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Abstract
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is an enveloped
DNA virus of the Baculoviridae family. This baculovirus is widely exploited for the
biological control of insect pest species and as an expression platform to produce
recombinant proteins in insect cells. Extracellular vesicles (EVs) are secreted by all
cells and are involved in key roles in many biological processes through their cargo
consisting of proteins, RNAorDNA. In viral infections, EVs have been found to trans-
fer both viral and cellular cargo that can elicit either a pro- or antiviral response in
recipient cells. Here, small EVs (sEVs) released by Spodoptera frugiperda (Sf) insect
cells were characterised for the first time. Using S. frugiperda (SfC1B5) cells sta-
bly expressing the baculovirus gp, the viral envelope protein GP64 was shown to
be incorporated into sEVs. Sf9 cells were also transfected with a bacmid AcMNPV
genome lacking p. (AcΔP6.9) to prevent budded virus production. The protein
content of sEVs from both mock- and AcΔP6.9-transfected cells were analysed by
mass spectrometry. In addition to GP64, viral proteins Ac-F, ME-53 and viral ubiq-
uitin were identified, as well as many host proteins including TSG101—which may be
useful as a protein marker for sEVs.
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 INTRODUCTION

Baculoviruses infect Diptera, Hymenoptera and Lepidoptera insects and are commonly used for the biological control of
crops damaged by these insects (Harrison et al., 2018). The baculovirus Autographa californica multiple nucleopolyhedrovirus
(AcMNPV)—recently renamed as Alphabaculovirus aucalifornicae (https://ictv.global/taxonomy/)—is also widely used for pro-
tein manufacture, using Spodoptera frugiperda (Sf) or Trichoplusia ni cells as a production platform. It contains a 134 kb DNA
genome (Ayres et al., 1994) and produces two types of virions: occlusion-derived virus, which is occluded into proteinaceous bod-
ies called polyhedra and infects new larval hosts; and budded virus (BV), which mediates cell to cell spread within the host, and
in cell culture. The BV exits the host cell through the plasma membrane, where it acquires an envelope containing the viral gly-
coprotein GP64 (Volkman et al., 1984). An essential protein for the formation of BV is P6.9, which condenses the DNA genome;
without P6.9 no BV are formed (Wang et al., 2010a).

. Extracellular vesicles

Cells produce and secrete nanoparticles called extracellular vesicles (EVs). There are three types of EVs based on origin: exo-
somes, microvesicles (MVs) and apoptotic vesicles (Colombo et al., 2014). The latter type is formed when a cell dies through
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apoptosis, while MVs are vesicles that bud off directly from the plasma membrane of the cell (Atkin-Smith et al., 2015; Heijnen
et al., 1999). Finally, exosomes are formed by inward budding into an early endosome, at which point the vesicles are termed
intraluminal vesicles (ILVs) (Gruenberg, 2020). With numerous of these ILVs inside, the early endosome becomes a multivesic-
ular body (MVB). This MVBmight fuse with a lysosome to degrade its content (Gruenberg, 2020). Alternatively, it can fuse with
the plasma membrane, releasing its content including the ILVs into the extracellular milieu, at which point the ILVs become
exosomes (Gruenberg, 2020; Perrin et al., 2021).
Approximately, exosomes are 30–150 nm, MVs are 100–1000 nm and apoptotic bodies are 1–5 μM (Atkin-Smith et al., 2015;

Colombo et al., 2014).Nevertheless, within these size rangesmixed populations exist; for example,mixed populations of exosomes
and microvesicles have been described (Kowal et al., 2016; Tauro et al., 2012). Therefore, isolated EVs are generally referred to by
size or density, for example, small EVs (sEVs) instead of exosomes (Théry et al., 2018). While characterisation of EVs has mainly
focused on those secreted by mammalian cells, EVs are secreted by all cells. Therefore, it is likely that conserved biogenesis
pathways exist, and while the precise cargo may differ, EVs of S. frugiperda can be expected to contain homologs of tetraspanins,
components of the endosomal sorting complex required for transport (ESCRT) and other proteins involved in their biogenesis.
Indeed, proteomics identified similar proteins enriched in EVs of insect model organismDrosophila melanogaster, such as small
GTPases, heat shock proteins and a tetraspanin (Koles et al., 2012; Koppen et al., 2011; Parchure et al., 2015).

. Extracellular vesicles in viral infections

Viruses can dramatically alter cellular processes, and influence the content of EVs, as observed for the human immunodeficiency
virus type 1 (HIV-1) virus, among others (Alem et al., 2021; Booth et al., 2006; Campbell et al., 2008; Dogrammatzis et al., 2021;
Martin-Jaular et al., 2021). Extracellular vesicles of HIV-1-infected cells were reported to contain functional RNA and proteins,
and cells pre-treated with these EVs were more susceptible to HIV-1 infection (Boucher et al., 2023; Cho et al., 2021). Similar
results were found for other human viruses such as dengue virus (Reyes-Ruiz et al., 2019), Epstein-Barr virus (Sato et al., 2022),
herpes simplex virus 1 (Dogrammatzis et al., 2021) and Rift Valley fever virus (Alem et al., 2021). Interestingly, EVs were found to
elicit both proviral responses (Martínez-Rojas et al., 2020; Reyes-Ruiz et al., 2019; Sato et al., 2022) and antiviral responses (Alem
et al., 2021; Tassetto et al., 2017). Moreover, for the herpes simplex virus 1, EVs both beneficial and detrimental to infectivity were
purified (Dogrammatzis et al., 2021). This was possible due to the heterogeneous nature of EVs.

