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The recombinant adeno-associated virus (AAV) vector is one of
the most utilized viral vectors in gene therapy due to its robust,
long-term in vivo transgene expression and low toxicity. One
major hurdle for clinical AAV applications is large-scale
manufacturing. In this regard, the baculovirus-based AAV pro-
duction system is highly attractive due to its scalability and pre-
dictable biosafety. Here, we describe a simple method to
improve the baculovirus-based AAV production using the Ex-
piSf Baculovirus Expression System with a chemically defined
medium for suspension culture of high-density ExpiSf9 cells.
Baculovirus-infected ExpiSf9 cells produced up to 5 � 1011

genome copies of highly purified AAV vectors per 1 mL of sus-
pension culture, which is up to a 19-fold higher yield than the
titers we obtained from the conventional Sf9 cell-based system.
When mice were administered the same dose of AAV vectors,
we saw comparable transduction efficiency and bio-
distributions between the vectors made in ExpiSf9 and Sf9 cells.
Thus, the ExpiSf Baculovirus Expression Systemwould support
facile and scalable AAV manufacturing amenable for preclini-
cal and clinical applications.
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INTRODUCTION
Adeno-associated virus (AAV)-based vectors have been established as
a safe and robust gene transfer vehicle for efficient transgene delivery
in vitro and in vivo.1 The recent US Food and Drug Administration
(FDA) approvals of clinical AAV products, Luxturna and Zolgensma,
further represent the clinical success of this technology.2,3 On the
other hand, Luxturna and Zolgensma are currently the two most
expensive drugs on the market, with the cost of large-scale
manufacturing of AAV vectors being one of the major contributors.

Traditionally, helper-free AAV vectors have been made by transient
transfection of human embryonic kidney (HEK)293 cells with three
plasmids carrying the following: (1) AAV genome transfer vector, (2)
AAV Cap and Rep genes encoding the capsid and replication proteins,
and (3) adenoviral helper functions.4,5 Although this system is conve-
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nient for optimizing AAV vectors at laboratory scale, large-scale
manufacturing is challenging, mainly due to the transfection process.6

One option to overcome the scalability issue is to use the well-estab-
lished baculovirus expression system that has been used to produce
various recombinant proteins in insect cells, including clinical-grade
products, like Cervarix and Flublok.7–9 Several factors make this
system highly attractive as a clinically applicable, large-scale AAV
vector-production platform.10 First, infection of insect cells with ba-
culoviral vectors carrying the AAV vector genome and AAV Cap
and Rep proteins allows for transfection-free AAV vector production.
Second, Spodoptera frugiperda Sf9 cells are grown in suspension in
serum-free media and can reach higher cell densities than HEK293
cells. Third, Sf9 cells do not support the replication of potentially
contaminating human agents. Lastly, baculoviruses cannot replicate
in humans. These characteristics increase the biosafety profile of
Sf9-derived AAV vectors for preclinical and clinical applications.
Indeed, this insect cell-based expression system was used for the
AAV gene-therapy drug Glybera, which was approved by the Euro-
pean Medicines Agency (EMA) in 2012.11

The use of baculoviruses to produce infectious AAV in insect cells was
reported by Dr. Kotin’s group12 in 2002. Briefly, Sf9 cells were in-
fected with three different recombinant baculoviruses to produce
AAV2: one containing the AAV2 Rep gene, another containing the
AAV2 Cap gene, and the last containing the transgene cassette
flanked by the AAV2 inverted terminal repeat (ITR) elements. In
the following years, further modifications were made to both simplify
and improve the stability of the system by placing the Rep and Cap
genes into one dual cassette and removing homologous regions in
the Rep construct.13 This improved system uses attenuated start
ber 2020 ª 2020 The Authors.
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Figure 1. Design of Constructs and Confirmation of

Infectivity

(A) The packaging construct (top) containing both the AAV2

Rep and Cap genes from AAV2, AAV8, or AAV9 were cloned

into a pFastBac Dual vector. The Cap cassette is driven by

the p10 promoter and contains the herpes simplex virus

(HSV) thymidine kinase (tk) polyadenylation signal (pA). The

Rep cassette is driven by the polyhedrin promoter (pH) and

contains the simian virus 40 (SV40) pA. The transgene

construct (bottom) contains either the ZsGreen or luciferase

gene, which is driven by the cytomegalovirus (CMV) pro-

moter. It also contains a beta-globin (B-globin) intron and a

human growth hormone (hGH) pA signal. Lastly, the trans-

gene cassette is flanked by the AAV2 inverted terminal repeat

(ITR). (B) Purified AAV2 containing the ZsGreen transgene

cassette was used to infect 293T cells at an MOI of 200. The

cells were then imaged for ZsGreen expression 48 h post-

infection. (C) Purified baculovirus containing the ZsGreen

transgene cassette only was used to infect 293T cells at an

MOI of 200. The cells were then imaged for ZsGreen

expression 48 h postinfection.
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codons for both VP1 and Rep78 to utilize “leaky scanning” of
the ribosome and promote translation of the downstream prod-
ucts.14–16 Other modifications were also made in between the
Rep78 and Rep52 start codons.

