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Abstract

The insect cell-baculovirus expression vector system (IC-BEVS) has shown to be a powerful platform to produce complex

biopharmaceutical products, such as recombinant proteins and VLPs. More recently IC-BEVS has been also used as an

alternative to produce adeno-associated virus (AAV). However, little is known about the variability of insect cell populations

and the potential effect of heterogeneity on product titer and/or quality. In this study, transcriptomics analysis of Sf9 insect

cells during the production of recombinant AAV using a low multiplicity of infection, dual-baculovirus system was performed

via single-cell RNA-seq (scRNA-seq). Before infection, the principal source of variability in Sf9 insect cells was associated

to cell cycle. Over the course of infection, an increase in transcriptional heterogeneity was detected, this being linked to the

expression of baculovirus genes as well as to differences in AAV transgenes ( rep, cap and gfp) expression. Noteworthy, at 24

hours post-infection (hpi) only 29 % of cells showed to enclose all three necessary AAV transgenes to produce packed AAV

particles, indicating limitations of the dual baculovirus system. In addition, the trajectory analysis herein performed highlighted

biological processes such as protein folding, metabolic processes, translation and stress response has been significantly altered

upon infection. Overall, this work reports the first application of scRNA-seq to the IC-BEVS and highlights significant variations

in individual cells within the population, providing insight for rational cell and process engineering towards improved AAV

production in IC-BEVS.

Introduction

Since the development of the baculovirus expression vector system (BEVS) (Smith et al., 1983), insect
cells (IC) have been established as a powerful platform for recombinant protein production. The IC-BEVS is
scalable, capable of producing proteins with complex post-translational modifications (Ailor and Betenbaugh,
1999; Fernandes et al., 2022a), and induces high expression of transgenes leading to reduced production times
(Correia et al., 2020; Correia et al., 2022; Fernandes et al., 2022b). These advantages position IC-BEVS as
a potential alternative to traditional systems in the production of complex products like virus-like particles
(VLPs) and viral vectors such as recombinant adeno-associated virus (AAV). Nevertheless, the lack of a
comprehensive understanding of the severe impact of the viral infection on the host cell machinery still poses
major challenges to further improve this expression system.

Efforts have been made to characterize the insect cell host response to virus infection and/or heterologous
gene expression. Technologies such as metabolomics (Carinhas et al., 2010; Monteiro et al., 2012; Monteiro
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et al., 2016), transcriptomics (Chen et al., 2014; Koczka et al., 2018; Silvano et al., 2022; Wei et al., 2017 and
Virgolini et al., 2022) and proteomics (Carinhas et al., 2011; Nayyar et al., 2017; Yu et al., 2016) have been
employed by our group and others to shed light on the underlying biological mechanisms of cultured insect
cells and BEVS. Exploring the response to virus infection on a gene expression level might be especially
interesting, as the baculovirus has shown to take-over the cells gene expression machinery, activating stress
response mechanisms such as apoptosis, and impacting protein folding and translation mechanisms, among
others (Koczka et al., 2018; Wei et al., 2017; Virgolini et al., 2022).

Recent studies have provided genome and transcriptome references forSpodoptera frugiperda and Trichoplusia
ni , (Chen et al., 2019; Xiao et al., 2020) and such advancements could thereby be a milestone in the study of
gene expression alterations in Sf9 and High Five insect cells during baculovirus infection and/or heterologous
protein expression. Indeed, an emerging number of transcriptomic studies in both cell lines can be observed
(Koczka et al., 2018; Silvano et al., 2022; Virgolini et al., 2022), highlighting the interest in understanding host
cell response to guide rational design of targeted cell line development and process engineering approaches.
Nevertheless, these studies are limited by their approach of assessing cell populations instead of single cells,
thus ignoring potential heterogeneity within the production platform. Moreover, single-cell RNA sequencing
(scRNA-seq) would have the added benefit of identifying sub-populations of cells with distinct gene expression
profiles, which might result in phenotypically beneficial traits (Ke et al., 2022).

