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1 | INTRODUCTION

Since the establishment of the first successful continuous insect cell
line from Bombyx mori in 1959,[11 sustained efforts have led to the
establishment of insect cells as a workhorse for the expression of
recombinant proteins for research and clinical applications. The discov-
ery and isolation of Autographa californica multinuclear polyhedrosis
virus (AcMNPV) in 1971 was instrumental in positioning the insect cell-
baculovirus expression vector system (IC-BEVS) for heterologous pro-
tein expression.!2] Over the following years, extensive studies related
to the biology of the baculovirus, infection kinetics, genome sequences,
and structural variants were undertaken.[34! The first breakthrough
was the discovery of the polyhedrin strong late promoter (polh) by
Smith et al.1lin 1983, which drives strong expression of the polyhedrin
protein in the late infection phase in wild-type baculovirus (BV); how-
ever, it is not an essential element for a recombinant baculovirus vec-
tor. Smith et al.[>6! replaced the polyhedrin gene with that of human
interferon-beta (INF-B) and interleukin-2 (IL-2) and demonstrated a
polh-driven robust expression of these proteins using IC-BEVS. A year
later, another strong late promoter, p10, was discovered and its func-
tionality in protein expression studies was demonstrated.!”!

The cell line derived from the fall armyworm, Spodoptera frugiperda
(Sf21 and derived clone Sf9) and the cabbage looper Trichoplusia ni
(High Five; Hi5) were established as continuous cell lines and exten-
sively used due to their susceptibility to baculovirus infection and
favorable growth characteristics in adherent, and thereafter, suspen-
sion cell cultures.[8-12] Despite their routine use, both cell lines dis-
played notable differences. The Hi5 cells offered a comparatively
higher yield of secretory proteins!13-5] and the addition of alpha1,3-
fucose, a potentially immunogenic glycan structure, to the expressed
proteins, which were absent in the proteins produced in Sf9 cells.[1¢]
The Sf9 cells showed higher baculovirus susceptibilityl1”! and hence
are often favored by researchers as host cells for both baculovirus and
recombinant protein production. Despite these differences, both cell
lines have been routinely used to produce therapeutic biologics with a
history of regulatory approval for human use.[18:19]

In the early '90s, cell culture engineers took the lead in studying the
insect cell growth kinetics and metabolism in the serum-supplemented
and serum-free culture medium. Serum-free cell media with shear
protective properties were developed, enabling insect cell growth
in suspension cell cultures in shake flasks and bioreactors,[20-23]
demonstrating the scalability and robustness of the IC-BEVS process
for protein production.

Initially employed for the production of baculoviruses as biopesti-
cides, IC-BEVS quickly gained popularity for the expression of a broad
spectrum of recombinant proteins, including enzymes, glycoproteins,
recombinant viruses, and vaccines.[1324] The IC-BEVS platform has
been used for the production of veterinary vaccines such as Por-
cilis pesti, Circumvent PCV, CircoFLEX,!25] and human vaccines such
as Cervarix,[ 18261 and Flublok.[11] Regulatory approval of Cervarix, a
virus-like particle-based vaccine against cervical cancer, was a criti-
cal milestone as it was the first biologic produced in insect cells and

approved for human use.

The adeno-associated virus (AAV) is currently gaining widespread
popularity in gene therapy applications for the correction of monogenic
disease conditions. In the last decades, there has been a steady growth
in AAV-based gene therapy clinical studies, which have been supported
by the accelerated development of IC-BEVS scalable production sys-
tems for AAV manufacturing. In addition to the approval of Glybera
by the European Medicines Agency in 2012,[27! from a regulatory per-
spective, amore recent and significant milestone was the breakthrough
designation by the USFDA of BioMarin’s Hemophilia A gene therapy
candidate, a recombinant adeno-associated virus 5 (rAAV5) gene deliv-
ery vector produced in insect cells using BEVS.[28] This event further
contributed to aligning the IC-BEVS manufacturing process of AAV
with the current standard of Good Manufacturing Practice (GMP).

In this review, focusing exclusively on the advancements of the
IC-BEVS as a platform for AAV production, we provide insights into
the evolution of molecular designs of baculovirus vectors and their
key features. AAV manufacturing technologies using IC-BEVS are
discussed from a process developer’s standpoint. It is foreseeable
that further vector optimizations combined with innovative process
intensifications may significantly contribute to addressing current and
future manufacturing challenges, enabling higher cell-specific and total

yields of functional AAV gene delivery vectors of different serotypes.

2 | AAV TAXONOMY AND GENOME
ORGANIZATION

AAV is asingle-stranded DNA virus that belongs to the family Parvoviri-
dae and the genus Dependovirus because of its replication-deficient
nature. Members of this family have evolved over the years, expand-
ing their spectrum of hosts, which includes mammals and insects.[29]
Although mammalian cells are the natural host of adeno-associated
virus, based on the common ancestral relationship (Figure 1A) and
given that insect cells are the natural hosts of viruses belonging to the
Densovirinae subfamily, they should facilitate the rescue and replica-
tion of AAV genes and support the expression of corresponding pro-
teins. Ruffing et al.[301in 1992 reported baculovirus-mediated AAV cap
gene delivery, VP proteins expression, and capsids assembly in insect
cells. However, the first report of Rep expression, Rep-mediated rescue
of ITR-flanked transgene, and production of functional AAV vectors in
insect-cell was published a decade later by Urabe et al.[31] Both reports
confirmed the functionality of insect cells as a suitable host for adeno-
associated virus production.

