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Abstract: Baculoviral vectors (BVs) derived from Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) are an attractive tool for multigene delivery in mammalian cells, which is particularly
relevant for CRISPR technologies. Most applications in mammalian cells rely on BVs that are
pseudotyped with vesicular stomatitis virus G-protein (VSV-G) to promote efficient endosomal
release. VSV-G expression typically occurs under the control of the hyperactive polH promoter.
In this study, we demonstrate that polH-driven VSV-G expression results in BVs characterised
by reduced stability, impaired morphology, and VSV-G induced toxicity at high multiplicities of
transduction (MOTs) in target mammalian cells. To overcome these drawbacks, we explored five
alternative viral promoters with the aim of optimising VSV-G levels displayed on the pseudotyped
BVs. We report that Orf-13 and Orf-81 promoters reduce VSV-G expression to less than 5% of
polH, rescuing BV morphology and stability. In a panel of human cell lines, we elucidate that BVs
with reduced VSV-G support efficient gene delivery and CRISPR-mediated gene editing, at levels
comparable to those obtained previously with polH VSV-G-pseudotyped BVs (polH VSV-G BV).
These results demonstrate that VSV-G hyperexpression is not required for efficient transduction of
mammalian cells. By contrast, reduced VSV-G expression confers similar transduction dynamics
while substantially improving BV integrity, structure, and stability.

Keywords: baculovirus; pseudotyping; VSV-G; AcMNPV; gene delivery; viral vector

1. Introduction

Baculoviral vectors (BVs) derived from Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) are insect-specific vectors found to efficiently transduce a wide
range of human cell lines in which they neither replicate nor integrate, rendering them
safe [1–3]. Baculoviruses in nature range widely in genomic size, from 120 to 180 kb [4,5].
BVs can easily accommodate large synthetic DNA cargoes (50–100 kb) due to their ex-
pandable rod-shaped capsid, with currently unknown upper limit. We and others have
extensively exploited this feature for multiprotein complex production in insect cells [6–9]
and multigene delivery to mammalian cells [3].

By contrast, the rigid capsid architectures of commonly employed viral vectors impose
a hard cap on their genetic cargo capacity, which is limited to 4.5 kb for adeno-associated
vectors (AAVs), 8.5 kb for lentiviruses (LV) and 36 kb for third-generation high-capacity
adenoviruses (HC-AdVs) [2], which currently dominate the field. This represents a major
limitation, particularly in the context of CRISPR-based genome editing. Indeed, more
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sophisticated editing toolkits including gene replacement [10], prime editing [11] and
PASTE [12], cannot typically be delivered using a single vector, contributing to decreased
gene editing success rates.

We and others have demonstrated that BVs can deliver different CRISPR technologies
to a range of cultured human cells [3,13,14], enabling efficient, large DNA cargo inte-
gration and multiplexed prime editing using a single all-in-one baculovirus [15]. More
recently we have also demonstrated that, alongside their DNA cargo, BVs can simultane-
ously deliver Cas9 protein, resulting in efficient gene editing in the absence of detectable
off-target effects [16].

The major AcMNPV glycoprotein, GP64, mediates BV cell entry by binding heparan
sulphate on target mammalian cells [17,18], but in early endosomes in the mammalian
host, the pH is often above the pH (<5) at which GP64 transitions to a post-fusion state.
This results in incomplete endosomal escape of BVs in mammalian cells, which in turns
reduces transduction efficiencies, sometimes severely [19]. For this reason, since its early
inception, BV transduction in mammalian cells has exploited pseudotyping with vesicular
stomatitis virus glycoprotein (VSV-G) [20]. VSV-G binds to low-density lipoprotein receptor
(LDL-R) [21] which is abundantly expressed on the target mammalian cells and, at the same
time, transitions from the pre-fusion to post-fusion state at pH 6.0–6.5, triggering efficient
early-endosomal release [22].

BV pseudotyping is typically achieved by including a cassette in which VSV-G is
placed under the control of the hyperactive very late baculoviral polyhedrin promoter
(polH) either as a plasmid module (BacMam 2.0, ThermoFisher), embedded in the viral
genome (MultiBacMam, GenevaBiotech) or in packaging insect cell lines under the control
of a polH [23] or a polH-chimeric promoter [24]. In all instances, BVs equipped with VSV-G
display broader mammalian cell tropism and superior transduction efficiencies as compared
to non-pseudotyped BVs [3,15,20,25]. While representing a successful strategy, polH-driven
expression nonetheless triggers massive incorporation of VSV-G on the baculovirions, sig-
nificantly outcompeting GP64 abundance as evidenced by mass spectrometry [16]. VSV-G
hyperexpression is also linked to increased cytotoxicity in mammalian cells [26]. Moreover,
VSV-G can interfere with BV nanostructures by altering the envelope morphology [20]. In
addition, we noticed that preparing stocks of polH VSV-G BVs by concentration results in
significantly reduced infectious titres as compared to non-pseudotyped BVs. In the past,
BVs pseudotyped with truncated VSV-G (VSV-GED) proteins have been engineered to
address some of these issues [26], although it was later found that transduction efficien-
cies otherwise conferred by full-length VSV-G are restored only to a negligible extent by
using VSV-GED [27].

In the present study, we aimed to resolve these issues by testing alternative viral
promoters to drive VSV-G expression during baculovirus packaging in insect cells. Our ob-
jective was to identify optimal VSV-G expression levels for maintaining the beneficial, high
levels of transduction efficiencies of the pseudotyped BV, while at the same time reducing or
eliminating cytotoxicity and viral stability defects. By testing six viral promoters (including
polH) and systematically comparing the resulting VSV-G-enveloped BVs with a reference
wild-type (non-VSV-G) BV, we identified Orf-13 and Orf-81 as alternative promoters to
drive VSV-G expression. Although Orf-13 and Orf-18 promoters lead to less than 5% VSV-G
incorporation on budded virions as compared to polH, the resulting viruses preserved
high transduction efficiencies in target mammalian cells. Moreover, we found that the
reduced VSV-G expression levels rescued BV structural defects caused by polH-driven
VSV-G hyperexpression and improved the stability of concentrated BV stocks. Furthermore,
BVs pseudotyped with reduced VSV-G levels displayed lower cytotoxicity in target human
cells, including primary cells. Finally, these reduced VSV-G BVs efficiently delivered multi-
gene CRISPR constructs, maintaining transduction and gene editing efficiencies overall
comparable to the original polH VSV-G BVs.
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Taken together, our results demonstrate that finetuning of the viral promoter driving
glycoprotein expression is instrumental for optimal pseudotyping and the development of
safer and stable BVs for gene delivery and editing in mammalian cells.

2. Materials and Methods
2.1. Plasmid Design and Cloning

Alternative viral promoters were synthesised by GenScript and cloned into pIDC VSV-
G vector using BamHI/PmeI restriction sites. pIDC VSV-G and pIDC-derived vectors were
propagated in Pir+ E. coli with chloramphenicol (30 mg/mL). The pIDC backbone (without
VSV-G) can be accessed on GenBank (LQ942132.1). The resulting pIDC with variable
promoters were individually assembled with pACEMam1 EGFP WPRE (modified from
pACEMam1) [3] via Cre-mediated recombination as previously described [3,6,7,15]. Briefly,
acceptor and donor plasmids were mixed in equimolar amounts (total DNA amount
was 500 ng) with 0.5 µL Cre recombinase (NEB, Ipswich, MA, USA # M0298M), 1 µL
Cre-recombinase reaction buffer (provided with Cre recombinase) and ddH2O to 10 µL.
Reactions were incubated at 37 ◦C for 1 h and transformed in homemade electrocompetent
Top10 E. coli under gentamycin (10 mg/mL) and chloramphenicol (30 mg/mL) antibiotic
selection. Individual colonies were screened by restriction digestion to confirm the absence
of acceptor/donor duplications. The digestion patterns were compared to in silico assem-
bled Cre reactions performed with CRE-ACEMBLER software [28] before proceeding to the
next steps. For the production of all-in-one CRISPR BV, the same procedure was applied by
using MultiMate HITI-2c ACTB (Addgene, Watertown, NY, USA, plasmid#206267) [15] as
the acceptor partner. All plasmid sequences are available in Supplementary Table S2.

2.2. Baculovirus Amplification

Assembled plasmids were transformed in chemically competent DH10-EmbacY E. coli.
Plasmids were integrated into the baculovirus genomes by Tn7 transposition following
standard protocols. After overnight recovery in LB media, bacteria were plated, and
positive colonies selected by blue–white screening. Bacmid extraction was performed using
alkaline lysis/ethanol precipitation as previously described [6,7,29].