Single-cell transcriptomics technologies have matured rapidly, allowing the study of gene expression patterns
of tens of thousands of single cells in an accurate and cost-effective manner. ScRNA-seq has become standard
in evaluating the transcriptome profiles of different cell types within tissues. Nevertheless, first applications
in clonally derived cell lines as well as virus infection processes have been shown, each indicating significant
heterogeneity within the respective cell population (Russell et al., 2018; Sun et al., 2020; Tzani et al., 2021).
While this could indicate the potential complexity and/or heterogeneity in production processes using insect
cells and BEVS, the use of single-cell transcriptome analysis to characterize this expression system is so far
inexistent.

In this study, we implemented for the first time scRNA-seq in Sf9 insect cells during the production of
AAV using a low multiplicity of infection (MOI), dual-baculovirus infection process, assessing population
heterogeneity and gene expression profiles prior to and along infection.

Material and Methods

Cell culture

Spodoptera frugiperda Sf9 cells (Invitrogen, Cat#: 11496-015) were routinely sub-cultured every 2-3 days
at 0.6-1 × 106 cell.mL-1 in serum-free Sf900-IITM SFM medium (Thermo Fisher Scientific) when the cell
concentration reached 2-4 × 106cell.mL-1. Cells were cultured in shake flasks (Corning) using 10% (w/v)
working volume and maintained at 27 °C in an Inova 44R shaking incubator (orbital motion diameter of 2.54
cm; Eppendorf) at 100 rpm.

Baculovirus amplification and storage

Two recombinant baculoviruses (rBAC) were used for AAV production, one incorporating a GFP transgene
flanked by inverted terminal repeats of AAV serotype 2 (AAV2) and under control of the cytomegalovirus
promoter (hereby named rBAC-GFP, kindly provided by Généthon) and a second rBAC carrying AAV2 rep
and cap genes (hereby named rBAC-REP/CAP), produced in-house using Addgene plasmid #65214 (Pais
et al., 2019; Smith et al., 2009). Amplification of baculovirus stocks and storage was performed as described
previously (Virgolini et al., 2022). Baculovirus titers were determined using the MTT assay as described
elsewhere (Mena et al., 2003; Roldão et al., 2009).
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AAV production

AAV production was carried out in a 0.5 L stirred tank bioreactor (Sartorius BIOSTAT Qplus) by infecting
Sf9 cells at 2 × 106 cell.mL-1 with rBAC-REP/CAP and rBAC-GFP, both at a multiplicity of infection
(MOI) of 0.05 pfu/cell. Each vessel was equipped with one Rushton impeller; gas flow of 0.01 VVM was
supplied through a ring sparger. pO2(partial pressure of oxygen) setpoint of 30% of air saturation was set,
which was achieved through varying the agitation rate (70 - 300 rpm) and percentage of O2 in the gas flow
(0 - 100 % of O2).

Cultures were maintained for up to 96 hours post-infection (hpi). Samples for assessment of cell concentration,
viability, intracellular AAV titer and metabolite concentration were taken every 24 hours. For scRNA-seq
analysis, samples were taken at 0, 10 and 24 hpi.

Analytics

Cell concentration and viability

Cell concentration and viability were determined with the trypan blue dye exclusion method (Tennant, 1964)
using the Cedex HiRes Analyzer (Roche).

Intracellular AAV viral genomes quantification

Cell culture samples were collected and intracellular AAV titer quantified as described elsewhere (Pais et al.,
2019). Intracellular AAV viral genomes (VG) were quantified by real-time quantitative PCR (RT-qPCR), as
established previously (Virgolini et al., 2022).

Single-cell RNA sequencing

Single-cell isolation and sample processing for scRNA-seq was performed, using the BD RhapsodyTM Express
Single-Cell Analysis System (BD Biosciences) according to manufacturer’s instructions. In short, cultured
cells were centrifuged (300 × g, 4 °C, 5 min), washed and strained (30 μm mesh size – CellTrics®) pri-
or dilution to the recommended cell concentration to target 6,000 single cells. Cells were then captured
in nanowell-containing cartridges, lysed, and the released mRNA isolated using poly(dT)-coated magnetic
beads.