The wild-type AAV (WtAAV) genome is a linear, single-stranded DNA
with a size of approximately 4.7 Kb.[32] Major coding regions consist
of the genes responsible for the expression of non-structural regula-
tory Rep proteins and structural capsid proteins (Cap or VP). This cod-
ing region is flanked at both ends by an inverted terminal repeat (ITR)
sequence, which acquires a T-shaped hairpin-like structure formed via
the complementary base pairing of palindromic sequences. Figure 1B
represents the genomic map of wtAAV2 and its transcriptional and
translational profile.[32! The recombinant AAV (rAAV) vector retains

only the ITR from the wild-type virus, the element essential for vector
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FIGURE 1 AAV family tree and wtAAV2 genome map and expression profile. (A) AAV family tree. The Dependovirus AAV mainly infects
mammalian hosts and replicates in the presence of a helper virus. Though evolutionary distant yet related to the Densovirinae subfamily, it shares
common structural and functional features with viruses from this subfamily, which mainly infect invertebrate hosts such as insects. (B) wtAAV2
genome map and protein expression profile. The AAV genome schematic illustrated is based on a previous publication.[3?! The numbers represent
the nucleotide position. The viral genome is flanked by two ITRs, one at each end. Two promoters in the left ORF drive the expression of four
regulatory Rep proteins, whereas a single promoter in the right ORF drives the expression of three capsid protein subunits (VP1, VP2, and VP3)
from a single mRNA transcript. Intron splicing generates four Rep proteins of different sizes from two mRNA transcripts, whereas the leaky
scanning of weak translational codons results in the production of three VP proteins in a stochastic ratio of 1:1:10. The diamond shape represents
the N-terminal of the peptide. Two polyadenylation (PA) signal sequences are shown via the orange line

genome encapsidation, whereas the rep/cap genes are replaced by an
expression cassette consisting of a gene of interest flanked by ITR. The
rep/cap genes essential for rAAV production are supplied in trans via a
suitable vector, such as baculovirus vector in case of insect cell-based

production system.

3 | MOLECULAR DESIGN OF BACULOVIRUS
EXPRESSION VECTORS AND CELL LINES FOR THE
PRODUCTION OF RAAV

Since insect cells are the heterologous host of AAV, substantial efforts
have been made in the last two decades in applying molecular engineer-
ing approaches to achieve efficient AAV production employing the IC-
BEVS platform. Building upon the intrinsic advantages of the IC-BEVS

platform, efforts have been directed towards achieving higher expres-
sion stability,improved AAV yield, and streamlining manufacturing pro-
cesses. Below, we summarize the progressive development of various
strategies and highlight features that might be of consideration when
using IC-BEVS for AAV production. The bioprocessing features are dis-

cussed separately in Section 4.

3.1 | First generation IC-BEVS: Three-Bac

The production of functional rAAV2 vectors in insect cells was first
reported in 2002 by Urabe et al.[31! This system required co-infection
of S. frugiperda (Sf9) cells with three baculovirus expression vectors
(BEVs), each delivering one of the three essential genes (rep: Bac-Rep,
cap: Bac-Cap, and ITR-flanked gene of interest: Bac-ITR-GOI) for AAV
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FIGURE 2 AAVinsect cell baculovirus expression systems for AAV production and mechanism of inducible expression in One-Bac. (A) Four
major systems for rAAV production using the IC-BEVS. The Three-Bac system consisted of three rBEVs vectors, each carrying a specific gene
sequence.[31] Further study with this system identified critical shortcomings, related to the expression stability of rBEVs and the underlying

mechanism.[33! The follow-on systems exhibited better expression stability of rBEVs overextended passage numbers and required only two rBEVs’
co-infections for AAV production. The systems such as One-Bac or Mono-Bac further simplified the manufacturing process requiring only a single
rBEV co-infection. One-Bac consists of a rep2capX packaging cell line and a Bac-GOl vector,[38! whereas in Mono-Bac, a single BEV carries all the

necessary gene (Bac-ITR-GOI-Rep2-CapX) sequences.[37] (B) The postulated mechanism of induction and amplification of rep/cap genes in
One-Bac1.0. Bac-ITR infection provides IE-1, which activates hr2-0.9 (1) and induces Rep78/52 or Cap expression (2). The expressed Rep78
further forms a complex with RBE (3) and induces the second round of amplification of Cap or Rep52 expression (4), resulting in a higher
Rep52:Rep78 ratio which is reported to favor a higher vector yield.[38] The schematics of Bac-vector expression cassettes depicted in this figure
were adapted from the original publications and recreated using Biorender.com

generation, hence the name Three-Bac (Figure 2A). The successful AAV
vector production demonstrated that AAV genes, when delivered as
an integral part of the baculovirus genome under the transcriptional
control of insect promoters, can successfully undergo DNA and pro-
tein processing pathways in insect cells. They adequately provided the

components and cellular machinery required for the rescue and repli-

cation of AAV genes, AAV protein expression, capsid assembly, and viral
genome encapsidation. Moreover, unlike mammalian cells, no addi-
tional helper virus (adenovirus or herpes simplex virus) superinfection
or supplementation of helper genes was necessary for AAV produc-
tion, indicating that the baculoviral vector provided all or any essential

helper function(s).
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3.2 | Second generation IC-BEVS: Two-Bac,
Mono-Bac, and One-Bac1.0

Although initially successful for AAV2 production, the Three-Bac did
not achieve widespread application because of the genetic instability
of BEVs and consequent loss of AAV vyield, and the inability to pro-
duce functional AAV vectors of other serotypes.[3334] These limita-
tions were partially resolved in the follow-on systems based on two and
one BEV, namely, Two-Bac and One-Bac/Mono-Bac. In the Two-Bac
system reported by Smith et al.[35] and Chen,[3¢! rep and cap expres-
sion cassettes were introduced into a single BEV (Bac-Rep-Cap or Bac-
In-Rep-Cap) (Figure 2A), therefore now requiring co-infection of only
two baculoviruses. AAV production with Mono-Bac required Sf9 cells
to undergo infection with a single BEV harboring all three essential
genes.[37] In contrast to the Mono-Bac, the One-Bac1.0 reported by
Aslanidi et al.!38] consisted of baculovirus (BV) inducible stable Sf9
packaging cells harboring the rep2 (AAV2 rep) and capX (X = serotype
of interest) genes. Infection of these cells with a single baculoviral vec-
tor carrying an ITR-flanked transgene cassette resulted in an inducible
and amplified expression of AAV proteins offering up to 10-fold higher
cell-specific yield of AAV2 vector particles compared to the Three-Bac.
Comprehensive reviews providing detailed insights into the molecular

design of each of these systems have been published previously.[3%:40]