The role of EVs in the interaction between a human virus and the insect vector has also been studied.When ticks feed on their
host, they release EVs in their saliva (Oliva Chávez et al., 2021; Zhou et al., 2020). These EVs can suppress the immune system in
their mammalian hosts (Oliva Chávez et al., 2021), via transmission ofmiRNAs (Hackenberg et al., 2017). This is important to the
ticks for their feeding success but could benefit the transfer of virus from the tick saliva to the host, as was reported for bacteria
(Oliva Chávez et al., 2021). For the Zika virus, it was discovered that infected mosquito cells produce EVs that contain the viral
envelope protein and carry viral RNA (Martínez-Rojas et al., 2020).Moreover, these EVs released by infectedmosquito cells alone
were sufficient to infect mosquito andmammalian cells (Martínez-Rojas et al., 2020). They also aid infection of mammalian cells
by stimulating a pro-inflammatory immune response of monocytes (Martínez-Rojas et al., 2020).
Most studies on EVs in viral infection have focused either on human cells or on insect vectors of human viruses such as ticks

and mosquitos. Though the presence of EVs has been described in S. frugiperda cells, little research has been performed on the
role theymay play in baculovirus infection (Hashimoto et al., 2017; Hodgson et al., 2022; Ishikawa et al., 2020; Puente-Massaguer
et al., 2022). Recently, sEVs were characterised by mass spectrometry in AcMNPV-infected T. ni cells, although the presence
of viral proteins was not evaluated since no full separation of sEVs from BV was achieved (Hausjell et al., 2023). Here, sEVs
were characterised from both uninfected and baculovirus-infected S. frugiperda cells. Similar to Hausjell et al. (2023), attempts
to characterise sEVs from baculovirus-infected cells proved challenging as BV co-purified with sEVs. In this study, this was
overcome by characterising sEVs from a stable cell line expressing gp, and by transfecting cells with an AcMNPV bacmid
lacking p. (AcΔP6.9), which produced no BV. In both cases, the baculovirus glycoprotein GP64 was found to be incorporated
into sEVs. The protein content of sEVs from Sf9 cells transfected with AcΔP6.9 was analysed by mass spectrometry.

 MATERIALS ANDMETHODS

. Cell culture

S. frugiperda (Sf9) cells (Thermo Fisher Scientific, USA) were cultured in suspension in shake flasks at 28◦C in ESF-921 media
(Expression Systems, USA). SfC1B5 (Oxford Expression Technologies Ltd., UK), a clonal derivate of Sf21 cells (Vaughn et al.,
1977), and SfC1B5-GP64 cells were cultured in ESF-AF media (Expression Systems, USA).
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. Generating a stable cell line expressing gp64

The pIEk1-1neo_OpIE2-gp64 plasmid was generated by inserting the AcMNPV immediate early promoter (Ac-IE-01) expressing
a kanamycin/neomycin resistance gene (neo), and theOrgyia pseudotsugatamultiple nucleopolyhedrovirus (OpMNPV) immedi-
ate early promoter (OpIE-2) into pT7T3-18U (Addgene, USA). The AcMNPV gp coding region was then inserted downstream
of the OpIE-2 promoter (Figure S1). The pIEk1-1neo_OpIE2-gp64 plasmid was sequenced to confirm the absence of mutations
prior to use in further experiments. SfC1B5 cells were seeded in a 12-well plate at 0.4 × 106 cells per well and transfected with
500 ng plasmid pIEK1-1neo_OpIE2-gp64. The following day 600 μg/mL geneticin (Gibco, USA) was added to the medium to
select for transfected cells. Once confluent, cells were subcultured initially in monolayer cultures and then expanded to shake
cultures without geneticin. The presence of gp was confirmed by PCR (Figure S2) and by small scale expression studies.

. Virus and bacmid

For baculovirus infections, the C6 strain of wild-type (WT) AcMNPV was used (Possee, 1986; Possee et al., 1991). The AcΔp6.9
bacmid was created by replacing the p. gene with a kanamycin/neomycin resistance gene (neo) (Figure S3). Escherichia coli
were used that harboured an AcMNPV bacmid with a replicon and a chloramphenicol resistance gene (chlR) at the polyhedrin
locus. These were transfected with a construct containing neo flanked by two regions homologous to DNA both sides of the p.
gene in the bacmid. Modified bacmids were selected by plating transformed E. coli on plates with kanamycin.

. Extracellular vesicle isolation

Culture medium was clarified at 300 × g for 5 min to pellet cells, then further clarified at 16,500 × g at 4◦C for 20 min. Following
concentration to 0.5 mL in a Vivaspin 20 100kMWCO column (Sigma-Aldrich, USA; 3000 × g at 4◦C), the concentrated sample
was further purified by size exclusion chromatography (SEC). The SEC columns were prepared with Sepharose CL-2B (Cytiva
Life Sciences, USA) in a 20 mL column, and washed three times with PBS prior to use. The 0.5 mL concentrated sample was
run through the SEC column, using PBS for the liquid phase. Fifteen 0.5 mL fractions were collected and analysed for particle
concentration by nanoparticle tracking analysis (NTA) and protein quantification by Pierce BCA protein assay kit (Thermo
Fisher Scientific, USA) according to the manufacturer’s instructions. Based on initial results, fractions 6–10 were pooled and
concentrated to approximately 200 μL, using Vivaspin 2 100k MWCO columns (Sigma-Aldrich, USA; 3000 × g at 4◦C).

. Nanoparticle tracking analysis (NTA)

The particle count of the SEC fractions was determined by NTA using a ZetaView® (Particle Metrix, Germany). Calibration was
performed with 100 nm beads. The acquisition settings used were a shutter speed of 100, sensitivity of 80 and 30 frames per
second, at room temperature. Each sample was diluted 1:1000 in PBS prior to loading into the machine. Quantity and size were
calculated by the software for 11 positions.

. Transmission electron microscopy (TEM)

For TEM, samples were prepared on a carbon-coated formvar grid, 300 mesh (Taab, UK). The grids were activated by glow
discharge using a Turbo Carbon Coater (Agar Scientific, UK). Samples (10 μL) were incubated on the grids for at least 2 min. The
grids were then stained with 2% uranyl acetate for 10 s. The grids were left to dry before imaging them on the JEM-1400 Flash
(Jeol, Japan) at 120 kV with a Gatan OneView 16 Megapixel camera.

