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The gene therapy field seeks cost-effective, large-scale
production of recombinant adeno-associated virus (rAAV)
vectors for high-dosage therapeutic applications. Although
strategies like suspension cell culture and transfection opti-
mization have shown moderate success, challenges persist
for large-scale applications. To unravel molecular and
cellular mechanisms influencing rAAV production, we con-
ducted an SWATH-MS proteomic analysis of HEK293T
cells transfected using standard, sub-optimal, and optimal
conditions. Gene Ontology and pathway analysis revealed
significant protein expression variations, particularly in
processes related to cellular homeostasis, metabolic regula-
tion, vesicular transport, ribosomal biogenesis, and cellular
proliferation under optimal transfection conditions. This re-
sulted in a 50% increase in rAAV titer compared with the
standard protocol. Additionally, we identified modifications
in host cell proteins crucial for AAV mRNA stability and
gene translation, particularly regarding AAV capsid tran-
scripts under optimal transfection conditions. Our study
identified 124 host proteins associated with AAV replication
and assembly, each exhibiting distinct expression pattern
throughout rAAV production stages in optimal transfection
condition. This investigation sheds light on the cellular
mechanisms involved in rAAV production in HEK293T cells
and proposes promising avenues for further enhancing
rAAV titer during production.

INTRODUCTION
Gene therapy has emerged as a promising treatment approach for a
number of genetic diseases, certain cancers, and other infectious dis-
eases. Among the several types of viral or non-viral gene delivery
vectors available, recombinant adeno-associated virus (rAAV) is
currently the main viral vector of choice for gene delivery to treat
a variety of human genetic diseases such as hemophilia, cystic
fibrosis, muscular dystrophy, and cancer.1–4 The AAVs are non-
pathogenic members of the Parvoviridae family with compact ge-
nomes that have emerged as versatile tools in diverse biomedical ap-
plications, including gene editing and vaccine development. Their
unique properties, including efficient tissue-specific gene delivery
with minimal off-target effects and sustained transgene expression,
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have driven their increasing popularity as vectors for gene ther-
apy.5–9 One pivotal challenge within this landscape centers on iden-
tifying optimal transfection conditions capable of augmenting the
production of high-titer rAAVs containing the desired gene of inter-
est (GOI).10–12 Ensuring a substantial quantity of fully loaded rAAV
particles carrying the GOI also remains a hurdle to surmount. The
existing literature exposes a knowledge gap in the exploration of
molecular and cellular dynamics related to HEK293T cells during
rAAV production, notwithstanding their widespread use in the bio-
manufacturing industry. Previous studies have primarily focused on
rAAV yield in various design of experiment (DoE) transient trans-
fection conditions,13–16 or concentrated solely on comparing trans-
fected vs. untransfected HEK293 cell lines at a single harvest time
point.17,18 There are limited insights into the molecular dynamics
underlying the conditions associated with higher rAAV production
and the temporal changes across various cellular states during the
AAV production process.

To address the knowledge gap in understanding host cell responses
during rAAV production, this study employed an SWATH-mass
spectrometry (MS) workflow with a custom-built HEK293T-AAV
spectral library for a comprehensive temporal analysis of the cellular
states under various transfection conditions associated with differ-
ential rAAV2 titer. Proteomic landscape derived from standard
(unoptimized), sub-optimal and optimal transfection conditions,
involving varying parameters for initial transfection cell density, to-
tal plasmid DNA concentration, and plasmid ratios, were examined
at 24, 48, and 72 h post-transfection (hpt). Leveraging on the
custom-built spectral library (comprising 7,183 protein groups),
we successfully identified �4,800 proteins for comparative proteo-
mic analysis, which shed light on the dynamic interplay between
HEK293T cellular states and rAAV production and provided valu-
able insights to refine bioprocessing strategies for future rAAV
manufacturing.
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Figure 1. Growth profiles of cells post-transfection and rAAV titers

(A) Viability and viable cell density (VCD) of cells post-transfection. (B) Cells were harvested 72 h post-transfection for rAAV titering. Optimization of transfection conditions

gave an �50% increase in rAAV titers obtained.
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RESULTS
Cell culture profiles under different transfection conditions

For standard baseline condition, transfection was conducted at a cell
density of 1 � 10^6 cells/mL with defined pHelper:pAAV_RC2:
pAAV_GFP ratio of 1:1:1. Sub-optimal and optimal transfections
were performed at higher cell density of 2.5 � 10^6 cells/mL using
proprietary plasmid ratios. Growth profile of transfected cells and
corresponding rAAV titers measured from un-purified rAAV2 in
cell lysates at 72 hpt are shown in Figure 1, with obtained titers of
the following: standard transfection – 2.38 ± 0.45 E14 vg/L, sub-
optimal transfection – 2.79 ± 0.48 E14 vg/L, and optimal transfec-
tion – 3.66 ± 1.22 E14 vg/L. Optimization of transfection conditions
increased rAAV titer up to �50%, and thus provided a platform to
scrutinize the proteomic landscape of HEK293T cells with differential
rAAV yields.