3.3 | Advancements in IC-BEVS

The development of the first- and second-generation BEV systems and
their subsequent improvements were driven by the combined aims of
achieving sustained expression of AAV proteins (Rep and Cap) in stoi-
chiometric proportions, improved AAV production yield and function-
ality, and overall vector quality. The following sections summarize the

various strategies undertaken to achieve each of these goals.

3.3.1 | Enhancement in AAV Rep expression

The head-to-head orientation of Rep78 and Rep52 expression cas-
settes of the Three-Bac’s Bac-Rep vector was found to be genetically
unstable due to palindromic orientation (Figure 2A), causing passage
dependent loss of Rep78/Rep52 expression and substantially low func-
tional AAV titer.[33] Kohlbrenner et al.[33! restored expression stability
by isolating the Rep78 and Rep52 sequences onto different baculovirus
vectors, although quadruple infection was now required, complicating
the Three-Bac-based AAV production process even more.

Chenl3¢] reported stable Bac-Rep expression by introducing a syn-
thetic intron in the Rep coding region. The polh promoter of this
synthetic intron drove the Rep52 expression independent of Rep78,
resulting in stable expression of both proteins from two different
mRNAs for extended passage numbers. In contrast, in the Two-Bac sys-
tem, Smith et al.13%] modified the nucleotide sequences of the Rep78
translational initiation codon providing weak Kozak consensus and the
codons downstream of Rep78. The resulting leaky ribosomal scanning

Journa

of Rep78 and concomitant expression of both Rep78/Rep52 proteins
from a single mRNA transcript showed Bac-Rep stability up to seven
passages.

A more recent modification utilized the weak initiation codon for
Rep78, which enabled partial exon skipping and subsequent expression
of downstream Rep52 from a single expression cassette and reportedly
enhanced Bac-Rep stability for at least five passages.[41]

In the Mono-Bac,!37] the rep-cap expression cassette reported
in Two-Bacl3®] was integrated into the egt (ecdysteroid UDP-
glucosyltransferase) locus of the baculovirus genome. The very
late phase expression of Rep proteins, specifically after baculovirus
DNA replication, minimized Rep-induced excision of the rep-cap
expression cassette from the baculovirus genome, resulting in sus-
tained expression stability. Furthermore, this late phase expression of
Rep proteins was also critical to avoid Rep-induced excision of AAV
expression cassettel4?] and its integration stability in baculovirus
genome as this can ultimately affect the stability of Mono-Bac BEV and
overall production titer of AAV vectors.

In contrast to some of the above systems where a separate strong
polh promoter was used for Rep52 expression, Aslanidi et al.[38]
retained the partially active native p19 promoter of Rep52 to drive its
expression in One-Bac 1.0 insect cells. The introduction of the Rep-
binding element (RBE) resulted in Rep52 expression higher than Rep78
via afeed-forward loop achieving a desirably higher Rep52:Rep78 ratio
(Figure 2B). The modified version of the One-Bac Sf9 cell line harbor-
ing a stably integrated rep-cap cassette demonstrated higher expres-
sion stability than previously described Bac-Rep vectors, up to at least
35 cell-culture passages.[43]

3.3.2 | Restoration of VP1 expression proportion
for improved AAV functionality

In mammalian cells, the natural host of AAV, the combination of
alternate mRNA splicing and leaky ribosomal scanning of a weak
VP2 translational initiation codon enables the expression of three
VP proteins in their prototypic ratio (VP1:VP2:VP3 = 1:1:10) from
a single mRNA transcript.[32] Sufficient expression and subsequent
incorporation of VP1 subunit, harboring phospholipase A, (PLA,)
like enzymatic domain, in the AAV capsid are critical as the PLA; is
reportedly responsible for late endosomal escape and consequent
perinuclear localization which are essential steps for the transduc-
tion efficiency of AAV vectors.[4445] [nitial failures at attaining the
expression of three VP proteins in given prototypic proportions using
Three-Bac necessitated the use of a weak VP1 translational initiation
codon, which, leveraging leaky ribosomal scanning, produced three
VP proteins in the desired ratio.l31] Although successful for AAV2,
the Three-Bac was later reported to produce sub-optimal expression
levels of VP1 of other clinically relevant serotypes such as AAV5 and
AAVS, generating defective/non-transducing vector particles.[3334]
Based on the original findings by Kozak,[647! Urabe et al. hypoth-
esized that, compared to AAV2 VP1, a single nucleotide difference at

a critical position in the Kozak sequence surrounding the AAV5 VP1
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translational initiation codon may be responsible for sub-optimal ribo-
somal scanning efficiency and reduced VP1 expression levels. Building
on this hypothesis, complete or partial VP1 domain swapping strate-
gies have been shown to generate AAV chimeric vectors (AAV2/5 or
AAV2/8) with restored VP1 expression levels and improved transduc-
tion efficiency.[33:34]

Chen achieved sufficient VP protein expression by placing VP1
under the transcriptional control of a strong polh promoter, whereas
the VP2/3 expression was governed by a synthetic intron.3¢! As a
result, a higher and stable expression of all VP proteins was achieved
from two separate mRNA transcripts.

