 1:1:60 compared with 1:1:10 in wild-
type AAV) as well as reduced potency compared with rAAV gener-
ated in mammalian cells.6–11 In addition, a proteolytic cleavage site
was identified in AAV8 VP1 that is unique to the Sf9-baculovirus
cell system and appears to be the result of cleavage by the baculovi-
rus-encoded v-Cathepsin gene, resulting in the incorporation of an
aberrant capsid protein into the AAV capsid.12 A similar cleavage
has been observed with AAV1 and AAV6 produced using the Sf9-ba-
culovirus cell system, demonstrating that multiple serotypes are sus-
ceptible to cleavage by v-Cathepsin (A.M.W., unpublished observa-
tion). Since VP1 is required for AAV infectivity, we hypothesized
that increasing incorporation of VP1 into capsids and removing the
proteolytic cleavage site to preserve full-length VP1 would lead to
increased rAAV6 potency.13–17

In order to increase the flexibility and utility of the helper system, we
generated a two-baculovirus system, which we named “the SGMO
Helper.” This includes a Rep gene from serotype 2 and a Cap gene
derived from serotype 6, where Rep78 and VP2/3 are incorporated
into the first baculovirus; and Rep52, VP1, and the vector genome
of interest are incorporated into the second baculovirus. In addition
to separating the Rep and Cap genes, we incorporated improvements
that (1) increased VP1 incorporation compared with Bac-RepCap-
derived rAAV6, (2) prevented the proteolytic cleavage observed
with Bac-RepCap-derived rAAV6, and (3) increased yield of
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rAAV6 derived from the helper system compared with Bac-
RepCap. We demonstrate that the SGMO Helper system is stable
over multiple passages, and rAAV6 generated using the SGMOHelp-
er has increased potency in vitro and in vivo compared with rAAV6
generated using Bac-RepCap. The results presented here show that
the SGMO Helper is an improved system for scalable production of
rAAV in Sf9 cells.

RESULTS
Cloning of the AAV6 SGMO Helper

Wild-type and Rep/Cap plasmids used to produce rAAV contain in-
frame overlapping coding sequences, where the smaller Rep sequence
(Rep40/52) is embedded within the larger Rep sequence (Rep68/78)
and the smaller Cap sequences (VP2 and VP3) are embedded within
the larger Cap sequence (VP1).1 In order to separate the Rep and Cap
ORFs, the coding sequence for Rep52 and Rep78, as well as the VP1
and VP2/3 sequences, were cloned into two vectors. The pFastBac
Dual Expression Vector was purchased from ThermoFisher and the
Rep78 and VP2/3ORFs were cloned into the vector under the control
of the baculovirus polyhedrin and p10 promoters, respectively
(Figure 1A). The Rep52 and VP1 ORFs were cloned into a separate
pFastBac Dual Expression Vector, under the control of the baculovi-
rus polyhedrin and p10 promoters, respectively (Figure 1B). In the
Rep52/VP1 vector, an SbfI restriction site was added downstream of
the HSV thymidine kinase pA signal by site-directed mutagenesis
for the purpose of adding a vector genome cassette. Cloning was per-
formed as described in the materials and methods.

Several improvements were incorporated into the primary nucleotide
sequence of the unique VP1/VP2 region that improve yield, potency,
and capsid integrity. The AAV2 Phospholipase A2 (PLA2) domain
was reported to improve the capsid ratio and potency of rAAV
when transplanted into other serotypes.9,18 These studies utilized se-
quences from the start of VP1 to the end of the PLA2 domain, so it is
not possible to differentiate the impact of the primary nucleotide
sequence (including the start codon and Kozak context) from the
impact of the PLA2 domain alone. In our studies, we determined
that a minimal AAV2 PLA2 domain transplanted into the wild-
type AAV6 VP1 sequence (corresponding to nucleotides 148 to
318, Figure 1C and resulting in five amino acid changes to the
VP1u region) increased the yield of rAAV6 produced in Sf9 cells,
but had no impact on the potency of the rAAV6 (Table S1; Figure S1).

In addition to the AAV2 PLA2 domain transplant, we and others
observed a proteolytic cleavage event unique to the Sf9-baculovirus
production system that resulted in the cleavage of rAAV capsid pro-
teins from serotypes 1, 6, and 8, whereas several serotypes are resis-
tant to this cleavage, such as AAV2, 3B, 5, and 9.12 The major cleav-
age product is prominent when purified capsids are imaged on
Coomassie-stained SDS-PAGE gels and runs at a slightly larger
size than the VP3 band (see Figure 2B, Bac-RepCap, asterisked
band; Figure S2, asterisked band). We identified the cleavage site
in rAAV6 by performing Edman degradation sequencing to identify
the N-terminal amino acid residues present in the major cleavage
4



Figure 2. Testing of AAV6 produced using either Bac-RepCap or the SGMO Helper

(A) Western blot analysis of cell lysates collected at day 6 were harvested using an antibody specific to either Rep or Cap. Naive Sf9 cells were run as a negative control for

antibody recognition. The individual Rep (Rep78 and Rep52) and Cap (VP1, VP2, and VP3) proteins are indicated in their respective panels. (B) SDS-PAGE and Coomassie

blue stained gel of purified AAV6 from four independent production runs. The individual Cap (VP1, VP2, and VP3) proteins are indicated on the panel. The proteolytic cleavage

fragment observed with AAV6 produced using Bac-RepCap is indicated by an asterisk. AAV8 produced using the 293 production system (293 Reference) was also included

for comparison. The capsid ratio for each production run is reported in Table 1. (C) In vitro potency of AAV6 produced using 293 cells or Sf9 cells (Bac-RepCap and SGMO

Helper) on HepG2 cells. HepG2 cells were transduced using the indicated MOI and, after 5 days, cell supernatants were assayed for a-Gal A activity. The nmol/h/mL a-Gal A

activity was calculated based on fluorescent activity using a standard curve. Each virus sample was assessed for potency in triplicate, with each of the replicates being

assayed in duplicate, and the standard deviation of the six data points was used to plot error bars. (D) In vitro potency of AAV6 produced using 293 cells or Sf9 cells (Bac-

RepCap and SGMO Helper) on HuH7 cells. HuH7 cells were transduced using the indicated MOI and, after 5 days, cell supernatants were assayed for a-Gal A activity. The

nmol/h/mL a-Gal A activity was calculated based on fluorescent activity using a standard curve. Each virus sample was assessed for potency in triplicate, with each of the

replicates being assayed in duplicate, and the standard deviation of the six data points was used to plot error bars. (E) In vitro potency of AAV6 produced using 293 cells or Sf9

cells (Bac-RepCap and SGMO Helper) on HepG2 cells. HepG2 cells were transduced using an MOI of 1E+06 and, after 5 days, cell supernatants were assayed for huFIX

expression. The ng/mL huFIX quantity was calculated using a standard curve. Each virus sample was assessed for potency in triplicate, with each of the replicates being

assayed in duplicate, and the standard deviation of the three data points was used to plot error bars.
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product. Similar to the results with AAV8 reported by Galibert
et al., the residues in the N-terminal portion of the major cleavage
fragment mapped to the unique sequence shared by VP1 and VP2.12

However, the specific amino acids in the N-terminal portion of the
AAV6 major cleavage fragment were EPPATP (also see electrophe-
rograms in Figure S3), in contrast to the AAV8 cleavage site resi-
dues of EPPAA. In order to prevent proteolytic cleavage of
rAAV6, we transplanted a short fragment from AAV9, which is
resistant to the cleavage, into the unique region of the AAV6 VP1
and VP2 proteins (corresponding to nucleotides 475 to 609, Fig-
ure 1C). This resulted in a 10-amino acid change to the VP1 and
VP2 proteins that prevented proteolytic cleavage and increased
the potency of rAAV6 capsids (see Figure 2B, SGMO Helper; Fig-
ure S2, Bac-RepCap and AAV9 transplant).
Molec
AAV production using the AAV6 SGMO Helper

We tested rAAV6 production using the SGMO Helpers by coinfect-
ing naive Sf9 cells with baculovirus-infected insect cells (BIICs) gener-
ated using each of the helper constructs (Rep78-VP2/3 and Rep52-
VP1) at a cell ratio of 1:1:10,000. The vector genome used to generate
rAAV6 contains the GLA cDNA, which encodes a-Galactosidase A
(a-Gal A), under the control of a liver-specific promoter. For compar-
ison, the AAV6 Bac-RepCap developed in the Kotin lab was used to
produce rAAV6 in parallel production flasks.5 After 6 days of
culturing, cell pellets were collected and processed for western blot
analysis and purification on cesium chloride density gradients as
described in the materials and methods. Western blot analysis using
an antibody to AAV Rep proteins showed that Rep52 and Rep78 were
expressed in cells infected with either Bac-RepCap or the SGMO
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Table 1. Purified AAV titer (vg/mL), purified AAV yield (vg), harvest yield (vg/mL culture), and VP1:VP2:VP3 ratio for AAV lots used in this study