Recently, Thermo Fisher Scientific developed the ExpiSf Baculovirus
Expression System, which is the first-ever, clinically applicable, chem-
ically defined (CD) insect protein expression system, which can
achieve a 3� higher protein yield.17 In this study, we assessed AAV
production in the ExpiSf Baculovirus Expression System. With the
same baculoviral stocks, we infected both Sf9 and ExpiSf9 cells with
the same multiplicity of infection (MOI) to compare the differences
in AAV vector yield. In addition, we characterized the purified
AAVs from both cell lines in vitro and in vivo for their transduction
efficiency.
Molecular Therapy: Methods & C
RESULTS
Generation of a Baculovirus and Sf9 Cell-

Based AAV Production System

We designed and generated baculovirus constructs
as shown in Figure 1A. Specifically, our two baculo-
viral vectors harbor either the transgene cassette
flanked by the AAV2 ITRs or the AAV2 Rep
(Rep2) and Cap genes of various serotypes with
attenuated start codons for both VP1 and Rep78 to
utilize leaky scanning of the ribosome and promote
translation of the downstream products, as previ-
ously reported.13 After expansion of the baculovi-
ruses in Sf9 cells, we obtained titers of approximately
1–2� 108plaque formingunits (PFUs)permilliliter.

Next, we verified that the rescued baculoviruses
had the capacity of AAV vector production.
3 days after infection of Sf9 cells with the Rep- and Cap-carrying
and AAV2 vector genome-carrying baculoviruses at MOIs of 1 for
both, we harvested the cells. The cell-associated AAV vectors were
purified through density gradient ultracentrifugation.18 When we in-
fected HEK293T cells with the purified AAV2 containing the
ZsGreen transgene cassette, we found ZsGreen transduction (Fig-
ure 1B). In order to rule out the possibility that the ZsGreen expres-
sion may be coming from the transgene-containing baculovirus itself,
we infected Sf9 cells with the ZsGreen-containing baculovirus only.
After 72 h postinfection, we harvested the cells and purified the
cell-associated baculovirus in a similar fashion as above. We then in-
fected HEK293T cells with the purified baculovirus containing
ZsGreen with the same MOI as above and found no ZsGreen trans-
duction (Figure 1C). Thus, we demonstrated successful AAV vector
production from our baculoviral expression system.
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Figure 2. Optimization of AAV Production in ExpiSf Expression System

(A) Infection with varying cell densities (cells/mL) at the time of infection was tested using anMOI of 1 per baculovirus (left panel). qPCRwas used tomeasure the viral genomes

per milliliter (vg/mL) of each sample. Percentage of viable cells (% viability) wasmonitored during the optimization of the cell density (right panel). (B) Infection with varyingMOIs

of the baculoviruses was tested using a cell density of 5� 106 cells/mL (left panel). qPCR was used to measure the titers (vg/mL). Percentage of viable cells (% viability) was

monitored during the optimization of the MOI (right panel). (C) Infection with varying MOIs of the baculoviruses was tested using a cell density of 5� 106 cells/mL (left panel).

(legend continued on next page)
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Optimization of AAV Production in ExpiSf9 Cells

We next evaluated the potential of using high-density ExpiSf9 cells for
improved AAV vector production. To optimize the AAV production
conditions in ExpiSf9 cells, we determined the impact of cell density,
AAV vector harvest time, and baculoviral MOIs on AAV vector
yields. Overall, our results showed that the 72-h time point, a cell den-
sity of 5 � 106 cells/mL (Figure 2A, left panel), and an MOI of 1 per
baculovirus (Figure 2B, left panel) were optimal. Lower cell densities
and higher MOI were associated with reduced cell viabilities (Figures
2A and 2B, right panels). Although the AAV genome copy titers were
the highest at 96 h postinfection for MOIsR5 (Figure 2C, left panel),
the in vitro infectivity of the AAVs declined after 72 h (Figure 2D).
Data comparing the 24-, 72-, and 96-h harvest times with varying
cell densities are shown in Figure S1.
Significant Increase in AAV Vector Production in ExpiSf9 Cells

Next,we compared theAAVvector productivity in Sf9 andExpiSf9 cells
using the same baculoviral stocks. 3 days after baculoviral infection at
MOIs of 1, we harvested cells, and the cell-associated AAV vectors
were then purified with two rounds of ultracentrifugation on an iodix-
anol gradient.18 Measurement of the AAV genome copy numbers by
qPCR demonstrated a significant 7- to 19-fold increase in AAV vector
yieldswhenproduced in theExpiSf systemas compared to Sf9 cells (Fig-
ure 3A).We also determined the infectivity of the purified, ZsGreen-ex-
pressing AAV vectors via flow cytometry. When Ad293 cells were in-
fected by AAV vectors at an MOI of 1,000 for AAV2 and 100,000 for
AAV8 and AAV9, all three tested serotypes showed comparable
ZsGreen transduction efficiency, with marginally reduced infectivity
with ExpiSf9-derived vectors for AAV8 and AAV9 (Figure 3B).