Similar to the original Three-Bac, the Two-Bacl48] and the One-
Bac systems, harboring the weak VP1 translational initiation codon,
also showed suboptimal expression levels of VP1 proteins in cer-
tain serotypes other than AAV2.[49! Bosma et al.l*8] reported that
the selection of a modified optimal VP1 translation initiation codon
and the associated downstream nucleotide sequence resulted in opti-
mal stoichiometric expression of all three VP proteins generating an
AAV5 vector with improved functionality in the Two-Bac system. In
One-Bac2.0, the second-generation One-Bac, the original strong VP1
codon, and a synthetic intron were introduced to restore the expres-
sion level of AAV5 VP1.159] In a more recent modification, the third-
generation One-Bac3.0, a combination of the modified translational
initiation codon and Kozak sequences offered suboptimal translation
efficiency yet sufficiently high VP1 expression levels in more than one
serotype, reportedly in both AAV5 and AAV9, resulting in highly trans-
ducing vectors.[51]

Differently from previous reports, Galibert et al.l>2] found that
baculovirus protease-driven degradation of VP1 led to the production
of defective/VP1 deficient AAV vectors of serotype 1, 6, and 8 in
insect cells. Deletion of cathepsin expressing v-cath locus from the
baculovirus genome or the use of the E64 protease inhibitor improved
the post-expression stability of VP1 and restored the potency of the
vector.

A novel strategy involving the use of the 5’-untranslated region (5'-
UTR) to regulate AAV VP protein expression levels was reported.[>3]
The engineered 5-UTR sequence, forming a hairpin-like secondary
structure, was introduced upstream of the VP1 codon to generate
AAV2 and AAV9 vectors with the desired VP1 level.

3.3.3 | Improved efficiency and specificity of
vector genome packaging

Concerns regarding the co-packaging of non-vector nucleotide
sequences, including antibiotic selection marker genes from the
bacmid backbone, were first raised during the regulatory evaluation
of Glybera.l54] The baculovirus DNA sequences proximal to the AAV
ITR in the Bac-ITR vector are also prone to reverse packaging due to
ITR’s role as a packaging signal.!>>] Even though collaterally packaged
baculoviral gene sequences, in general, are not expressed in mam-
malian cells, the delivery of such non-transgene elements may evoke

a potential immunogenic response in vivo and hence is considered

a safety risk. Therefore, dedicated efforts have been invested in
improving packaging efficiency and specificity.

The inverted terminal repeat sequence of the AAV genome is the
only element from the wild-type AAV that is maintained in a recombi-
nant vector and is present in cis in a transgene expression cassette. A
recent report by Savy et al.1>¢] showed that the unmodified AAV2 wild-
type ITR (wtITR) sequence promotes enhanced and specific encapsida-
tion of the rAAV8 vector sequence in contrast to truncated ITRs, which
isfound in traditional packaging plasmids such as pSUB201 and its vari-
ants. The latter was found to be responsible for non-specific packag-
ing. Specifically, with the use of intact wtITR, two-dimensional improve-
ments were reported. First, the relative proportion of packaged capsids
increased to 40% from 10%, and second, the packaging of non-specific
sequences was reduced by 10-fold.[5¢!

The incorporation of RBE in the original One-Bac1.0 was responsi-
ble for high-frequency co-packaging of rep/cap sequences in AAV cap-
sids, confirming its role as a packaging signal.[50! Excision of the RBE
component in the One-Bac2.0/AAVS5 cell line resulted in more than
3- and 4-log reductions in the frequency of rep and cap sequence co-
packaging, respectively, with final rep/cap packaging levels reaching as
low as 0.001% and 0.02%, respectively.[5°] The AAV vector produced
using RBE-negative One-Bac3.0 also demonstrated a lower frequency
of the co-packaging of all non-vector-specific sequences (rep/cap, bac-
uloviral, and Sf9 genome) in the range of 0.003%-0.4%.[51]

Recently, BEVs generated via homologous recombination, in
contrast to the traditional Tn-7 transposition protocol, showed
improved expression stability and lack of co-packaging of bacterial or
transposase-derived sequences, providing a high-quality AAV vector
preparation.[57]

4 | BIOPROCESSING OF rAAV USING THE
IC-BEVS MANUFACTURING PLATFORM

In addition to the molecular design of expression systems, the bio-
processing aspect of IC-BEVS is equally essential for the successful
manufacturing of AAV. AAV production in insect cells is inducible
upon BV infection, a process based on the complex dynamics of insect
cell baculovirus interaction and kinetics of baculoviral and AAV gene
expression, which in turn affects the extent and kinetics of AAV protein
production and overall AAV quality and yield. This process has been
primarily and extensively documented in peer-reviewed research pub-
lications with the Three-Bac system, which has been the workhorse
of AAV production and bioprocessing research for more than a
decade. In the following sub-sections, a detailed discussion on AAV
bioprocessing from the Three-Bac standpoint is provided, highlighting
important process intensification strategies. The key features of recent
improvements in the AAV production process related to the Two-Bac
and the One-Bac systems and critical areas of future improvements
are discussed in later sections. Table 1 summarizes the AAV yield at
various scales employing different IC-BEVS production systems. A
schematic overview of the AAV production process employing the
IC-BEVS platform is shown in Figure 3.
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FIGURE 3 Overview of a process flow for rAAV production employing the IC-BEVS platform. AAV production using the IC-BEVS platform
consists of two stages: 1. Generation of recombinant baculovirus expression vectors (rBEVs) and additionally rep2capX Sf9 packaging cells in the
case of the One-Bac system (Top section), and 2. AAV production at the bioreactor scale in suspension culture of insect cells followed by
purification and formulation (bottom part). The first part requires molecular cloning, transient expression, plaque purification, and
characterization of rBEVs. Similarly, the rep2capX cells are generated via stable transfection of respective shuttle plasmid vectors and selection
followed by characterization and master cell bank preparation. During the production stage, the rBVES and insect cells (5f9 or Hi5) are
sequentially expanded, as required for stirred tank or Wave™ production-scale bioreactors. At the production stage, the insect cells are infected
with rBEVs at an appropriate multiplicity of infection (low, less than 1 or high, 1--10) and at optimal cell density. Generally, under the batch mode

of cultivation, the cells are infected at a low cell density of approximately 1-
mode, the cells reach a higher peak cell density before infection, at 7-12 mil