Experiment Sample Purified AAV titer (vg/mL) Purified AAV yield (vg) Harvest yield (vg/mL culture) VP1 VP2 VP3

1
Bac-RepCap 2.23E+13 2.45E+13 1.23E+11 1 2.1 45

SGMO Helper 5.99E+13 8.99E+13 4.50E+11 1 1.1 21

2
Bac-RepCap 2.25E+13 2.70E+13 1.35E+11 1 2.1 60

SGMO Helper 7.97E+13 1.20E+14 6.00E+11 1 1.3 24

3
Bac-RepCap 9.46E+12 9.46E+12 4.73E+10 1 2.1 67

SGMO Helper 6.21E+13 8.69E+13 4.35E+11 1 1 19

4
Bac-RepCap 1.83E+13 1.65E+13 8.25E+10 1 1.8 60

SGMO Helper 8.40E+13 1.09E+14 5.45E+11 1 0.8 17

Serial passaging

SGMO Helper P.0 1.84E+13 1.29E+13 6.45E+10 1 0.4 16

SGMO Helper P.3 1.05E+12 9.45E+11 4.73E+09 1 0.8 18

SGMO Helper P.6 2.70E+12 3.24E+12 1.62E+10 1 0.4 17

Mid-scale production
Bac-RepCap 3.56E+13 3.98E+14 2.65E+11 1 1.7 82

SGMO Helper 4.85E+13 9.89E+14 6.59E+11 1 1.2 24

Mid-scale production
for long-read sequencing

Bac-RepCap 9.89E+13 8.41E+14 5.61E+11 1 1.8 99

Bac-RepCap 5.31E+13 3.98E+14 2.65E+11 1 1.4 88

SGMO Helper 2.75E+14 3.38E+15 2.25E+12 1 0.7 34

SGMO Helper 1.02E+14 9.89E+14 6.59E+11 1 1.0 24

In vivo study
Bac-RepCap 1.37E+13 3.01E+13 1.51E+11 1 1.5 59

SGMO Helper 3.47E+13 1.15E+14 5.75E+11 1 0.9 27

Molecular Therapy: Methods & Clinical Development
Helper at 6 days post-infection (Figure 2A). Western blot analysis us-
ing an antibody to the AAV Cap proteins further demonstrated that
VP1, VP2, and VP3 were expressed at 6 days post-infection (Fig-
ure 2A). We observed additional bands between the VP proteins
that may process impurities or degradation products common to
both production platforms (Figure 2A).

Vg titers of the purified rAAV6 were measured by qPCR and the har-
vest and total yields were calculated for each production flask. In four
independent production runs, the SGMO Helper showed a 3- to
8-fold higher harvest and purified yield of rAAV6 with respect
to Bac-RepCap (Table 1). The increase in yield can be attributed to
either the presence of the AAV2 PLA2 domain, as observed previ-
ously, a fundamental property of the SGMOHelper gene architecture,
or both. We tested rAAV6 production using a Bac-RepCap contain-
ing the AAV2 PLA2 domain and found that, similar to our observa-
tion with the SGMO Helper, the presence of the PLA2 domain
increased the harvest and purified yield (Table S1), demonstrating
that the AAV2 PLA2 domain alone is sufficient to increase rAAV6
yield. In order to determine whether this gene architecture was gener-
alizable to other serotypes, similar constructs were generated using
the Cap sequences from serotypes 1, 2, 3B, and 9. Using the same pro-
cess described for rAAV6, we determined that the SGMOHelper pro-
duced intact AAV capsids with harvest yields ranging from 7.93E+9
to 3.95E+10 vg/mL culture (Table S2).

Analysis of Coomassie-stained SDS-PAGE gels confirmed the pres-
ence of VP1, VP2, and VP3 in purified capsids and that the AAV9
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transplant in the SGMO Helper sequence eliminated the proteolytic
cleavage event observed with unmodified rAAV6 produced in Sf9
cells using Bac-RepCap (Figure 2B). Densitometry analysis of the
Coomassie-stained SDS-PAGE gels was used to determine the capsid
ratio of the rAAV6 produced using Bac-RepCap and the SGMO
Helper. Bac-RepCap-produced rAAV6 had an average capsid ratio
of approximately 1:2.9:80, whereas SGMO Helper-produced rAAV6
had an average capsid ratio of approximately 1:1.3:23, demonstrating
that more VP1 is incorporated into rAAV6 produced using the
SGMO Helper compared with rAAV6 produced using Bac-RepCap
(Table 1). A similar analysis was performed with 12 additional pro-
duction runs and showed an average increase in VP1 incorporation
with the SGMO Helper (1:1:26) compared with the Bac-RepCap
(1:2:77) (Table S3). We performed a one-way ANOVA with Tukey’s
multiple comparisons on all 16 production runs, comparing capsid
ratios of rAAV6 produced using the Bac-RepCap and SGMO Helper,
and showed that the difference in VP2 incorporation was not signif-
icantly different (p = 0.9949), whereas the difference in VP3 incorpo-
ration was significantly different (p < 0.0001) (Table S3). The
increased incorporation of VP1 into capsids using the SGMO Helper
can be attributed to the ACG start codon present in the VP1 ORF,
which results in increased translation efficiency compared with the
TTG start codon used by the Kotin lab to generate the Bac-RepCap
AAV6 Cap ORF (reviewed in Kearse and Wilusz19), as well as the
presence of the AAV9 transplant, which prevents cleavage of VP1.
Indeed, this is demonstrated by the stepwise increase in VP1 incorpo-
ration using Bac-RepCap containing the ACG start codon alone, the
AAV9 transplant alone, or a combination of the two modifications
4



Table 2. NGS analysis of encapsidated DNA

Target aligned against Filter step Bac-RepCap SGMO Helper Bac-RepCap SGMO Helper

Input vector genome 0 94.5 94.1 98.7 92.3

Kanamycin resistance gene 1 0.008 0.000 0.000 0.000

Gentamicin resistance gene 2 0.004 0.000 0.000 0.000

Bacmid with F9 cDNA vector genome 3 1.998 0.758 0.163 0.820

pRep2Cap1 4 0.023 0.000 0.010 0.011

pRep2Cap2 5 0.000 0.000 0.000 0.000

pRep2Cap5 6 0.000 0.000 0.000 0.000

pRep2Cap6 7 0.002 0.000 0.000 0.000

pRep2Cap8 8 0.000 0.000 0.000 0.000

pRep2Cap8_Kan 9 0.000 0.000 0.000 0.000

pRep2Cap9 10 0.000 0.000 0.000 0.000

pRepCap3B 11 0.000 0.008 0.000 0.000

Sf9 genome (FDA) 12 0.076 0.032 0.010 0.063

Transfer vector with F9 cDNA vector genome 13 0.002 0.000 0.000 0.000

Empty transfer vector 14 0.000 0.000 0.000 0.000

pMON7124 (transposase plasmid) 15 0.008 0.072 0.004 0.000

Plant rhabdovirus genome 16 0.000 0.000 0.000 0.000

phiX 17 0.000 0.000 0.000 0.000

Total mapped reads: 96.654 95.000 98.893 93.165

Percentage of mapped reads that are vector genome: 97.806 99.085 99.811 99.041

Percentage of unmapped reads: 3.346 5.000 1.107 6.835

Capsid-associated DNA was sequenced and mapped back to the vector genome or other potential contaminating sequences in sequential order, as indicated by the Filter Step. Values
are presented as percentage of total sequences that mapped to a particular target. The percentage of mapped and unmapped reads is reported at the bottom of the table and the per-
centage of the total mapped reads that match the vector genome is also reported.
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(Figure S4; Table S4). These results contrast from those reported in
Kohlbrenner et al., where the entire VP1 unique sequence from
AAV5 was used to replace the VP1 unique sequence in AAV8, and
was shown to increase potency.9 Our studies indicate that the
AAV2 PLA2 domain alone is sufficient to improve yields, but not
VP1 incorporation or potency (Table S4; Figure S1), whereas the
ACG start codon and AAV9 transplant, which prevents proteolytic
cleavage of VP1, do drive the increased VP1 incorporation and po-
tency (Table S4; Figure S2).

A similar analysis of capsid ratios was performed using rAAV gener-
ated using AAV1, 2, 3B, and 9 SGMOHelpers. The AAV1, 2, 3B, and
9 SGMO Helpers produced rAAV with capsid ratios ranging from
1:1:14 to 1:4:66 (Table S5), demonstrating that the SGMO Helper
gene architecture is generalizable to multiple AAV serotypes.