In addition to comparing the two insect cell-based systems, we also
compared the in vitro infectivity with mammalian cell-derived
AAV9. The results showed the Ad293-derived AAV9 had slightly
lower infectivity when compared to the insect cell-derived AAV9
(Figure 3C). Comparisons of the yields per cell of the three cell lines
tested are shown in Figure 3D.
Characterization of the VP1, VP2, and VP3 Ratios of Sf9- and

ExpiSf9-Derived AAV Particles

When Sf9- and ExpiSf9-derived AAV8 and AAV9 vectors were
analyzed by SDS-PAGE, we found comparable VP1, VP2, and VP3
expression between the vectors from the two cell lines (Figure 4A).
To further characterize the AAV capsid ratios of the purified AAV
preparations, capillary electrophoresis sodium dodecyl sulfate (CE-
SDS) was used to analyze the VP1, VP2, and VP3 ratios of our puri-
fied AAV9 preparations from both Sf9 and ExpiSf9 cells. The results
showed that the capsid ratios of AAV9 produced in the two cell lines
were indeed similar (Figure 4B).
Samples were taken at 48 h, 72 h, and 96 h postinfection. qPCR was used to measure

optimization of the MOI and harvest time (right panel). For statistical analysis, each con

produced with varying baculoviral MOIs were harvested at 48 h, 72 h, and 96 h postinfe

The percentage of ZsGreen-positive cells was measured by flow cytometry. Statistical

point. *p < 0.05, **p < 0.005.
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Analytical Ultracentrifugation of Purified AAV9 Preparations

from ExpiSf9 Cells Identifies Predominantly Full Capsids

In order to further assess the quality of the purified AAV vector prep-
arations, we analyzed the amount of full and empty AAV capsids of
AAV9 produced in the ExpiSf system by analytical ultracentrifuga-
tion (AUC).19 As a control, we generated empty AAV9 capsid parti-
cles by infecting ExpiSf9 cells with the Rep2 and AAV9 Cap baculo-
virus alone. We first analyzed purified empty AAV9 capsids on the
AUC using interference optics to find the lower sedimentation coef-
ficient boundary (Figure 5A). Next, we ran AAV9 preparations made
with coinfection of baculoviral vector with ZsGreen (Figure 5B). The
results showed that the AAV9 preparation was predominately full,
with the percentage of full AAV particles being approximately 75%.

To check the genome integrity of our AAV preparations produced in
ExpiSf9 cells, we used next-generation sequencing (NGS) to charac-
terize AAV9 (Figure 5C). The results showed that our AAV9 vectors
contain the intact AAV genome, with no major truncations or inser-
tions. In addition, we isolated the DNA from AAV9 derived from
either Sf9 or ExpiSf9 cells and ran an alkaline gel. We found similar
band patterns for both samples, with the most prominent band being
the predictedmonomeric single-stranded DNA (ssDNA) genome size
of ~2.6 kilobase (kb) pairs. We also detected the dimeric form in both
samples (~5.2 kb) (Figure 5D, left panel). To detect for any major
truncated forms of AAV genomic DNA, we also loaded the wells
with high amounts of DNA (Figure 5D, right panel). We
predominantly saw monomeric ssDNA and dimeric forms and no
major truncated forms, which supported our NGS results (Figure 5C).
The ExpiSf9-Derived AAV9 Vector Shows In Vivo Transduction

Efficiency and Biodistribution Comparable to the Sf9-Derived

AAV9 Vector

Finally, we tested the transduction efficiency of luciferase-expressing
AAV9 vectors from the two cell lines in mice. We infected C57BL/6
mice intravenously with the AAV9 vectors at 2� 1011 vector genomes
per mouse. The noninvasive In Vivo Imaging System (IVIS) was used
to visualize luciferase expression at days 7 and 14 post-transduction.
We saw no significant differences in luciferase signal intensities and
distributions at day 7 (Figure S2). At day 14, we found marginally
higher levels and wider distributions of luciferase expression with
the ExpiSf9-derived vector (Figure 6A, middle panel) than those of
the Sf9-derived vector (Figure 6A, upper panel). The total flux was
slightly higher in mice treated with ExpiSf9-derived AAV9 (Fig-
ure 6B). To further determine the biodistributions of the AAV9 vec-
tors, we sacrificed the mice 3 weeks post-transduction and assessed
the luciferase expression ex vivo (Figure 6C), which showed similar
luciferase signal biodistributions between the two Sf9 and ExpiSf9
groups. Although luciferase signals in individual tissues were
the titers (vg/mL). Percentage of viable cells (% viability) was monitored during the

dition was compared to the 72-h MOI of 1 condition. (D) Crude cell lysates of AAV2

ction. The infectivities were assessed by transducing Ad293 cells with a MOI of 100.

analysis was performed within each MOI group and was compared to its 72-h time
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Figure 3. Viral Genome Titers and Infectivity of

Purified AAV Preparations

(A) Purified AAV preparations of various serotypes were

produced using either the Bac-to-Bac System in Sf9 cells

or the ExpiSf expression system in ExpiSf9 cells, and total

viral genomes obtained from 300 mL of culture were

measured using qPCR. (B) The infectivity of the purified

AAV preparations produced in either Sf9 or ExpiSf9 cells

was assessed by measuring the percentage of ZsGreen-

positive cells by flow cytometry. *p < 0.05. (C) The infec-

tivity of the purified AAV preparations produced in Sf9,

ExpiSf9, or Ad293 cells was assessed by measuring the

percentage of ZsGreen-positive cells by flow cytometry.

*p < 0.05. (D) AAV9 yields from the three cell lines tested

are shown in terms of viral genomes per cell (vg/c) along

with the standard deviation (SD).
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generally higher in the ExpiSf9 group, the biodistribution between the
two groups was comparable, with major luciferase signals seen in the
liver, heart, pancreas, and skeletal muscles (Figure 6D, upper panel).
This similarity in biodistribution between the two groups was further
confirmed with qPCR analysis of AAV genome copy numbers from
DNA extracted from various tissues (Figure 6D, lower panel),
although ExpiSf9-derived AAV9 had statistically higher amounts of
AAV genomes in the liver, pancreas, kidney, and skeletal muscles
and trended higher in the heart, lung, and spleen.