Transfection of the purified bacmid into Sf21 cells as well as first (V0) and second (V1)
generation viral amplification and harvest were performed as previously described. Third-
generation viruses (V2) were amplified by infecting 50 mL of cells at 0.8 × 106 cells/mL
with 1 mL of V1. V2 supernatants were clarified by centrifugation at 3500× g for 5 min to
remove cell debris and stored at 4 ◦C.

BVs viral DNA was extracted and quantified by qPCR as previously described [16]
using oligonucleotides targeting gp64 (Forward 5′-CGCTTCACCAACTCTTTGCC-3′) and
reverse 5’-AAGAGCTGATCGACCGTTGG-3′). An extended protocol covering baculovirus
amplification and quantification using qPCR has been recently published by our group
(Aulicino et al. 2024, “Assembly of baculovirus vectors for multiplexed prime editing”,
Methods in Mol. Biology) [29].

2.3. Cell Culture

Sf21 insect cell cultures (Thermo Fisher Scientific, Waltham, MA, USA #IPLB-Sf21-AE)
were maintained at 0.5–2.0 × 106 cells/mL in ESF 921 culture media (Expression Systems
#96-001-01). The cells were kept on a shaker (Thermo Fisher Scientific, Waltham, MA,
USA) in 125–250 mL polycarbonate flasks (CORNING, New York, US, #431143, #431144) at
27 ◦C as previously described [15,16,29]. Mammalian cells were cultured as previously
described [16]. Briefly, HEK293T (ATCC #CRL-3216), RPE1-hTERT, (ATCC, Gaithersburg,
US #CRL-4000), SH-SY5Y (ATCC#CRL-2266), and HeLa (ATCC #CRM-CCL-2) were cul-
tured in Dulbecco’s Modified Eagle Media (DMEM) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA #41965), supplemented with 10% foetal bovine serum (FBS) (Gibco
#A4766801), 10 U/mL penicillin, and 10 µg/mL streptomycin (Gibco #11548876). Primary
HUVECs (Merck, Darmstadt, Germany #C-12203) were cultured in Endothelial cell growth
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medium kit (Merck #C-22110) supplemented with 10 U/mL penicillin and 10 µg/mL
streptomycin (Gibco #11548876). A549 cells (Merck 86012804–1VL) were cultured in Gibco
Ham’s F-12K (Kaighn’s) Medium supplemented (Fisher Scientific #11580556) with 10% FBS
(Gibco #A4766801), 10 U/mL penicillin, and 10 µg/mL streptomycin (Gibco #11548876).

2.4. Mammalian Cells Transduction and Fluorescent Titration Assay

One day before transduction, mammalian cells were seeded at 2 × 104 cells/well in
96-well plates in 100 µL of complete medium. The next day, the viral supernatants were
diluted with DPBS pH 7.4 to obtain the desired gc/cell ratios, and 25 µL of each viral
dilution was added to each well. The plates were spinoculated at 300× g for 30 min at
27 ◦C, followed by overnight incubation with viral supernatants. For titration experiments
on HEK293T, the cells were analysed via flow cytometry at 24 h post-transduction for EGFP
expression. For all the other experiments, 24 h post-transduction, the media containing
the viral supernatants were aspirated and replaced with fresh medium. The cells were
analysed by flow cytometry (to evaluate transduction or gene editing efficiencies) or a plate
reader (transgene expression and viability) at 48 h post-transduction.

2.5. Plate Reader Measurements of EYFP, EGFP, and alamarBlue

For analysis of EYFP expression, Sf21 cells cultured in 6-well plates were analysed
72 h post bacmid transfection or transduction, virus-containing supernatants were aspirated
at 72 h, and cells were overlaid with 2 mL DPBS pH 7.4 to reduce autofluorescence caused
by ESF 921 medium. To cover the whole well area, 25-tiled measurements were carried out
for each well/transfection using a Biotek Synergy H1 (Agilent, Santa Clara, CA, USA).

For analysis of EGFP expression in HEK293T, A549, HeLa, and HUVEC, cells cultured
in 96-well plates were analysed at 48 h post-transduction in complete media using a Biotek
Synergy H1 (Agilent). For analysis of cell viability, cell media were replaced with 10% ala-
marBlue reagent (ThermoFisher #Dal1025) following the manufacturer’s recommendations.
4 h after alamarBlue addition, the cells were analysed using a Biotek Synergy H1 (Agilent)
to monitor the conversion of resazurin (non-fluorescent) to resafurin (fluorescent). Relative
fluorescent units (RFUs) were scaled to RFUs obtained in untransduced control cells to
obtain the percentage of viable cells at 48 h post-transduction.

2.6. Western Blot

Protein extracts from 1 × 106 Sf21 insect cells were prepared by extraction in RIPA
buffer (ThermoFisher # 89900) following the manufacturer’s recommendations. Viral pro-
tein extracts were obtained by concentration of titre-normalised viral supernatants by
centrifugation at 47,500× g for 1 h at 4 ◦C using a Sorvall Lynx 6000 centrifuge (Thermo
Scientific). Viral pellets were resuspended in RIPA buffer (1:50 of the original supernatant
volume). The protein extracts were mixed 3:1 with 4× Laemmli buffer, followed by incuba-
tion at 95 ◦C for 5 min. Electrophoresis was performed on 3–8% tris-acetate gels (Novex,
Thermo Fischer Scientific) using 1× Tris Acetate Buffer (Novex) for 60–80 min at 200 V.
The PageRuler Plus Protein Standard (Thermo Scientific) was used as a molecular weight
marker. For Coomassie labelling experiments, membranes were stained with Coomassie
Fluor (ThermoFisher# C33250) following the manufacturer’s recommendations.

For western blot experiments, the gels were transferred to 0.22 µm nitrocellulose
or PVDF membranes (BioRad, Hercules, CA, USA) using the iBlot2 dry blotting system
(Invitrogen). The membranes were blocked for 1 h at room temperature using 5% skim
milk powder in PBS (pH 7.4) with 0.1% Tween20 (PBS-T) and then incubated with pri-
mary antibodies against GP64 (Santa Cruz Biotechnology, Dallas, TX, USA #sc-65499),
VSV-G (antibodies.com, Cambridge, UK #A121626), or ACTB-HRP (abcam, Cambridge,
UK #ab49900) overnight at 4 ◦C with gentle agitation following the manufacturer’s recom-
mendations. The membranes were washed for 3 × 5 min in PBS-T, before incubation with
HRP-conjugated secondary antibodies (anti-mouse HRP-conjugated IgG secondary (Sigma,
St. Louis, MO, USA #A5906) or anti-goat HRP-conjugated IgG secondary (Santa Cruz

antibodies.com
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Biotechnology #sc-2020) at room temperature for 1 h. After washing, signals were imaged
on a gel imaging system (Syngene) after developing the membrane with SuperSignal West
Pico PLUS chemiluminescent substrate (Thermo Scientific). For the conjugated ACTB-HRP
antibody, the membranes were imaged after incubation with the primary antibody.

2.7. Cryo-EM

For cryo-EM experiments, titre-normalised viral supernatants were concentrated
10 times in ES921 medium using high-speed centrifugation (47,500× g, 1 h at 4 ◦C). A
total of 5 µL of each specimen was applied to freshly glow-discharged (1 min. at 5 mA)
Lacey carbon films on 200-mesh copper grids and was vitrified using Vitrobot MarkIV
(Thermo Fisher Scientific) at 100% humidity and 4 ◦C with a wait time of 1 s. Afterwards,
the grids were blotted for 2 s and plunged frozen into a liquid ethane–propane mixture.
Images were acquired on FEI Talos Arctica transmission electron microscope operated at
200 kV and equipped with a Gatan K2 Summit direct detector and Gatan Quantum GIF
energy filter, operated in zero-loss mode with a slit width of 20 eV using TOMO software at
49,000× magnification.

2.8. Evaluation of Viral Stability upon Concentration

To evaluate viral stability upon concentration, viral genome copies in clarified super-
natants were quantified using qPCR and normalised to 1 × 109 cg/mL in ESF921 media. A
total of 40 mL of titre-normalised viral supernatants were then concentrated via high-speed
centrifugation at 47,500× g for 1 h at 4 ◦C and resuspended in 40 mL (unconcentrated)
or 1 mL (40× concentrated) of cold Dulbecco’s Phosphate-Buffered Saline (DPBS) pH 7.4.
Unconcentrated and 40× concentrated viruses were stored at 4 ◦C in the dark for up to
1 week in the absence of cryo-protectants. Transducing titres were estimated at 24 h or
at 1 week post-concentration via fluorescent titration assays in HEK293T cells. To enable
a comparison of unconcentrated and 40× concentrated viruses, 40× concentrated viral
stocks were diluted to their original concentration immediately before testing.