Since packaging of non-vector genome sequences is a concern with
both 293 and Sf9 AAV production systems,7 we extracted DNA
from Bac-RepCap and SGMO Helper-derived rAAV6 preps and per-
formed next-generation sequence (NGS) analysis of the encapsidated
DNA. Since AAV preps are treated with Benzonase during the puri-
fication process and DNase I prior to DNA extraction, we expect that
sequence reads only originate from encapsidated DNA. To identify
Molec
contaminating DNA sequences, we compared the sequence reads
with a panel of expected contaminating DNAs, using a workflow
where individual sequence reads are sequentially compared with
reference sequences and binned according to whether the sequence
matches the reference sequence. Mapped reads are removed from
the analysis once assigned to a reference sequence, which could
impact the results. We compared two independent AAV production
runs using Bac-RepCap and the SGMOHelper. We found the highest
percentage of mapped reads matched the vector genome used for
rAAV6 production (98% with Bac-RepCap-derived rAAV6 and
99%with SGMOHelper-derived rAAV6, Table 2, Percentage of map-
ped reads that are vector genome). The most common contaminating
DNA was found to be bacmid or baculovirus sequences (0.8%–2%
with Bac-RepCap-derived rAAV6 and 0.2%–0.8% with SGMO Help-
er-derived rAAV6, Table 2). Sequence reads that map to the AAV1
RepCap plasmid (pRep2Cap1) may result from the high sequence ho-
mology between AAV1 and AAV6 capsids or the bioinformatic work-
flow incorrectly mapping AAV6 sequences to the AAV1 sequence.
Between 1.1% and 6.8% of reads were not able to be mapped to a
reference sequence, either due to poor sequence quality or because
the reference sequence is not present in the bioinformatic workflow
(Table 2, Percentage of unmapped reads). In order to confirm the ho-
mogeneity of the packaged vector genomes, as suggested by the
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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sequencing analysis, we performed alkaline gel electrophoresis on the
lots used in the contaminating DNA experiment and compared them
qualitatively with rAAV6 produced with the same vector genome us-
ing the 293 cells. We found there was a prominent band correspond-
ing to the expected vector genome size for all samples (Figure S5).
This analysis demonstrates that the SGMO Helper packages AAV
vector genomes with the same fidelity as a previously described Sf9-
baculovirus AAV production system.

We tested the potency of rAAV6 generated using the 293 production
system, Bac-RepCap, and the SGMO Helper using two different
transgenes and cell lines. We first tested the material described above
by transducing HepG2 or HuH-7 cells with rAAV6 carrying a vector
genome encoding a-galactosidase A (a-Gal A) under the control of a
liver-specific promoter using three different multiplicities of infection
(MOIs). This gene is clinically relevant since patients diagnosed with
Fabry disease carry mutations that reduce their ability to produce the
a-Gal A enzyme. Since HepG2 and HuH-7 cells have different levels
of transducibility, an MOI of 300K, 600K, and 900K was used with
HepG2-based potency testing, whereas an MOI of 30K, 100K, and
300K was used with HuH-7-based potency testing. Five days post-
transduction, the tissue culture supernatants were collected and as-
sayed for a-Gal A activity, as described in the materials and methods
section. We found that, with HepG2 cells, rAAV6 generated using the
293 production system and the SGMO Helper produced similar
amounts of a-Gal A activity, whereas rAAV6 produced using Bac-
RepCap produced approximately 4-fold less a-Gal A activity (Fig-
ure 2C). The relative potency with respect to the 293 AAV6 reference
sample is summarized for all in vitro experiments in Table S6. A
similar trend was observed when the same material was tested on
HuH-7 cells, though the potency of SGMO Helper-derived rAAV6
at the lowest and highest MOIs (30K and 300K) was lower with
respect to the 293-derived rAAV6 (Figure 2D; Table S6). The overall
difference in potency in HuH-7 cells with 293- or SGMO Helper-
derived rAAV6 compared with Bac-RepCap-derived rAAV6 was
less than the difference observed with HepG2 cells. However, in
both cell lines using the same vector genome, an increase in potency
was observed with rAAV6 produced using the SGMO Helper. To
extend this analysis to a second transgene, we produced rAAV6 using
the 293 production system, Bac-RepCap, and SGMO Helper using a
vector genome carrying the human F9 cDNA under the control of a
liver-specific promoter, which is a common gene therapy strategy to
correct the genetic deficiency present in Hemophilia B patients. We
tested the potency of the rAAV6 on HepG2 cells by transducing
with an MOI of 1E6 and assayed for huFIX expression by ELISA.
We found that rAAV6 produced using the SGMO Helper had 2- to
3-fold higher huFIX expression compared with rAAV6 produced us-
ing Bac-RepCap, though the SGMO Helper AAV6 still had 2-fold
lower potency compared with 293 AAV6 (Figure 2E; Table S6). Based
on the DNA contaminant analysis, there is no fundamental difference
between rAAV6 produced using Bac-RepCap and the SGMOHelper.
However, the amount of VP1 content in an AAV capsid directly im-
pacts the potency of an AAV vector, and VP1 incorporation with
SGMO Helper-derived rAAV6 was greater than VP1 incorporation
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with Bac-RepCap-derived rAAV6.20,21 Along with the elimination
of proteolytic cleavage observed with SGMO Helper-derived
rAAV6, thus increasing the amount of intact VP1 present in the
capsid, the increase in yield and potency demonstrates the SGMO
Helper is an improved system for AAV production in Sf9 cells.

Stability of Rep and Cap expression from the SGMO Helper

during serial passaging

Baculoviruses are known to accumulate gene deletions and generate
increasing amounts of defective interfering particles after serial
passaging.22 Serial passaging of baculoviruses containing the Rep
and/or Cap genes has been shown to lead to reduced protein expres-
sion and rAAV yields as the passage number increases.9 Other groups
have also observed a passage effect that is either the result of loss of
functional baculovirus particles or instability of the Rep and Cap genes
inserted into the Tn7 transposase sites.18 To assess the stability of the
SGMO Helper we performed serial passaging of the individual bacu-
loviruses and assayed for expression of the AAVRep and Cap proteins
by western blot. Briefly, fresh baculovirus was generated by bacmid
transfection of Sf9 cells and the infectious titer was determined using
an infectious titer assay (see materials and methods). The fresh bacu-
lovirus was used to generate passage 0 BIICs by inoculation of naive
Sf9 cells with an MOI of 0.1 and were cryopreserved once the cell
diameter increased by 2 mm.23 Cryopreserved BIICs were thawed,
diluted, and a 1/100th volume was used to inoculate naive Sf9 cultures.
Every 3 days, cultures were sampled for analysis and a 1/100th volume
was used to inoculate a new naive Sf9 culture. This process was
continued for six passages total and samples were analyzed by NGS
for genetic stability and by western blot for AAV Rep and Cap expres-
sion. In addition, cell-free culture media from passages 3 and 6 were
titered and used to generate BIICs for testing in AAV production.

Cell pellets from each passage were lysed using RIPA buffer, clarified by
centrifugation, and analyzed by western blot for the expression of the
Rep and Cap proteins. The Rep78-VP2/3 baculovirus expressed
Rep78, VP2, and VP3 throughout all six passages, though a modest
reduction in expression levels can be seen at later passages (Figure 3A).
The Rep52-VP1 baculovirus expressed Rep52 and VP1 throughout all
six passages and also saw a reduction in expression at later passages
(Figure 3A). However, in the case of the Rep52-VP1 baculovirus, the
western blot for Cap proteins also revealed the presence of an addi-
tional band corresponding to the approximate size of VP3 (*, Fig-
ure 3A). While it cannot be ruled out that the band is the result of pro-
teolytic cleavage in Sf9 cells, it is likely the result of translation from an
in-frame ATG codon occurring 21 nucleotides downstream of the
normal VP3 start codon. This truncatedVP3 protein has been observed
in other publications and a similar mutation strategy prevented expres-
sion of the truncated VP3.24,25 The use of the downstream start codon
is not unique to the Sf9-baculovirus production system, since the ma-
terials used in these studies were derived from mammalian cell AAV
production.24,25 To confirm the source of the truncated band, we
mutated the downstream ATG to a GTG in the Rep52-VP1 Helper
to give rise to the Rep52-VP1 Helper (GTG). We transfected the bac-
mids into Sf9 cells and analyzed Cap expression after 72 h by western
4



Figure 3. Serial passaging of the SGMO Helper

(A) Western blot analysis of cell lysates collected 72 h post-infection for the indicated

passage of each individual helper (Rep78-VP2/3 or Rep52-VP1). Cell lysates were

analyzed using an antibody specific to either Rep orCap. Naive Sf9 cells were run as a

negative control for antibody recognition. The individual Rep (Rep78 or Rep52) and

Cap (VP1, VP2, or VP3) bands are indicated in each panel. An additional band re-

sulting from internal translation initiation from the VP1 ORF is indicated by an asterisk.