. Immunogold transmission electron microscopy

Samples were prepared on a carbon-coated formvar grid, 300mesh (Taab, UK). The grids were activated by glow discharge using
a Turbo Carbon Coater (Agar Scientific, UK). Samples (10 μL) were incubated on the grids for at least 2 min, then the grid was
blocked with PBS-BSA (1%) for 30 min. Primary anti-GP64 AcV1 (Santa Cruz Biotechnology, USA; diluted 1:50) in PBS-BSA
(1%) was applied for 1 h. The grids were washed three times in PBS-BSA (1%) and secondary anti-mouse-gold 10 nm (Sigma-
Aldrich, USA; diluted 1:50) was applied for 1 h. The grids were washed three times in PBS, and then fixed in 2.5% glutaraldehyde
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for 10 min. The grids were washed three times in Milli-Q water and stained with 2% uranyl acetate for 10 s. The grids were left
to dry before imaging them on the JEM-1400 Flash (Jeol, Japan) at 120 kV with a Gatan OneView 16 Megapixel camera.

. SDS-PAGE, Western blot

SDS-PAGE and Western blot were performed using standard methods (Sambrook & Russell, 2001). The prepared samples were
run on a 12% SDS-PAGE gel. After transfer to a nitrocellulose membrane, proteins were stained with Revert total protein stain
(Li-Cor, USA), following the manufacturer’s instructions. Membranes were probed with a primary anti-GP64 AcV5 antibody
(Sigma-Aldrich, USA; diluted 1:2800) and a secondary goat anti-mouse antibody (Sigma-Aldrich, USA, diluted 1:50,000). GP64
was visualised by ECL (Bio-Rad AbD Serotec, USA) and imaged using the ChemiDoc imaging system (Bio-Rad AbD Serotec,
USA).

. Transfection of Sf cells with AcΔP.

Sf9 cells in suspension culture were transfected with AcΔP6.9 bacmid. Cells were seeded at 0.8 × 106 cells/mL and transfected
with 500 ng bacmid DNA using 1.2 μL BaculoFectinII (Oxford Expression Technologies Ltd., UK) and 100 μL TC100 media
(Gibco, USA), per mL of cells. A mock mixture was prepared by omitting the bacmid DNA. The mixtures were incubated at
room temperature for 15–20 min before being added to the suspension cultures. The cells were incubated on a shaking platform
at 28◦C and sEVs were harvested at one day post-transfection.

. Flow cytometry

Transfection efficiencywas analysed by flow cytometry, forwhich a protocol byMulvania et al. (2004) had been adapted byDr. L.P.
Graves (personal communication, 2021). Per shake flask, three 500 μL aliquots were collected and cells were pelleted at 4000 rpm
for 5 min. The pellet was washed in 100 μL dPBS and pelleted again at 4000 rpm for 5 min. The pellet was then resuspended in
100 μL dPBS-BSA (1%) with anti-GP64-APC (Invitrogen, USA; diluted 1:1000) and incubated on ice in the dark for 1 h. The cells
were pelleted at 4000 rpm for 5 min and washed once in 100 μL dPBS. After pelleting, the cells were resuspended in 100 μL dPBS
and dispensed into a 96-well plate. The transfection efficiency was then assessed using the NovoCyte NovoSampler Pro (ACEA
Biosciences Inc. USA).

. Mass spectrometry

Small EVs were lysed using RIPA lysis buffer (10×; Merck Millipore, Germany) and protease inhibitor cocktail (set III, EDTA
free; Merck Millipore, Germany). This mixture was incubated on ice for 3 h to allow lysis. The proteins (33 μg per sample) were
then digested with trypsin using the FASP kit (Abcam, UK) according to the manufacturer’s instructions. Following elution, the
peptides were freeze-dried in a ScanVac Coolsafe freeze dryer (Labogene, Denmark) until all ice had sublimated. The peptides
were then sent to the University of Birmingham (School of Biosciences) for identification via mass spectrometry (MS).
Peptides were concentrated and separated using the UltiMate® 3000 high-performance liquid chromatography (HPLC) series

(Dionex, Sunnyvale, CA USA). The samples were then trapped on a precolumn (Acclaim™ PepMap™ 100 C18 HPLC Column,
3 μm, 75 μm internal diameter × 150 mm; Thermo Fisher Scientific) and separated in Nano Series™ Standard Columns 75 μm
internal diameter × 15 cm, packed with C18 PepMap100, 3 μm, 100 Å (Dionex, Sunnyvale, CA USA). The gradient used ranged
from 3.2% to 44% solvent B (0.1% formic acid in acetonitrile) diluted with solvent A (0.1% formic acid in water), applied over
30 min. The column was then washed with 90% mobile phase B before re-equilibrating at 3.2% mobile phase B.
Peptides were eluted directly (∼350 nL/min) via a Triversa Nanomate nanospray source (Advion Biosciences, NY) into a

QExactive HF Orbitrap mass spectrometer (Thermo Fisher Scientific). The spray voltage of QExactive HF was set to 1.7 kV
through Triversa NanoMate and heated capillary at 275◦C. The mass spectrometer performed a full MS scan (m/z 360−1600)
and subsequent high energy collision dissociation (HCD) MS/MS scans of the 20 most abundant ions with dynamic exclusion
setting 15S. Full scan mass spectra were recorded at a resolution of 120,000 at m/z 200 and an automated gain control (AGC)
target of 3 × 106. Precursor ions were fragmented in HCDMS/MS with the resolution set up at 15,000 and a normalized collision
energy of 28. The AGC target for HCD MS/MS was 1 × 105. The width of the precursor isolation window was 1.2 m/z and only
multiply-charged precursor ions were selected for MS/MS. Spectra were acquired for 56 min.
TheMS andMS/MS scans were searched against Uniprot database using ProteinDiscovery 2.2 software, Sequest HT algorithm

(Thermo Fisher Scientific). Variable modifications were deamidation (N and Q), oxidation (M), phosphorylation (S, T and Y)
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and acetylation (K). The precursormass tolerance was 10 ppm and theMS/MSmass tolerance was 0.02 Da. Twomissed cleavages
were allowed and data was filtered with a false discovery rate (FDR) of 0.01. Proteins with at least two high-confidence peptides
were accepted as a real hit. The software also calculated for each protein the abundance per sample, the median of the abundance
per sample group (cell, sEV mock, sEV AcΔp6.9 or sEV AcMNPV), the ratio of abundance between samples (including the log2
of the ratio), and both the regular and adjusted p-value of the abundance ratio. To calculate the adjusted p-value, the Benjamini–
Hochberg method was used.