In addition to comparing the in vivo transduction efficiencies of the
two insect cell-based expression systems, we also compared them to
the human Ad293 cell-derived AAV9. The results showed that the
Ad293-derived AAV9 had higher luciferase signals both in vivo (Fig-
ures 6A, bottom panel, 6B, and S2B) and ex vivo (Figures 6C, bottom
panel, and 6D, top panel). The qPCR analysis showed similar,
increased levels of AAV genomic DNA in the liver of mice treated
with Ad293-derived AAV9 (Figure 6D, lower panel). Unexpectedly,
we found generally similar levels of AAV DNA in other organs tested
for all three expression systems (Figure 6D).

Overall, our results demonstrate the increased AAV vector productiv-
ity of ExpiSf9 cells compared to Sf9 cells, with no notable difference in
vector infectivity and biodistributions between the AAV9 prepara-
tions produced from the two insect expression systems.

DISCUSSION
In this study, we have shown that significantly higher AAV yields can
be obtained by using the ExpiSf Baculovirus Expression System with a
clinically applicable, CD culture medium. For the three serotypes
tested, AAV9 yields increased ~7-fold, AAV2 yields increased ~15-
334 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
fold, and AAV8 yields increased ~19-fold. Of
note, the yields from 300 mL of suspension cul-
ture for AAV8 and AAV9 were over or close to
5 � 1013 viral genomes (vgs), which would be
sufficient for general preclinical AAV studies.
Our data thus demonstrate that the ExpiSf
expression system allows facile and scalable manufacturing of AAV
vectors in CD medium.

After optimization of AAV vector production in the ExpiSf expres-
sion system, we determined the AAV expression conditions of using
an MOI of 1 per baculovirus with a cell density of 4–5� 106 cells per
mL at the time of infection, and harvesting at 72 h postinfection was
close to optimal. Based on our optimization data, we may be able to
obtain similar titers at 48 h postinfection if we use anMOIR3. How-
ever, we concluded that it would be more economical to maintain the
culture for 72 h postinfection in order to conserve our baculoviral
stocks. We did not see any difference in AAV infectivity between
the 48 and 72 h post-baculovirus infection-harvested AAVs.
Although at 96 h postinfection, the MOI R5 had higher titers
when compared to all other conditions, its in vitro infectivity declined
when compared to 72 h. Since insect cell viability dropped to less than
50% at 96 h, it is conceivable that after 72 h postinfection, many defec-
tive AAV particles are produced in dying cells.

In order to ensure that the quality of the purified AAV preparations
from the two expressions systems was similar, we compared the
capsid ratio and infectivity of AAV9. The CE-SDS results showed
that the VP1:VP2:VP3 ratios between the two systems were indeed
comparable. The in vitro results with ZsGreen-expressing AAV8
and AAV9 vectors showed a slight decrease in infectivity for the Ex-
piSf9-derived vectors (Figure 3B). In contrast, the in vivo results
showed that the ExpiSf9-derived AAV9 had a marginal but statisti-
cally significant increase in luciferase signals. In either case, the differ-
ences were no more than 2-fold. Thus, we concluded that there is no
detrimental impact on the AAV vector infectivity when using the Ex-
piSf expression system.



Figure 4. SodiumDodecyl Sulfate (SDS)-PAGE and Capsid Ratio Analysis of

AAV9 Produced in Sf9 and ExpiSf9 Cells Using Capillary Electrophoresis

SDS

(A) Purified AAV8 and AAV9 from both systems were assessed by SDS-PAGE gel

stained with SYPRO Red. Lane 1, AAV8 produced in Sf9 cells (~2.6� 1011 vg); lane

2, AAV8 produced in ExpiSf9 cells (~2.6 � 1011 vg); lane 3, AAV9 produced in Sf9

cells (~1.0 � 1011 vg); lane 4, AAV9 produced in ExpiSf9 cells (~1.0 � 1011 vg). (B)

Chromatogram showing the overlay of the AAV9 samples produced in either Sf9

(red) or ExpiSf9 (blue) cells. Bottom table shows the number of VP1, VP2, and VP3

proteins per AAV9 particle produced in either Sf9 or ExpiSf9 cells.
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When comparing the in vivo transduction of the insect cell-derived
AAV9 versus the mammalian cell-derived AAV9, we saw higher sig-
nals for the mammalian cell-derived AAV9. This phenomenon may
be due to the suboptimal capsid VP1 ratio for the insect cell-derived
AAV9 since the capsid proteins may play a role in second-strand syn-
Molecular The
thesis and transcription.20 Indeed, insect cell-based AAV production
results in the lower levels of VP1 incorporation in the AAV particles,
which results in lower infectivity.12 Our current study confirmed this
observation. It is conceivable that improved VP1 incorporation in in-
sect cell-derived AAVs by introduction of an artificial intron21 or an
optimized Kozak sequence22 would improve the transduction effi-
ciency of ExpiSf9-derived AAV vectors in vivo.