Sequencing libraries were prepared using the mRNA Whole Transcriptome Analysis (WTA) Library Prepa-
ration Protocol (BD Biosciences), as recommended by the manufacturer, and using unique index primers for
each library. The quality of each library was assessed using a high-sensitivity D5000 kit (Agilent) and quan-
tification was done by Qubit analysis (Thermo Fisher Scientific). Finally, libraries were pooled to achieve
40,000 reads per cell and sent for sequencing (Illumina NovaSeq6000) elsewhere, spiked with 20% PhiX.

Single-cell RNA sequencing data analysis

UMI count matrix generation

Raw FASTQ files were processed using the BD Rhapsody WTA Analysis Pipeline (Seven Bridges Genomics),
using default parameters. A customised reference genome, which included reference sequences ofS. frugiperda
(RefSeq assembly accession: GCF 011064685.1)( Xiao et al., 2020), Autographa californica multiple nucle-
opolyhedrovirus (ViralProj14023)(Ayres et al., 1994) and AAV transgene sequences (rep , cap and gfp ), was
supplied for mapping using STAR version 2.5.2b (Dobin et al., 2013). Finally, recursive substitution error
correction (RSEC)-adjusted molecule count matrices were generated and used for downstream analysis.
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Sample pre-processing

Downstream analysis was performed in R (v4.2.1) using the Seurat package (v4.1.1) (Hao et al., 2021);
default parameters were used to create the Seurat objects. Low-quality cells ([?] 5% mitochondrial UMI
counts per cell) were removed.

Cell cycle scoring

To determine the cell cycle phase of each cell, a score indicating the likelihood of cells being in either S
or G2/M phase was assigned, based on the supplied reference gene list for respective phases from Seurat
(according to mouse reference genes published from Tirosh et al., 2016). The list of mouse cell cycle genes
was associated to the S. frugiperda genome using a protein BLAST search (e-value cut-off 0.01). Then,
identified sequences were blasted back to the S. frugiperdagenome. Genes validated after both steps were
considered for cell cycle association.

Seurat analysis

To evaluate cell heterogeneity along infection, data sets (from 0, 10 and 24 hpi samples) were merged prior
to log-normalization. Next, 2,000 variable genes of each sample were identified using the “vst” method.
Data was scaled, regressing effects caused by the total number of UMIs and dimensionality reduced using
principal component analysis (PCA) using all variable genes. A specified number of principal components
was chosen for subsequent UMAP analysis. Relative gene expression, differential expression analysis and
gene correlation analysis were performed using the data slot of the Seurat object. Gene markers for clusters
were identified using the FindMarkers function and the MAST test (Finak et al., 2015). Genes with an
absolute expression change of at least 1.5-fold and a BH-adjusted p -value [?] 0.05 were deemed significant.

Trajectory analysis and enrichment analysis

To understand the changes in cellular response along infection, we utilized the 10 hpi timepoint to conduct
trajectory analysis within the Monocle3 package v.1.2.9 (Trapnell et al., 2014). First, the processed 10 hpi
Seurat object was transformed to a Monocle object using the appropriate function within the SeuratWrappers
package v.0.3.0. Next, clusters were identified using the Leiden community detection and a resolution of
0.002. A trajectory is learned, and cells ordered according to pseudotime. Finally, genes correlated with the
progression of cells along the trajectory were identified. Genes were deemed significant if the q- value was <
0.01 and the average expression of the respective gene in the Seurat object was > 0.5.

Overrepresentation of gene ontology (GO) terms within the gene list found to have a significant difference
along pseudotime were identified using ClusterProfiler v4.0.5 (Yu et al., 2012) and a GO term reference
list established previously (Virgolini et al., 2022). Terms with an adjusted p -value < 0.5 were deemed
significant.