(B) In vitro potency of AAV6 produced using 293 cells or Sf9 cells (Bac-RepCap and

SGMOHelper) onHepG2 cells. SGMOHelper baculovirus frompassages zero, three,

and six were used to generate baculovirus-infected insect cells (BIICs) and the BIICs

were used to initiate AAV production in naive Sf9 cells. HepG2 cells were transduced

using the indicatedMOI and, after 5 days, cell supernatants were assayed for a-Gal A

activity. The nmol/h/mL a-Gal A activity was calculated based on fluorescent activity

using a standard curve. Each virus sample was assessed for potency in triplicate, with

each of the replicates being assayed in duplicate, and the standard deviation of the six

data points was used to plot error bars.
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blot analysis. For comparison, we also analyzed a 72 h time point from
an AAV production culture containing both the Rep78-VP2/3 and
Rep52-VP1 Helpers (SGMO Helper). Western blot analysis confirmed
that the additional band observed during serial passaging was not pre-
sent in the Rep52-VP1Helper (GTG) sample, confirming that the addi-
tional band is the result of translation initiation from the downstream
ATG codon present in the Rep52-VP1 Helper (Figure S6, VP3 or *).
Furthermore, serial passaging of the Rep78-VP2/3 and Rep52-VP1
Helpers demonstrates that Rep and Cap are expressed over multiple
passages, but declines during passages five and six, consistent with ob-
servations made with other helper systems.5,9

We analyzed the sequence of the baculovirus in cell-free supernatants
from each passage to determine whether mutations accumulated dur-
Molec
ing serial passaging. Cell-free supernatants from each passage were
extracted for total DNA and prepared for Nextera sequencing. Map-
ping of the individual sequencing reads back to the original bacmid
sequence was used to identify single nucleotide polymorphisms or de-
letions for each passage. No sequence variants were detected in sam-
ple NGS paired-end reads using pilon (v1.23, using flags –variant and
mindepth 10), indicating that the baculoviruses did not accumulate
mutations over the course of six serial passages.26

In order to test the productivity and potency of the serial passaged ba-
culoviruses, we generated BIICs from passage three and six and used
them to initiate AAV production in naive Sf9 cells. Briefly, the bacu-
lovirus titer for passages three and six cell-free supernatants was
determined and used to initiate BIIC cultures as described in the ma-
terials andmethods section. The BIICs were used to initiate AAV pro-
duction in naive Sf9 cells, harvested 6 days post-infection and purified
on CsCl gradients. The vg titer was determined by qPCR and the pu-
rified rAAV6 was used to transduce HepG2 cells at an MOI of 300K,
600K, and 900K. After 5 days, the cell supernatants were assayed for
a-Gal A activity and compared with parallel transductions with
rAAV6 derived from 293 cells or Sf9 cells using passage zero Bac-
RepCap or SGMOHelper BIICs. Compared with the rAAV6 yield us-
ing passage zero BIICs, the rAAV6 yield using passage three and pas-
sage six BIICs was reduced 4- to 13-fold (Table 1). This suggests that,
despite a decline in Rep and Cap expression, the Rep and Cap genes
remained intact and there was sufficient Rep and Cap expression to
support rAAV production, even at higher passages. In spite of the
reduced yield, the material was tested for potency on HepG2 cells us-
ing a-Gal A expression. We found that rAAV6 from 293 cells or pro-
duced in Sf9 cells using the SGMO Helper, had similar potency,
whereas rAAV6 produced in Sf9 cells using Bac-RepCap had reduced
potency (Figure 3B; Table S6). The potency of SGMOHelper-derived
rAAV6 was similar using passages zero, three, and six BIICs, suggest-
ing that, while the yield of rAAV6 declines over the course of serial
passaging, the potency of the rAAV6 did not change over the course
of serial passaging. Furthermore, the decline in Rep/Cap expression
and rAAV6 yield is consistent with results using other helper systems,
thus is not a unique feature of the SGMO Helper.5,9 These results
demonstrate that, over six passages, the SGMO Helper expresses
the full complement of Rep and Cap proteins, is a genetically stable
Sf9-baculovirus production system, and is capable of generating
rAAV6 with similar potency up to passage six.

Scaled-up rAAV6 manufacturing using the SGMO Helper

One challenge to developing new AAV manufacturing platforms is
the inability to predict performance during scale-up to larger vol-
umes. Our previous work utilized 0.4-L culture volumes in 1-L shake
flasks for upstream production and CsCl density gradients for down-
stream purification (small-scale process), but production at clinical
scale is typically performed in bioreactors and utilize column chroma-
tography for purification. To model the performance of the SGMO
Helper at larger scale, we produced rAAV6 carrying the GLA trans-
gene in 3 L volumes using Bac-RepCap and the SGMO Helper in a
bioreactor system and purified the resulting material using column
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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Figure 4. Testing of AAV6 produced at 3L scale using either Bac-RepCap or

the SGMO Helper

(A) SDS-PAGE and Coomassie blue stained gel of purified AAV6 from 3L production

run. The individual Cap (VP1, VP2, and VP3) proteins are indicated on the panel. The

proteolytic cleavage fragment observed with AAV6 produced using Bac-RepCap is

indicated by an asterisk. AAV8 produced using the 293 production system (293

Reference) was also included for comparison. The capsid ratio for each production

run is reported in Table 1. (B) In vitro potency of AAV6 produced using 293 cells or at

3L scale in Sf9 cells (Bac-RepCap and SGMO Helper) on HepG2 cells. HepG2 cells

were transduced using the indicated MOI and, after 5 days, cell supernatants were

assayed for a-Gal A activity. The nmol/h/mL a-Gal A activity was calculated based

on fluorescent activity using a standard curve. Each virus sample was assessed for

potency in triplicate, with each of the replicates being assayed in duplicate, and the

standard deviation of the six data points was used to plot error bars.
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chromatography (mid-scale process). The yield of rAAV6 using the
SGMO Helper was 2.5-fold higher compared with the yield of
rAAV6 using Bac-RepCap (Table 1). The increased rAAV6 yield us-
ing the SGMO Helper compared with Bac-RepCap using mid-scale
process is consistent with increased yields observed with the small-
scale process, demonstrating the increase is not an artifact of the pro-
duction scale or purification process (Table 1).

Analysis of purified capsids by SDS-PAGE and Coomassie staining
indicated similar purity with column chromatography purification
as previously observed with CsCl density gradient purification (Fig-
8 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
ure 4A). Densitometry analysis of the Coomassie-stained SDS-
PAGE gel for capsid ratios showed that, similar to CsCl-purified
rAAV6, Bac-RepCap incorporated less VP1 (1:1.7:82) compared
with the SGMOHelper (1:1.2:24) (Table 1). We also analyzed the pu-
rified capsids using capillary electrophoresis (CE-SDS) and deter-
mined that the capsid ratios also showed increased VP1 incorporation
with the SGMO Helper (1:2.4:30) compared with Bac-RepCap
(1:1.5:52) (Figure S7; Table S5). The capsid ratios from the mid-scale
process are similar to the capsid ratios determined using the small-
scale process (Table 1), suggesting that capsid assembly is consistent
in shake flask and bioreactor environments.

The purification process could impact the number of empty capsids
present in an AAV preparation and, indeed, several groups have
observed enrichment of full capsids using density gradient purifica-
tion.27–29 In contrast, current column purification schema purify
AAV based on capsid epitope recognition and do not have the ability
to distinguish between empty and full capsids. The amount of empty
capsids in column purified AAV preparations is likely more represen-
tative of the actual empty:full capsid ratio, since, in contrast to density
gradients, the method does not typically enrich for full capsids. We
assayed the capsid titer of rAAV6 produced using the mid-scale pro-
cess by ELISA and found that, Bac-RepCap-derived rAAV6 was 100%
full, whereas the SGMO Helper-derived rAAV6 was 98% full
(Table S7). The % full capsids observed with column purified
rAAV6 produced using Bac-RepCap and SGMO Helper is signifi-
cantly higher than the number of full capsids observed with 293
AAV production, which can contain up to 90% empty capsids.30

The potency of rAAV6 material from the scaled-up production pro-
cess was tested by transducing HepG2 cells using an MOI of 300K,
600K, and 900K. Five days post-transduction, tissue culture superna-
tants were assayed for the presence of a-Gal A activity, as described in
the materials and methods section. The 293-derived and SGMO
Helper-derived rAAV6 had similar levels of a-Gal A activity, whereas
Bac-RepCap-derived rAAV6 had reduced a-Gal A activity (Figure 4B;
Table S6). These results demonstrate that the increased potency of
SGMO Helper-derived rAAV6 observed with material from the
small-scale process can be replicated using a mid-scale process and
suggests that the SGMO Helper will generate higher yields, improved
capsid ratios, and greater potency in a larger scale production
environment.