2.9. Widefield and Confocal Microscopy

Widefield imaging was performed on a Leica DMI6000 inverted epifluorescence micro-
scope. Images were acquired with a Photometrics Prime 95B sCMOS Camera (1200 × 1200
11 µm pixels) using Leica LAS-X acquisition software. Mammalian cells were maintained
at 37 ◦C in an environmental control chamber (Solent), and Sf21 insect cells were imaged at
room temperature. For confocal microscopy of live cells, images were acquired with a Leica
Sp8 microscope equipped with 405, 458, 476, 488, 496, 514, 561, 594, and 633 nm lasers.

3. Results
3.1. Tuning the Levels of VSV-G Displayed on Pseudotyped BVs

Expression cassettes based on the hyperactive viral very late promoters polH and
p10 dominate heterologous protein production in baculovirus-infected insect cells as they
often confer very high protein yields [30]. Although not widely adopted, alternative
viral promoters can effectively be used to dose recombinant protein expression dynamics
and levels [30,31]. To reduce VSV-G occupancy on budded virions, we choose five viral
promoters, attempting to reproduce a balanced range of expression levels from low to
high based on transcriptomic data [32]. We selected promoters of the major baculoviral
envelope glycoprotein (GP64) [31], the major nucleocapsid protein (VP39) [31,33], a late
viral RNA-polymerase subunit (LEF8) [34], a protein involved in nucleocapsid nuclear
egress (ORF-13) [35], and a putative viral disulphide isomerase (ORF-13) [36,37]. Promoter
sequences and positions are listed in Table S1.

To generate VSV-G-pseudotyped BVs, these alternative promoters were cloned up-
stream of the VSV-G coding sequence (CDS) in the pIDC plasmid [6,7] as depicted in
Figure 1A. A pIDC construct containing a polH-driven VSV-G expression cassette was used
as control. The pIDC plasmids were subsequently assembled via CRE-LoxP recombination
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in vitro with pACEMam1 [3], equipped with an EGFP CDS under the control of the ubiqui-
tous mammalian-active CMV promoter. Assembled pACEMam1-pIDC fusions containing
the expression cassettes of choice were then shuttled into DH10EMBacY bacterial cells,
carrying an engineered baculoviral genome (EMBacY) in form of a bacmid, with an EYFP
marker under the control of polH in the viral backbone [7] (Figure 1A). Control BVs without
VSV-G pseudotyping were generated by omitting the CRE-LoxP step. The resulting BVs
could then be monitored efficiently in both insect cells (by tracking EYFP) and mammalian
cells (by tracking EGFP).
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Figure 1. Baculovirus VSV-G pseudotyping using alternative viral promoters. (A) Schematic
representation of the cloning strategy implemented to generate BVs encoding CMV EGFP (mam-
malian cells transduction marker), polH EYFP (viral amplification and protein expression marker
in insect cells), and VSV-G expression under alternative viral promoters (pseudotyping module).
(B–E) Characterisation of Sf21 insect cells at 72 h post inoculation with titre-normalised viral super-
natants. (B) Live-cell imaging, scalebar = 50 µm. (C) polH EYFP expression readout; violin plot
of plate reading measurement (plate scanning, 25 readings). Adj. p-value (** ≤ 0.01, *** ≤ 0.001,
**** ≤ 0.0001); all samples were compared against non-VSV-G BVs; ANOVA test, n = 25 measure-
ments. (D) Representative western blot of VSV-G and GP64 in insect cells. Actin B was used as
loading control. VSV-G levels, protein extracts of cells inoculated with polH VSV-G BVs (lane 1)
were additionally loaded 1:10 (lane 4). (E) Quantification of VSV-G expression levels, relative to (D).
Averages + S.D. of 2 independent experiments.

The pH of insect cell culture media is mildly acidic (pH 6.0–6.5). At this pH, VSV-G is
mostly found in its post-fusion conformation [22]. Combined with the hyperexpression
driven by the polH promoter, this triggers insect cell membrane fusion, leading to the
appearance of large syncytia [23,26]. At 72 h post-transfection in insect cells, syncytia
formation could be detected when VSV-G was expressed under the control of polH, gp64,
Orf-13, and Orf-81 promoters (Figure S1A), but not when expression occurred under the
control of the vp39 or Lef8 promoters. Viral supernatants from transfected cells (V0) were
harvested at 72 h post-transfection, and the baculoviral genome copy numbers were deter-
mined via qPCR. To eliminate the bias of variable transfection efficiencies in the assessment
of VSV-G induced phenotypes, V1 amplification was started by inoculating insect cells at
a multiplicity of infection (MOI) of 10 viral genome copies per insect cell (gc/cell). 72 h
post-infection, insect cells were monitored for EYFP production and syncytia formation.
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Under standardised infection conditions, VSV-G-induced syncytia were observed only
in polH VSV-G BV, suggesting that all promoters displayed substantially reduced VSV-G
levels as compared to hyperactive polH (Figure 1B). Interestingly, all VSV-G BVs, indepen-
dently from the promoter used, displayed reduced EYFP expression levels as compared
to non-pseudotyped BVs (Figure 1C), suggesting either cell expression burden stemming
from VSV-G production, VSV-G induced cytotoxicity, or both. We confirmed reduced
VSV-G expression levels using the alternative promoters by western blot of cell extracts,
noting that VSV-G levels from gp64, vp39, and Lef8 promoters fell below the detection
limit (Figure 1D). The expression levels of Orf-81 and Orf-13 promoters, in contrast, were
detectable and amounted to less than 5% of polH promoter driven expression (Figure 1E).
Similar results were confirmed in western blots of concentrated BV samples (Figure S1B–D).
In addition to Orf-81- and Orf-13-promoter-driven expression, VSV-G expression from the
gp64 promoter was detectable confirming the presence of VSV-G on the virions (Figure
S1B,D). VSV-G incorporation on BVs appeared to result in a reduced gp64 occupancy level,
which may suggest a competition between different glycoproteins for the available surface
of the baculoviral envelope (Figure S1C). Coomassie staining on budded baculoviruses
further confirmed that GP64 levels were noticeably reduced in polH VSV-G BV, while
other viral proteins were unaffected (Figure S1E). Together, these data demonstrate that
alternative viral promoter usage can dramatically reduce the amount of VSV-G protein
expression and incorporation on budded baculoviral particles.

3.2. Transduction Efficiencies of New VSV-G-Pseudotyped BVs in Mammalian Cells

We speculated that the hyperexpression of VSV-G may be unnecessary; however, no
data were available about the minimum levels of VSV-G required to significantly improve
BV transduction properties in mammalian cells as compared to non-pseudotyped BVs. All
the promoters tested produced markedly low VSV-G expression and pseudotyping levels
as compared to polH, with some even below detection levels in western blots (Figure 1).
Therefore, we proceeded to characterise our new VSV-G BVs on human cells (HEK293T),
in which the transduction rates by BV, as in the case of other mammalian cell lines, are
significantly improved by VSV-G pseudotyping.

Taking into account the expected differences in transduction properties conferred by
the differential VSV-G pseudotyping, viral supernatants were normalised by genome copies
(gc) and serially diluted to transduce target cells. Despite the low VSV-G pseudotyping
levels (Figure S1B,D), all viruses tested except Lef8 outperformed non-VSV-G-pseudotyped
BVs when used at a high MOI (4000 gc/cell) and produced similar transduction levels to
polH VSV-G BVs (Figure 2A). Indeed, transduction efficiencies correlated well with the
observed VSV-G expression and pseudotyping levels (Figures 1D and S1B). A statistically
significant transduction advantage conferred by VSV-G pseudotyping was maintained for
promoters gp64, vp39, Orf-81, and Orf-13 (at 400 gc/cell) and only for Orf-81, Orf-13, and
Lef8 promoters at higher viral dilutions (40 gc/cell) (Figure 2A,B).

Additionally, at high MOIs (4000 gc/cell), polH VSV-G BVs appeared to induce
morphological changes in target cells which were not observed with Orf-81 VSV-G BVs
and Orf-13 VSV-G BVs (Figure 2B). Evidently, the drastic reduction in VSV-G pseudotyping
levels (<5%) using Orf-81 and Orf-13 promoters (Figures 1D and S1B) did not dramatically
compromise transduction efficiency in mammalian cells. Indeed, superior transduction
properties were preserved over a wide range of MOIs, without a major loss in transduction
efficiency when compared to polH VSV-G BV, which on average was not more than twice
as effective (Figure 2C,D).