Results

AAV production

AAV were produced by co-infecting Sf9 insect cells with rBAC-GFP and rBAC-REP/CAP (MOI of 0.05 for
each virus) in a 2 L stirred tank bioreactor (Figure 1a ). Cell growth kinetics after infection (Figure 1b
) followed a typical profile for a low MOI infection, indicated by one cell population doubling until growth
arrest at 24 hpi comparable to previous studies (Correia et al., 2022; Pais et al., 2019; Pais et al., 2020 and
Virgolini et al, 2022). The production yielded 2.5 x 1010 VG.mL-1 intracellular genome-containing AAV
particles at 72 hpi (Figure 1c ). As one bioreactor run generated enough cells for single-cell RNA-seq
analysis and the cell and AAV profiles were consistent with those of previous runs from our group, no further
replicates were conducted.
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scRNA-seq data processing and quality control

Samples for scRNA-seq were acquired at 0 hpi (prior to infection), 10 hpi and 24 hpi (Figure 1b ). Following
Illumina sequencing, an average of 309 +- 21 million reads were acquired for each of the three samples (Table
S1 ). The BD Rhapsody WTA analysis pipeline from Seven Bridges Genomics was utilized to process
sequencing data, perform genome mapping, and generate RMCE-adjusted molecule UMI count matrices.
An average of 5,309 +- 234 barcodes per sample passed the initial quality control step (e.g., read quality
filtering, RSEC adjustment, cell label filtering), yielding an average of 21,647 +- 1,397 UMIs and resulting
in the detection of 3,405 +- 299 genes per cell (Table S1 ). Retained barcodes were imported into Seurat
and further assessed using established quality parameters, such as the proportion of mitochondrial UMIs
(Figure 1d ) and the detected UMIs per cell (Figure S1a ). For quality control, only the proportion of
UMIs originating from the mitochondrial genes were considered and barcodes where this proportion was
below 5% were retained, resulting in a total of 5,288, 4,750 and 5,159 cells for 0, 10 and 24 hpi, respectively,
to be considered for further analysis (Figure 1e ). While the total number of genes identified per cell showed
a similar median value along infection, a bimodal distribution can be observed at 24 hpi, with 21% of cells
having less than 2,000 identified genes, because of a high percentage of baculovirus mRNA molecules in cells
at this timepoint (Figure 1f overall results of baculovirus UMIs per cell inFigure S1b ).

Sf9 cell heterogeneity

To assess variations in the transcriptome of Sf9 associated with infection, each timepoint was combined into
a single Seurat object for analysis. Merged samples were log-normalized and scaled, regressing out variations
caused by different total UMIs per cell. For principal component analysis, 2,000 variable features were
considered, and 20 principal components were used to construct a UMAP and perform clustering analysis.
A total of 11 clusters were identified, of which 5 were present prior infection (Figure 2a ), indicating
an inherent degree of heterogeneity in this Sf9 cell line. One cluster (Cluster 7) was clearly separated at
0 hpi. Using the FindMarkers function with the MAST differential expression test revealed that cells in
Cluster 7 had significant overexpression of stress response genes (e.g., heat shock protein 68 and protein
lethal(2)essential for life ) and ribosomal RNA, suggesting increased cell stress and/or early signs of cell
death (Table S2 ).

As cell cycle has been shown to contribute to heterogeneity in scRNA-seq datasets (Tirosh et al., 2016; Tzani
et al., 2021), classification of cells to cell cycle phases was attempted using the Cell Cycle Scoring method in
Seurat. For this 25 G2/M and 30 S phase genes (Table S3 ) were used to calculate a score representing the
probability that a certain cell is in a particular phase of cell cycle. At early stages of infection (0 and 10 hpi),
the predicted classification of cells seems to corroborate observed data, as can be observed by comparing the
distribution of cells associated to each cell cycle phase (Figure S2a-b ) with the relative expression of 3
selected cell cycle-related genes (Figure S2c ). At later stages of infection (24 hpi) this is no longer valid,
with the increase in the amount of baculovirus transcripts in infected cells hindering effective association of
cells to a correct cell cycle phase, as demonstrated by the overall low expression of the G1 cell cycle-related
gene (Figure S2c ) but still association with G1 cell cycle phase (Figure S2b ). As a result, cell cycle
regression was not considered for further analysis.