Development of a spectral library utilizing HEK293T cell line for

AAV2 production

The HEK293T global spectral library was constructed with data from
a total of 72 data-dependent acquisition (DDA) runs. MS/MS spectra
data were acquired from both untransfected and rAAV2-producing
HEK293T cell lines, comprising whole-cell lysate; subcellular lysate
of nuclear, mitochondrial, and membrane protein fractions; and
high-pH (basic) reversed-phase (bRP) peptide fractions from un-
transfected cells, as well as whole-cell lysates and bRP peptide frac-
tions from all transfected rAAV2-producing cell populations (Fig-
ure 2). Default Spectronaut Pulsar settings, a 1% false discovery rate
(FDR) cutoff at the peptide and protein level, and a minimum
requirement of two unique peptides per protein were applied in the
curation of the HEK293T spectral library. Improved proteome
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
coverage was achieved with increased fractionation, resulting in the
identification of 1,430 protein groups in the cell lysate (CL), 3,750
protein groups in CL and subcellular lysate (SL), 6,277 protein groups
in bRP-fractionated CL/SL, and a total of 7,183 protein groups in the
combined global library (Figure 2B). Functional annotation using the
PANTHER database revealed that a significant portion of the library’s
proteins are associated with fundamental biological processes,
including cellular processes, biological regulation, and metabolic pro-
cesses (Figure 2C). Additionally, our spectral library consists of pro-
teins well-distributed across various cellular components, ranging
from cytosolic fractions to cellular organelles, thus representing a
diverse protein landscape within the cell.

The integration of data from AAV-producing cells into our spectral
library will also improve representation of the dynamic proteome
landscape associated with AAV production, and thus generate a
tailored spectral library that is potentially better optimized for the
study of AAV production in HEK293T cells compared with previ-
ously reported pan-human spectral libraries generated using untrans-
fected cells.19

Profiling the whole-cell proteome of HEK293T-AAV

transfectants

In this investigation, we utilized the SWATH-MS-based label-free
quantification methodology to conduct a comparative analysis of
the proteome profiles among HEK293T-AAV transfectants exposed
to three distinct conditions: the standard, sub-optimal, and optimal
conditions. To enhance our analytical capabilities for label-free
quantification, we constructed a curated spectral library using
untransfected and rAAV2-producing HEK293T cell lines. This
er 2024



Figure 2. Comprehensive spectral library for the analysis of the HEK293T proteome by SWATH-MS

(A) Workflow for the construction and use of the HEK293T global spectral library. HEK293T cells were lysed and fractionated using differential ultracentrifugation to obtain

nuclear, mitochondrial, and membrane protein fractions. Tryptic digest of cell lysate (CL) and subcellular lysate (SL) were further fractionated by high-pH (basic) reversed-

phase (bRP) chromatography. All CL, SL, and bRP-fractionated CL/SL samples were subjected to DDA-MS analysis and processed using ProteinPilot and Spectronaut

Pulsar software for the construction of the spectral library. The applicability and robustness of the HEK293T global spectral library were evaluated with SWATH-MS datasets

obtained from different project-independent AAV-producing HEK293T samples and various LC-MS instrumental setups (data not included). (B) Bar graph showing

increasing proteome depth with fractionation in the construction of a comprehensive spectral library for HEK293T cell line. DDA files were processed using ProteinPilot, with

the following filter parameters applied: Peptide �10logP R15, protein group FDR of 1.0%, and proteins unique peptides R2. (C) Pie charts showing the distribution of the

cellular components and biological processes of identified proteins in the HEK293T global spectral library. The distribution of GO terms was categorized based on PANTHER

GO-Slim.
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comprehensive proteome profiling was performed at multiple time
points, specifically at 24, 48, and 72 h post-transfection (hpt), across
all transfection conditions. Consistent identification of approximately
4,000 protein groups was achieved, with a stringent FDR of <0.01
(Figure 3B; Tables S1 and S2). The proteomes from all samples
were analyzed using three-dimensional principal-component analysis
(PCA), which revealed that the proteomes clustered together at the
early infection time point of 24 hpt and diverged increasingly
with time.

Proteomic analysis of HEK293T producer cell line under optimal

transfection condition

Optimal condition exhibited the highest rAAV titer at 72 hpt
compared with standard and sub-optimal transfection conditions,
with a 50% increase in titer compared with the standard transfection
condition (Figure 1B). Our central focus thus revolves around the
Molecular T
elucidation of the molecular and functional transformations associ-
ated with the optimal transfection condition. Our proteome analysis,
executed under this specific transfection condition, enabled the iden-
tification and quantification of 4,741 protein groups with FDR%0.01
(Figure 3B). At each time point (24, 48, and 72 hpt), we identified sets
of differentially expressed proteins, characterized by fold changes of
at least 1.5 (p% 0.05). In comparison with the standard transfectants,
we observed an increase in the abundance of 74 proteins at 24 hpt, 146
proteins at 48 hpt, and 133 proteins at 72 hpt (Figures 4, 5, and 6A,
Table S1). Simultaneously, we observed a decrease in the abundance
of 102 proteins in optimal transfectants at 24 hpt, 108 proteins at 48
hpt, and 411 proteins at 72 hpt, corresponding to the progression of
rAAV production.