Viruses 2024, 16, 1475 8 of 17
Viruses 2024, 16, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 2. VSV-G hyperexpression is not required for efficient transduction of mammalian cells. (A) 
HEK293T transduction rates 24 hrs after transduction with control BVs (non-VSV-G) or BVs 
pseudotyped with different levels of VSV-G using alternative viral promoters. CMV EGFP 
expression was used as transduction marker. Mean + S.D. of 3 independent replicates. p-value(*** 
=<0.001); Student’s t-test, all samples compared to non-VSV-G virus. (B) HEK293T transduced with 
the indicated BVs at 4000 gc/cell, scalebar = 50 µm. (C,D) Fluorescent titration assay in HEK293T at 
24 hrs post-transduction with the indicated BVs. (C) Flow cytometry data of n = 3 independent 
replicates and transducing units per mL (D). p-value (** =<0.01, *** =<0.001), Student’s t-test, all 
samples compared to non-VSV-G virus (black symbols), Orf-13, and Orf-81 compared to polH VSV-
G virus (red symbols). 

Additionally, at high MOIs (4000 gc/cell), polH VSV-G BVs appeared to induce 
morphological changes in target cells which were not observed with Orf-81 VSV-G BVs 
and Orf-13 VSV-G BVs (Figure 2B). Evidently, the drastic reduction in VSV-G 
pseudotyping levels (<5%) using Orf-81 and Orf-13 promoters (Figures 1D and S1B) did 
not dramatically compromise transduction efficiency in mammalian cells. Indeed, 
superior transduction properties were preserved over a wide range of MOIs, without a 
major loss in transduction efficiency when compared to polH VSV-G BV, which on 
average was not more than twice as effective (Figure 2C,D). 

3.3. VSV-G Hyperexpression Affects Baculovirus Structure and Stability  
Budded baculoviral particles adopt a rod-shaped nucleocapsid surrounded by a lipid 

bilayer envelope. Using electron microscopy (EM), VSV-G pseudotyping using the polH 
promoter was initially found to profoundly affect baculovirion structures, resulting in 
enlarged envelopes [20], although no differences were found in later studies [23,38]. More 
recently, finer details of wildtype AcMNPVs were observed using electron cryo-
microscopy (cryo-EM), revealing oval-shaped envelopes that are easily destroyed or lost 
in EM sample preparation [39]. To date, however, VSV-G BVs have not been characterised 
by using cryo-EM.  

To elucidate the impact of VSV-G hyperexpression and pseudotyping on BV 
nanostructures, we performed cryo-EM imaging of BVs with standard or reduced VSV-G 
pseudotyping levels and compared them to non-VSV-G BVs. Comparison of BVs with 
intact envelopes clearly revealed the pronounced effect of excessive VSV-G levels on BV 
morphology (Figure 3A,B), resulting in significantly enlarged envelopes. As previously 

Figure 2. VSV-G hyperexpression is not required for efficient transduction of mammalian cells.
(A) HEK293T transduction rates 24 h after transduction with control BVs (non-VSV-G) or BVs
pseudotyped with different levels of VSV-G using alternative viral promoters. CMV EGFP expression
was used as transduction marker. Mean + S.D. of 3 independent replicates. p-value(*** ≤ 0.001);
Student’s t-test, all samples compared to non-VSV-G virus. (B) HEK293T transduced with the
indicated BVs at 4000 gc/cell, scalebar = 50 µm. (C,D) Fluorescent titration assay in HEK293T at 24 h
post-transduction with the indicated BVs. (C) Flow cytometry data of n = 3 independent replicates
and transducing units per mL (D). p-value (** ≤ 0.01, *** ≤ 0.001), Student’s t-test, all samples
compared to non-VSV-G virus (black symbols), Orf-13, and Orf-81 compared to polH VSV-G virus
(red symbols).

3.3. VSV-G Hyperexpression Affects Baculovirus Structure and Stability

Budded baculoviral particles adopt a rod-shaped nucleocapsid surrounded by a
lipid bilayer envelope. Using electron microscopy (EM), VSV-G pseudotyping using the
polH promoter was initially found to profoundly affect baculovirion structures, resulting
in enlarged envelopes [20], although no differences were found in later studies [23,38].
More recently, finer details of wildtype AcMNPVs were observed using electron cryo-
microscopy (cryo-EM), revealing oval-shaped envelopes that are easily destroyed or lost in
EM sample preparation [39]. To date, however, VSV-G BVs have not been characterised by
using cryo-EM.

To elucidate the impact of VSV-G hyperexpression and pseudotyping on BV nanos-
tructures, we performed cryo-EM imaging of BVs with standard or reduced VSV-G pseu-
dotyping levels and compared them to non-VSV-G BVs. Comparison of BVs with intact en-
velopes clearly revealed the pronounced effect of excessive VSV-G levels on BV morphology
(Figure 3A,B), resulting in significantly enlarged envelopes. As previously observed [23],
BVs with normal envelopes could also be found in polH VSV-G viruses, although they
displayed remarkably lower levels of VSV-G presumably due to early budding, before
polH-driven peak expression. Since GP64 typically occupies only the apex of the BV
envelope [39], increased protein incorporation within the lipid bilayer was interpreted as
VSV-G occupancy. In Orf-13 VSV-G BVs, the appearance of the envelope was overall similar
to non-pseudotyped control BVs (non-VSV-G) (Figure 3A,B). As for polH VSV-G BVs,
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Orf-13 VSV-G also displayed a certain degree of variation in VSV-G incorporation levels.
In the latter virus, however, the highest VSV-G incorporation levels remained well below
polH VSV-G BVs and did not appear to cause any morphological alterations (Figure S2A).
Alongside structurally intact BVs with oval-shaped envelopes, we also observed BVs with
loosely attached envelopes, naked nucleocapsids and vesicles as previously described [39]
(Figure S2). Vesiculation has recently been observed for wildtype BVs [40] and appeared
to be more severe in polH VSV-G BVs as previously reported [23]. It remains unclear
whether these vesicles have any significance or whether their appearance, consistent
with the presence of naked nucleocapsids, may be an artifact of sample preparation (e.g.,
virus concentration).
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Figure 3. VSV-G hyperexpression affects BV morphology and stability. (A) Nanostructure of control
baculoviruses (non-VSV-G) and VSV-G-pseudotyped BVs with standard (polH) or reduced (Orf-13)
expression levels. Cyro-EM imaging, scalebar = 40 nm. E = envelope; NC = nucleocapsid. Ar-
rows indicate position of glycoproteins (GP64 or VSV-G) embedded in the lipid bilayer envelope.
(B) Model of BVs nanostructures with increasing VSV-G incorporation levels. (C–E) Transducing viral
titres upon concentration and resuspension at 1 (C) or 1:40 (D) of the original volume assessed on
HEK293T via flow cytometry; viral stocks were tested after 24 h or 1 week storage at 4 ◦C. (D) Trans-
ducing titres recovery of 40× concentrated viral stocks compared to their unconcentrated controls.
Mean + S.D. of 3 independent replicates (C–E). p-value (** ≤ 0.01, *** ≤ 0.001), Student’s t-test, all
samples compared to non-VSV-G virus (black symbols), Orf-81 and Orf-13 compared to polH VSV-G
virus (red symbols).

In our experience, polH VSV-G BV titres tend to dramatically decrease after the
concentration and storage of viral supernatants, in contrast to standard BVs which can
be concentrated and stored in a range of conditions without excessive loss of infectious
viral titre [41]. We speculated that the defects in the BV nanostructure caused by VSV-G
hyperexpression could influence viral stability upon concentration either by enhancing
viral particle aggregation [42] or by triggering membrane envelope instability as suggested
by cryo-EM imaging. To analyse the impact of VSV-G levels on BV transduction properties,
we concentrated titre-normalised (1 × 109 gc/mL) viral supernatants using high-speed
centrifugation and resuspended the viral pellets in either 1 (unconcentrated) or 1:40 (40-fold
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concentration) volumes of DPBS pH 7.4. Transducing titres in mammalian cells (HEK293T)
were evaluated via flow cytometry (as in Figure 2C) after 24 h or 1 week of viral storage
at 4 ◦C. The relative transduction efficiencies of unconcentrated virus remained stable
(Figure 3C) and consistent with previous data (Figure 2C,D). Upon high concentration,
however, polH VSV-G BVs titres were dramatically affected (Figure 3D), while Orf-81 VSV-
G BV and Orf-13 VSV-G BV titres remained unaffected. The storage of concentrated viruses
for up to 1 week in the absence of any additives did not dramatically affect viral titres
either (Figure 3C,D), confirming that high-concentration storage conditions, but not storage
time (Figure S2B), were responsible for polH VSV-G BV titre loss. Indeed, when compared
to their respective unconcentrated stocks, 40× concentrated polH VSV-G BVs lost up to
50% of transduction titre, while titres were unaffected for control viruses (non-VSV-G),
Orf-81 VSV-G BVs, and Orf-13 VSV-G BVs (Figure 3E).

In summary, these data show that VSV-G hyperexpression under the control of the
polH promoter alters BV envelope nanostructures, which in turn are responsible for in-
creased viral instability, notably under high-concentration storage conditions.