Following visualization of the 3 cell populations (Figure 2a ), a clear difference in the position of each
population can be observed suggesting an increased impact on the cell transcriptome as infection progresses.
This impact can be associated with enhanced expression of baculovirus genes, with the furthest clusters
(Clusters 5 and 8) showing an average of 92 +- 3% of baculovirus mRNA per cell (Figure 2b ) and the
lowest number of detected genes, averaging 783 +- 331, while total UMIs per cell stayed similar to other
clusters (Figure S3 ). To support this assumption, an established early gene (proliferating cell nuclear
antigen ) and a late baculovirus gene (viral cathepsin ) were selected and their expression mapped to the
identified clusters (Figure 2c ). While theproliferating cell nuclear antigen (early gene) showed elevated
expression in clusters (0, 4, and 6) associated to early infected cells (i.e., 10-24 hpi), the viral cathepsin (late
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gene) only shows high expression in clusters (5, 8, and 10) associated with more advanced stages of infection
(i.e., 24 hpi).

Expression of AAV transgenes

Following the evaluation of cell heterogeneity, cells were categorized throughout infection according to the
expression of each target transgene (rep , cap , and gfp - Figure 3a ). Baculovirus and transgenes were not
detected in cells prior to infection (0 hpi); this number increased to 36.2 % at 10 hpi, and reached close to
100 % at 24 hpi (all cells were infected) (Figure 3b ).

At 24 hpi, 29.4 % of cells expressed transgenes from both rBACs (i.e., expressed gfp and rep /cap ) and are
therefore capable of producing packaged AAV. Moreover, 59.0 % of cells expressedgfp only, 3.3 % of cells
expressed rep /cap , and 8.3% of cells had still no AAV transgene expressed at this timepoint (Figures 3a-b
). In addition, there is a poor correlation between expression of gfp and rep (Figure 3c ); for rep and cap,
their expression is similar, althoughrep seems to be expressed at higher levels than cap(Figure 3d ).

Identification of cell marker genes associated to infection

Gene expression changes associated to baculovirus infection were identified using only the 10 hpi sample.
This timepoint was deemed preferential over the 24 hpi one for two reasons: (1) it contains infected, non-
infected and presumably cells in intermediate states; (2) the number of UMIs acquired from the host cell
transcriptome at 24 hpi timepoint was extremely low. Given the high number of non-infected cells (63.8%)
at 10 hpi, merging with the 0 hpi datasets was deemed unnecessary.

The 2,000 most variable genes were retained for PCA, with the first 20 principal components to establish
UMAPs. Overall, 9 clusters were identified, separated into two major cluster groups (Figure 4a ). Clusters
3, 4, 6 ,8 were identified as clusters of infected cells, with 4 and 8 being most advanced in the infection
process according to the percentage of baculovirus transcripts, and clusters 0, 1, 2 as clusters of non-infected
cells (Figure 4b ). Cluster 7 diverged from the remaining clusters of non-infected cells, showing fewer
total UMIs and genes per cell compared to others (Figure S4a-b ) and thus was not included in the
differential expression analysis. To identify marker genes of infected cells, the FindMarkers function was
used with the MAST test. Overall, 291 differentially expressed genes between infected and non-infected cells
were identified, of which 134 were upregulated and 157 downregulated in infected cells clusters (Table S4
). Genes significantly upregulated derived mostly from the baculovirus, with only 9 identified as host cell
genes; these 9 genes were associated to stress response (e.g., heat shock protein 68 , peroxiredoxin-6 ) and
microtubule mobility (dynein regulatory complex protein-8 ) (Figure 4c ). Genes downregulated in infected
cells were associated to metabolic processes (e.g., mitochondrial glutamate dehydrogenase and, L-lactate
dehydrogenase and aminomethyltransferase ), ion transport (e.g.,innexin-3 ) as well as apoptosis inhibitors
(baculoviral IAP repeat-containing protein 5 ) (Figure 4c ).