We conducted functional enrichment analysis on the subset of differ-
entially expressed proteins across all time points, with the results
herapy: Methods & Clinical Development Vol. 32 September 2024 3

http://www.moleculartherapy.org


Figure 3. Comparative proteomic analysis of rAAV-producing HEK293T transfectants at different time points

(A) Hierarchically clustered heatmap of scaled protein abundances in HEK293T-AAV transfectants at different time points (24, 48, and 72 hpt); protein groups with missing

values were excluded. The hierarchical clustering was generated using the neighbor-joining algorithm, with a Euclidean distance similarity measurement of the log2 ratios of

the abundance of each sample relative to the average abundance of all samples. (B) Total number of protein groups detected in HEK293T-AAV transfectants (subjected to

standard, sub-optimal, or optimal transfection conditions) at different time points post-transfection. (C) Principal-component analysis (PCA) of the triplicate proteomics

datasets from the HEK293T-AAV transfectants.
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presented in Table S3. During the initial stages of AAV production at
24 hpt, various Gene Ontology (GO) biological processes and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways dis-
played distinctive regulation patterns (Figure 4). Specifically, upregu-
lated processes included Golgi vesicle-mediated transport (e.g.,
EXOC4, CCDC93, EPS15, EXtoOC2, VTI1B), RNA metabolism
(e.g., RNGTT, PCBP2, LAGE3), regulation of the cell cycle (e.g.,
HMGA2, TP53, UCHL5, SIRT2, MAP2K6), fatty acid biosynthesis
(e.g., ERLIN1, SIRT2), and cellular stress responses (e.g., DNAJB6,
NUP85, NUP42, HSPA6). We also identified five interconnected
pathways: "Cellular Response to Heat Stress," "Cell Cycle, Mitotic,"
"Metabolism of RNA," "Viral Infection," and "Transport of Ribonu-
cleoproteins." Common upregulated proteins, such as NUP42 and
NUP85, are essential components of the nuclear pore complex. Their
upregulation provides additional evidence supporting the facilitation
of nuclear import of AAV particles or viral components, potentially
impacting viral replication or gene expression.20–24 Additionally,
several other biosynthetic pathways were upregulated, such as oligo-
saccharide-lipid intermediate processes (e.g., ALG12, MPDU1),
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
cellular lipid biosynthesis, and glycerol ether biosynthesis (e.g.,
FAR1, ERLIN1) at 24 hpt. In parallel, downregulated GO biological
processes included DNA-templated transcription (e.g., MAZ,
SSU72), autophagy (e.g., MTMR9, FOXK1, ATP6V1C1), cellular
localization, and ubiquitin protein-dependent catabolic processes
(e.g., UBE2C, RNF25, FBXO7). Downregulated KEGG pathways
included pyrimidine metabolism (e.g., TK1, DCK), homeostasis
(e.g., FTH1, ATP6V1C1, FTL), membrane trafficking (e.g., KLC4,
DCTN5, TBC1D13, CLTB, COPS7A, ARF5, KIF15), mitochondrial
biogenesis (e.g., UBE2C, UBE2E3), and vesicle-mediated transport
proteins related to interleukin signaling pathways (e.g., IL-2
and IL-5).

AAV production is a complex process involving multiple steps. After
transfection, the viral DNA needs time to replicate within the host
cell. This replication process usually takes several hours. Additionally,
the viral components need to be assembled into functional AAV par-
ticles. This assembly process also takes time. By 48 hpt, both replica-
tion and assembly have likely progressed significantly compared with
er 2024



Figure 4. Analysis of differentially expressed proteins in optimal vs. standard transfectants at 24 hpt

(A) Volcano plot of log2 fold change against associated �log10 p value. Cutoffs applied correspond to p value of 0.05, and fold change of 0.5 and 2, with significantly

differentially expressed proteins (DEPs) shaded in red (upregulated) or green (downregulated). (B) Enrichr enrichment analysis of DEPs revealed enriched GO biological

processes and KEGG pathways in optimal transfectants compared with standard transfectants at 24 hpt.
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24 hpt. We observed a substantial increase in the expression of viral
proteins at 48 hpt compared with 24 hpt (Figures S1 and S2). This
heightened expression coincided with the upregulation of various
GO biological processes and KEGG pathways. These included cell di-
vision, DNA-templated transcription, homeostasis, viral RNA tran-
scription, cytoskeleton organization, metabolic processes involving
organonitrogen compounds, catabolic processes dependent on ubiq-
uitin proteins, ribosomal biogenesis, cellular localization, and cata-
bolic processes (Figure 5). Furthermore, we observed a downregula-
tion in the generation of metabolites, energy production, carboxylic
acid biosynthesis, mitochondrial ATP synthesis coupled with electron
transport, and cellular catabolic processes. Additionally, specific
cellular protein complexes, including MRE11, BRCA1-C, oxidore-
ductases, and other mitochondrial protein complexes, exhibited a
reduction in their expression levels.

At 72 hpt, we noted changes associated with specific GO molecular
functions, including increased activities of oxidoreductases, nucleo-
somal binding proteins, and acyl-CoA dehydrogenases (Figure 6).
Additionally, GO biological processes such as mitochondrion organi-
zation, cellular lipid metabolism, biosynthesis of organonitrogen
compounds, formation of DNA packaging complexes, stress re-
sponses, and apoptosis pathways were upregulated. Viral replication
and the high metabolic demands of viral protein synthesis can lead to
Molecular T
cellular stress and potentially trigger cell death pathways. Addition-
ally, the release of large quantities of viral particles during the late
stages of infection can cause cell lysis, leading to cell death.25 Conse-
quently, biological processes such as cell cycle/division, cellular regu-
lations, translation, ribosomal biogenesis, chromosome segregation,
and vesicle budding were all downregulated. Additionally, KEGG
pathways such as ubiquitin-mediated proteolysis and other signaling
pathways experienced downregulation. Mitochondrial and mem-
brane-bound proteins were also downregulated within cellular com-
ponents at this stage of the culture time.