3.4. BVs Pseudotyped with Reduced VSV-G Levels Exhibit Reduced Toxicity in Immortalised Cells
and Primary HUVEC

Our results demonstrated that significantly reduced VSV-G pseudotyping levels suf-
fice for achieving similar transduction levels in HEK293T when compared to polH VSV-G
BVs. Nonetheless, it is important to assess whether these reduced levels are sufficient
for ensuring high transduction rates in other cell lines, including primary cells which are
usually more susceptible to stresses, including transduction. While the cytotoxicity of polH
VSV-G BVs is considered to be low, we have previously observed cell-type-dependent de-
creases in cell viability at high MOIs at 48 h post-transduction [16], particularly concerning
primary cells. We thus compared EGFP expression levels and cell viability in immortalised
human cells (HEK293T, HeLa, and A549) (Figure 4) and primary human umbilical vein
endothelial cells (HUVEC) (Figure 5) transduced with polH, Orf-81, and Orf-13 VSV-G BVs.
Titres were normalised by qPCR, and cells were transduced with serially diluted viruses
starting from 2.5 × 103 gc/cell, corresponding to 100 transducing units per cell (TU/cell)
for the polH VSV-G virus, which is within the standard range used in the literature.

In HEK293T, Orf-81 and Orf-13 VSV-G BVs displayed transduction rates in the range
of polH VSV-G BV, with matching transgene expression levels and an absence of defects
in viability at 48 h post-transduction (Figure 4A–C). In HeLa, when compared to non-
pseudotyped (wt) BV, Orf-81 and Orf-13 VSV-G BVs resulted in higher transgene expression
efficiencies at all the tested dilutions (Figure 4D). BVs with reduced levels of VSV-G,
however, displayed a 2- to 3-fold decrease in transgene expression rates when compared to
polH VSV-G BVs (Figure 4E). A reduction in cell viability was observed for polH VSV-G
BV, but not for Orf-81 VSV-G BVs and Orf-13 VSV-G BVs (Figure 4F).

In A549, reduced VSV-G levels in BVs increased transduction and transgene expression
levels, compared to those of non-pseudotyped BVs, to levels close to polH VSV-G BV
and in the absence of any negative effects on cell viability (Figure 4G–I). Compared to
non-pseudotyped (wt) BVs, transduction with Orf-81 and Orf-13 VSV-G BVs resulted in
higher transgene expression efficiencies at all the tested dilutions, except for Orf-13 at
312 gc/cell (Figure 4H).

In HUVEC, all VSV-G-pseudotyped BVs, notwithstanding the promoter used,
displayed higher EGFP expression levels than their non-pseudotyped counterparts
(Figure 5A,B). At the highest viral titre used in these experiments, HUVEC transduced
with polH VSV-G BVs displayed marked morphological changes at 48 h post-transduction,
which were substantially less pronounced in cells transduced with Orf-81 and Orf-13 VSV-G
BVs (Figure 5A). Compared to polH VSV-G, Orf-13 and Orf-81 VSV-G BVs displayed slightly
lower transgene expression, at up to 625 gc/cell (Figure 5B). At high viral doses, EGFP
expression was reduced for polH VSV-G BVs, while it kept increasing and reaching a
plateau for Orf-81 and Orf-13 VSV-G BVs (Figure 5B). Reduced transgene expression at
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high MOIs appeared to be linked to a dose-dependent decrease in cell viability, which was
less apparent with Orf-81 and Orf-13 VSV-G BVs (Figure 5C), with a concomitant increase
in EGFP expression levels.
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Figure 4. Analysis of transgene expression and viability in immortalised human cell lines. HEK293T
(A–C), HeLa (D–F), and A549 (G–I). (A,D,G) Live brightfield imaging of cells transduced with the
indicated BVs at 2500 gc/cell. Scalebar = 50 µm. (B,E,H) Transgene (EGFP) expression levels in cells
transduced with serial dilutions of polH, Orf-81, and Orf-13 VSV-G BVs or with a non-pseudotyped
control virus (non-VSV-G). Plate reader, EGFP relative fluorescence units (RFUs), mean ± S.D. n = 3
independent replicates, p-value (* ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001), Student’s t-test, all samples compared
to non-VSV-G virus (black symbols), Orf-81 and Orf-13 compared to polH VSV-G virus (red symbols).
(C,F,I) Viability of transduced cells measured via alamarBlue staining at 48 h post-transduction
(2500 gc/cell). alamarBlue RFUs are presented as % of the untransduced control. Mean + S.D of
n = 3 independent replicates. p-value (*** ≤ 0.001), Student’s t-test, all samples compared to non-
VSV-G virus.

These data highlight that high transduction and transgene expression levels can be
achieved in mammalian cells using BVs with significantly reduced VSV-G pseudotyping
levels (<5% of the level in polH VSV-G BV). In all the tested cell lines, Orf-81 and Orf-
81 VSV-G BVs achieved higher transgene expression levels than non-pseudotyped BVs.
Some cell lines, however, appear to still benefit from higher VSV-G levels (e.g., HeLa),
highlighting that additional finetuning of VSV-G expression levels might be beneficial in
some instances. More importantly, BVs with reduced VSV-G levels mitigated cytotoxicity
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in primary HUVEC cells, partially rescuing viability defects and contributing to higher
transgene expression levels at high MOTs as compared to polH VSV-G BVs.
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Due to their exceptionally large DNA cargo capacity, BVs represent particularly 
promising tools for multigene delivery in mammalian cells. We and others have success-
fully delivered complex CRISPR-based editing tools using single all-in-one BVs [3,13-
16,29]. In all cases, polH VSV-G BVs were employed to ensure high transduction rates and 
editing efficiencies.  

Here, we sought to evaluate gene editing efficiencies elicited by all-in-one BVs 
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Figure 5. Analysis of transgene expression and viability in primary HUVEC. (A) Live brightfield
imaging of HUVEC transduced with the indicated BVs. Scalebar = 50 µm. (B) Transgene (EGFP)
expression dynamics in HUVEC transduced with serial dilutions of polH, Orf-81, and Orf-13 VSV-G
BVs or with a non-pseudotyped control virus (no VSV). Plate reader, EGFP relative fluorescence units
(RFUs), mean ± S.D. n = 3 independent replicates. p-value (* ≤ 0.05, ** ≤ 0.01), Student’s t-test, Orf-13
(light green symbols) and Orf-81 (dark green symbols) samples compared to polH VSV-G virus.
(C) Viability of transduced cells measured via alamarBlue staining. alamarBlue RFUs are presented
as % of the untransduced control. Mean + S.D of n = 3 independent replicates. p-value (* ≤ 0.05,
** ≤ 0.01, *** ≤ 0.001), Student’s t-test, all samples compared to non-VSV-G virus (black symbols),
Orf-81 and Orf-13 compared to polH VSV-G virus (red symbols).

3.5. Reduced VSV-G Pseudotyping Supports Efficient CRISPR-Mediated Gene Editing Using
All-in-One BVs

Due to their exceptionally large DNA cargo capacity, BVs represent particularly promis-
ing tools for multigene delivery in mammalian cells. We and others have successfully
delivered complex CRISPR-based editing tools using single all-in-one BVs [3,13–16,29].
In all cases, polH VSV-G BVs were employed to ensure high transduction rates and
editing efficiencies.

Here, we sought to evaluate gene editing efficiencies elicited by all-in-one BVs pseu-
dotyped with reduced VSV-G levels and compare them to either control BVs (non-VSV-G)
or standard polH VSV-G BVs. The all-in-one BV chosen was previously engineered to
simultaneously deliver Cas9, gRNA, and a homology-independent targeted integration
(HITI-2c) donor for β-ACTIN (ACTB) C-terminal tagging with a fluorescent mCherry pro-
tein (Figure 6A). The BV was additionally equipped with a CMV EGFP expression cassette,
to monitor transduction efficiency (EGFP) and knock-in efficiency (mCherry) as previously
described [15]. In addition to HeLa, HUVEC, and A549, retinal pigmented epithelial cells
(RPE-1 hTERT) and neuroblastoma cells (SH-SY5Y) were transduced at 2500 gc/cell and
analysed by microscopy and flow cytometry (Figure 6B–D). At 48 h post-transduction,
the appearance of mCherry+ cells with a distinct actin subcellular localisation indicated
successful gene-editing events (Figure 6B) as previously reported [15]. The transduction
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and editing efficiencies of Orf-13 VSV-G BVs were overall similar to polH VSV-G BV
and higher than the control (non-VSV-G BV) (Figure 6B–D). The use of non-pseudotyped
(non-VSV-G) BVs, in contrast, did not result in gene editing in HeLa, HUVEC, A549, and
SH-SY5Y (Figure 6D).
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Figure 6. Assessment of the impact of reduced VSV-G pseudotyping levels on gene editing efficiencies
of all-in-one CRISPR BVs. (A) Schematic representation of MultiMate HITI-2c ACTB all-in-one vector
encoding Cas9, gRNA, and HITI-2c donor. To generate VSV-G-pseudotyped BVs, pIDC vectors
were incorporated into MultiMate HITI-2c ACTB via in vitro CRE-mediated recombination. Upon
successful knock-in, endogenous ACTB is fused to a C-terminal mCherry fluorescence marker.
(B–D) Analysis of EGFP (transduction efficiency) and mCherry (knock-in) efficiency in the indicated
cell lines at 48 h post-transduction with control (non-VSV-G), polH VSV-G, and Orf-13 VSV-G BVs
encoding the MultiMate HITI-2c ACTB construct depicted in (A). (B) Confocal live-cell imaging,
scalebar = 100 µm; (C) transduction and (D) knock-in efficiencies at 48 h post-transduction. Histogram
of flow cytometry data, mean + S.D of n = 3 independent replicates. p-value (* ≤ 0.05, ** ≤ 0.01,
*** ≤ 0.001), Student’s t-test, all samples compared to non-VSV-G virus (black symbols), Orf-13
compared to polH VSV-G virus (red symbols).