Assessing significantly enriched gene ontology terms along infection

To further assess transcriptional changes along infection, non-differential expression analysis was conducted.
Monocle3 was used to perform trajectory analysis and thus evaluate which genes vary along pseudotime in
cells at 10 hpi. The 10 hpi sample was again deemed preferential due to the before mentioned reasons. A
trajectory graph was drawn, from which it becomes evident that clusters associated to infection were furthest
along pseudotime (Figure 5a ). Monocle3 identified 5,704 genes varying along pseudotime (q -value < 0.01),
of which 2616 were deemed significant (Table S5 ). Gene ontology analysis of respective genes revealed
biological processes such as stress response to infection (e.g., cellular response to virus), cell growth (e.g., cell
division, DNA replication and transcription), cell cycle and protein folding significantly vary along infection
(Figure 5b ).
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Discussion

The production of viral vectors for gene therapy, such as recombinant AAV, is complex and usually demands
coordinated expression of multiple genes within a cell to produce a packaged and functional virus (Srivastava
et al., 2021). Typically, multiple plasmids and/or adenovirus infection (mammalian systems), or various
baculoviruses (insect cell system) are needed, resulting in significant levels of defective product (e.g., empty
or non-infectious particles) and other process-related contaminants (e.g., helper virus) (reviewed in Merten,
2016; Penaud-Budloo et al., 2018). Insect cells with the dual baculovirus expression vector system, herein
used, have shown high titers for different AAV serotypes (Cecchini et al., 2011; Pais et al., 2019; Smith et
al., 2009), although implications for final product quality remain a concern (e.g. genome packaging, ratio of
capsid proteins and their correct folding). The host cell transcriptional response to virus infection, as well
as the heterogeneity reported in clonal CHO cells (Tzani et al., 2021) and virus populations (Sun et al.,
2020), could suggest that such production processes are highly heterogeneous and can potentially impact
product titers and/or quality. Thus, to assess the characteristics of the dual baculovirus system, as well as
how Sf9 cells responds to baculovirus infection by transcriptome alterations, single-cell RNA-sequencing was
employed.

In this study, we observed heterogeneity in non-infected Sf9 insect cells, similar to what has been reported
in clonally derived cell lines (Tzani et al., 2021). While this highlights the individuality of cells within the
population, the most dominant influence observed herein was associated to cell cycle, with cells identified in
G2/M phase showing distinct clustering compared to others, as reported elsewhere (Tirosh et al., 2016; Tzani
et al., 2021). Moreover, baculovirus infection has been hypothesized to arrest cells in a “pseudo” S phase
(Rohrmann, 2019), which we could confirm in our study, i.e. we observed an increase in S phase association
to infected cells. The high association to G1 phase in late infection samples was however unexpected. Upon
further evaluation of the cell cycle scoring, it was observed that cell cycle phase association was biased, as
high baculovirus gene expression at later infection stages masks cell cycle genes. In this scenario, cells cannot
be associated to either S or G2M phases and thus are attributed to G1 by default. Despite being useful to
decipher heterogeneity in non-infected samples, cell cycle scoring was not considered as a correct approach
to describe heterogeneity in samples in which the host cell transcriptome is overwhelmed by foreign virus
replication. An additional source of variation observed in a small sub-population of non-infected cells was
correlated to the activation of stress response mechanism. While more stringent quality control parameters
might exclude this cluster, this would not be possible in this system as the impact of baculovirus on the
transcriptome limits the regression of some quality control parameters (i.e., number of detected genes).