3 million cells per mL, whereas in the fed-batch or medium-exchange
lion cells per mL. The cultivation temperature for insect cells is

generally set at 27°C, although one study reported AAV production at higher and lower temperatures, and their effect on yield and production
kinetics. Post-infection, at 72-96 h, the culture is harvested, and cells are lysed to recover AAV. Next, the lysate is subjected to a multistep
purification process followed by formulation in an appropriate buffer as a final step. The artwork in the figure was created using Biorender.com

4.1 | Multiplicity of infection of baculovirus: cell
population and kinetics of baculovirus infection

The multiplicity of infection (MOI), defined as the number of active viral
particles (BV in this context) infecting one cell, has been shown to influ-
ence the kinetics and extent of infection and protein expression, which
ultimately affect the overall yield and composition of the product of
interest.[58-611 |n the Three-Bac system, the productive infection and
consequent AAV generation necessitate the insect cells to receive all
the essential genes (rep, cap, and transgene) delivered by three BEVs.[31]

Statistically, at an MOI of 1 for each of the three BEVs, while 95%
of cells are infected with at least one BEV, only 22% of cells receive
three BEV productive infections, leaving 78% of the cells unproductive
in the primary BV infection.[62] This productive cell population is even
lower at a higher MOI. Meghrous et al.l1¢3] reported that at an optimal
MOI of 5, less than 12% of cells are AAV-productive in the primary

infection cycle. In two baculovirus systems (Two-Bac), the productive
cell-population proportion ranges between 60% and 70%,1401 with a
one baculovirus system, it can reach as high as 95% (based on the MOI
used) in the first wave of infection.[62] The single baculovirus infection
follows the Poisson distribution, and the relationship between the MOI
and fraction of the productive cell population is a hyperbola.[6264651 |t
is believed that this increase in the productive cell population in Two-
Bac may be responsible for the higher AAV yield.[*°! However, this can
be challenged given that the average cell-specific yield of AAV2 viral
genomes (VG) achieved with Three-Bac (45,000 VG per cell)l31 is not
significantly different from that of Two-Bac (78,000 VG per cell).[351 A
somewhat higher titer with Two-Bac might be correlated to higher AAV
Rep protein expression stability, which is necessary for vector genome
rescue, replication, and encapsidation.[3%66.67] The lower productive
cell population at the primary BEV infection can be circumvented

via subsequent waves of infections where BEV progenies produced
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after the primary infection round infect the remaining cell population,
providing near 100% productive infection. This phenomenon is charac-
teristic of asynchronous baculovirus infection caused by low MOl used
in the primary infection round.[¢8] This process has been used for the
production of enveloped virus-based vaccine candidates in insect cells
and mammalian cells.[¢9.70]

When applied to AAV production using Three-Bac, Mena et al.[¢8]
and Negrete et all’!] reported that at both low and high MOls, the
overall volumetric yields of AAV are comparable; however, in the
case of a low MOI process, the culture harvest time is delayed by an
additional 24-48 h post-infection (~96 hpi) due to an apparent delay
in the transition to the productive infection phase as compared to the
standard high MOI process.[¢8] A full factorial DOE study conducted
by Aucoin et al.l”2] provided detailed insight into single-factor and
multifactorial interaction effects of MOI of the three baculoviruses
on AAV yields and the timing of expression for each AAV protein. This
study suggested a self-controlling nature of the insect cell-baculovirus
infection process, where differing MOls or delaying the infection of
one of the three baculoviruses did not lead to significant changes or
improvements in overall AAV yield when reported in combination with
the relative proportions of total, genome containing, and infective
virus particles (Cp:VG:IVP).

Besides low BEV stock requirements, another advantage of the
low MOI process relates to the lower production of non-functional
defective interfering particles (DIP) of BV progenies after the primary
infection.l”3] Therefore, a low MOl is also recommended for BV/BEV
production. It has been reported that during BV production, the co-
synthesized DIP can lack up to 43% of the original BV genome,!”3]
the missing elements may be complemented by a high MOI infection
facilitating DIP co-production. In contrast, alow MOI primary infection
reduces this genetic complementation and probability of DIP progeny
formation, hence minimizing DIP-mediated non-AAV-productive infec-
tions during the AAV production process.

4.2 | Cell density effect and mode of cell culture
operation

The cell density effect, which refers to the loss of cell-specific yield
of the product of interest above specific cell density (breakpoint) in
the cell culture, has been widely reported in the literature, concern-
ing AAV production.[43:63.687475] Thjs effect has been associated with
metabolic limitation of the culture, especially in the productive infec-
tion phase, and has been successfully alleviated via supplementation
of fresh growth medium (medium replacement strategy) or bolus sup-
plementation of the nutrient cocktail under the fed-batch mode of
operation.[6375]

While commercially available serum-free growth media for insect
cell culture such as SF-900-11 or-lll can support a peak cell density
of up to 13 million cells during a standard growth curve (our unpub-
lished data), they fail to sustain protein expression in baculovirus-
infected high cell density cultures. When analyzed for AAV production

using Three-Bac, the optimal cell density at the time of infection was

Journa

reported to be approximately 1 million cells per mL in the EX-CELL 420
mediumlé3] or 3.5 million cells per mL in SFX serum-free medium.!7¢!
Similarly, during AAV5 production in One-Bac3.0 Sf9 cells using Sf200-
I or Sf900-I11 medium, the cell density breakpoint was approximately
2.0 million cells per mL.[43] Any combination of cell density at the time
of infection and an MOI that resulted in a peak cell density above the
breakpoint resulted in a drop in the cell-specific yield, limiting the AAV
volumetric titer in a low-cell density culture. Such a low-cell density
culture process operating under a batch mode of cultivation gener-
ally results in a lower volumetric yield of AAV, necessitating large-scale
bioreactor production to meet the exceptionally high demand of AAV
vector material (up to 1017 VGs) for late-phase clinical studies.3!