. Proteomics analysis

The proteomics data was returned by the University of Birmingham as a table of identified proteins, each with a list of peptides
matching part of their sequence. Peptides that corresponded to a single protein were unique peptides. This data was further
analysed using Rstudio (version 2022.12.0; https://posit.co/products/open-source/rstudio/). Proteins with only one or no unique
peptide and those that were present in only one out of the three replicates were filtered out.

 RESULTS

. Characterisation of S. frugiperda sEVs

Small EVs were harvested from SfC1B5 cells grown in suspension culture by centrifugation followed by size exclusion chro-
matography (SEC)—a well-established technique (Davis et al., 2019; Taylor et al., 2011). Fractions of 0.5 mL were collected and
analysed by NTA and BCA (Figure 1a). A peak of particles was observed between fractions 6–10, with sizes around 80–100 nm
as is typical for sEVs (Figure 1b). The majority of proteins eluted from the column at fraction 13 onwards. The ratio between
particles and proteins can provide an indication of the purity of an EV sample (Webber & Clayton, 2013). In this case, however,
due to the high number of particles in the media, the assumption by Webber and Clayton (2013) that all particles are EVs was
likely untrue. Therefore, the particle to protein ratio was not particularly informative here. A particle-rich fraction was observed
by TEM, where characteristic cup-shaped vesicles were observed (Figure 1c).
Unfortunately, nomarker proteins were known for sEVs released by S. frugiperda, thereforeminimal information for studies of

extracellular vesicles could not be fully provided (Théry et al., 2018). To studywhether sEVs fromAcMNPV-infected S. frugiperda
cells incorporate baculovirus proteins, SECwas tested to separate sEVs from virions. However, qPCR analysis of elution fractions
determined SEC was insufficient for this purpose (data not shown). Sucrose density gradient ultracentrifugation (SDGU) was
suggested to enable separation (Alem et al., 2021; Bernardino et al., 2021; Ishikawa et al., 2020; Metz et al., 2013). However, despite
excluding 95%–99% virions from fractions thought to be rich in EVs, no full separation was achieved using this method (data
not shown). Therefore, a stable SfC1B5 cell line was generated producing viral glycoprotein GP64 (SfC1B5-GP64), to confirm
the incorporation of GP64 into sEVs. Furthermore, Sf9 cells were transfected with the bacmid AcΔP6.9, to study sEVs in the
absence of virions.

. GP is incorporated into sEVs released by SfCB-GP

A plasmid harbouring the immediate early-2 promoter from OpMNPV expressing AcMNPV gp was used to transfect SfC1B5
cells, to generate SfC1B5-GP64. GP64 production by this stable cell line was confirmed by Western blot (Figure 2a). Small EVs
were harvested and presence of GP64 in these vesicles was also confirmed using the same method (Figure 2b). Compared to the
amount in cells, GP64 was enriched in the sEVs.
To visualise the incorporation of GP64 into the sEV membrane, the vesicles were stained using immunogold and analysed by

TEM. As a positive control baculovirus was included, which confirmed localisation of gold particles to GP64 (Figure 3a,b,d,e).
Co-purified with baculovirus on the positive control were sEVs, which were stained with gold and therefore had incorporated
GP64 (Figure 3c,f). Surprisingly, on the sEVs harvested from SfC1B5-GP64 cells, no GP64 was detected (Figure 3g–l).
To investigate a possible cause for this disparity, the levels of GP64 produced from infected cells were compared to that of

SfC1B5-GP64 cells. GP64 production was considerably higher in infected cells, whichmay explain the apparent absence of GP64
detected by immunogold in SfC1B5-GP64 sEVs (Figure 4).
Ishikawa et al. (2020) used SDGU to separate baculovirus from sEVs, where virions migrated through the gradient while

sEVs remained at the top. Here, GP64 acted as a marker protein for sEVs to confirm the localisation of sEVs following SDGU.
Samples were taken throughout the isolation of sEVs. As expected, a strong GP64 signal was detected in pooled SEC fractions
6–10 (Figure 5a). Following SDGU, GP64 was detected only in the top fraction of the gradient, where sEVs were expected to
remain (Figure 5b).

https://posit.co/products/open-source/rstudio/
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F IGURE  Characterisation of extracellular vesicle-like particles secreted by SfC1B5 cells. Particles were isolated from SfC1B5 culture medium and
ESF-AF (70 mL each) by differential centrifugation at 300 × g for 5 min and 16,500 × g for 20 min, followed by concentration of the supernatant. The
concentrated supernatant was further purified by SEC. Fractions of 0.5 mL were collected. The particle concentration of SEC fractions was determined by NTA
(a, left Y-axis); the protein concentration was determined by BCA (a, right Y-axis). The NTA also determined the diameter of the most abundant particles in
fractions 6–10 (b). Samples (10 μL) of a particle rich fraction were applied on grids and incubated for approximately 2 min, before staining with 2% uranyl
acetate. The samples were then imaged on the JEM-1400Flash microscope (Jeol). Representative images are shown (c). Arrows indicate extracellular vesicle-like
structures. II is an enlargement of the box in I.