Baculovirus infection has been shown to follow a random Poisson distribution (Palomares et al., 2002).
However, in a dual baculovirus system this tends to be more complex, as interference and synergistic effects
of both viruses can be observed (Mena et al., 2007), as well as differences in virus replication and/or infection
kinetics could occur (Galibert et al., 2021). Indeed, along infection cells had highergfp expression when
compared to rep and/or cap , highlighting possible differences in infection kinetics between both rBACs.
While this could arise from the promoters regulating the expression of each transgene (cmv is an earlier
promoter than the later viral promoters polh/p10 ), other possible sources of asynchronous infection and
replication of both baculoviruses include titer determination and random variations in infection kinetics,
emphasizing a potential need for customized infection strategies.

The heterogeneity of infected cells was linked to the overexpression of baculovirus genes, infection progression
and host cell transcriptome responses. However, it was also probably augmented because of the low MOI
infection strategy employed here. While high MOI processes are less desirable due to challenges associated
with generation of master virus stocks (e.g., larger production scale are needed), these could prove more
useful if a synchronous infection between two baculoviruses is desired. Another limitation of low MOI,
dual-baculovirus based processes is the fact that in case one of these baculoviruses infects and replicates
faster than the other, cells infected with the more replicative virus might be unable to receive the other, in
a process called super-infection exclusion (i.e., previously infected cells cannot be re-infected) (Beperet et
al., 2014; Folimonova, 2012). The possibility of baculovirus reinfection has however been reported (Gotoh et
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al., 2008; Mena et al., 2007), nevertheless it is still unknown how long infected cells are susceptible to new
viruses entry and how efficient is the expression of the newly arrived transgene (Sokolenko et al., 2012). A
recent report showed the limitations of re-infection, as a maximum of 40% of cells were found infected with
both rBACs in a dual baculovirus system using similar conditions (Galibert et al., 2021), highlighting the
need to assess possibilities to increase this number to improve product quality and titer.

The production of fully packed AAV particles is dependent on the presence of both recombinant baculoviruses
carrying their respective transgenes in the same cell. In our study, at 24 hpi, although all cells are infected,
only 29.4% of cells were shown to have all the necessary transgenes expressed to produce packaged AAV
particles. While this does not necessarily correlate to subsequent protein expression levels, as AAV proteins
have been shown to undergo post-transcriptional and translational regulation (Virag et al., 2009), this
data raises the possibility of a potential production bottleneck. Nevertheless, the number of cells showing
transcriptional capacity for producing packed AAVs could have been underestimated here, since both rep
andcap transgenes are expressed using late viral promoters and thus expression of these genes in cells that
have been infected in the second infection cycle (occurring between 18 and 24 hpi) might not yet be detectable
at 24 hpi.

Baculovirus infection has been shown to significantly impact the host cell machinery, activating stress re-
sponse, cell cycle arrest and reorganization of the cytoskeleton and cell nucleus, while shutting down cell
growth and protein folding capacities among others (as reviewed in Monteiro et al., 2012 and Rohrmann,
2013). Here, similar biological processes to those previously reported were shown to vary along infection, such
as stress response mechanisms (e.g., heat shock protein 68 ) (Chen et al., 2014; Koczka et al., 2018). This
might arise due to the response to unfolded proteins, as folding capacity has been found impacted (Koczka
et al., 2018) and could result in reduced product quality along infection. Additionally, energy metabolism
alterations along infection have been reported (Bernal et al., 2009; Bernal et al., 2010; Monteiro et al., 2017)
and also be associated with mitochondrial function (Chen et al., 2014; Xue et al., 2012), which were also
found altered along infection here. Alteration of the glutamate dehydrogenase and glutamate synthase genes
predicted to encode proteins involved in the ammonia recycling system (Bernal et al., 2009; Doverskog et
al., 2000), identified herein, has been shown in bulk analysis (Virgolini et al., 2022) and further confirms the
impact of infection on host cell machinery.