Long-read sequence analysis of rAAV6 from scaled-up

manufacturing

Long-read sequencing has recently emerged as an additional tool for
studying packaged vector genomes and identification of non-vector
genome sequences.31–33 Prior to sequence analysis, duplicate samples
from the scaled-up manufacturing process were analyzed by SDS-
PAGE to determine their respective capsid ratios (Figure S8A).
Consistent with the previously described preparations, densitometry
analysis of the Coomassie-stained SDS-PAGE gels showed AAVs pro-
duced using Bac-RepCap incorporated less VP1 (1:1.8:99 and
1:1.4:88) compared with AAVs produced using the SGMO Helper
4



Table 3. Long-read NGS analysis of encapsidated DNA

Target aligned against Filter step Bac-RepCap SGMO Helper Bac-RepCap SGMO Helper

Vector genome 0 97.65 98.90 97.66 97.16

Rep/Cap 1 0.66 0.00 0.60 0.00

Bacmid 2 1.49 0.64 1.39 2.03

Sf9 genome 3 0.04 0.04 0.05 0.10

Total mapped reads: 99.84 99.58 99.70 99.29

Percentage of mapped reads that are vector
genome:

97.81 99.32 97.95 97.85

Percentage of unmapped reads: 0.16 0.42 0.30 0.71

Capsid-associated DNAwas sequenced and mapped back to the vector genome, Rep/Cap, bacmid, or Sf9 genome. Values are presented as percentage of total sequences that mapped to
a particular target. Percentage of unmapped reads are reported. Unmapped reads were used to BLAST search against the NCBI genome collection and greater than 75% of unmapped
reads mapped to the Shigella sp. PAMC 28750, a Shigella isolate from Antarctic lichens.
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(1:0.7:34 to 1:1:24) (Table 1). We assayed the capsid titer of the
rAAV6 by ELISA and found that both the Bac-RepCap-derived and
SGMOHelper-derived rAAV6 preparations contained 100% full cap-
sids (Table S7). The potency of rAAV6 material was tested by trans-
ducing HepG2 cells using anMOI of 300K, 600K, and 900K. Five days
post-transduction, tissue culture supernatants were assayed for the
presence of a-Gal A activity, as described in the materials and
methods section. Consistent with the previous scaled-up prepara-
tions, 293-derived and SGMO Helper-derived rAAV6 had similar
levels of a-Gal A activity, whereas Bac-RepCap-derived rAAV6 had
reduced a-Gal A activity (Figure S8B). These results demonstrate
that the scaled-up preparations used for long-read sequencing anal-
ysis are similar to the previously described preparations.

Encapsidated DNA from duplicate scaled-up Bac-RepCap and
SGMO Helper-derived rAAV6 preps was interrogated using the
SMRT bell library preparation and PacBio Sequel instrument. Prior
to sequence analysis, AAV preps are treated with Benzonase during
the purification process and DNase I prior to DNA extraction, so
sequence reads should only originate from encapsidated DNA.
Consistent with the short-read sequencing results using small-scale
preps (Table 2), long-read sequencing mapped 97.81% and 97.95%
of reads to the vector genome in rAAV6 preps derived from Bac-
RepCap and 97.85% to 99.32% of reads to the vector genome in
rAAV6 preps derived from the SGMO Helper (Table 3). To identify
contaminating DNA sequences, we compared the sequence reads that
did not map to the vector genome with a panel of expected contam-
inating DNAs, using a workflow where individual sequence reads are
sequentially compared with reference sequences and binned accord-
ing to whether the sequence matches the reference sequence. The first
filter contained the AAV2 Rep and AAV6 Cap genes used to produce
the rAAV6 and mapped 0.60% to 0.66% of reads in samples derived
from Bac-RepCap compared with 0% of reads in samples derived
from the SGMO Helper (Table 3). The second filter contained the
bacmid sequence and mapped 1.39% to 1.49% of reads in samples
derived from Bac-RepCap compared with 0.64% to 2.03% of reads
in samples derived from the SGMO Helper (Table 3). The last filter
was the Sf9 genome and mapped 0.04% to 0.05% of reads in samples
Molec
derived from the Bac-RepCap compared with 0.04% to 0.10% of reads
in samples derived from the SGMO Helper (Table 3). The final anal-
ysis performed a BLAST search using the remaining unmapped reads,
which represented 0.16% to 0.30% of all reads in samples from the
Bac-RepCap and 0.42% to 0.71% of all reads in samples from the
SGMO Helper (Table 3). Results from the BLAST search indicated
that greater than 75% of unmapped reads mapped to the Shigella
sp. PAMC 28750, a Shigella isolate from Antarctica, suggesting a
possible environmental contamination during rAAV production, pu-
rification, or sample preparation for NGS analysis. These results
demonstrate that the SGMO Helper packages AAV vector genomes
with the same fidelity as a previously described Sf9-baculovirus
AAV production system.

In addition to encapsidated DNA, long-read sequencing is purported
to be useful for analyzing vector genomes for the presence or absence
of truncations.31,32 We analyzed sequences that mapped to the vector
genome for truncations and compared the frequency and location of
truncations from AAV produced using the Bac-RepCap or SGMO
Helper. Vector genome reads that contained both ITRs comprised
35% to 37% of the total reads with both the Bac-RepCap and
SGMO Helper-dervied AAVs (Table 4). Vector genomes containing
only the left ITR or right ITR comprised 24% to 28% and 30% to
36% of the total reads with both the Bac-RepCap and SGMO Help-
er-derived AAVs, respectively (Table 4). Vector genomes containing
no ITR or ITR only comprised 2% to 3% or 0.2% to 0.3% of the total
reads with both the Bac-RepCap and SGMO Helper-derived AAVs,
respectively (Table 4). We performed a t test with multiple compari-
sons of each category of truncation to compare AAVs produced using
the Bac-RepCap or SGMOHelper and found there was no significant
difference in ITR content (Table 4). We employed an alternative
method to examine the homogeneity of the packaged vector genomes
by performing alkaline gel electrophoresis on the samples used for
long-read sequencing and compared them qualitatively with
rAAV6 produced with the same vector genome using the 293 cells.
We found there was a prominent band corresponding to the expected
vector genome size for all samples, with no additional prominent
bands consistent with the truncations determined by long-read
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 9
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Table 4. Quantitation of ITR content in sequencing reads that map to the vector genome

Sample Total mapped reads
Both ITR reads
(% total reads)

Left ITR-only reads
(% total reads)

Right ITR-only reads
(% total reads)

No ITR reads
(% total reads)

ITR-only reads
(% total reads)

Bac-RepCap 146,721 52,634 (35.9%) 41,721 (28.4%) 45,138 (30.8%) 5,024 (3.4%) 453 (0.3%)

Bac-RepCap 187,604 69,519 (37.1%) 52,108 (27.8%) 57,551 (30.7%) 6,073 (3.2%) 462 (0.2%)

SGMO Helper 205,347 64,478 (31.4%) 55,963 (27.3%) 75,853 (36.9%) 4,185 (2.0%) 508 (0.2%)

SGMO Helper 152,342 53,898 (35.4%) 37,727 (24.8%) 51,672 (33.9%) 5,838 (3.8%) 368 (0.2%)

Significant?
(t test, alpha = 0.05)

No (p = 0.867) No (p = 0.995) No (p = 0.457) No (p = 0.638) No (p = 0.807)

Values are presented as read count or percentage of the total reads used in this analysis; t tests were used to compare each category of ITR content for each sample.
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sequencing (Figure S9). While the sequencing results demonstrate
there is no significant difference in the number of truncations
observed by long-read sequencing analysis of AAVs produced using
the Bac-RepCap or SGMO Helper, the alkaline gel electrophoresis
analysis suggests that the number of truncations determined by
long-read sequencing may be overestimated.

Truncations mapped using the long-read sequencing data were
further interrogated to determine whether there were specific sites
where truncations may occur at a higher frequency. Indeed, six sites
were associated with truncations at a higher frequency than elsewhere
in the vector genome, all of which corresponded to the ITR sequence.
Truncations were observed at nucleotides 1 and 2,772, which are the
terminal nucleotides of the vector genome (Table 5; Figure S10). Sur-
prisingly, the truncations at these positions occurred in 100% of the
reads, which corresponded to a significant dropoff in read depth in
the ITR termini (Table 5; Figure S10). The remaining four truncations
occurred within the ITR sequence and map to the transition from the
A domain to the B or C domain (nucleotide 27), the transition from
the C0 to B domain or B0 to C domain (nucleotide 46), to a site in the
A0 domain adjacent to the Rep Binding Element (RBE) (nucleotide
74), or to the base of an alternative ITR secondary structure formed
by the D and A0 domains, adjacent to the RBE (nucleotide 2,677) (Ta-
ble 5; Figure S10).34 The frequency of truncation at these positions
ranged from 20% to 36% of the total reads at each position (Table 5).
We performed a t test with multiple comparisons of each truncation
to compare AAVs produced using the Bac-RepCap or SGMO Helper
and found there was no significant difference in the frequency of trun-
cations at each location (Table 5). The above results suggest that there
is no significant difference in capsid content with AAVs produced us-
ing the SGMO Helper compared with the previously described Bac-
RepCap from the Kotin lab.