One major hurdle for AAV gene therapy is producing enough virus
for clinical applications. Typically, vector requirements range be-
tween 1 � 1015 and 1 � 1016 vector genomes in total per patient
(1 � 1013 to 1 � 1014 vector genomes per kilogram).6 In this study,
we achieved titers up to 1 � 1014 vector genomes of AAV vectors,
highly purified through two rounds of density gradient ultracentrifu-
gation, from 300 mL of suspension ExpiSf9 cell culture. Thus, 3 L to
30 L of ExpiSf9 cell culture would be sufficient to support production
of AAV vectors for a single patient, which is still challenging, but
feasible, when compared with other insect and mammalian expres-
sion systems.

In conclusion, we have shown that use of a high-density insect cell line
expression system is a viable option for obtaining high AAV yields.
The use of this new expression system would help alleviate the burden
of AAV production at lab scale and also potentially be useful for large-
scale manufacturing of clinical-grade AAV vectors.
MATERIALS AND METHODS
Cell Lines and Media

The Sf9 cell line (Thermo Fisher Scientific, Waltham, MA, USA) was
cultured in Sf-900 II serum-free medium (SFM; Thermo Fisher Scien-
tific). The ExpiSf9 cell line (Thermo Fisher Scientific) was cultured in
ExpiSf CDmedium (Thermo Fisher Scientific). Cells were maintained
at 28�C, 125 rpm in a Multitron incubator (Infors HT, Annapolis
Junction, MD, USA). Both HEK293T (ATCC, Manassas, VA, USA)
and Ad293 cell lines (ATCC) were cultured in DMEM (Gibco, Gai-
thersburg, MD, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco). Cell counts and viabilities were measured with a Vi-
CELL XR (Beckman Coulter, Brea, CA, USA).
Plasmid Constructs

For the baculoviral constructs, the transgene cassettes flanked by the
AAV2 ITRs were cloned into the pFastBac1 plasmid (Thermo
Fisher Scientific). The AAV2 Rep gene and Cap genes of different
serotypes were both designed and cloned into the pFastBac Dual
(Thermo Fisher Scientific) plasmid, as previously described.12 Re-
combinant baculoviruses were then produced using the Bac-to-
Bac Baculovirus Expression System (Thermo Fisher Scientific).
The baculoviral stocks were then amplified to increase both baculo-
viral titer and volume of stock. The titers for the baculoviral stocks
were approximately 1–2 � 108 PFU/mL. The constructs for triple
transfection in Ad293 cells were designed as previously described.4,5

The transgene cassette is identical to the one depicted in Figure 1A
(bottom construct).
rapy: Methods & Clinical Development Vol. 19 December 2020 335
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Figure 5. Analytical Ultracentrifugation-

Sedimentation Velocity Profiles of AAV9 Produced

in ExpiSf9 Cells and Alkaline Gel Electrophoresis of

Insect Cell-Derived AAV9 Genomes

(A) Empty AAV9 capsid was analyzed by AUC in order to

identify the lower boundary. (B) Once the lower empty

capsid boundary was set, AAV9 containing the transgene

cassette was run. Each peak was then integrated using

the SEDFIT software to determine the percentage of full

viral particles. The sedimentation coefficient on the x axis

is in Svedberg units (S). The y axis represents the con-

centration (C) as a function of S. (C) Diagram showing the

sequencing coverage of the recombinant AAV9 genome.

Bottom table shows the percentages of the AAV genome

in the recombinant AAV9 preparations. (D) Sf9- and Ex-

piSf9-derived AAV9 ZsGreen genomes were isolated and

run on an alkaline gel. Lane 1, DNA ladder; lane 2, Sf9-

derived AAV9 ZsGreen genome; lane 3, ExpiSf9-derived

AAV9 ZsGreen genome. 500 ng of DNA was loaded on

the left gel, and 7,500 ng of DNA was loaded on the right

gel. The predicted genome size is ~2.6 kilobase (kb) pairs.
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Optimization of ExpiSf9 AAV Production

For optimization experiments, the cells were split at the appropriate cell
densities, and the ExpiSf Enhancer reagent (Thermo Fisher Scientific)
was added 24 h prior to transduction with baculovirus according to the
vendor. Due to the temporary halt in cell division after ExpiSf Enhancer
addition and for simplicity, the amount of baculovirus usedwas based on
the cell density at the time of addition of the ExpiSf Enhancer reagent.
1 mL aliquots of each condition were taken at the predefined time points
and centrifuged for 5 min at 2,000 rpm in a microcentrifuge. The super-
natantswere thendiscarded, and the cell pelletswere resuspended in1mL
of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, pH 8.0). Three freeze/
thaws were performed, and the cell debris was spun down for 15 min,
13,000 rpm in a microcentrifuge. The supernatant containing AAV2
was transferred to a fresh microcentrifuge tube and frozen at�80�C.

qPCR for Measuring the AAV Titer

For the AAV samples prepared during the optimization experiments,
the viral DNAs for qPCR were prepared using the AAVpro Titration
336 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
Kit, version (v.)2 (Takara Bio USA, Mountain
View, CA, USA). For the iodixanol-purified
AAV preparations, the viral DNA was also pre-
pared using the same kit; however, the DNase
step was omitted, since the preparations were
already Benzonase treated before purification.
The prepared viral DNA samples were analyzed
using the TaqMan Fast Universal PCR Master
Mix (Applied Biosystems, Foster City, CA,
USA). All assays were performed on the
7900HT Fast Real-Time PCR instrument
(Applied Biosystems) using a Fast Optical 96-
well reaction plate (Applied Biosystems). Ther-
mocycler conditions were 1 cycle of 95�C for
120 s, followed by 40 cycles of 95�C for 5 s and 60�C for 30 s.
Each reaction contained 10 ng of viral DNA, 1 mM forward primer
(50-GGAACCCCTAGTGATGGAGTT-30), 1 mM reverse primer (50-
CGGCCTCAGTGAGCGA-30), and 0.25mMprobe (6-Carboxyfluores-
cein [FAM] 50-CACTCCCTCTCTGCGCGCTCG-30 non fluorescent
quencher [NFQ]), which targets the AAV2 ITR. For the detection of
AAV genomes in mice tissues, each reaction contained 40 ng of DNA.