. Sf cells transfected with AcΔP. secreted sEVs containing GP

SfC1B5 cells weremore resistant to transfection compared to Sf9 cells, therefore the latter were used here. Sf9 cells were transfected
with AcΔP6.9, a modified AcMNPV genome unable to produce new virions, so that sEVs could be isolated in absence of virions.
Transfected cells expressed GP64 on the plasma membrane, therefore the percentage of transfected cells was determined by
flow cytometry using an anti-GP64 antibody conjugated to APC. Following optimisation, around 30% of cells were transfected
(Figure 6a). Small EVs were harvested from the AcΔP6.9-transfected Sf9 cells andWestern blot verified presence of GP64 in the
vesicles (Figure 6b).
These small EVs from AcΔP6.9-transfected Sf9 cells were used to study the proteinaceous content, and to investigate the

potential role of these vesicles in baculovirus infection, on the amount or timing of BV released. For the latter, Sf9 cells received
sEVs as pre-treatment prior to AcMNPV infection. At various hours post infection (14–30) the culture medium was titrated for
BV. No significant difference was observed between pre-treatment with sEVs derived from mock- or AcΔP6.9-transfected cells
(data not shown).
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F IGURE  GP64 was produced in SfC1B5-GP64 stable cell line and enriched in sEVs. SfC1B5-GP64 cells were pelleted and used for Western blot (a).
Small EVs were harvested from SfC1B5 and SfC1B5-GP64 culture medium (25 mL each) as described in Figure 1. Particle-rich fractions were pooled and
concentrated, and GP64 production was compared to that of cells (b). The amount of protein was visualised using Revert™ 700 Total protein stain (left
membranes). The membranes were probed with anti-GP64 AcV5 (right membranes).

. Proteomic analysis of sEVs frommock- and AcΔp.-transfected Sf cells

To gain information on protein content and abundance, three biological replicates of Sf9 cells (‘cell’), sEVs frommock-transfected
Sf9 cells (‘sEV mock’), and sEVs from AcΔp6.9-transfected Sf9 cells (‘sEV AcΔp6.9′) were analysed by mass spectrometry. A
protein was considered present when it was identified in at least two out of three replicates, and if it had at least two unique
peptides. Knowing which proteins were enriched would provide valuable information, including suggestions for sEV marker
proteins in S. frugiperda. The number of proteins identified in each sample and the overlap between samples are shown in Figure 7.
Of all the proteins, 732 were shared between the two sEV samples. Any protein in the sEV samples originates from the cells

and should therefore be expected in the cell sample as well. Here, just 1 and 2 unique proteins were identified for sEV mock and
sEV AcΔp6.9, respectively, and an additional 11 were shared between these two sEV samples but not cells. These proteins were
likely present in the cell as well but below the detection limit. For sEV AcΔp6.9, the exceptions are viral proteins, but though
there were four viral proteins detected (GP64, Ac-F, ME53 & viral ubiquitin), these were identified in the (non-transfected) cell
sample as well—and in sEV mock for GP64 only. However, in cells and sEV mock these proteins were found at a much lower
abundance.
GP64 was expected in the sEVs from AcΔp6.9-transfected cells, based on the observations above. Ac-F has a similar local-

isation and function to GP64, in other baculoviruses (granuloviruses and group II NPVs) (Lung et al., 2002). In AcMNPV, its
function is different; it is not essential in BV budding or fusion with the plasma membrane, but instead accelerates the mortality
rate (Lung et al., 2003; M. Wang et al., 2008). ME53 may be involved in packaging of structural components into the virion (de
Jong et al., 2009). It is localised in the nucleus as well as the plasma membrane, where it co-localises with GP64, likely with the
aid of other viral proteins (de Jong et al., 2011). Viral ubiquitin is slightly different from eukaryotic ubiquitin and has an extra
lysine residue (Guarino, 1990; Negi et al., 2020). Ubiquitination via this alternative lysine is not well recognised by cellular deu-
biquitinases and protects the ubiquitin signal (Negi et al., 2020). Viral ubiquitination of the nucleocapsid is suggested to function
as a signal for transport from the nucleus to the cytoplasm (Biswas et al., 2018).

. Significantly enriched proteins in sEVs frommock- and AcΔp.-transfected Sf cells

To visualise proteins enriched in sEV mock compared to cells, and therefore candidates for sEV marker proteins, a volcano plot
was made. The thresholds set for significantly enriched proteins were a log2 of fold change between sEVmock and cell of higher
than 1 or lower than −1, and an adjusted p-value lower than 0.05. Five proteins were found to be significantly enriched in cells
compared to sEV mock, while 50 were found to be significantly enriched in sEV mock compared to cells (Figure 8a).
The proteome of S. frugiperda cells is notwell annotated yet, therefore the function ofmost proteins described herewas inferred

fromhomology (at least 90% similarity in amino acid sequence) or from conserved domains. An overview of all enriched proteins
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F IGURE  GP64 was detected on sEVs from AcMNPV-infected SfC1B5 cells but not on sEVs from SfC1B5-GP64 cells. Small EVs were harvested from
SfC1B5-GP64 culture medium and wild-type (WT) AcMNPV-infected SfC1B5 culture medium (100 mL each) as described in Figure 1. Particle-rich SEC
fractions were pooled and concentrated. Samples (10 μL) were applied on grids and incubated for approximately 2 min. The samples were blocked with
PBS-BSA (1%), stained with anti-GP64 AcV1 followed by anti-mouse-gold 10 nm and stained with 2% uranyl acetate. The samples were then imaged on the
JEM-1400Flash microscope (Jeol). (a and b) AcMNPV budded virions. (c) Small EVs in AcMNPV sample. (d–f) Close-ups of (a–c), respectively. (g–i) Small
EVs from SfC1B5-GP64 cells. (j–l) Close-ups of (g–i), respectively. Representative images are shown.

