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Abstract

The development of gene therapies based on recombinant adeno-associated viruses

(rAAVs) has grown exponentially, so the current rAAV manufacturing platform needs

to be more efficient to satisfy rising demands. Viral production exerts great demand

on cellular substrates, energy, and machinery; therefore, viral production relies

heavily on the physiology of the host cell. Transcriptomics, as a mechanism-driven

tool, was applied to identify significantly regulated pathways and to study cellular

features of the host cell for supporting rAAV production. This study investigated the

transcriptomic features of two cell lines cultured in their respective media by compar-

ing viral-producing cultures with non-producing cultures over time in parental human

embryonic kidney cells (HEK293). The results demonstrate that the innate immune

response signaling pathways of host cells (e.g., RIG-I-like receptor signaling pathway,

Toll-like receptor signaling pathway, cytosolic DNA sensing pathway, JAK-STAT sig-

naling pathway) were significantly enriched and upregulated. This was accompanied

by the host cellular stress responses, including endoplasmic reticulum stress, autop-

hagy, and apoptosis in viral production. In contrast, fatty acid metabolism and neutral

amino acid transport were downregulated in the late phase of viral production. Our

transcriptomics analysis reveals the cell-line independent signatures for rAAV pro-

duction and serves as a significant reference for further studies targeting the produc-

tivity improvement in the future.

Abbreviations: AAV, adeno-associated virus; ALDH6A1, aldehyde dehydrogenase 6 family member A1; ARSB, arylsulfatase B; BCAA, branched-chain amino acid; CCL5, CC chemokine ligand 5;

cGAS, cyclic GMP-AMP synthase; CHO, Chinese hamster ovary; CLN6, ceroid-lipofuscinosis neuronal protein 6; CXCL9, CXC chemokine ligand 9; DAI, DNA-dependent activator of IFN-

regulatory factors; DEG, differentially expressed gene; DOE, design of experiment; EIF2α, eukaryotic translation initiation factor 2A; ER, endoplasmic reticulum; GADD34, growth arrest and DNA

damage inducible 34; GO, gene ontology; GOI, gene of interest; HEK, human embryonic kidney; HSPA6, heat shock protein family A (hsp70) member 6; HSV, Herpes simplex virus; ICP0, infected

cell protein no. 0; IFIT, interferon-induced protein with tetratricopeptide repeats; IFITM, interferon-induced transmembrane; IFN, interferon; IFNAR, interferon alpha and beta receptor subunit 1;

IFNB1, interferon beta 1; IKK2, inhibitor of kappa-B kinase; IRF, interferon regulatory factor; ISG, interferon-stimulated genes; JAK, Janus kinase; MDA5, melanoma differentiation-associated

protein 5; NLRC5, Nod-like receptor family card domain containing 5; OAS, oligoadenylate synthetase; PEI, polyethylenimine; PERK, protein kinase R-like endoplasmic reticulum kinase; PLS-DA,
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containing 2; RSEM, RNA-Seq by expectation maximization; SLC43A2, solute carrier family 43 member 2; STAT, signal transducer and activator of transcription; TBK1, tank-binding kinase 1;
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1 | INTRODUCTION

As more gene therapy drugs enter the market, AAV-mediated gene

therapy has attracted particular interest due to its unique therapeutic

advantages, including non-pathogenicity in humans, the ability to tar-

get different tissues with various serotypes, and long-term efficacy.1–3

The most common method for clinical use and commercial produc-

tion is the triple plasmid-based transient transfection of HEK293

cells in order to produce rAAV.4 During rAAV production, three

plasmids (GOI plasmid, RepCap plasmid, and helper plasmid) are co-

transfected into HEK293 cells. This transient transfection process

enables rAAV production for a limited time without integrating viral

DNA into the host cell genome.5–7 The major challenge of the

rAAV manufacturing process is its limited production capability,

which cannot meet the demand.8 This increases the cost of AAV-

mediated gene therapies.8

Several strategies have been attempted to improve rAAV produc-

tivity. Transient transfection is a complex process, so parameter opti-

mization is one of the most commonly applied approaches.9–11 The

design of experiment (DoE) was conducted to improve the process.11

However, these methods may be limited to specific cell lines or media.

One mechanistic model was reported for the rAAV viral vector

biosynthesis,12 but an overall insufficient mechanism-directed under-

standing of transfection-based rAAV production still limited our ability

to capture cellular or molecular features for more efficient production.

For example, the rAAV production process is highly reliant on host

cells: It requires the host's cellular machinery for its own genome rep-

lication, and this genome replication is regulated by the host cell's

DNA replication system. However, very limited knowledge of AAV

genome replication has been gained so far, especially from the per-

spective of the host cell.