Recombinant AAV Production

For AAV production in Sf9 and ExpiSf9 cells, 300 mL culture with a
density of 1 � 106 cells/mL or 4–5 � 106 cells/mL was used, respec-
tively. In addition, for AAV production in ExpiSf9 cells, the ExpiSf
Enhancer reagent (Thermo Fisher Scientific) was added, according
to the vendor’s instructions, 24 h prior to the addition of the baculo-
viruses. Each 300 mL of culture was infected at an MOI of 1 per ba-
culovirus. The cell pellets were harvested 72 h postinfection, resus-
pended in 4–6 mL of lysis buffer (50 mM Tris-HCl, 150 mM NaCl,
pH 8.0), and frozen at �80�C for purification. For AAV production
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in Ad293 cells, 1.8e8 cells were plated in a 5-layer CellSTACK (Corn-
ing, Corning, NY, USA) and placed in 37�C, 5% CO2 overnight. The
next day, the cells were transfected using an in-house-developed
method similarly described previously.23 Alternatively, 2.8e8 cells
were plated in a 5-layer CellSTACK and placed in 37�C, 5% CO2

for 6 h before transfection. The cell pellets were harvested 72 h post-
infection, resuspended in 4–6 mL of lysis buffer (50 mM Tris-HCl,
150 mM NaCl, pH 8.0), and frozen at �80�C for purification.

AAV Purification

The frozen cell pellets were lysed by performing 3 freeze/thaws, fol-
lowed by addition of R500 units of Benzonase (Sigma, St. Louis,
MO, USA) and incubation at 37�C for 1 h. The samples were then
centrifuged for 30 min, 4,750 rpm, 4�C in an Allegra X-15R centrifuge
(Beckman Coulter, Brea, CA, USA). The supernatants were then placed
on top of an iodixanol gradient for purification.18 OptiSeal polypro-
pylene centrifuge tubes (Beckman Coulter) were used. The samples
were placed into a Ti70 rotor (Beckman Coulter, Brea, CA, USA)
and spun at 69,000 rpm for 1 h and 10 min at 17�C. After centrifuga-
tion, an 18-gauge syringe (Becton Dickinson, Franklin Lakes, NJ, USA)
was used to extract the purifiedAAV (~5mL) and was placed into a 50-
mL conical tube (VWR, Radnor, PA, USA). 40 mL of Dulbecco’s PBS
(DPBS; Sigma, St. Louis, MO, USA), supplemented with 0.001% Plur-
onic F-68 (Gibco, Gaithersburg, MD, USA), was added to the 50-mL
conical tube. After washing a Vivaspin 20, 100-kDa molecular weight
cutoff (MWCO) sample concentrator (GE Healthcare, Chicago, IL,
USA) with 20 mL of DPBS + 0.001% F-68, the 45 mL of AAV solution
was concentrated down to ~2–3 mL. Fresh DPBS was added to bring
the volume up to ~20 mL and was concentrated back down to ~2–
3 mL. Fresh DPBS was added again up to ~20 mL and concentrated
down to ~1 mL and then aliquoted and frozen at �80�C.

Imaging of AAV-Infected Cells

HEK293T cells were plated 1 day before transduction at a cell density
of 1� 105 cells/well in 1 mL total volume in a 24-well plate (Corning,
Corning, NY, USA). The next day, with a cell density of ~2 � 105

cells/well, the cells were transduced with the appropriate amount of
purified AAV. The cells were then imaged by EVOS (Thermo Fisher
Scientific), 48 h postinfection.

SDS-PAGE Stained with SYPRO Red

Samples of purified AAV8 and AAV9 produced in both Sf9 and Ex-
piSf9 cells were prepared for SDS-PAGE gel by adding the appro-
priate amount of NuPAGE lithium dodecyl sulfate (LDS) sample
Figure 6. Luciferase Expression and Biodistribution in Mice

Mice were tail-vein injected with AAV9 containing luciferase produced from Sf9, ExpiSf9,

14, with the Sf9-derived AAV9 group (top), ExpiSf9-derived AAV9 group (middle), and A

average total flux (photons per second [p/s]) for each group of five mice is shown. **p < 0