Protein-protein interaction network reveals role of HEK293T

proteins in AAV replication, assembly, and protein synthesis

Our investigation showed dynamic regulation of the host proteome,
which plays a pivotal role in governing the processes of AAV2 repli-
cation, assembly, and protein expression. From an extensive review of
existing literature20–23,26 and the VirHostNet 2.0 database,24,27 we
identified a subset of 124 differentially expressed host proteins asso-
ciated with virus-host interactions in optimal transfectants compared
with standard transfectants in at least one post-transfection time
point assessed (Table S4).

To gain a more profound understanding of the functional implica-
tions of these proteins, we employed Protein-Protein Interaction
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Figure 5. Analysis of differentially expressed proteins in optimal vs. standard transfectants at 48 hpt

(A) Volcano plot of log2 fold change against associated �log10 p value. Cutoffs applied correspond to p value of 0.05, and fold change of 0.5 and 2, with significantly

differentially expressed proteins (DEPs) shaded in red (upregulated) or green (downregulated). (B) Enrichr enrichment analysis of DEPs revealed enriched GO Biological

Processes and KEGG pathways in optimal transfectants compared with standard transfectants at 48 hpt.
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Network Functional Enrichment Analysis using full STRING
network settings (indicating both functional and physical protein as-
sociations). Subsequently, we applied K-means clustering with a
stringent confidence threshold of 0.700, which categorized these pro-
teins into seven unique clusters (Figure 7). These seven clusters
comprised 92 proteins (Tables 1 and S4) and revealed associations
with functional enrichment in specific pathways. These pathways en-
compassed viral entry into host (GO: 0075506); viral protein process-
ing, modulation, and replication (GO: 0051851); autophagy (GO:
0010506); viral life cycle/ECRT complex (GO: 0019058/0039702);
peptidyl-proline modification (cell signaling) (GO: 0018208); viral
translational termination-reinitiation (GO: 0075522); and host-
enhanced viral transcription (GO: 0043923). Notable examples
include DNA repair proteins like MRE11 and RAD50, which played
a role in negatively regulating viral entry into the host cell (GO:
0075506).

In this study, we identified an enrichment in processes related to IRES-
dependent viral translational initiation and the endosomal sorting
complex required for transport (ESCRT) complex, well-known for
its involvement in cellular budding. This enrichment stemmed from
the differential expression observed in a cluster of proteins, including
chargedmultivesicular body proteins (CHMP1A, CHMP1B, CHMP2A,
CHMP2B, CHMP4B, CHMP5, and CHMP6), vesicle-associated
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
membrane proteins (VAPA, VPS4A, VPS4B, and VAPB), and other
significant proteins like acuolar protein sorting-associated protein
(IST1), tumor susceptibility gene 101 (TSG101), valosin-containing
protein (VCP), TAR DNA-binding protein (TARDBP), and protea-
some subunit beta, type 4 (P4HB). The cluster associated with viral
translational termination-reinitiation processes exhibited regulatory
control by protein families, including eukaryotic translation initiation
factors, poly(rC)-binding protein 1 (PCBP1), density-regulated pro-
tein (DENR), synaptic functional regulator (FMR1), and malignant
T cell-amplified sequence 1 (MCTS1), among others.

Our enrichment analysis further highlighted the differential
expression of proteins involved in host cell signaling, encompassing
peptidyl-prolyl cis-trans isomerases (PPIA, PPIB, and PPID),
cofilin, non-muscle isoform (CFL1), high-mobility group protein 1
(HMGB1), and profilin-1 (PFN1). The observed variations in protein
expression across these seven clusters collectively signify that, at 48
hpt, there is a notable increase in the abundance of host proteins
that are found at lower levels during the early and late stages of intra-
cellular viral production (Figure 7).

DISCUSSION
This study aimed to understand the molecular and biological
processes in HEK293T cells during rAAV2 production using the
er 2024



Figure 6. Analysis of differentially expressed proteins in optimal vs. standard transfectants at 72 hpt

(A) Volcano plot of log2 fold change against associated �log10 p value. Cutoffs applied correspond to p value of 0.05, and fold change of 0.5 and 2, with significantly

differentially expressed proteins (DEPs) shaded in red (upregulated) or green (downregulated). (B) Enrichr enrichment analysis of DEPs revealed enriched GO Biological

Processes and KEGG pathways in optimal transfectants compared with standard transfectants at 72 hpt.
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SWATH-MS method. Previous studies have primarily focused on
comparing untransfected (control) and transfected (GFP-expressing)
HEK293 cells at 72 hpt.17,18 Here, we utilized the SWATH-MS
method to evaluate the temporal changes in proteome profiles associ-
ated with varying titers of rAAV production under three distinct
transfection conditions—standard, sub-optimal, and optimal—in
HEK293T cells. SWATH-MS is particularly well-suited for this study
due to its ability to provide comprehensive and quantitative proteome
coverage, enabling the precise characterization of the temporal dy-
namics of protein expression during rAAV production. Applying
SWATH-MS, together with a comprehensive spectral library of
7,183 protein groups constructed from both untransfected and
rAAV-producing HEK293T cells, has allowed us to delve into the
intricate processes underlying rAAV production and contributes to
a deeper understanding of the factors influencing enhanced rAAV
bioprocessing efficiency under optimal transfection conditions.