A straightforward way to boost the overall volumetric titer is to
infect and induce AAV production at higher cell densities while main-
taining the cell-specific yield. The medium replacement strategy was
used to attain increased AAV production at cell density as high as 7.5
million cells per mL in shake-flasks, and the process was further vali-
dated at the 3 and 20 L bioreactor scale at up to 2.5 million cells per
mL cell density.!¢3] Similarly, in Sf21 cells, the fresh growth medium
supplementation successfully alleviated nutrient limitation at 1 mil-
lion cells per mL density offering increased cell-specific yield compared
to controlled production runs.””! The fed-batch mode of operation
combined with low MOI infection of Three-Bac BEVs resulted in an
almost 1-log increase in volumetric yield of functional AAV2 particles
when the nutrient cocktail was provided at the time of infection and
24 h before and after infection (Table 1).[¢8] In this case, Sf9 cells were
infected at ~5 million cells per mL at a low MOI of 0.1 (for each BV),
which resulted in non-infected cells growing up to 48 hpi, attaining a
peak cell density as high as ~10 million cells per mL followed by a sus-
tained AAV production phase.

4.3 | Effect of temperature

The temperature modulation strategy is reported to affect protein
expression yield and glycosylation in insect cells, 78811 which grow
best at temperatures between 27°C and 30°C. Aucoin et al.[82]
reported higher functional AAV2 vector production in Sf9 cells at a
higher temperature. Of different temperatures tested (21, 24, 27, 30,
and 33°C), the highest yield of AAV functional particles was achieved
at 30°C, which was 2.5 times and five times more than at 27°C and
temperatures below that, respectively. Also, temperature modulation
affected the onset of expression and kinetics of AAV protein produc-
tion. The use of temperature-responsive promoters or other regulatory
elements to achieve inducible production of AAV proteins at a con-

trolled rate or expression levels remains open to further investigation.

4.4 | AAV production in small and large-scale
stirred-tank bioreactors and Wave bioreactors

The attractive features of insect cell baculovirus platforms include

the ability of insect cells to grow in suspension culture at a high cell
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density, proven linear scalability, and a history of regulatory accep-
tance of the platform for the production of various biologics.[1126]
A commercial-scale fed-batch manufacturing process for Flublok
in Sf9 cells was successfully scaled-up and demonstrated at 2500 L
stirred-tank bioreactor (STB)!11] with targeted production at a more
than 20,000 L scale. Multiple reports of AAV production in either
conventional STBs (glass, stainless steel, or disposable vessel),[63.76:83]
or Wave bioreactors!83] suggest comparable yields and quality of
rAAV vector material (Table 1). In a controlled bioreactor environment
maintained at optimal cell-culture conditions, the AAV production
yield improved compared to a shake flask run, as demonstrated in a 20
L scale bioreactor production, which generated around 5 x 1012 AAV2
functional particlesl63! (Table 1). Subsequent reports of AAV produc-
tion using an improved Three-Bac system indicated AAV volumetric
yield in the range of 5 x 1012-3 x 1013 VG per L with a comparable
consistency at various scales of Wave (up to 20 L) and STB (up to 40 L),
respectively.[83] Even though the reported yield was somewhat lower,
the bioreactor scale process performance, when expressed as the ratio
of genomic:transducing units (VG:TU), was consistent in all production
runs.

Although simple and straightforward at a smaller-scale, AAV pro-
duction using Three-Bac at a large scale was challenging due to a mul-
titude of reasons. First, a large amount of three different BEV stock,
required toinfect large-scale production cultures, necessitates the par-
allel production of these BEVs. During this BEV production step, BEVs
may undergo high passage numbers, resulting in lower and variable
expression stability and presenting a direct source of plausible pro-
cess variability. Second, the parallel production, quantification, and
characterization of three different baculoviral vectors remain cumber-
some and resource-extensive steps. Moreover, if a high MOI process is
selected (more than 3 MOI for each BEV), the total volume of three-
BEV stock (1 x 108 pfu mL1) required may be as high as 20% v/v, lead-
ing to a substantial dilution of production culture volume at the time
of infection. To address these challenges, an alternate approach to the
proven low-MOlI process!8! was reported by Cecchini et al.17¢] where
the low MOl infection characteristics were mimicked and reproduced
in situ by an expansion of a mixture of cryo-preserved baculovirus-
infected insect cells (BIIC) and non-infected insect cells (NIIC). BIIC
and NIIC, originally mixed in an 1:10,000 ratio, eliminated the need for
exogenous baculovirus infection during production and offered con-
sistent baculovirus infection kinetics and AAV expression yield. When
assessed at different scales (shake flask to 200 L bioreactor) for differ-
ent serotypes (AAV-6 and -9), a comparable yield of AAV serotypes was
reported!7¢] (Table 1).

4.5 | AAV production process monitoring in
bioreactors

In addition to the pH, temperature, and dissolved oxygen concentration
sensors, various in-line process monitoring tools have been reported
for AAV production. These tools include dielectric spectroscopy!84]

and capacitance sensors for monitoring cell growth, productive infec-

tion, infection kinetics, and relative permittivity of insect cells.[43:68]
Infrared sensors for measuring the carbon dioxide evolution rate
of cell culturel8! and recently reported on-line digital holographic
microscopy for AAV production yield and cell concentration measure-
ment have also been documented.[85] These tools provide a practical
approach for process optimization and process control, including mak-
ing the decision on culture harvest time.