and their inferred functions is provided in Tables S1–S4. Interestingly, one of the proteins enriched in sEV mock compared to
cells is TSG101, a protein of the ESCRT and a well-knownmarker for sEVs in mammalian cells. Two other proteins of the ESCRT
were also identified. Furthermore, five identified proteins were likely part of laminin, a major component of the extracellular
matrix and important in cell adhesion (Aumailley, 2013). Considering the size of laminins and its extracellular location, it was
likely a contaminating artefact of the purification process. Finally, the G protein of Sf rhabdovirus was identified, highlighting
the persistent infection of this virus in Sf9 cells (Ma et al., 2014).
A similar analysis was performed comparing the abundance of proteins between sEV mock and sEV AcΔp6.9, to examine

the impact of baculovirus on the protein content of sEVs (Figure 8b). Forty proteins were significantly enriched in sEV mock
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F IGURE  GP64 production was higher in infected cells compared to SfC1B5-GP64 cells. Cell pellets and sEVs were harvested from SfC1B5-GP64 and
mock or WT AcMNPV-infected SfC1B5 culture medium (30 mL each) as described in Figure 1. Particle-rich fractions were pooled and concentrated. The
amount of protein was visualised using Revert™ 700 Total protein stain (left membrane). The membrane was probed with anti-GP64 AcV5 (right membrane).
Irrelevant lanes were omitted here, the full image is provided in Figure S4.

F IGURE  GP64 remained at top fraction
following sucrose density gradient ultracentrifugation.
Small EVs were harvested from SfC1B5-GP64 culture
medium (200 mL) as described in Figure 1. Following
SEC, particle-rich fractions 6–10 was pooled, as well as
fractions 11–15 (protein-rich) and both were
concentrated. They were applied on a 15%–50%
sucrose gradient (40.000 × g for 1 h). Eight 1 mL
fractions were collected from the top, with the rest of
the gradient harvested as a single fraction. Samples
taken throughout the isolation protocol were probed
for GP64 (a), as well as the SDGU fractions of sEVs
(b). The amount of protein in each sample was
determined using Revert™ 700 Total protein stain (left
membranes). ‘>’ indicates the sample was taken
afterward, for example, ‘>concentration’ indicates the
sample was taken directly after concentration.
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F IGURE  GP64 was present in sEVs harvested from cells transfected with AcΔP6.9. (a) Shake cultures (20 mL) of Sf9 cells were infected with WT
AcMNPV at multiplicity of infection (MOI) 1, mock transfected, or transfected with AcΔP6.9. The following day three 0.5 mL samples per culture were
harvested and cells were pelleted. The cells were stained with anti-GP64-APC and analysed by flow cytometry. The background signal of APC was determined
using the mock cells and the transfection efficiency was measured for the transfected cells. Three replicates were analysed, and representative data is shown. (b)
Small EVs were then harvested from these cultures as described in Figure 1. Particle rich fractions were pooled and concentrated, and used for Western blot.
The amount of protein was visualised using Revert™ 700 Total protein stain (left membrane). The membrane was probed with anti-GP64 AcV5 (right
membrane). Irrelevant lanes were omitted here, the full image is provided in Figure S5.

F IGURE  Number of proteins identified in Sf9 cells and sEVs isolated from mock- and AcΔp6.9- transfected Sf9 cells. Small EVs were harvested from
mock-transfected and AcΔp6.9-transfected Sf9 cells, as described in Figure 1. Particle-rich SEC fractions were pooled and concentrated. Three biological
replicates of Sf9 cells and sEVs were lysed, the proteins were digested with trypsin, and the peptides were identified by mass spectrometry.

compared to sEV AcΔp6.9, among which were a protein that may be Rab8a, two subunits of the eukaryotic translation initiation
factor 3 (eIF-3) and two RNA helicases.
Rab8a is involved in transport between the trans-Golgi network, and the recycling endosome and plasma membrane (Hsu &

Prekeris, 2010; Huber et al., 1993). It was also reported to be involved in the formation of primary cilia (Knödler et al., 2010). RNA
helicases are involved in many processing steps of RNA; in transcription, translation, ribosome biogenesis and RNA degradation
(Valentini & Linder, 2021). For only a few RNA helicases a specific function was discovered. eIF-3 is involved in translation, by
stabilising the association between the 40S ribosomal subunit and Met-tRNA and subsequently mRNA. Upon association of the
60S ribosomal subunit, eIF-3 is released (Trachsel & Staehelin, 1979).
A further 142 proteins were significantly enriched in sEV AcΔp6.9 compared to sEV mock, among which were two proteins

that may also be subunits of the eIF-3, two RNA helicases, four proteins relating to mitochondria, five proteins involved in ubiq-
uitination, four proteins likely part of the proteasome complex, and 12 ribosomal proteins. Ubiquitination of a protein generally
targets it for degradation by the proteasome complex (Hochstrasser, 1996). Furthermore, ubiquitination of a protein can direct its
incorporation into intraluminal vesicles, and therefore to lysosomal degradation or secretion in exosomes (Velázquez-Cervantes
et al., 2023).
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F IGURE  Volcano plots comparing enriched proteins in Sf9 cells with Sf9 sEVs (a), and Sf9 sEVs with sEVs from AcΔp6.9-transfected Sf9 cells (b).
Small EVs were harvested from mock- and AcΔp6.9-transfected Sf9 cells, as described in Figure 1. Particle-rich SEC fractions were pooled and concentrated.
Three biological replicates were lysed, 33 μg protein per replicate was digested with trypsin, and the peptides were identified by mass spectrometry. Relative
abundances between the samples were compared, the log2 of fold change is represented on the X-axis. Significance is represented on the Y-axis as the −10-log
of the adjusted p-value. Proteins with a log2 of fold change greater than 1 or lower than −1 and an adjusted p-value of lower than 0.05 were considered
significantly enriched.