One notable exception was RPE-1 hTERT, which was efficiently transduced by all BVs
regardless of the presence or absence of VSV-G (Figure 6C). In RPE-1 hTERT, however, polH
VSV-G BV transduction resulted in significantly lower gene editing efficiencies than both
non-pseudotyped BVs and Orf-13 VSV-G BVs (Figure 6D). In HeLa, while transduction
efficiencies of Orf-13 VSV-G BVs were lower than those of polH VSV-G BVs (Figure 6C),
their gene editing efficiencies were unaffected (Figure 6D). In SH-SY5Y, Orf-13 VSV-G BV
transduction resulted in slightly lower gene editing efficiencies (38.6 ± 1.5%) than those
of polH VSV-G (45 ± 3.3%). Taken together, these data demonstrate that reduced VSV-G
pseudotyping levels are entirely sufficient for efficient gene editing by all-in-one CRISPR
BVs and do not impair gene editing efficiencies in a range of human cell lines, including
primary HUVEC.
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4. Discussion

Essentially, all currently existing data and observations with VSV-G-pseudotyped
BVs rely on VSV-G expression driven by the hyperactive polH very late viral promoter,
which is the strongest promoter known to be active in the baculovirus infectious cycle. We
asked whether the detrimental effects observed, notably the cytotoxicity and the titre loss
during the storage of concentrated virus, could be alleviated by providing lower amounts
of VSV-G decorating the envelope of the pseudotyped baculovirions.

In this study, we addressed this by tuning the VSV-G level, using a range of pro-
moters (gp64, vp39, Orf-13, Orf-81, and Lef8) with varying strengths based on transcrip-
tomic data [32] and characterising the properties of the resulting differentially VSV-G-
pseudotyped BVs regarding the abovementioned key properties. With the exception of
the gp64 promoter, which is active at early and late stages during infection, all the se-
lected promoters were chosen from genes expressed during the late stage. Based on
previously published transcriptomic data [32], candidate promoters were chosen to have
varying degrees of expression in insect cells and little-to-no leaky expression in transduced
mammalian cells.

The expressions from most of the promoters tested resulted in surprisingly low levels
of VSV-G, with some below detection levels including well-characterised promoters vp39
and gp64 [30,31]. Nevertheless, expression of VSV-G from Orf-81 and Orf-13 promoters,
amounting to less than 5% of polH-driven VSV-G, sufficed for approximating the trans-
duction efficiencies obtained when using polH VSV-G BVs, confirming our hypothesis that
VSV-G hyperexpression is indeed not required for efficient transduction across a range of
different mammalian cell lines.

We confirmed by cryo-EM that VSV-G hyperexpression has dramatic effects on the
envelope structure of budded virions, contributing to a significant enlargement of viral
envelopes, suggesting increased membrane tension and fragility. These results contribute
to elucidate VSV-G BV nanostructures, additionally resolving an apparent contradiction
between previous studies [20,23]. As could be expected, our Orf-13 VSV-G with significantly
(<5%) reduced VSV-G pseudotyping levels displayed envelope shapes very similar to non-
pseudotyped BV, while retaining high transduction efficiencies in mammalian cells.

Although we—and presumably others as well—have routinely experienced it, polH
VSV-G BV instability at high concentrations has not been well documented previously.
We believe that either an increase in membrane fragility or accelerated formation of viral
aggregates [42] could be responsible for this decrease in transducing titre recovery.

In marked contrast, our BVs with reduced VSV-G pseudotyping levels maintained
their titres when being concentrated, similar to non-pseudotyped BVs. Our data show
that after concentration, up to 50% of polH VSV-G BV titre is lost, presumably due to the
presence of aggregates or naked nucleocapsids which can still significantly contribute to
toxicity in target cells. From a manufacturing perspective, concentration is a critical step as
for most applications in the gene therapy space, storage of high-titre viral stock is a key
prerequisite regardless of upstream purification strategies [18,43].

We showed that significantly reduced VSV-G pseudotyping levels did not dramatically
affect transduction efficiencies of most target mammalian cells. While transduction rates
from Orf-81 and Orf-13 VSV-G BVs were approximately 2 to 3 folds lower than polH VSV-G
BVs in most cell types, some cell types (e.g., HeLa) were transduced at substantially higher
levels in the presence of polH VSV-G, highlighting that higher VSV-G levels might be
essential in some instances. We also observed that reduced VSV-G levels could reduce cell
toxicity at high MOTs in primary cells. In this context, Orf-13 and Orf-81 VSV-G BVs sup-
ported higher transgene expression levels than polH VSV-G at high MOTs, partially, albeit
not completely, rescuing VSV-G induced cytotoxicity. Notably, our new BVs supported the
efficient delivery of complex CRISPR multigene constructs, with transduction and gene
editing efficiencies overall comparable to what we achieved with polH VSV-G BVs. In this
context, however, gene editing efficiencies remained highly cell-type-dependent, underlin-
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ing the importance that other factors, such as the activities of DNA-repair pathways, play
on the overall gene-editing outcome.

In conclusion, we have demonstrated that VSV-G pseudotyping levels can be sig-
nificantly reduced to less than 5% of the levels present in currently employed VSV-G-
pseudotyped BVs, without excessively compromising transduction efficiencies and with
little-to-no impairment of gene editing efficiencies, in a range of mammalian cell lines
including primary cells. At the same time, we showed that by reducing VSV-G levels, pre-
viously observed drawbacks caused by excessive VSV-G pseudotyping were significantly
alleviated. The benefits of VSV-G level reduction include reduced cytotoxicity in target
cells, improved viral nanostructures, and superior stability of concentrated viral stocks.
While in the future additional promoters with slightly increased expression levels could
be helpful for fully matching polH VSV-G transduction efficiencies, we anticipate that the
Orf-13 VSV-G and Orf-81 VSV-G BVs we generated and characterised here may thus be
suitable alternatives for current VSV-G-pseudotyped BVs, expanding the range and scope
of BV applications in mammalian cells, including multigene delivery, gene editing, and
gene therapy approaches.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/v16091475/s1, Table S1: Sequence, position, and length of baculovirus
promoters used in this study; Figure S1: (Relative to Figure 1); Figure S2: (Relative to Figure 3),
Table S2: Plasmid sequences and information.

Author Contributions: Conceptualisation, F.A. and I.B.; methodology, F.A., C.S. and I.B.; validation,
M.M., R.A.R. and F.A.; formal analysis, M.M. and F.A.; investigation, M.M., R.A.R., G.G., U.B. and
F.A.; resources, I.B. and C.S.; data curation, M.M. and F.A.; writing—original draft preparation, F.A.;
writing—review and editing, F.A. and I.B.; visualisation, F.A.; supervision, F.A., C.S. and I.B.; project
administration, F.A., funding acquisition, C.S. and I.B. All authors have read and agreed to the
published version of the manuscript.

Funding: European Research Council (ERC) Advanced Grant [DNA-DOCK, Project No. 834631];
BrisSynBio, a BBSRC/EPSRC Research Centre for Synthetic Biology at the University of Bristol
(BB/L01386X/1) to I.B. and to the Wolfson Bioimaging facility; BBSRC Alert 13 capital grant
(BB/L014181/1) and BBSRC BrisEngBio Proof-of-Concept grant (BB/W013959/1) to F.A. and I.B.
Funding for open access charge: University of Bristol.