5 | RECENT ADVANCEMENTS IN THE AAV
PRODUCTION PROCESS

As discussed in the previous section, the extensive documentation of
AAV production employing Three-Bac (Table 1) provided the key learn-
ings that laid the foundation of the current manufacturing systems and
process using improved and follow-on IC-BEVS. Recently, there has
been a shift towards a simpler and more straightforward Two-Bac sys-
tem for AAV production, as it combines the flexibility of Three-Bac and
the process simplicity of the less flexible One-Bac/Mono-Bac system to
some extent. The two-baculovirus system has been reportedly used for
large-scale AAV production by AAV vector manufacturers.[86:871

Although Mono-Bac provides a higher volumetric titer,!1371 it has not
been extensively documented. Generating a stable baculoviral vector
harboring all three gene sequences is technically challenging. More-
over, it is the least modular system compared to the Three-Bac or the
Two-Bac systems, making it difficult to produce a library of AAV capsids
in the early screening phase. Current standard protocols for AAV pro-
duction involve Rep proteins and ITR packaging functions from AAV2,
whereas the serotype and vector expression cassettes are selected
based on in vivo/in vitro transduction studies conducted at the screen-
ing phase. Following this rationale, a modified version of the original
Two-Bac, Duo-Bac was reported, which consists of Bac-Rep and Bac-
CapX-GOl (gene of interest) baculoviruses.[48871 Similarly, a modified
version of One-Bac consisting of only the rep-expressing Sf9 cell line
and Bac-CapX-GOl for AAVX (X = serotype) production has also been
recently reported.[88]

Astudy by Joshi et al.l13] reported AAV5 production in high cell den-
sity fed-batch cultures using One-Bac3.0, with a final volumetric yield
exceeding 2 x 101 VG per L of cell culture. In contrast to the previously
reported fed-batch process,[68! the culture at a 10 million cells per mL
cell density was infected at a higher optimal MOI of 3, which resulted
in the transition of the cell culture to the AAV-production phase from
the growth phase within 24 hpi. The nutrient cocktail was supplied
to maintain the cell culture in the mid-exponential phase before
infection and support AAV production in the post-infection stage to
alleviate nutrient limitation, resulting in a six-fold increase in VGs and
an 18-fold increase in bioactive AAV5 particles as compared to the
standard low-cell density batch process.[43]

In compliance with regulatory and GMP requirements, newer
yeastolate-free and chemically defined serum-free media such as
ExpiSFI89-71] or TheraPEAK-SfAAVL92] have been developed as alter-
natives to traditional yeastolate-based serum-free media such as
Sf900-11.



JOSHI ET AL.

Biotechnology o
| 130f 17

6 | FUTURE PERSPECTIVES

6.1 | Insect cell and baculovirus engineering
Although insect cells have been in use for AAV production for more
than 15 years, the first major question yet unanswered relates to
the uncertainty of whether the maximum cellular protein produc-
tion/processing capacity has been reached. One-Bac1.0 reported
almost 1-log higher cell-specific AAV yield (~500,000 VG per cell)38]
compared to the original Three-Bac (~45,000 VG per cell),131 which
indicates that current AAV production protocols demonstrating rou-
tine cell-specific yield of up to ~100,000 VG per cell (Table 1) may be
under-utilizing the insect cells AAV production capacity.

The second question is related to the efficiency of vector genome
packaging in insect cells. In general, insect cells have been reported to
produce more AAV empty capsids!4356:93] compared to mammalian
cell platforms,[94-96] which counteracts any success achieved with
increased cell-specific AAV vyield and necessitates active efforts
towards engineering insect cells or BEVs to improve packaging
efficiency and produce more functional particles. A head-to-head
comparison of the mammalian cell versus insect cells for wild type
AAV production may help identify any insect-cell specific limitations
for producing packaged AAV particles because mammalian cells, the
natural host of AAV, have been reported to produce nearly 100%
genomic and functional particles of wtAAV in the presence of helper
virus functions.l?7) Moreover, in contrast to well-defined and well-
characterized helper genes of adenovirus or HSV,1 78291 the baculovirus
helper elements have not yet been fully identified, even though their
helper function has been known for almost two decades.[31! Aslanidi
et al.l38] reported the absolute requirement of baculovirus genomic
elements such as homologous region (hr2-0.9) in cis as a part of the
rep expression cassette for its rescue and replication in insect cells
upon BV infection. Identifying similar helper elements to modu-
late AAV gene expression and subsequent genome-encapsidation
efficiency of insect cells presents an opportunity for further
research.

Another critical factor requiring significant consideration is the
functionality of ITR, which is not yet fully understood,[199] especially
in the context of insect cells. In contrast to traditional AAV2 Rep- ITR,
the selection of optimal combinations of serotype-specific Rep- ITR
also remains an open area of investigation to further support the
findings of a single report by Urabe et al.134] studying the effect of such
a combination on genome packaging efficiency and the overall yield of
AAVS5.

The exclusive use of Sf9 cells over Hi5 for AAV production has not
been supported with sufficient documentation despite proven com-
mercial viability and regulatory acceptance of Hi5 cells for the pro-
duction of a therapeutic biologic for use in humans.!112¢] Meghrous
et all¢3] reported a somewhat higher cell-specific yield of AAV2 in
Hi5 cells compared to Sf9. However because of the known ease of
baculovirus production in Sf9 cells over Hi5 cells,!17] the former was
selected for both AAV and BEV production, streamlining the overall

process. With the demonstrated success of AAV production in the One-
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Bac Sf9 packaging cell line, the generation of a similar Hi5 cell line
remains open to further evaluation. Additionally, in the context of a
recent report regarding the effect of post-translational modifications
(PTMs) of AAV capsids on vector transduction efficiency,!?3] a side-
by-side comparison of AAV produced in Sf9 and Hi5 cell lines might
provide new insights into the vector quality attributes (PTMs, in vivo
potency) imparted by different cell lines.