 DISCUSSION

While EV secretion by S. frugiperda cells had been described previously, no characterisation of these EVs has yet been reported
(Hashimoto et al., 2017; Ishikawa et al., 2020; Puente-Massaguer et al., 2022). Small EVs released by Trichoplusia ni cells during
baculovirus infection were recently analysed by mass spectrometry, yet viral proteins were not analysed due to possible contam-
ination by virions (Hausjell et al., 2023). To characterise sEVs of AcMNPV-infected cells, these vesicles had to be separated from
the BV. Here, a stable cell line producing GP64 was first generated, to investigate incorporation of this viral glycoprotein into
sEVs. It was confirmed to be present, and enriched in sEVs compared to the cells. Though immunogold TEM failed to detect
GP64 on the surface of SfC1B5-GP64 sEVs, GP64 was detected on sEVs co-purified with baculovirus. An explanation for this
discrepancy might be the fact that cells infected with baculovirus produced substantially more GP64 compared to SfC1B5-GP64
cells (Figure 4). Using this stable cell line, the expected localisation of sEVs following SDGU—at the top of the gradient (Ishikawa
et al., 2020)—was confirmed.
For further characterisation of the vesicles during AcMNPV infection, AcΔP6.9 was used, as it was unable to produce new

virions (Wang et al., 2010a). Detection of GP64 in sEVs from Sf9 cells transfected with AcΔP6.9 further consolidated the obser-
vation that GP64 was incorporated in Sf sEVs. One reason why GP64 was incorporated into sEVs might be to influence tropism.
By incorporating GP64, the sEVs likely target the same cells as the BV and deliver their cargo to those cells that are susceptible to
infection. Furthermore, GP64 is known to be fusogenic in acidic conditions (Blissard &Wenz, 1992). As such, the incorporation
of GP64 in sEVs may increase the potential of back fusion of sEVs with endosomes following endocytosis, to release the cargo
into the recipient cell (Tian et al., 2010). Alternatively, the incorporation of GP64 into sEVs may be simply due to its presence in
endosomal membranes (Hodgson et al., 2022).
GP64 is localised to the plasmamembrane of cells and was therefore expected to be incorporated intomicrovesicles (Volkman

et al., 1984). In Figure 5a, the surprising observation was made that GP64 was incorporated into sEVs—thought to be mainly
exosomes—but notmEVs—thought to bemainlymicrovesicles. Multiple explanations are possible for this. One is that the 16,500
× g centrifugation step was not sufficient to pellet mEVs, and both were isolated together. This is considered unlikely since in
previous studies centrifugation at 10,000–16,500 × g was sufficient to isolate mainly microvesicles (Heijnen et al., 1999; Jeppesen
et al., 2019; Lischnig et al., 2022). Extracellular vesicles from D. melanogaster were reported to be smaller than vesicles from
mammalian cells, on average (Lefebvre et al., 2016). Possibly, the microvesicles secreted by S. frugiperda were the size of sEVs.
This is also considered unlikely, given the wide size range of microvesicles, from 100–1000 nm (Colombo et al., 2014). A faint but
visible GP64 signal would have been expected in the concentratedmEVs in Figure 5a. Another possibility is that GP64 is secreted
on exosomes due to its transport via the recycling endosome (Hodgson et al., 2022). Rather than being transported (back) to the
plasma membrane following endocytosis, some of the GP64 may be secreted in exosomes via this endosome (Hodgson et al.,
2022). However, this in itself would not exclude GP64 from being secreted via microvesicles. Perhaps the places in the plasma
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membrane where baculovirus BV and microvesicles bud from have a different composition, and each particle only buds from its
own ‘place’. Alternatively, AcMNPV infection could inhibit microvesicle formation.

. Characterisation of the protein content of S. frugiperda sEVs

Proteomic analysis of the sEV mock sample revealed the presence of Sf rhabdovirus G protein in these vesicles. This was unsur-
prising since the Sf9 cell line is persistently infected with this virus (Ma et al., 2014). Regarding candidates for protein markers,
TSG101 was identified. TSG101 is part of the ESCRT and considered a protein marker for sEVs from mammalian cells (Stuffers
et al., 2009; Théry et al., 2001). Therefore, it is promising as a protein marker for sEVs of S. frugiperda cells. Charged multivesic-
ular body protein 4 (or Snf7) and vacuolar protein sorting-associated protein 28 homolog (Vps28 homolog)—two other proteins
of the ESCRT (Hurley, 2008)—were identified as well, providing further evidence that the ESCRTwas involved in sEV biogenesis
in S. frugiperda cells. Cross-reactivity of the antibody against mammalian TSG101 with that of S. frugiperda cells was not tested
but would be most useful.
Rab proteins are involved in membrane trafficking within the cell and have specific localisations and functions (Homma et al.,

2021). For example, Rab27 and Rab11 are involved in the release of sEVs, and were identified in proteomics (Jeon et al., 2021; Koles
et al., 2012; Ostrowski et al., 2010; Théry et al., 2001). In sEV mock compared to cells, no Rab protein was enriched, however,
a putative GTPase-activating protein was identified (Uniprot accession number A0A2H1VFN5). A GTPase-activating protein
inactivates Rab proteins (Homma et al., 2021). The significance of this protein in sEVs is unclear.
In sEVAcΔp6.9, compared to sEVmock, 12 ribosomal proteins were found significantly enriched, as well as two RNAhelicases

and two proteins likely part of the eIF-3. All these proteins interact with RNA, suggesting its presence in these vesicles as well—
as expected (Jeppesen et al., 2019; Noerholm et al., 2012; Willms et al., 2016). The incorporation of these components of the
translationmachinery into sEVsmight simply reflect a change in cytosol composition. At the late stage of infection, replication of
the baculovirus genome triggers a host protein shut-off, at the transcriptional level (Chen et al., 2014; Schultz & Friesen, 2009; Xue
et al., 2012). Though the baculovirus is able to produce high levels of protein even after this shut-off, it is unclear whether the cell
producesmore translationmachinery relative tomock-infected cells to facilitate this increase in protein production, which could
then be reflected in the content of sEVs.Mitochondrial proteins were also found enriched in sEVAcΔp6.9. Baculovirus infection
was reported to upregulate genes related tomitochondrial function and respiration (Chen et al., 2014; Xue et al., 2012). Therefore,
enrichment of mitochondrial proteins in sEVs was likely a reflection of their upregulation, rather than selective incorporation
of these proteins into the sEVs orchestrated by the baculovirus. A similar observation was made for proteins and genes of the
proteasome complex (Xue et al., 2012).