Differential expression analysis shed light on the dynamic alterations
in protein levels during rAAV production. Specifically, at 24 hpt,
various biological processes and pathways associated with cellular
processes, RNA metabolism, and cell cycle regulation exhibited upre-
gulation. Conversely, pathways related to DNA-templated transcrip-
tion, autophagy, and ubiquitin protein-dependent catabolic processes
were downregulated. We compared the transcriptional data previ-
ously reported28–32 with our proteomics data, wherein we found
Molecular T
five proteins, Tetraspanin (CD81), ATPase H(+)-transporting lyso-
somal accessory protein 2 (ATP6AP2), Plasmalemma vesicle-associ-
ated protein (PLVAP), Disks large homolog 1 (DLG1), and WD
repeat-containing protein 54 (WDR54), associated with the regula-
tion of MAPK cascade that were similarly downregulated at early
time points.

At 48 hpt, increased viral protein coincided with upregulation of pro-
teins responsible for cell division, protein ubiquitination, DNA-tem-
plated transcription, homeostasis, and various metabolic processes.
Notably, proteins involved in ubiquitin ligases and ferritin complexes
displayed high abundance. Although host cells use ubiquitination to
target and degrade incoming pathogens as a defense mechanism, vi-
ruses have evolved to exploit this process. Viruses can hijack the ubiq-
uitin system to augment different stages of their replication cycle and
enhance pathogenesis.33,34 Our data also revealed a significant upre-
gulation of EIF2 signaling (EIF2B2, EIF2D), oxidative phosphoryla-
tion, and the spliceosomal cycle in optimal transfectants compared
with standard transfectants. EIF2 is pivotal in governing protein syn-
thesis in eukaryotic cells.20,35,36 Furthermore, EIF2 activation, typi-
cally induced by phosphorylation, acts as a cellular stress response,
especially in the context of viral infections. We also observed
increased expression of host cell proteins associated with import
pathways, potentially indicating enhanced transport of viral compo-
nents needed for replication and assembly is required for higher
herapy: Methods & Clinical Development Vol. 32 September 2024 7
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Figure 7. Proteins associated with AAV replication and assembly: temporal protein-protein interactions in HEK293T cells

Lines connecting proteins represent experimentally validated protein-protein interactions (PPIs), highlighting their intricate interplay during rAAV viral production. Heatmaps

depict protein abundance levels at distinct time points (24, 48, and 72 hpt), providing valuable insights into the regulation of AAV production (data shown for optimal

transfection condition).
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rAAV productivity (Figures 4, 5, and 6 and Table S3). Importin pro-
teins such as KPNA2, KPNA1 may facilitate the nuclear import of
these viral replication proteins, allowing them to carry out their func-
tions in the nucleus.37–40 Importins are critical for rAAV by enabling
the viral DNA to enter the nucleus, the essential first step for replica-
tion and subsequent packaging of functional rAAV particles. This
aligns with the established role of AAV-encoded replication proteins
in processes like DNA replication and transcription, highlighting the
intricate interplay between host and viral factors during rAAV
production.

At 72 hpt, differential proteomic analysis revealed several upregulated
activities, including oxidoreductase activities, nucleosomal binding,
and acyl-CoA dehydrogenase activities. These findings suggest an in-
crease in metabolic activity and potential adaptation to viral replica-
tion. Proteins associated with the electron transport chain, tricarbox-
ylic acid (TCA) cycle, mitochondrial complex I, and cellular lipid
metabolism showed elevated expression levels (Table S3). Given their
fundamental roles in cellular metabolism, alterations in the abun-
dance of these proteins may significantly affect overall cellular pro-
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
cesses, potentially impacting factors critical to rAAV production.41

Conversely, there was a downregulation in cellular processes such
as fatty acid and cholesterol biosynthesis, cell cycle/division, transla-
tion, and vesicle budding pathways (Table S3). Fatty acids play an
important role in viral assembly and vesicle budding,42 whereas, mod-
ulation of host-cholesterol facilitates viral entry, replicative complexes
formation, assembly, egress, and control of the interferon type I
response in Flavivirus spp.43 This downregulation, particularly of
fatty acids, could be a host defense mechanism to restrict viral assem-
bly and the role of cholesterol in AAV infection remains to be eluci-
dated, although its importance in Flavivirus suggests a potential role.

Innate immune response pathways are known to be activated upon
detection of E2A, E4, and VA RNA encoded by pHelper plasmid.44–46

These adenovirus helper functions play a vital role in supporting the
AAV life cycle, encompassing processes like replication and pack-
aging. In response to the detection of viral components within
HEK293 cells, there is often an activation of Innate Immune Response
Pathways. While the primary objective of the innate immune
response is to eradicate viruses, its activation can have adverse effects
er 2024



Table 1. Functionally enriched pathways and HEK293T host cell genes/proteins implicated in viral replication, assembly, and protein expression

Functional enrichment Gene ID Name

Autophagy (GO: 0010506)

JUN Transcription factor AP-1

ATG7 Ubiquitin-like modifier-activating enzyme ATG7

PSMC3 26S proteasome regulatory subunit 6A

AKT1 RAC-alpha serine/threonine-protein kinase

ATG5 Autophagy protein 5

PKN2 Serine/threonine-protein kinase N2

ATG16L1 ATG16 autophagy-related 16-like 1

TRIM25 E3 ubiquitin/ISG15 ligase TRIM25

RAD23A UV excision repair protein RAD23

BAD BCL2-antagonist of cell death, isoform CRA_c

PIK3C3
Phosphatidylinositol 3-kinase catalytic subunit
type 3

Viral entry into host (GO: 0075506)