In vivo testing of rAAV6 derived from the SGMO Helper

We have extensively tested rAAV6 derived from the SGMO Helper
for yield, capsid ratio, and potency using multiple cell lines, vector ge-
nomes, production volumes, and purification methods (Figures 2 and
4). In order to confirm that our observations translate to improve-
ments in in vivo potency, we designed a study to test the potency of
rAAV6 produced using the SGMO Helper in C57/Bl6 mice. For the
in vivo study, we utilized a vector genome that carries the GLA
10 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
cDNA from cynomolgus macaques (cynoGLA) under the control of
a liver-specific promoter. Using the small-scale process, we generated
rAAV6 using Bac-RepCap and the SGMO as well as the HEK293 pro-
duction system. Using the cynoGLA transgene, the yield of rAAV6
from the SGMO Helper was 4-fold higher than the yield of rAAV6
from Bac-RepCap (Table 1). Analysis of rAAV6 by SDS-PAGE and
Coomassie stain showed similar purity and densitometry analysis
indicated that the capsid ratios of rAAV6 from Bac-RepCap
(1:1.5:59) and the SGMO Helper (1:0.9:27) were consistent with pre-
vious observations and demonstrated increased VP1 incorporation
with rAAV6 from the SGMO Helper (Table 1; Figure 5A).

The potency of rAAV6 generated in 293 and Sf9 cells was tested in a
mouse hepatocyte cell line (Hepa1-6) using an MOI of 100K, 300K,
and 600K. Five days post-transduction, tissue culture supernatants
were assayed for GLA enzyme activity. Consistent with our observa-
tions with human hepatocellular carcinoma cell lines and vector ge-
nomes containing either huGLA or huFIX cDNAs, we observed an in-
crease in a-Gal A activity with rAAV6 produced using the SGMO
Helper compared with rAAV6 produced using Bac-RepCap at an
MOI of 300K and 600K (Figure 5B; Table S6). a-Gal A activity was
similar, with rAAV6 produced using the SGMO Helper and rAAV6
produced in 293 cells at an MOI of 300K and 600K. In contrast to
our previous observations, rAAV6 from 293 and Sf9 cells had similar
potency at anMOI of 100K, suggesting that the 100KMOImay repre-
sent the lower limit for quantitation of a-Gal A activity using Hepa1-6
cells.

The same materials from the above analyses were formulated to
deliver a 5E12 vg/kg (low dose) or 2E13 vg/kg (high dose) rAAV6
in mice. Formulated material from the low-dose or high-dose group
was administered to six male C57/Bl6 mice by tail vein injection and
observed immediately post-dose for adverse effects. After 28 days,
mice were euthanized and exsanguinated. Blood samples were ali-
quoted, frozen, and transferred to SGMO Therapeutics for analysis.
Blood samples were diluted using 1X PBS and assayed for a-Gal A ac-
tivity as described in thematerials andmethods section. The 293, Bac-
RepCap, and the SGMOHelper low-dose groups had similar levels of
a-Gal A activity, while the 293 and SGMO Helper high-dose groups
had higher levels of a-Gal A activity compared with the Bac-RepCap
high-dose group (Figure 5C). Statistical analysis using a two-way
24



Table 5. Mapping of long-read sequencing truncations to the vector genome

Nucleotide position (1–2,772) Bac-RepCap Bac-RepCap SGMO Helper SGMO Helper Significant? (t test)

2,772 107,421 (100%) 137,442 (100%) 173,535 (100%) 124,655 (100%) No (p = 0.451)

2,677 76,927 (35%) 106,331 (36%) 121,382 (35%) 94,742 (36%) No (p = 0.495)

1 68,183 (100%) 88,652 (100%) 91,370 (100%) 68,655 (100%) No (p = 0.926)

74 59,316 (29%) 79,540 (30%) 81,865 (30%) 62,415 (30%) No (p = 0.865)

46 29,130 (20%) 38,902 (21%) 38,299 (21%) 31,084 (21%) No (p = 0.922)

27 28,626 (29%) 34,801 (28%) 34,849 (27%) 28,627 (29%) No (p = 0.996)

The top six truncations identified by long-read sequencing are included and the frequency of each truncation is reported. The percentage of truncations vs. total reads at each position is
reported in parentheses; t tests were used to compare the frequency of truncations in each sample.
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ANOVA and Tukey’s multiple comparisons demonstrated that there
was no significant difference in a-Gal A activity in the 293 and SGMO
Helper high-dose groups, whereas there was a significant difference in
a-Gal A activity between 293 and Bac-RepCap high-dose groups
(p = 0.0018). Although a-Gal A activity was higher with the SGMO
Helper high-dose group compared with the Bac-RepCap high-dose
group, the results were not statistically significant (p = 0.298). The
data demonstrate that the improvements in potency observed with
in vitro testing is consistent with observations in vivo and confirm
that the SGMO Helper produces rAAV6 with comparable potency
to 293-derived rAAV6.

DISCUSSION
We have described the development and testing of the SGMOHelper,
a novel helper system for AAV6 production in Sf9 cells capable of
producing higher yields and improved potency compared with the
Bac-RepCap developed in the Kotin lab. In addition to separating
the ORFs for the Rep and Cap proteins, the SGMO Helper incorpo-
rates several improvements: an ACG start codon and strong Kozak
context for VP1 translation, incorporation of the AAV2 PLA2
domain into the AAV6 capsid protein, and the removal of a baculo-
virus-specific proteolytic cleavage site in the VP1 and VP2 unique re-
gions. We found these modifications improved yield using small-scale
and mid-scale production processes, demonstrating that the SGMO
Helper is a scalable system for AAV production. The elimination of
the baculovirus-specific proteolytic cleavage leads to production of
more consistent capsids that preserve the complete VP1 protein,
including the PLA2 domain required for endosomal escape. Consis-
tent with other published studies, the increased incorporation of
intact VP1 into capsids observed with the SGMO Helper correlates
with an increase in potency.6–11,20,21 We observed increases in both
in vitro and in vivo potency, suggesting that our improvements
have the potential to translate to clinical improvements. While we
did not examine the relative biodistribution of Bac-RepCap and
SGMO Helper rAAV6, no changes were made to the VP3 sequence
in the SGMO Helper, so the PLA2 domain and AAV9 transplant
are unlikely to impact the tissue tropism. Indeed, multiple structural
studies have shown that the outward facing amino acid residues of the
capsid are from the common VP3 sequence shared by all three VP
proteins.15,35,36 Furthermore, genetic studies where sequences from
different serotypes are swapped also demonstrate that in vivo tissue
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tropism is primarily driven by VP3 sequences.37,38 Last, we demon-
strated that the SGMO Helper system is genetically stable over serial
passaging, with no differences in potency observed with rAAV6 pro-
duced using early, mid, or late passage BIICs, although decreases in
AAV productivity and Rep and Cap protein expression were
observed. We have performed head-to-head comparisons using an
AAV9 capsid in the Bac-RepCap and SGMO Helper gene architec-
tures and observed similar improvements to yield, capsid ratio, and
potency (manuscript in preparation).

Sequence analysis of the encapsidated DNA demonstrated that the
Bac-RepCap and SGMO Helpers produce capsids with similar pro-
files of non-vector DNA and vector genomes. While sequencing of
encapsidated DNA is useful for characterization of capsid content,
sequencing data for vector genome integrity must be interpreted
with caution.39 The short-read sequencing method used for this pub-
lication relies on PCR amplification during the library preparation,
which could introduce bias into the library, and does not provide sin-
gle molecule resolution.40,41 Long-read sequencing provides single
molecule resolution, but also relies on complex library preparation
that requires annealing of negative and positive strand copies of the
vector genomes, introducing potential template bias from either
strand. The problem with introduced template bias is of particular
concern since the predominant sequence remains constant (pro-
moter, transgene, and polyA signal), but the ITRs vary in their flip
and flop orientation. A mismatch of the flip and flop orientations
would lead to imperfect sequence complementarity in the ITRs that
could be impacted by the library preparation or sequencing process.
The library preparation requires enzymatic treatments to repair
DNA damage, resection, or fill-in of DNA overhangs, A-tailing,
and ligation, all of which can lead to the introduction of non-tem-
plated nucleotides during DNA repair, removal, or addition of extra-
neous nucleotides during end repair, or ligation of multiple vector
genomes. Indeed, a recent publication examining the accuracy of
long-read sequencing of mRNA transcript termini demonstrated in-
consistencies with long-read sequencing data of well-annotated tran-
scripts, which could also apply to single-stranded DNA species con-
taining complex secondary structures at their termini.42 Last, it is
critical to demonstrate the relevance of these sequence analyses to
AAV biology using orthogonal techniques that analyze vector
genome integrity and potency. The complex secondary structures in
lar Therapy: Methods & Clinical Development Vol. 32 June 2024 11
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Figure 5. Testing of AAV6 produced using Bac-RepCap and the SGMO

Helper for in vivo potency

(A) SDS-PAGE and Coomassie blue stained gel of purified AAV6. The individual Cap

(VP1, VP2, and VP3) proteins are indicated on the panel. The proteolytic cleavage

fragment observed with AAV6 produced using Bac-RepCap is indicated by an

asterisk. AAV8 produced using the 293 production system (293 Reference) was

also included for comparison. The capsid ratio for each production run is reported in

Table 1.