Regarding the incorporation of viral proteins into sEVs, the possibility that under wild-type conditions P6.9 would be incor-
porated into sEVs cannot be excluded. It is, however, unlikely, considering this protein is localised in the nucleus and packaged
into the viral capsid (Wang et al., 2010a). Considering its localisation in the plasma membrane, identification of Ac-F was also
expected. Its significance in sEVs was not clear. During AcMNPV infection, Ac-F speeds up mortality (Lung et al., 2003), but it
is not known whether it could trigger cell death by itself. ME53 was mainly considered a structural protein, though also reported
to co-localise with GP64, explaining its presence. It was suggested to function as a matrix protein, connecting GP64 to the virus
capsid (de Jong et al., 2011). Considering its function, it was not expected to have a significant effect on recipient cells. Last, the
identification of viral ubiquitin suggested that one or multiple proteins (either cellular or viral) were ubiquitinated. The ubiqui-
tinated proteins would likely be degraded via the proteasome in the recipient cell. Identification of only these four viral proteins,
and not structural proteins such as vp39 or vp80, provided further confirmation that no BV—infectious or defective—were
produced by AcΔp6.9-transfected cells.
Knowledge of which viral proteins are incorporated into sEVs can be helpful for research into VLP vaccine production with

the baculovirus expression system. In a VLP vaccine for humans, BV is often considered a contaminating factor and it is depleted
from the final product as much as possible (Pijlman, 2015). Based on the results described here, it can be recommended not to
test for GP64 to confirm the absence of BV, since this may provide a false indication of BV presence. Instead, a structural protein
such as VP39 is a better candidate to test for the presence or absence of BV (Lanier & Volkman, 1998).

Covert baculovirus infections of insects have been documented both in vivo and in vitro (Burden et al., 2003; Granados et al.,
1978; Hughes et al., 1997). Moreover, some groups managed to establish a persistent baculovirus in cell culture (Baptista Arinto
Garcia, 2019; Weng et al., 2009), including of AcMNPV in S. frugiperda (Crawford & Sheehan, 1983; Lee et al., 1998). A covert
infection could provide an explanation for the observed presence of viral proteins in Sf9 cells by mass spectrometry here. If
indeed the case, this covert infection is most likely a latent infection, rather than a persistent infection, considering only four
viral proteins were detected, which were not sufficient to produce virions.
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. Proteins not identified in S. frugiperda sEVs

In addition to identifying the viral proteins that were incorporated into sEVs, it was also interesting to discover those that were
excluded. Viral structural proteins and those involved in the replication or transcription of DNA are localised to the nucleus and
were therefore not expected to be incorporated into sEVs. In contrast, proteins localised to either cellular membranes or to the
cytoplasm may be incorporated.
One viral protein of particular interest was P35. Due to its function in downregulating the antiviral response (Bump et al.,

1995; Mehrabadi et al., 2015), it was anticipated to be incorporated into sEVs, to facilitate infection of neighbouring cells. Yet,
mass spectrometry revealed it was not incorporated. A hypothesis for its exclusion is that P35 could inhibit an important step in
the early stage of infection, such as cell entry, transport to the nucleus or nuclear entry. Transcription and translation are unlikely
to be affected, since p is expressed early in infection, and these processes are not inhibited (Chen et al., 2013). Furthermore, the
baculovirus is known to prevent superinfection by additional virions (Crawford & Sheehan, 1983; Lee et al., 1998). P35, as well as
other proteins not incorporated into sEVs, may be involved in this mechanism, and may therefore be excluded from sEVs.
No homologs of tetraspanins, other protein markers in mammalian sEVs (Potolicchio et al., 2005), were identified here. It is

therefore likely that these sEVs were generated by a tetraspanin independent process. Alternatively, one or more of the proteins
for which no function was inferred via homology or domains could be a tetraspanin. Another possibility is that S. frugiperda
cells do not have or use the tetraspanin dependent process for sEV biogenesis at all—though identification of a tetraspanin in
D. melanogaster sEVs suggests that the latter option is unlikely (Fradkin et al., 2002; Koles et al., 2012). An additional protein
often identified in mammalian sEVs is syntenin-1, which is involved in ESCRT-dependent biogenesis of sEVs (Baietti et al.,
2012; Kugeratski et al., 2021). A S. frugiperda protein enriched in both sEV mock and sEV AcΔp6.9 compared to cells (Uniprot
accession number A0A2H1V4T0) may be a homolog of this protein, and therefore has potential to serve as a protein marker for
sEVs as well.
A previous study on proteins associated with BV reported 11 S. frugiperda host proteins associated with BV (Wang et al., 2010b).

Since the separation of BV and sEVs was challenging, it was possible that in their study, the host proteins were localised to sEVs
instead of BV. Here, none of these 11 S. frugiperda host proteins were identified in the sEVs, suggesting that these proteins were
indeed associated specifically with the BV.

 CONCLUSION

In conclusion, small EVs were released by S. frugiperda via the ESCRT-dependent pathway. No evidence of involvement of
tetraspanins in the biogenesis of these vesicles was found. No Rab protein was found enriched in sEV mock compared to cell,
therefore it was not clear which Rab was involved in vesicular transport. Baculovirus transfection affected the proteinaceous
cargo of sEVs, compared to sEVs frommock-transfected Sf9 cells. Four viral proteins were incorporated into sEVs: GP64, Ac-F,
ME53 and viral ubiquitin. In this study, the analysis focused on proteins with a function known or suspected based on homology
or conserved domains. Future research could investigate in more detail the rest of the proteins identified here. The difference in
abundance compared to the other samples may provide a first clue to their function.
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