KPNA6 Importin subunit alpha-7

KPNA2 Importin subunit alpha-1

ZC3HAV1 Zinc finger CCCH-type antiviral protein 1

SMC5 Structural maintenance of chromosomes protein 5

SMC6 Structural maintenance of chromosomes 6

RAD50 DNA repair protein RAD50

NBN Nibrin

MRE11
MRE11 homolog, double-strand break repair
nuclease

Viral protein processing, modulation, and
replication (GO: 0051851)

MAVS Mitochondrial antiviral-signaling protein

LARP7 La-related protein 7

PTBP1 Polypyrimidine tract-binding protein 1

SSB Autoantigen La (Fragment)

ILF3
Interleukin enhancer binding factor 3, 90kDa,
isoform CRA_d

DDX56 RNA helicase (Fragment)

DDX5 DEAD box protein 5 (Fragment)

DDX3X RNA helicase

DDX6 Probable ATP-dependent RNA helicase DDX6

PCBP2 Poly(rC)-binding protein 2

SRPK1 SRSF protein kinase 1 (Fragment)

STAU1
Double-stranded RNA-binding protein Staufen
homolog 1

CSDE1 Cold shock domain-containing E1, RNA-binding

RRP1B Ribosomal RNA processing protein 1 homolog B

SPCS3 Signal peptidase complex subunit 3

SRPK2 SFRS protein kinase 2

EIF2AK2
Interferon-induced, double-stranded RNA-
activated protein kinase

DHX9 ATP-dependent RNA helicase A

SPCS1 Signal peptidase complex subunit 1

ADAR
Double-stranded RNA-specific adenosine
deaminase

PPIE Peptidyl-prolyl cis-trans isomerase E

(Continued on next page)
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Table 1. Continued

Functional enrichment Gene ID Name

Viral life cycle/ECRT complex (GO: 0019058/
0039702)

CHMP4B Charged multivesicular body protein 4b

CHMP2A Chromatin modifying protein 2A, isoform CRA_b

IST1 IST1 homolog

TSG101 Tumor susceptibility gene 101 protein

VCP Transitional endoplasmic reticulum ATPase

CHMP1B Charged multivesicular body protein 1b

CHMP1A Charged multivesicular body protein 1a

CHMP2B Charged multivesicular body protein 2b

CHMP6 Charged multivesicular body protein 6 (Fragment)

TARDBP TAR DNA-binding protein 43

VAPA
Vesicle-associated membrane protein-associated
protein A

VPS4A Vesicle-fusing ATPase 4A

VPS4B Vesicle-fusing ATPase 4B

P4HB Protein disulfide-isomerase

VAPB
Vesicle-associated membrane protein-associated
protein B/C

CHMP5 Charged multivesicular body protein 5

Peptidyl-proline modification (Cell Signaling)
(GO: 0018208)

PPID Peptidyl-prolyl cis-trans isomerase D

CFL1 Cofilin, non-muscle isoform

PPIB Peptidyl-prolyl cis-trans isomerase B

HMGB1 High-mobility group protein 1

PPIA Peptidyl-prolyl cis-trans isomerase

PFN1 Profilin-1

Viral translational termination-reinitiation (GO:
0075522)

PCBP1 Poly(rC)-binding protein 1

DENR Density-regulated protein

FMR1 Synaptic functional regulator FMR1

MCTS1 Malignant T-cell-amplified sequence 1

EIF2D Eukaryotic translation initiation factor 2D

EEF1A1 Elongation factor 1-alpha 1

EIF3A Eukaryotic translation initiation factor 3 subunit A

EIF3D Eukaryotic translation initiation factor 3 subunit D

EIF3F Eukaryotic translation initiation factor 3 subunit F

EIF3G Eukaryotic translation initiation factor 3 subunit G

EIF3L Eukaryotic translation initiation factor 3 subunit L

PAIP1
Polyadenylate-binding protein-interacting protein
1

PDE12 20 ,50-phosphodiesterase 12

Host-enhanced viral transcription (GO: 0043923)

GTF2B Transcription initiation factor IIB

CDK9 Cyclin-dependent kinase 9

HCFC1 Host cell factor 1

STAT1 Signal transducer and activator of transcription

MPHOSPH8 M-phase phosphoprotein 8

CCNK Cyclin K, isoform CRA_c

SMARCB1

(Continued on next page)
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Table 1. Continued

Functional enrichment Gene ID Name

SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily B
member 1

DDB1 DNA damage-binding protein 1

BRD4 Bromodomain-containing protein 4

SMARCA4 Transcription activator BRG1

SNW1 SNW domain-containing protein 1

TOP2A DNA topoisomerase 2-alpha

TRIM28 Transcription intermediary factor 1-beta

BANF1 Barrier to autointegration factor 1, isoform CRA_a

SETDB1 Histone-lysine N-methyltransferase SETDB1

HDAC1 Histone deacetylase 1

TOP2B DNA topoisomerase 2-beta
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on AAV production in HEK293 cells, leading to a reduction in viral
replication. Prolonged or excessive activation of the innate immune
response is also known to induce apoptosis in HEK293 cells, ulti-
mately diminishing overall production. While conventional transfec-
tion protocols in HEK293 cells often elicit an upregulated immune
response,44–46 our optimal transfection condition led to a notable
downregulation or reduced expression of proteins associated with
the immune response, including ASAH1, CREB1, CD81, POLR3F,
STOM, ATP11B, ATP6V1C1, and NFKB2 (Table S3), in comparison
with the standard transfection condition.47–51 This indicates that the
host immune response modulation may potentially contribute to viral
production yield.