Data Availability Statement: All plasmids and recombinant bacmids generated in this study are
available upon reasonable request. The promoter sequences used in this study are provided in
Supplementary Table S1. The plasmid sequences are available in Table S2.

Acknowledgments: We thank all the members of the Berger and Schaffitzel teams, past and present,
for their contributions. The authors wish to acknowledge Andrew Herman and Celyne Dugdale,
from the University of Bristol Faculty of Life Sciences flow cytometry facility, for their assistance. The
authors gratefully acknowledge the University of Bristol Wolfson Bioimaging Facility and the GW4
facility for high-resolution electron cryo-microscopy (GW4 cryo-EM) for their support and assistance
in this work.

Conflicts of Interest: The authors declare conflicts of interest. I.B. is shareholder in Geneva Biotech
SARL, related to this correspondence. Geneva Biotech owns patents and trademarks in the field of
baculovirus vector technology. All the other authors declare no conflicts of interest.

References
1. Condreay, J.P.; Witherspoon, S.M.; Clay, W.C.; Kost, T.A. Transient and stable gene expression in mammalian cells transduced

with a recombinant baculovirus vector. Proc. Natl. Acad. Sci. USA 1999, 96, 127–132. [CrossRef] [PubMed]
2. Sung, L.-Y.; Chen, C.-L.; Lin, S.-Y.; Li, K.-C.; Yeh, C.-L.; Chen, G.-Y.; Lin, C.-Y.; Hu, Y.-C. Efficient gene delivery into cell lines and

stem cells using baculovirus. Nat. Protoc. 2014, 9, 1882–1899. [CrossRef] [PubMed]
3. Mansouri, M.; Bellon-Echeverria, I.; Rizk, A.; Ehsaei, Z.; Cianciolo Cosentino, C.; Silva, C.S.; Xie, Y.; Boyce, F.M.; Davis, M.W.;

Neuhauss, S.C.F.; et al. Highly efficient baculovirus-mediated multigene delivery in primary cells. Nat. Commun. 2016, 7, 11529.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/v16091475/s1
https://www.mdpi.com/article/10.3390/v16091475/s1
https://doi.org/10.1073/pnas.96.1.127
https://www.ncbi.nlm.nih.gov/pubmed/9874783
https://doi.org/10.1038/nprot.2014.130
https://www.ncbi.nlm.nih.gov/pubmed/25010908
https://doi.org/10.1038/ncomms11529
https://www.ncbi.nlm.nih.gov/pubmed/27143231


Viruses 2024, 16, 1475 16 of 17

4. Maghodia, A.B.; Jarvis, D.L.; Geisler, C. Complete Genome Sequence of the Autographa californica Multiple Nucleopolyhe-
drovirus Strain E2. Genome Announc. 2014, 2. [CrossRef]

5. Rohrmann, G.F. The AcMNPV Genome: Gene Content, Conservation, and Function; National Center for Biotechnology Information
(US), 2019. Available online: https://www.ncbi.nlm.nih.gov/books/NBK543457 (accessed on 27 August 2024).

6. Berger, I.; Fitzgerald, D.J.; Richmond, T.J. Baculovirus expression system for heterologous multiprotein complexes. Nat. Biotechnol.
2004, 22, 1583–1587. [CrossRef]

7. Fitzgerald, D.J.; Berger, P.; Schaffitzel, C.; Yamada, K.; Richmond, T.J.; Berger, I. Protein complex expression by using multigene
baculoviral vectors. Nat. Methods 2006, 3, 1021–1032. [CrossRef]

8. Thimiri Govinda Raj, D.B.; Vijayachandran, L.S.; Berger, I. OmniBac: Universal multigene transfer plasmids for baculovirus
expression vector systems. Methods Mol. Biol. 2014, 1091, 123–130. [CrossRef]

9. Neuhold, J.; Radakovics, K.; Lehner, A.; Weissmann, F.; Garcia, M.Q.; Romero, M.C.; Berrow, N.S.; Stolt-Bergner, P. GoldenBac:
A simple, highly efficient, and widely applicable system for construction of multi-gene expression vectors for use with the
baculovirus expression vector system. BMC Biotechnol. 2020, 20, 26. [CrossRef]

10. Suzuki, K.; Tsunekawa, Y.; Hernandez-Benitez, R.; Wu, J.; Zhu, J.; Kim, E.J.; Hatanaka, F.; Yamamoto, M.; Araoka, T.; Li, Z.; et al.
In vivo genome editing via CRISPR/Cas9 mediated homology-independent targeted integration. Nature 2016, 540, 144. [CrossRef]

11. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.; Newby, G.A.;
Raguram, A.; et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149–157.
[CrossRef]

12. Yarnall, M.T.N.; Ioannidi, E.I.; Schmitt-Ulms, C.; Krajeski, R.N.; Lim, J.; Villiger, L.; Zhou, W.; Jiang, K.; Garushyants, S.K.;
Roberts, N.; et al. Drag-and-drop genome insertion of large sequences without double-strand DNA cleavage using CRISPR-
directed integrases. Nat. Biotechnol. 2023, 41, 500–512. [CrossRef] [PubMed]

13. Mansouri, M.; Ehsaei, Z.; Taylor, V.; Berger, P. Baculovirus-based genome editing in primary cells. Plasmid 2017, 90, 5–9. [CrossRef]
[PubMed]

14. Hindriksen, S.; Bramer, A.J.; Truong, M.A.; Vromans, M.J.M.; Post, J.B.; Verlaan-Klink, I.; Snippert, H.J.; Lens, S.M.A.; Hadders, M.A.
Baculoviral delivery of CRISPR/Cas9 facilitates efficient genome editing in human cells. PLoS ONE 2017, 12, e0179514. [CrossRef]

15. Aulicino, F.; Pelosse, M.; Toelzer, C.; Capin, J.; Ilegems, E.; Meysami, P.; Rollarson, R.; Berggren, P.-O.; Dillingham, M.S.;
Schaffitzel, C.; et al. Highly efficient CRISPR-mediated large DNA docking and multiplexed prime editing using a single
baculovirus. Nucleic Acids Res. 2022, 50, 7783–7799. [CrossRef]

16. Capin, J.; Harrison, A.; Raele, R.A.; Yadav, S.K.N.; Baiwir, D.; Mazzucchelli, G.; Quinton, L.; Satchwell, T.J.; Toye, A.M.;
Schaffitzel, C.; et al. An engineered baculoviral protein and DNA co-delivery system for CRISPR-based mammalian genome
editing. Nucleic Acids Res. 2024, 52, 3450–3468. [CrossRef]

17. Makkonen, K.E.; Turkki, P.; Laakkonen, J.P.; Ylä-Herttuala, S.; Marjomäki, V.; Airenne, K.J. 6-o- and N-sulfated syndecan-1
promotes baculovirus binding and entry into Mammalian cells. J. Virol. 2013, 87, 11148–11159. [CrossRef]

18. Nasimuzzaman, M.; Lynn, D.; van der Loo, J.C.; Malik, P. Purification of baculovirus vectors using heparin affinity chromatogra-
phy. Mol. Ther. Methods Clin. Dev. 2016, 3, 16071. [CrossRef]

19. Hu, L.; Li, Y.; Ning, Y.-J.; Deng, F.; Vlak Just, M.; Hu, Z.; Wang, H.; Wang, M. The Major Hurdle for Effective Baculovirus
Transduction into Mammalian Cells Is Passing Early Endosomes. J. Virol. 2019, 93. [CrossRef]

20. Barsoum, J.; Brown, R.; McKee, M.; Boyce, F.M. Efficient transduction of mammalian cells by a recombinant baculovirus having
the vesicular stomatitis virus G glycoprotein. Hum. Gene Ther. 1997, 8, 2011–2018. [CrossRef]

21. Nikolic, J.; Belot, L.; Raux, H.; Legrand, P.; Gaudin, Y.; Albertini, A.A. Structural basis for the recognition of LDL-receptor family
members by VSV glycoprotein. Nat. Commun. 2018, 9, 1029. [CrossRef]

22. Beilstein, F.; Abou Hamdan, A.; Raux, H.; Belot, L.; Ouldali, M.; Albertini, A.A.; Gaudin, Y. Identification of a pH-Sensitive Switch
in VSV-G and a Crystal Structure of the G Pre-fusion State Highlight the VSV-G Structural Transition Pathway. Cell Rep. 2020, 32,
108042. [CrossRef] [PubMed]

23. Mangor, J.T.; Monsma, S.A.; Johnson, M.C.; Blissard, G.W. A GP64-Null Baculovirus Pseudotyped with Vesicular Stomatitis Virus
G Protein. J. Virol. 2001, 75, 2544–2556. [CrossRef] [PubMed]