21, with the Sf9-derived AAV9 group (top), ExpiSf9-derived AAV9 group (middle), and A

and the average total flux (p/s) for each group of two mice is shown (upper panel). qPCR

many copies of AAV viral genomes were present (lower panel). Sf9-derived AAV9 (g

comparing Sf9-derived AAV9 to ExpiSf9-derived AAV9; &p < 0.05, comparing ExpiSf9

Ad293-derived AAV9.
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buffer 4� and NuPAGE sample-reducing agent 10� (Thermo Fisher
Scientific). The samples were then placed at 70�C for 10 min. Equal
amounts of AAV were loaded in a NuPAGE 4%–12% Bis-Tris 10-
well gel (Thermo Fisher Scientific) for each serotype and run in 2-
(N-morpholino)ethanesulfonic acid (MES) buffer (Life Technologies,
Carlsbad, CA, USA). After the run, the gel was rinsed in distilled wa-
ter (diH2O) and incubated in 7.5% acetic acid with SYPRO Red Pro-
tein Gel Stain 1:5,000 dilution (Sigma, St. Louis, MO, USA) for 1 h.
The gel was then rinsed in 7.5% acetic acid and imaged on a Gel
Doc EZ Imager (Bio-Rad, Hercules, CA, USA).
Flow Cytometry for In Vitro Potency

To measure the potency in vitro, the percentage of ZsGreen-positive
cells was measured using flow cytometry. Ad293 cells were plated
1 day before transduction at a cell density of 1 � 105 cells/well in
1 mL total volume in a 24-well plate (Corning, Corning, NY, USA).
The next day, with a cell density of ~2 � 105 cells/well, the cells
were transduced with the appropriate amount of purified AAV.
The cells were then run on a LSR II (BD Biosciences, San Jose, CA,
USA), 48 h postinfection. Data analysis was done using FlowJo (Bec-
ton Dickinson, Franklin Lakes, NJ, USA).
AAV9 Cap Ratio Analysis via CE-SDS

A volume of 50 mL of AAV9 sample (~4� 1012 vg/mL) was combined
with 45mL sample buffer (100mMTris-HCl, pH 9.0/1% SDS) and 5 mL
2-mercaptoethanol (Millipore Sigma, Burlington, MA, USA). The Cap
proteins were denatured by incubating the mixture at 75�C for 10 min.
The mixture was then added to a Vivaspin 500, 10,000MWCO sample
concentrator (GE Healthcare, Chicago, IL, USA), combined with
400 mL of a mixture of 0.5 mg/mL SDS + 5% 2-mercaptoethanol,
and centrifuged at 15,000 � g for 5 min. The collection tube was
emptied, and 500 mL of 0.5 mg/mL SDS + 5% 2-mercaptoethanol
was added to the Vivaspin sample concentrator before centrifuging
at 15,000� g for 5 min. This process was done twice to desalt the sam-
ple. After the final centrifugation, the final volume was brought up to
100 mL by adding 90 mL of water. This 100-mL sample was transferred
into a CE autosampler vial for injection. A PA800 Plus Pharmaceutical
Analysis System (SCIEX, Framingham, MA, USA) with a photodiode
array (PDA) detector was used for the analysis. The 32 Karat software
(SCIEX, Framingham, MA, USA) was used to run the instrument, and
the data were exported to Empower 3 software (Waters, Milford, MA,
USA) for analysis. The instrument method followed was as previously
publishedwith the following exceptions: nowater preinjection plugwas
used, and samples were injected for 10 s due to higher viral titers in our
or Ad293 cells. (A) Themice were imaged by the In Vivo Imaging System (IVIS) at day

d293-derived group (bottom). (B) In vivo luciferase signals were quantitated, and the

.005 and ***p < 0.0005. (C) Ex vivo images of the mice organs were also taken at day

d293-derived AAV9 group (bottom). (D) Ex vivo luciferase signals were quantitated,

was performed on DNA extracted from the collected mice tissues to quantitate how

reen), ExpiSf9-derived AAV9 (yellow), and Ad293-derived AAV9 (blue). *p < 0.05,

-derived AAV9 to Ad293-derived AAV9; #p < 0.05, comparing Sf9-derived AAV9 to
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samples.24 Peaks were assigned as VP3, VP2, and VP1, based on theo-
retical mass, compared to a size standard and retention time, as has
been shown in the literature.24 The relative percent areas of VP3,
VP2, and VP1 were calculated using the % time-corrected area
(TCA), determined by CE-SDS and each protein’s molar extinction co-
efficient (EC). The molar EC for each protein was manually calculated
using the amino acid sequence of the VP1, VP2, and VP3 proteins.25

The relative percent area of each protein was then converted to a molar
percentage based on the sum of all three VP proteins. Finally, the num-
ber of VP proteins was calculated based on the molar percentage and
assuming a total of 60 copies of the viral protein per Cap.

Full versus Empty AAV Cap Analysis via AUC

Sedimentation velocity AUC was performed on AAV9 samples using
the Optima (Beckman Coulter), according to Burnham et al.19 Briefly,
400 mL of either sample buffer or AAV9 sample was loaded into a
two-sector velocity cell. The sample cell was then placed in a 8-hole
An-50 Ti rotor (Beckman Coulter) and then placed in the Optima.
Radial calibration was then performed at 20�C, and the samples
were left in the instrument under vacuum for 1 h to equilibrate. Sedi-
mentation velocity ultracentrifugation was then performed at
20,000 rpm at 20�C. Raleigh interference optics were used. For anal-
ysis, the SEDFIT software (NIH, Bethesda, MD, USA) was used to
calculate the percentage of full AAV particles via peak integration.