AAV viral production cycle is critically dependent on the cellular
replication and translation apparatus of the host cell. Given that
viral proteins and viral nucleic acids are perceived as exogenous
entities within the host cell milieu, their presence has the potential
to trigger a series of host cell stress reactions, including but not
limited to autophagy, endoplasmic reticulum stress, and pro-
grammed cell death (apoptosis).52 Our investigation unveiled
increased activation of these stress responses associated with viral
production (Figures 4, 5, and 6).17,47,53–56 Tables S3 and S4 provide
details of GO enrichment results and log2 FC values for all the
time points post-transfection for the optimal transfection condi-
tion and list of host cell proteins directly associated with viral
replication and production.

A subsequent refined focus toward 124 host proteins was taken based
on the biocuration reports of VirHostNet database on proteins exhib-
iting unique expression patterns during viral production, including
rAAV. Functional enrichment analysis and K-means clustering using
STRING-DB effectively categorized these proteins into seven distinct
clusters, each closely link to distinct pivotal processes like viral
entry into host, “viral protein processing, modulation, and replica-
tion,” autophagy, viral life cycle/ESCRT complex, peptidyl-proline
Molecular T
modification, viral translational termination-reinitiation, and host-
enhanced viral transcription.

Distinctive expression patterns of the ESCRT pathway were found
in optimal transfectants compared with standard transfectants
(Table S3). The ESCRT machinery played multifaceted roles in
various fundamental cellular processes, including cell cytokinesis,
organelle and vesicle biogenesis, maintenance of nuclear-cytoplasmic
compartmentalization, and endolysosomal activity,57–59 and has a
critical role in AAV production by facilitating capsid budding and
scission, regulating viral protein turnover, and potentially contrib-
uting to viral genome packaging.60–68 The core ESCRT machinery
comprises three essential complexes, namely ESCRT-I, ESCRT-II,
and ESCRT-III, along with the AAA-type ATP-ase (ATPases associ-
ated with diverse cellular activities), vacuolar protein sorting (VPS4
proteins). Our investigation revealed variations in the expression
levels of proteins within the CHMP family, such as CHMP1B,
CHMP1A, CHMP2A, CHMP2B, CHMP4B, CHMP5, and CHMP6.
Specifically, these proteins were found to be upregulated during
peak rAAV production under optimal transfection conditions at 48
hpt.69,70 These proteins play pivotal roles in processes such as endo-
somal sorting, multivesicular body (MVB) formation, and the
budding of viruses, each contributing distinct functions within the
ESCRT pathway.63,71–76

Interestingly, AAV also appears to exploit autophagy to aid in its
escape from endosomes.77,78 The autophagy machinery, including
components like autophagy-related proteins (ATGs), was utilized
by AAV to facilitate its transport from endosomes to the cytoplasm,
where it can initiate productive infection (Table S3).

Certain peptidyl-proline modifications are known to play crucial roles
in cell signaling pathways. In our study, we identified several key pro-
teins, including peptidyl-prolyl cis-trans isomerases (PPIA, PPIB, and
PPID), profilin-1 (PFN1), cofilin-1 (CFL1), and high-mobility group
herapy: Methods & Clinical Development Vol. 32 September 2024 11
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protein B1 (HMGB1), which were differentially regulated in a tempo-
ral manner (Figure 7). These proteins have been previously impli-
cated in facilitating AAV replication and packaging processes.
PPIA, PPIB, and PPID catalyze the isomerization of peptidyl-prolyl
bonds, influencing the folding, stability, and activity of proteins
involved in viral replication.78 Furthermore, profilin-1 (PFN1) and
cofilin-1 (CFL1) may modulate actin dynamics critical for the intra-
cellular transport of viral components during AAV vector assembly
and packaging.79

In summary, this study offers a comprehensive analysis of the dy-
namic proteome changes associated with different AAV production
titers, providing valuable insights for potential applications in AAV
bioprocessing. By elucidating the temporal changes in host cell pro-
tein function, this study provides insights into the dynamic remodel-
ing of the host proteome during AAV production. These findings not
only lay the groundwork for enhancing the efficiency of viral vector
production but also underscore the potential for optimizing plasmid
molar ratios and designing improved HEK293T cell lines. With this
knowledge, we can develop enhanced transient transfection condi-
tions to achieve higher yields of AAV and other viral vectors, thus
benefiting a wide array of applications.

MATERIALS AND METHODS
Ethics statement

All experiments were conducted in accordance with the approved
guidelines of the Bioprocessing Technology Institute (BTI), Agency
for Science, Technology and Research (A*STAR), Singapore.