24. Plastine, M.D.P.; Amalfi, S.; López, M.G.; Gravisaco, M.J.; Taboga, O.; Alfonso, V. Development of a stable Sf9 insect cell line to
produce VSV-G pseudotyped baculoviruses. Gene Ther. 2024, 31, 187–194. [CrossRef] [PubMed]

25. Aulicino, F.; Capin, J.; Berger, I. Synthetic Virus-Derived Nanosystems (SVNs) for Delivery and Precision Docking of Large
Multifunctional DNA Circuitry in Mammalian Cells. Pharmaceutics 2020, 12, 759. [CrossRef]

26. Kaikkonen, M.U.; Raty, J.K.; Airenne, K.J.; Wirth, T.; Heikura, T.; Yla-Herttuala, S. Truncated vesicular stomatitis virus G protein
improves baculovirus transduction efficiency in vitro and in vivo. Gene Ther. 2006, 13, 304–312. [CrossRef]

27. Kolangath, S.M.; Basagoudanavar, S.H.; Hosamani, M.; Saravanan, P.; Tamil Selvan, R.P. Baculovirus mediated transduction:
Analysis of vesicular stomatitis virus glycoprotein pseudotyping. Virusdisease 2014, 25, 441–446. [CrossRef]

28. Becke, C.; Haffke, M.; Berger, I. Cre-ACEMBLER Software User Manual. 2012. [CrossRef]
29. Aulicino, F.; Raele, R.A.; Harrison, A.; Berger, I. Assembly of Baculovirus Vectors for Multiplexed Prime Editing. In Baculovirus:

Methods and Protocols; Cox, M.M.J., Ed.; Springer: New York, NY, USA, 2024; pp. 301–327. [CrossRef]
30. Grose, C.; Putman, Z.; Esposito, D. A review of alternative promoters for optimal recombinant protein expression in baculovirus-

infected insect cells. Protein Expr. Purif. 2021, 186, 105924. [CrossRef]

https://doi.org/10.1128/genomeA.01202-14
https://www.ncbi.nlm.nih.gov/books/NBK543457
https://doi.org/10.1038/nbt1036
https://doi.org/10.1038/nmeth983
https://doi.org/10.1007/978-1-62703-691-7_7
https://doi.org/10.1186/s12896-020-00616-z
https://doi.org/10.1038/nature20565
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41587-022-01527-4
https://www.ncbi.nlm.nih.gov/pubmed/36424489
https://doi.org/10.1016/j.plasmid.2017.01.003
https://www.ncbi.nlm.nih.gov/pubmed/28119062
https://doi.org/10.1371/journal.pone.0179514
https://doi.org/10.1093/nar/gkac587
https://doi.org/10.1093/nar/gkae142
https://doi.org/10.1128/jvi.01919-13
https://doi.org/10.1038/mtm.2016.71
https://doi.org/10.1128/jvi.00709-19
https://doi.org/10.1089/hum.1997.8.17-2011
https://doi.org/10.1038/s41467-018-03432-4
https://doi.org/10.1016/j.celrep.2020.108042
https://www.ncbi.nlm.nih.gov/pubmed/32814045
https://doi.org/10.1128/jvi.75.6.2544-2556.2001
https://www.ncbi.nlm.nih.gov/pubmed/11222677
https://doi.org/10.1038/s41434-024-00442-4
https://www.ncbi.nlm.nih.gov/pubmed/38278988
https://doi.org/10.3390/pharmaceutics12080759
https://doi.org/10.1038/sj.gt.3302657
https://doi.org/10.1007/s13337-014-0229-5
https://doi.org/10.13140/2.1.1068.1128
https://doi.org/10.1007/978-1-0716-3961-0_24
https://doi.org/10.1016/j.pep.2021.105924


Viruses 2024, 16, 1475 17 of 17

31. Bruder, M.R.; Aucoin, M.G. Utility of Alternative Promoters for Foreign Gene Expression Using the Baculovirus Expression
Vector System. Viruses 2022, 14, 2670. [CrossRef]

32. Shin, H.Y.; Choi, H.; Kim, N.; Park, N.; Kim, H.; Kim, J.; Kim, Y.B. Unraveling the Genome-Wide Impact of Recombinant
Baculovirus Infection in Mammalian Cells for Gene Delivery. Genes 2020, 11, 1306. [CrossRef]

33. Lee, J.-H.; Gwak, W.-S.; Bae, S.-M.; Choi, J.-B.; Han, B.-K.; Woo, S.-D. Increased productivity of the baculovirus expression vector
system by combining enhancing factors. J. Asia-Pac. Entomol. 2018, 21, 1079–1084. [CrossRef]

34. Passarelli, A.L.; Todd, J.W.; Miller, L.K. A baculovirus gene involved in late gene expression predicts a large polypeptide with a
conserved motif of RNA polymerases. J. Virol. 1994, 68, 4673–4678. [CrossRef] [PubMed]

35. Chen, X.; Yang, X.; Lei, C.; Qin, F.; Sun, X.; Hu, J. Autographa Californica Multiple Nucleopolyhedrovirus orf13 Is Required for
Efficient Nuclear Egress of Nucleocapsids. Virol. Sin. 2021, 36, 968–980. [CrossRef] [PubMed]

36. Zhang, H.; Kuang, W.; Fu, C.; Li, J.; Wang, M.; Hu, Z. AC81 Is a Putative Disulfide Isomerase Involved in Baculoviral Disulfide
Bond Formation. J. Virol. 2022, 96, e0116722. [CrossRef]

37. Dong, F.; Wang, J.; Deng, R.; Wang, X. Autographa californica multiple nucleopolyhedrovirus gene ac81 is required for nucleocap-
sid envelopment. Virus Res. 2016, 221, 47–57. [CrossRef]

38. Kitagawa, Y.; Tani, H.; Limn Chang, K.; Matsunaga Tomoko, M.; Moriishi, K.; Matsuura, Y. Ligand-Directed Gene Targeting to
Mammalian Cells by Pseudotype Baculoviruses. J. Virol. 2005, 79, 3639–3652. [CrossRef]

39. Wang, Q.; Bosch, B.-J.; Vlak, J.M.; van Oers, M.M.; Rottier, P.J.; van Lent, J.W.M. Budded baculovirus particle structure revisited.
J. Invertebr. Pathol. 2016, 134, 15–22. [CrossRef]

40. Van Es, L.J.C.; Possee, R.D.; King, L.A. Characterisation of extracellular vesicles in baculovirus infection of Spodoptera frugiperda
cells. J. Extracell. Biol. 2024, 3, e163. [CrossRef]

41. Jarvis, D.L.; Garcia, A., Jr. Long-term stability of baculoviruses stored under various conditions. Biotechniques 1994, 16, 508–513.
42. Shen, C.F.; Meghrous, J.; Kamen, A. Quantitation of baculovirus particles by flow cytometry. J. Virol. Methods 2002, 105, 321–330.

[CrossRef]
43. Nasimuzzaman, M.; van der Loo, J.C.M.; Malik, P. Production and Purification of Baculovirus for Gene Therapy Application.

J. Vis. Exp. 2018, e57019. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/v14122670
https://doi.org/10.3390/genes11111306
https://doi.org/10.1016/j.aspen.2018.08.003
https://doi.org/10.1128/jvi.68.7.4673-4678.1994
https://www.ncbi.nlm.nih.gov/pubmed/8207843
https://doi.org/10.1007/s12250-021-00353-3
https://www.ncbi.nlm.nih.gov/pubmed/33721216
https://doi.org/10.1128/jvi.01167-22
https://doi.org/10.1016/j.virusres.2016.05.005
https://doi.org/10.1128/jvi.79.6.3639-3652.2005
https://doi.org/10.1016/j.jip.2015.12.001
https://doi.org/10.1002/jex2.163
https://doi.org/10.1016/s0166-0934(02)00128-3
https://doi.org/10.3791/57019

	Introduction 
	Materials and Methods 
	Plasmid Design and Cloning 
	Baculovirus Amplification 
	Cell Culture 
	Mammalian Cells Transduction and Fluorescent Titration Assay 
	Plate Reader Measurements of EYFP, EGFP, and alamarBlue 
	Western Blot 
	Cryo-EM 
	Evaluation of Viral Stability upon Concentration 
	Widefield and Confocal Microscopy 

	Results 
	Tuning the Levels of VSV-G Displayed on Pseudotyped BVs 
	Transduction Efficiencies of New VSV-G-Pseudotyped BVs in Mammalian Cells 
	VSV-G Hyperexpression Affects Baculovirus Structure and Stability 
	BVs Pseudotyped with Reduced VSV-G Levels Exhibit Reduced Toxicity in Immortalised Cells and Primary HUVEC 
	Reduced VSV-G Pseudotyping Supports Efficient CRISPR-Mediated Gene Editing Using All-in-One BVs 

	Discussion 
	References