Overall, 75% of enriched gene ontology terms identified herein were also found in our previous bulk transcrip-
tomics analysis (Virgolini et al., 2022). Nonetheless, the majority of the GO biological processes identified
in previous bulk RNA-seq data were only found at later stages of infection, suggesting that transcriptomic
alterations of a sub-population of cells might be masked in this analysis. This further underlines the added
benefit of single-cell analysis in heterogeneous production systems, as it is able to dissect early transcriptional
alterations due to stress and/or infection in a sub-population of cells, thus having the potential to predict
subsequent population response.

Conclusion

This work reports, to our knowledge, the first single-cell RNA-sequencing analysis of Sf9 insect cells during
the production of AAV using a low MOI, dual-baculovirus system. The findings of our work highlights
production bottlenecks of this system, suggesting the need to reduce cell heterogeneity (e.g., by applying
synchronization strategies) and differences in transgene expression (e.g., by applying similar promoters),
as well as enhance and/or prolong the production process (e.g., by manipulation of specific pathways) for
its improvement. Overall, this study lays the foundation for further single-cell transcriptomics studies in
insect cell-based bioprocesses and further elevates our knowledge on the underlying biological mechanism of
multi-vector production processes.
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Tables and Figures

Figure 1: Utilisation of single-cell RNA-seq to study baculovirus-infected Sf9 insect cells during AAV2
production. a) Overview of the cell culture and infection strategy. b) Viable cell concentration (*) and
cell viability (o) throughout infection. The arrows show timepoints captured for scRNA-seq analysis. c)
Intracellular genomic AAV particles (VG.mL-1) along infection (n=1). d) Percentage of mitochondrial UMIs
per cell for all samples. The red dashed line indicates the quality filter threshold applied in this study
(percentage of mitochondrial genes < 5% considered for further analysis). e) Number of cells that have
passed (i.e., considered valid) or have been removed in the quality filtering step in each sample. f) Total
genes detected per cell. A bimodal distribution can be observed for the 24 hpi sample, with 21% of cells
having less than 2000 genes detected while being associated with a high percentage of baculovirus UMIs.
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Figure 2: Cell clustering assessment along infection. a) UMAP of merged samples (0, 10 and 24 hpi) iden-
tifying 11 distinct clusters. b) Percentage of baculovirus mRNA molecules per cluster across all timepoints.
c) Relative expression of an early (proliferating cell nuclear antigen) and late (viral cathepsin) baculovirus
gene.
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Figure 3: Transgene expression of across cells in merged analysis. a) UMAP of cells categorized according
to infection and transgene expression. Cells with a percentage of baculovirus UMIs [?] 0.1 % were deemed
non-infected. Infected cells were distinguished between no transgene expression (relative expression of gfp,
rep and cap [?] 0), gfp expression (gfp > 0 and rep and cap [?] 0), rep/cap expression (gfp [?] 0 and rep
and/or cap > 0), and gfp+ rep/cap expression (gfp > 0, and rep and/or cap > 0). b) Proportion of cells in
each category. c) Correlation between rep and gfp d) Correlation between rep and cap expression. Pearson
correlation coefficient and p-value is shown on top left corner of the plot area.
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Figure 4: Identification of host cell genes driving response to baculovirus infection (assessed through single
sample analysis of 10 hpi, unmerged timepoint). a) UMAP highlighting two major cluster groups (Clusters 0,
1, 2 and Clusters 3, 4, 6, 8). b) Baculovirus mRNA molecules per cell for each cluster. c) Relative expression
of 3 examples of differentially expressed genes (heat shock protein 68 , L-lactate dehydrogenase and innexin
3 ).
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Figure 5: Trajectory analysis and associated enriched gene ontology (GO) terms for the 10 hpi timepoint
(unmerged dataset) (a) Trajectory analysis drawn from non-infected to infected cells. b) Enriched gene
ontology terms (Biological Processes – BP) identified from variable genes along pseudotime.
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