Experimental design

In order to conduct functional and molecular characterization studies
on various transient transfection conditions in the HEK293T cell line
responsible for AAV2 production, we employed label-free quantita-
tive proteomics using the SWATH-MSmethod with a peptide-centric
data analysis approach.80 This study investigated three distinct triple
transfection conditions for AAV2 production in HEK293T cells.
These conditions included a standard condition (with a defined
pHelper: pAAV_RC2: pAAV_GFP ratio of 1:1:1) and two additional
conditions designated as sub-optimal and optimal (plasmid ratios un-
disclosed for proprietary reasons). All transfections were performed
at a cell density of 1� 10^6 cells/mL for the standard condition, while
a higher cell density of 2.5� 10^6 cells/mL was used for both the sub-
optimal and optimal conditions. Samples were collected at three time
points post-transfection: 24 h post-transfection (hpt), 48 hpt, and 72
hpt. To ensure robust protein identification and consistent quantifi-
cation using SWATH-MS, a comprehensive spectral library specific
to the HEK293T cell line used in AAV production was meticulously
constructed (Figure 2). Following deconvolution and spectral match-
ing, a variety of statistical analyses were performed.

rAAV production

In-house suspension-adapted HEK293T (ATCC) was transfected us-
ing pHelper, pAAV_RC2, and pAAV_GFP plasmids (CellBiolabs,
VPK-402). Transfection was performed using PEI MAX (Polyscien-
12 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
ces, Inc). Cells were cultured in F17 (Thermo Fisher Scientific,
A1383501) medium supplemented with 8 mM L-glutamine (Thermo
Fisher Scientific, 25030081) and 0.1% Pluronic-F68 (Thermo Fisher
Scientific, 24040032). Cells were harvested for titering 72 h post-
transfection.

rAAV titering

Cells were lysed and lysates were processed as described by Grieger
et al.81 rAAV titering was performed on crude cell lysates using
dye-based qPCR (NEB, M3003L) with primers against ITR regions.
ITR primer sequences were obtained from Aurnhammer et al.82 Line-
arized plasmid standards were obtained by digesting pAAV_GFP
with HindIII restriction enzyme (NEB, R3104S).

Sample preparation

The cell pellet was lysed in lysis buffer (5% SDS in 50 mM TEAB, pH
8.5 with benzonase) and clarified by centrifugation. Protein concen-
tration was determined using the Pierce BCA Protein Assay kit
(Thermo Fisher Scientific). A total of 100 mg of protein lysate was
reduced and alkylated, then trypsin-digested overnight at 37�C on
an S-Trap mini spin column (ProtiFi) following the manufacturer’s
protocols. Eluted peptides were dried and reconstituted in loading
buffer (1% formic acid in 2% acetonitrile) for mass spectrometry
analysis.

Construction of HEK293T spectral library generation

Lysate, subcellular fractions, and high-pH reversed-phase fraction-
ated samples from both untransfected and rAAV2-producing
HEK293T cell lines were analyzed using a TripleTOF 6600 mass spec-
trometer in DDA mode, as previously described. A total of 72 raw
DDA data files were processed using ProteinPilot software (version
5.0.2, SCIEX) and Spectronaut Pulsar for HEK293T spectral library
construction. Protein identification was performed against the human
UniProt reference proteome database (downlaoded in September
2021) with parameters as previously described.83,84 Result files from
the search were used to generate input libraries for the spectral library
in Spectronaut software (Version: 17.6.230428.55965, Quasar)
following recommended default settings. A secondary spectral library
was created directly from DDA data files using the Pulsar database
search engine in Spectronaut. Combining results from both
ProteinPilot-based and Pulsar-based DDA searches enhanced library
comprehensiveness, incorporating newly identified peptides into ex-
isting proteins and adding newly detected proteins to the base library.

SWATH-MS data acquisition

The settings for SWATH-MS acquisition on the TripleTOF 6600
(SCIEX) and LC-MS instrument were specified as previously re-
ported: a 100-variable window, a survey scan (MS1) from 350 to
1,250 m/z for 50 m, and high-sensitivity MS2 spectra from 100 to
1,500 m/z for 25 m. The total cycle time was approximately 2.5 s.
Collision energy was applied to doubly charged precursors centered
within the isolation window (1 m/z window overlap on the lower
side of the window), using a collision energy equation like in DDA,
with a collision energy spread of 5 eV.83
ber 2024
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Data and statistical analysis

Comparative statistical analysis of protein identification and
quantification was performed for the transfection conditions using
Spectronaut software (Version: 17.0.221202.55965, Quasar) with
our in-house spectral library for HEK293T. The standard Spectronaut
settings, as outlined in the user manual, were utilized for this analysis.
FDR threshold of 0.01 was required for protein identifications, and
fold change cutoff of 1.5 (p % 0.05) required for differential protein
expression. The process of the functional classifications was conduct-
ed as follows. The first step was to cluster protein expression data us-
ing two software programs, Cluster 3.0 and Java Treeview for hierar-
chical clustering and visualization of the results from proteome
datasets. Clustered genes were decoded by Bulk Gene Searching Sys-
tems in Java (BGSSJ). BGSSJ is an XML-based Java application that
systemizes lists of interesting genes and proteins for biological inter-
pretation in the context of Gene Ontology.85 Gene Ontology analysis
was performed using R (v4.2.2) package WebGestalt Over-Represen-
tation Analysis (ORA), with a Benjamini-Hochberg test p value and
FDR threshold of 0.05.86

DATA AND CODE AVAILABILITY
Raw data andMS processed files were deposited via ProteomeXchange
to the PRIDE database, under project accession: PXD046574.
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