(B) In vitro potency of AAV6 produced using 293 cells or Sf9 cells (Bac-RepCap

and SGMO Helper) on Hepa1-6 cells. Hepa1-6 cells were transduced using the

indicated MOI and, after 5 days, cell supernatants were assayed for a-Gal A

activity. The nmol/h/mL a-Gal A activity was calculated based on fluorescent

activity using a standard curve. Each virus sample was assessed for potency in

triplicate, with each of the replicates being assayed in duplicate, and the

standard deviation of the six data points was used to plot error bars. (C) Mouse

plasma levels of a-Gal A activity from mice dosed with 5E+12 vg/kg or 2E+13
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the ITRs could cause deletion of those sequences during library prep-
aration or sequencing and be the root cause of the left and right ITR-
only reads detected by long-read sequencing (Table 4). Indeed, while
the long-read sequencing data suggest the presence of vector genomes
containing ITR deletions in both the Bac-RepCap and SGMO Helper
AAV preparations (Tables 4 and 5), the potency of the AAV from the
SGMOHelper is significantly higher than the AAV from Bac-RepCap
and similar to AAV produced using 293 cells (Figure S8). Since the
only measurable difference between the preparations is the capsid ra-
tio and potency (Table 1; Figure S8), but the ITR content is similar
(Tables 4 and 5), the capsid ratio is more likely to influence AAV po-
tency in this case than the presence/absence of ITRs or sequence trun-
cations. To date, studies applying long-read sequencing techniques to
AAV vector genomes have not utilized orthogonal techniques to
examine AAV vector quality other than DNA gel electrophoresis,
thus lack the data to correlate vector sequence and potency.31,32 These
results highlight the need to interpret AAV sequencing results with
caution, as well as the need for purpose-built technology for
sequencing individual vector genomes with high fidelity.

The utility of the Sf9-baculovirus system for AAV production is now
well-established, but differences in the gene architecture of each sys-
tem can impact yield and potency. Early efforts to produce AAV in
Sf9 cells utilized up to five baculoviruses to deliver the Rep and Cap
genes in addition to the vector genome (reviewed in Lubelski
et al.43). One version suffered from genetic instability over time due
to the presence of tandem Rep sequences that led to recombination
and deletion of the Rep genes.5 We have avoided this issue by placing
the Rep genes on separate baculoviruses, preventing recombination
events from occurring during cloning or passaging of the baculovirus.
In contrast to the Urabe et al.. baculovirus system, the improved ba-
culovirus production system (here referred to as the Bac-RepCap) was
shown to be genetically stable but relied on a leaky scanning mecha-
nism to express the Rep and Cap proteins.5 As a result, the amount of
VP1 translation directly impacts the amount of VP3 translation,
limiting the ability to increase VP1 incorporation without decreasing
VP3 incorporation and reducing total AAV yield.9 The SGMOHelper
improves the ability to fine-tune the level of VP1 expression by main-
taining the VP1 gene on a separate baculovirus from the VP2/3 gene
while maintaining AAV yield.

Manufacturing of commercialized AAV products has so far been
limited to natural AAV serotypes (AAV1, AAV2, and AAV9), but ad-
vances in AAV engineering demand greater flexibility for
manufacturing of non-natural capsids. Mammalian cell AAV produc-
tion relies on RepCap plasmids that utilize a combination of alterna-
tive promoters, RNA splicing, and leaky ribosomal scanning to
vg/kg of 293 AAV6 or Sf9 AAV6 produced using Bac-RepCap or the SGMO

Helper. Twenty-eight days post-administration, mice were euthanized and

plasma samples were collected to assay for a-Gal A activity. The nmol/h/mL

a-Gal A activity was calculated based on fluorescent activity using a standard

curve. p values were calculated using a two-way ANOVA with Tukey’s multiple

comparisons test (**** = p < 0.0001).
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express the full complement of Rep or Cap proteins from overlapping
ORFs, whereas the Bac-RepCap developed in the Kotin lab for AAV
production in Sf9 cells utilizes leaky ribosomal scanning from over-
lapping ORFs to express Rep and Cap proteins.1,5 In both cases, the
overlapping ORFs limit the ability to make modifications to an indi-
vidual Rep or Cap protein. Separating the ORFs for the VP1 and VP2/
3 genes increases the flexibility of the Sf9-baculovirus production sys-
tem, providing a platform for the generation of mosaic capsids, where
Cap proteins from different serotypes are used to assemble AAV cap-
sids, deletion of VP2 to assemble capsids containing only VP1 and
VP3, incorporation of VP2 proteins with N-terminal fusions, or
domain insertion into VP1 only.38,44–49 The separation of the
Rep78 and Rep52 genes provides additional options for modification.
Indeed, a recent study suggests that mosaic AAV2 Rep proteins con-
taining Rep78 sequences from serotypes 1, 6, and 8 reduce the per-
centage of empty capsids in rAAV preparations.50 In addition, the
timing and level of Rep expression can be modulated to optimize
rAAV production, either by modifying the translation start context
or by using alternative baculovirus or insect promoters.

In summary, the SGMO Helper offers distinct advantages over exist-
ing Sf9-baculovirus systems for AAV production by providing
improved yields and potency. Indeed, the utility of the system for pro-
duction of diverse AAV serotypes is an active area of investigation.
Furthermore, the gene architecture of the SGMO Helper lends itself
to production of engineered AAVs by increasing options for modifi-
cation of the Rep and Cap expression cassettes.

MATERIALS AND METHODS
Cell lines

Sf9 cells were obtained from ThermoFisher Scientific (12659017) and
maintained in Sf-900 III SFM media according to the manufacturer’s
recommendation. HepG2 (HB-8065) and Hepa1-6 (CRL-1830) cells
were obtained from ATCC and HuH-7 cells were obtained from
the JCRB Cell Bank (JCRB0403). Mammalian cell lines were main-
tained in DMEM (Corning) supplemented with 10% fetal bovine
serum (Seradigm).

Transfer vector and bacmid generation

The pFastBac Dual Expression Vector was purchased from
ThermoFisher. Site-directed mutagenesis primers (For: CTCGTTC
GCCTGCAGGACAGAA, Rev: TTCTGTCCTGCAGGCGAACG
AG) were used to create an SbfI restriction site downstream of the
HSV tk poly A site. The newly formed plasmid was then digested
with BamHI for 60 min at 37 �C and column purified with Qiagen
PCR Purification Kit. IDT synthesized Rep52 and Rep78 were then
cloned into the digested fragment using Takara’s Infusion Assembly
kit, transformed into competent DH5 alpha cells, and plated on LB-
Amp. Colonies were selected and plasmid DNA isolated using Qiagen
Miniprep kit and subsequently sequenced with Illumina Nextera XT
Library. Positive clones were then digested with XmaI and purified
using Qiagen PCR Purification Kit. VP1 was then cloned into the
Rep52 construct and VP2/3 was cloned into the Rep78 construct us-
ing Takara’s Infusion Assembly kit. Colonies were selected and
Molecu
plasmid DNA was obtained using Qiagen Mini-prep kit and
sequenced with Illumina XT Library. Positive sequenced clones
were selected and banked. The Rep52/VP1 plasmid was then digested
with SbfI and the vector genome was cloned using T4 DNA Ligase
(New England Biolabs). Colonies were once again selected, grown
in LB-Amp, plasmid purified, and sequenced. The resulting transfer
plasmids were used to generate bacmids by transformation of
DH10Bac cells (ThermoFisher) according to the manufacturer’s pro-
tocol. Positive clones identified by blue/white screening were grown
in LB-Kan media and prepared according to the manufacturer’s pro-
tocol. Prepared bacmids were sequence confirmed and used to
generate baculovirus as described below.

Baculovirus and BIIC production

Recombinant baculovirus was generated by transfection of Sf9 cells
using the TransIT-Insect transfection reagent (Mirus Bio) according
to the manufacturer’s instructions. Seventy-two hours post-transfec-
tion, the baculovirus infectious titer was determined using the
BacPAK Baculovirus Rapid Titer Kit (Takara Bio). BIIC production
was performed as described in Wasilko and Lee.23 Briefly, naive Sf9
cells were infected with baculovirus using an MOI of 0.1 and, after
72 h, assayed for greater than 2-mm increase in cell diameter using
a Countess Cell Counter (ThermoFisher). BIIC cultures that showed
a greater than 2-mm increase in cell diameter were harvested and
frozen in medium containing fresh Sf-900 III SFM media
(ThermoFisher), 10% DMSO (Sigma), and 10 mg/mL recombinant
human serum albumin (Sigma) using a Mr. Frosty freezing container
(ThermoFisher).

Serial passaging of baculovirus

Serial passaging of baculovirus was performed by thawing of BIIC,
diluting 1:100 in fresh media, and inoculating a naive culture of Sf9
cells with a 1:100 volume of diluted BIIC. After 72 h, a 1-mL sample
of the culture was harvested for sequencing and western blot analysis.
In addition, a 1:100 volume was used to inoculate a fresh naive culture
of Sf9 cells. This process was repeated for six passages and sequencing
and western blot analysis was performed for each passage. Superna-
tant from passages three and six was used to generate BIICs, as
described above. The BIICs from passages three and six were used
to initiate AAV production, as described below.