Alkaline Gel Electrophoresis

AAV9 genomes derived from either Sf9 or ExpiSf9 cells were run on
an alkaline gel, as previously described.26 Briefly, 1% agarose gel was
made in alkaline electrophoresis buffer, which is composed of 50 mM
NaOH and 1 mM EDTA. AAV DNA samples were prepared using
6� alkaline sample loading dye (VWR), heated at 95�C for 3 min,
and then cooled on ice prior to gel loading. The gel was run in the
cold room for 4 h at 50 V. The gel was then gently rocked in 0.1 M
Tris-HCl (pH 8.5) buffer for 1 h. The buffer was then discarded
and replaced with 0.1 M NaCl buffer containing 0.5 mg/mL of
ethidium bromide. The container was protected from light and gently
rocked for another 2 h and then visualized on a UV transilluminator.

NGS of AAV9

AAV9 DNA was quantified using the NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific). Each virus was PCR amplified
with AmpliTaq Gold 360 PCR Mastermix (Thermo Fisher Scientific)
with 25 mL reaction volumes (forward PCR primer: 50-AGG GGT
TCC TAT CGA TAT CAA-30; reverse PCR primer: 50-AGG GGT
TCC TAG ATC TAT CG-30). AAV9 DNA input into PCR was
172 ng. Thermal cycling protocol was the following: 95�C, 10 min;
35 cycles of 95�C for 30 s, 56�C for 30 s, and 72�C for 2.5 min; final
extension, 72�C for 7 min.

The ~2.3-kb amplicon was purified with the QIAGEN PCR Purifica-
tion Kit (QIAGEN, Hilden, Germany) and eluted in 31 mL of water.
Purified amplicons were visualized with the 4200 TapeStation System
using D5000 ScreenTape (Agilent, Santa Clara, CA, USA). The puri-
fied amplicons were size selected using BluePippin (Sage Science, Bev-
Molecular The
erly, MA, USA) with the 0.75% agarose gel cassette (BLF7510) and
external marker S1, selected for range mode 1747-2925 bp. The
size-selected amplicons were visualized and quantified on the 4200
TapeStation System using D5000 ScreenTape (Agilent).

Approximately 5 ng of each amplicon was used as input into the Nex-
tera XT DNA Library Preparation Kit (Illumina, San Diego, CA,
USA). Libraries were prepared and cleaned per standard Illumina
protocol. Cleaned libraries were quantified on the QuantStudio 12K
Flex Real-Time PCR System (Thermo Fisher Scientific) using the
KAPA Library Quantification Kit for Illumina platforms with ROX
Low qPCRMastermix (Roche Sequencing and Life Science, Kapa Bio-
systems, Wilmington, MA, USA).

Libraries were sequenced on the MiSeq System with the MiSeq Re-
agent Nano Kit v.2 (Illumina, San Diego, CA, USA) with 251 bp
paired-end reads and 1% PhiX spike-in.

To check the sequencing reads for potential truncations and/or inser-
tions, we used the BBSplit program to map the reads to the AAV
transgene cassette.27

Assembly of the sequencing reads into a consensus sequence was per-
formed with our NGS-Microbial Surveillance Toolbox (MSTB), a fully
automated distributed pipeline that was implemented at AstraZeneca
with a common workflow language (CWL) and with a user interface
based on the Galaxy bioinformatics workbench. The pipeline extends
the Ariba package with the internal assembly step designed to tolerate
high local variation of sequencing depth typical for the shotgun Illu-
mina sequencing of viral PCR amplicons. That assembly step performs
multiple rounds of read-length filtering after adaptor trimming and
digital normalization,27 followed by a de novo assembly with
SPAdes28,29 and a polishing step with a Pilon30 package modified to
emit ambiguous nucleotides in the FASTA consensus based on major-
ity voting at each base.27–30 Ariba then selects the assembly with the
best coverage of the reference genome. Our pipeline creates an interac-
tiveWeb report that provides genome browser views to examineminor
variants relative to the assembly consensus, as well as to the reference. A
manuscript with detailed description of the assembly pipeline and its
open-source release is under review.

Animal Studies

All animal experiments were approved by the Institutional Animal
Care and Use Committee of AstraZeneca (Gaithersburg, MD, USA).
Male C57BL/6J mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) at the age of 4 weeks. On the 5th week, mice were
preheated with a heat lamp and injected with 2� 1011 vector genomes
of AAV9 luciferase vectors per mouse through the tail vein using an in-
sulin syringe (Becton Dickinson, Franklin Lakes, NJ, USA). The mice
were monitored daily for any possible signs of illness. For in vivo biolu-
minescence imaging, mice were injected intraperitoneally at 150mg/kg
D-luciferin (Perkin Elmer, Waltham, MA, USA) and followed by gas
anesthesia at 2.5% isoflurane. The IVIS (Spectrum; Perkin Elmer)
was used to take images every 7 days postinjection (day 0) until the
rapy: Methods & Clinical Development Vol. 19 December 2020 339
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end of the study (day 21). At day 21, the mice were also sacrificed, and
ex vivo imaging was performed on selected organs (heart, lungs, liver,
pancreas, liver, spleen, and skeletal muscle from the left upper thigh).
Mice tissues were frozen in dry ice in a microcentrifuge tube for
qPCR analysis. DNA extraction from the tissues were done using the
AllPrep DNA/RNAMini Kit (QIAGEN). Luciferase signals were quan-
tified using LivingImage 4.4 software (Perkin Elmer).

Statistical Analyses

All statistical analyses were performed using GraphPad Prism 8 soft-
ware. The Student’s t test analysis was used, with a p value <0.05
considered to be statistically significant.
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