It should be noted that in recent years, commercially available
Sf9 and expresSF+, and Hi5 cell lines have been found to produce
rhabdovirus! 191192 and nodavirus, 193] respectively, wherein the lat-
ter was found to acquire latency in Hi5 cells in the absence of
baculovirus superinfection. As such, rhabdovirus cannot replicate in
human or monkey cell lines!101.104]: therefore, it is deemed harm-
less, whereas the host range of nodavirus is not yet clear. Impor-
tantly, the team from Glyobac recently established and characterized
rhabdovirus-negative 59 cell linel 192! and nodavirus-negative Hi5 cell
line,[195] which showed the absence of corresponding adventitious
viruses overextended cell passages making these cell lines preferen-
tially more suitable for biologics manufacturing than the current Sf9
and Hi5 cell lines in use because of improved product safety. Notably,
none of these new cell lines have been reportedly used for AAV pro-
duction and remain open to further investigation.

AAV production using IC-BEVS is a transient phenomenon. Because
of the lytic nature of baculovirus infection, AAVs are recovered by har-
vesting the cell culture within 96 hpi, preferably at viability more than
70%,143] to minimize potential degradation of AAV capsids by cellular-
proteases released as a result of cell apoptosis. At this time, AAV VG
titer often reaches a plateau; however, this may not be the optimal har-
vest time since packaged virions are believed to undergo a so-called
“capsid maturation” phase reflected as delayed onset in infective virus
particles.[43.106] Extending the time of harvest while maintaining insect
cells at higher viability offers a plausible solution to increase the over-
all yield of the functional AAV vectors. Expression of anti-apoptotic
proteins such as vankyrins has been shown to maintain more than
90% viability at 96 hpi in both Sf9 and Hi5 cells.[197] Similarly, the
anti-apoptotic p35 gene expression also showed a 4-fold increase in
GFP titer while maintaining the culture at more than 50% viability at
approximately 120 hpi.[208] Incorporation of these advancements in
the AAV production process and their effect on AAV yield could be of
potential interest in the future.

The protease-driven degradation of secreted recombinant proteins
produced via IC-BEVS has been known for a while, which prompted
the use of a chitinase and cathepsin gene-deleted BEV.[19?] Similarly,
recent observations reported on the degradation of VP proteins of spe-
cific serotypes suggest further exploration in this area to identify other
protein-degrading elements of the baculovirus genome.l>2] Further
identification and deletion of such detrimental or non-essential genes
may facilitate the insertion of multiple copies of AAV gene expres-
sion cassettes in the baculoviral vector. In this way, more copies of
AAV genes, compared to standard baculoviral vectors, can be deliv-
ered toinsect cells without increasing the MOI, enabling a lower overall
requirement of baculoviral vector stock and an economized approach

to AAV bioprocessing.
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6.2 | AAV bioprocessing

In addition to molecular and cellular engineering, improvements
in high cell density production processes can also contribute to
addressing the challenges of high-yield production by incorporating
advancements in the field of biologics manufacturing. The strategies
involved are not limited to the development of cellular proteomics-
and metabolomics-based optimized insect cell medium formulation,
nutrient cocktail, or AAV titer enhancer formulations. Moreover, a
detailed understanding of the critical process parameters guided by
the critical quality attributes of AAV serotype therapeutic products is
crucial for a robust manufacturing process.

The high-cell density upstream process should be designed with
consideration of downstream processing. AAV is an inherently intra-
cellular product and the primary recovery step involves cell lysis and
release of intracellular AAVs in lysis buffer.[110] In high cell density
cultures, the removal of co-extracted cellular components (host cell
genome, proteins, and other components) released upon cell lysis
exerts a significant burden on downstream processing. It would be
appealing to study if the AAV capsids can be modified, without altering
the functionality, to direct AAV secretion in cell-culture supernatant to
continuously recover them with minimum contamination of intracellu-
lar impurities.

Another futuristic approach is the development of a producer insect
cell line that constitutively integrates and inducibly expresses all the
genes necessary, including baculovirus helper functions, AAV proteins,
and AAV vector production, using an alternative inducible system(s)
not requiring baculovirus superinfection.!111-113] The Sf9 genome
was published recently!114] and CRISPR-mediated knockout of genes
expressing viral restriction factors in insect cells or targeted integra-
tion of AAV genes in the transcriptionally active regions of the insect
cell genome are attractive strategies for producer cell-line generation.
These strategies, combined with high-viability insect-cell cultures as
discussed above, can be used to design a semi-continuous perfusion
process that facilitates ultra-high cell density. Such a process may offer
a significantly higher volumetric yield of AAV enabling a large amount
of vector generation, even at a small-scale cGMP facility with reduced

frequency of production runs.

7 | SUMMARY AND CONCLUSION

Supported by sustained efforts in baculovirus and insect-cell engineer-
ing, the IC-BEVS platform has undergone significant improvements to
produce AAV vectors with better yield, quality, and process simplicity.
Although the key understanding of AAV production in insect cells was
based on the original Three-Bac system, more advanced and simplified
versions, including Two-Bac and One-Bac, are being adopted for large-
scale AAV production, accommodating and continuously improving the
existing Three-Bac manufacturing process. Moreover, the emergence
of novel process monitoring technologies and continuous improve-
ments in process intensification strategies with demonstrated suc-

cess in other eukaryotic expression platforms (e.g., CHO cell line) also

presents a futuristic direction for AAV manufacturing. In conclusion,
due to increased regulatory acceptance, ease of scale-up, and recent
advancements in production technologies, insect cell baculovirus sys-
tems are being more broadly adopted for the production of multiple
AAV serotypes (Table 1). As a result, more insect cell-produced AAV
vectors can be expected in clinical trials in the future.
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