AAV production

To initiate AAV production, naive Sf9 cells were inoculated with
BIICs derived from the Rep78-VP2/3 Helper and the Rep52-VP1
Helper containing an AAV vector genome. After 6 days, cells were
collected by centrifugation, resuspended in TMS (50 mM Tris,
150 mM NaCl, 2 mMMgCl2) and freeze/thawed three times by incu-
bation in a dry ice-ethanol bath and 37 �C waterbath. Crude viral
lysate was treated with Denarase nuclease (c-LEcta), clarified by
centrifugation and precipitated by the addition of PEG/NaCl (31%
PEG-8000, 2MNaCl) and incubation on ice. Precipitate was collected
by centrifugation, the pellet was resuspended in HSS (50 mMHEPES,
1.15 M NaCl, 20 mM EDTA), and the suspension was applied to a
CsCl density gradient composed of 1.3 g/cm2 and 1.5 g/cm2 CsCl
lar Therapy: Methods & Clinical Development Vol. 32 June 2024 13
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in 1XDPBS. The gradient was centrifuged for 18 h at 28,000 rpm and
the AAV band was collected and dialyzed into formulation buffer
(1XDPBS, 1% sucrose, 0.05% Kolliphor, 35 mM NaCl, pH 7.1).

AAV titering

Five microliters of purified virus was added to 45 mL of DNase I mix
(ThermoFisher) and incubated at 37 �C for 60 min. The samples were
then diluted in 1x GeneAmp PCR Buffer (ThermoFisher) at three
different dilutions. Twenty microliters of the diluted samples was
added to the TaqMan Universal Master Mix (ThermoFisher) in a
96-well plate with a gene-specific primer probe alongside a quantita-
tive standard curve. Plates were sealed and samples were heated to 50
�C for 2 min, denatured at 95 �C for 10 min, and followed by 40 cycles
(95 �C for 15 s, 60 �C for 1 min) in the QuantStudio 3 Real-Time PCR
System (ThermoFisher). Analysis was performed using QuantStudio
Design and Analysis software, back-calculating for the dilution factor.

SDS-PAGE and Coomassie staining

AAV samples were analyzed by SDS-PAGE and Coomassie staining by
combining approximately 2E11 vg with NuPAGE LDS Sample Buffer
(ThermoFisher) and Sample Reducing Agent (ThermoFisher) and
incubating at 95 �C. Samples were loaded on NuPAGE 4%–12%,
Bis-Tris gels (ThermoFisher) along with the SeeBlue Plus 2 Pre-stained
protein standard (ThermoFisher) and electrophoresed for 100 min at
120 V. Gels were removed and stained using the SimplyBlue SafeStain
(ThermoFisher) according to the rapid staining protocol. Stained gels
were imaged using a Bio-Rad ChemiDoc Imaging System and analyzed
using the Image Lab Software package (Bio-Rad Laboratories).

CE-SDS analysis

AAV samples (1.25E12 vg per sample) were run on theMaurice instru-
ment (ProteinSimple) according to the manufacturer’s instructions.
The area under the curve for the peaks corresponding to VP1, VP2,
and VP3 was determined and used to calculate the capsid ratio.

Capsid ELISA

The capsid titer was determined using an AAV6-specific capture
ELISA (ProGen Biotechnik) according to the manufacturer’s instruc-
tions. The vg:capsid ratio was calculated by dividing the vg titer (vg/
mL) by the capsid titer (capsid/mL).

Western blot analysis

Cell pellets were collected, lysed using RIPA buffer (Sigma), and clar-
ified by centrifugation. Samples were combined with NuPAGE LDS
Sample Buffer (ThermoFisher) and Sample Reducing Agent
(ThermoFisher) and incubated at 95 �C. Samples were loaded on
NuPAGE 4%–12%, Bis-Tris gels (ThermoFisher) along with the
SeeBlue Plus 2 Pre-stained protein standard (ThermoFisher) and
electrophoresed for 100 min at 120 V. Gels were transferred to
PVDF membranes using an iBlot 2 Gel Transfer Device
(ThermoFisher) according to the manufacturer’s protocol. Mem-
branes were probed using either an antibody to AAV Rep protein
(clone 259.5, American Research Products, Inc.) or AAV Cap protein
(B1, Progen Biotechnik) and detected using a DyLight800-tagged goat
14 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
anti-mouse secondary antibody (ThermoFisher). Membranes were
imaged using a Bio-Rad ChemiDoc Imaging System (Bio-Rad
Laboratories).

Sequencing of transfer vectors, bacmids, baculoviruses, and

AAV

Transfer vectors and bacmids were prepared for sequencing using the
Illumina Nextera XT kit according to the manufacturer’s instructions.
For baculoviruses and DNA from AAV preparations, samples were
extracted using the Qiagen Blood and Tissue Kit Spin-Column proto-
col for Animal Blood or Cells, then prepared for sequencing using the
Illumina Nextera XT kit. Nextera sample libraries were quantitated
using a Qubit according to the manufacturer’s instructions, then
diluted and loaded onto an Illumina Miseq according to manufac-
turer’s instructions.

Mapping of DNA contaminants in AAV preparations

Briefly, demultiplexed sample reads were adapter trimmed using
trim_galore (0.6.6) to remove Nextera adapter sequence, filtered for
sequence length R50 base pairs (bp), and quality filtered such that
all quality scores are R20 using a custom python script. R1 reads
were then sequentially aligned using bowtie2 in end-to-end mode
vs. a variety of possible nucleic acid contaminant templates.51 At
each step, hits (defined as reads aligning end-to-end with at least
92% of the read bases aligning, and with an edit distance of less
than 8% of length) are removed, and all other reads proceed to align-
ment against the next template, for all templates in the alignment list.
The reason for not using a single merged target database is to avoid
multimapped alignments. Reads that might align perfectly to multiple
templates during the process will be counted as originating from the
first template aligned against (e.g., a transgene segment that has ho-
mology to a human gene will be counted as aligning to the transgene
if it is first in alignment order). Chimeric reads (e.g., 50-bp transgene,
50-bp foreign DNA) will not be counted as hits and will remain in the
unmapped portion of reads after all alignments are complete, as will
reads arising from a contaminant not in the alignment list.

Long-read sequencing of encapsidated DNA

Viral DNA extraction, library preparations, sequencing reactions, and
bioinformatics analysis were conducted at Azenta Life Sciences.
(South Plainfield, NJ, USA).

Alkaline gel electrophoresis

Samples (2E11 vg total) were combined with 6X Purple Loading
Buffer (New England Biolabs) and 10X alkaline buffer (500 mM
NaOH, 10 mM EDTA), heated to 95 �C and cooled to room temper-
ature. Samples were run on a 1% agarose gel in 1X alkaline gel buffer
overnight at 20 V. The gel was neutralized in 1X TAE (ThermoFisher)
for 30 min, stained with ethidium bromide (Sigma) and visualized us-
ing a Bio-Rad ChemiDoc Imaging System (Bio-Rad Laboratories).

In vitro potency assay

For the a-galactosidase A (GLA) potency assay, HepG2, HuH-7, or
Hepa1-6 cells were plated at a sub-confluent density in 96-well plates
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and incubated overnight. Cells were transduced using the indicated
MOI and incubated for 6 days. Cell supernatants were collected
and the GLA activity was detected by incubating with 5 mM
4-Methylumbelliferyl-a- D-galactopyranoside (Sigma) for 1 h at 37
�C, the reaction was stopped by the addition of 0.5 M Glycine, pH
10.7, and the fluorescent signal was detected using a fluorescent plate
reader. The fluorescent signal was converted to nmol/h/mL using a
standard curve derived from an 8-point 2X dilution of 1 mM
4-Methylumbelliferyl (Sigma).

For the FIX potency assay, HepG2 cells were plated at a sub-confluent
density in 48-well plates and incubated overnight. Cells were trans-
duced at an MOI of 1E06 vg/cell and incubated for 6 days. Cell super-
natants were collected and the FIX level was determined using the
VisuLize Factor IX Antigen Kit (Affinity Biologicals, Inc.) according
to the manufacturer’s instructions.
Mouse study

The study complied with all applicable sections of the current version
of the Final Rules of the Animal Welfare Act regulations (CFR, Title
9), and the Guide for the Care and Use of Laboratory Animals, Insti-
tute for Laboratory Animal Research, National Research Council,
Eighth Edition. The study did not unnecessarily duplicate previous
experiments and the sponsor did consider alternatives to the use of
live animals. Procedures used in the study were designed with the
consideration of the well-being of the animals. The protocol and
any amendments or procedures involving the care or use of animals
in the study were reviewed and approved by the Testing Facilities
Institutional Animal Care and Use Committee (IACUC) before the
initiation of such procedures. Test articles formulated at the indicated
concentration were administered to male wild-type C57BL/6 mice by
tail vein injection. All mice were euthanized at 29-days post-admin-
istration and plasma samples were collected at necropsy. Plasma sam-
ples were diluted in 1XDPBS and assayed for GLA activity, as
described above.
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