The exploration of transcriptomes is an important approach to

characterizing features of the host cell in terms of viral production.

Previous studies have applied microarray and mRNA sequencing

(RNA-seq) analysis for specific gene expression and cellular pathway

identification in CHO cells13,14 and in HEK293 cells,15 thus consoli-

dating our knowledge on pathway regulation in response to the pro-

duction of therapeutic drugs. RNA-seq has become a more popular

approach to exploring the HEK293 transcriptome, due to the limita-

tions of microarray analysis and the availability of human and HEK293

cell transcriptome databases or reference materials.16,17 In a recent

study, RNA-seq was used to investigate various engineered viral

production18–20 and virus infection mechanisms.21–23 However, the

use of RNA-seq analysis of the transcriptome to characterize HEK293

cells for rAAV production has not been reported.

In this study, we compare the transcriptome of an AAV-producing

group (referred to as the viral-producing group) to a non-producing

group (the negative control group) from two parental HEK293 cell lines

on different post-transfection days. These HEK293 cell lines

originated from different sources and were adapted and cultured in

their respective media. The differentially expressed genes were ana-

lyzed after obtaining the global transcriptome. First, the genes were

screened by fold change (FC) and by p-adj. value thresholds. Then,

their biological functions were further explored to understand their

relevance to rAAV production. This work presents an attempt to

understand the changes in host cell physiology for rAAV production.

Based on the results of this study, potential medium supplementation

strategies and cell line engineering strategies to enhance viral produc-

tion are also proposed for future investigations.

2 | MATERIALS AND METHODS

2.1 | Plasmid preparation and cell culture

Escherichia coli stabs contained one backbone plasmid pcDNA3.1/Zeo

(Plasmid #V86020, Invitrogen, USA) in addition to three AAV-related

plasmids: pAdDeltaF6 (Plasmid #112867, Addgene, USA), pAAV2/2

(Plasmid #104963, Addgene, USA), and AAV-CMV-GFP (Plasmid

#67634, Addgene, USA). The bacteria were amplified in Luria-Bertani

(LB) broth media with 100 μg/mL ampicillin (Sigma-Aldrich, USA). The

plasmids were extracted and purified using the Zymo Maxiprep kit

(Zymo, USA). The purified plasmids were then sterilized using a

0.22 μm PES sterile syringe filter (VWR, USA). The quality of plasmids

was inspected based on A230/260, A260/280 using Nanodrop

(Thermo Fisher, USA), and DNA electrophoresis.

This study used two different media (AMBIC 1.0 HEK293

in-house media and BalanCD HEK293 media [Irvine, USA]) and two

different sources of HEK 293 cells: (a) HEK293 cells from ATCC

([HEK-293] CRL—1573, ATCC) adapted in AMBIC media supplemen-

ted with 4 mM GlutaMax™ (Thermo Fisher, USA) and (b) HEK293 cells

from Mass Biologics adapted in BalanCD HEK293 media with 4 mM

glutamine (Thermo Fisher, USA) added. Both sources were cultured in

shake flasks (5% CO2, 37�C, and 125 rpm). For rAAV production, the

transfection process utilized 30 mL of cell culture in a 125 mL shake

flask.

2.2 | Transient transfection-rAAV vector
production

Cells in the logarithmic growth phase were resuspended with fresh

media to target predetermined cell density on the day of transfection.

These cells were then transfected with three plasmids (pHelper,

pAAV2/2, and pGoI) and the transfection reagent PEIpro®

(PolyScience, USA). Transfection was conducted as follows: Three

sterilized plasmids were mixed carefully in the fresh media with 10%

of the cell culture volume. The PEIpro was then added to the plasmid
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diluted media. After 5–30 min of incubation, the PEIpro–DNA com-

plex medium was added to the cell culture shake flasks. The culture

was conducted in a shaker incubator (5% CO2, 37�C, and 125 rpm).

The specific transfection conditions are shown in Tables S1 and S2.

To achieve statistical significance for RNA-seq data, biological tripli-

cates were used for each cell culture condition.

2.3 | Cell count, viability, and AAV genome titer
measurement

Cell count and viability were evaluated daily using a Cedex HiRes Ana-

lyzer (Roche Life Science, USA). The crude harvest was lysed using

three freeze–thaw cycles (i.e., frozen in a dry ice–ethanol bath for

2 min and then thawed in 37�C water for 3 min) with vortexing at

each thaw. Treatment with MgCl2 (Sigma-Aldrich, USA) and Benzo-

nase® (New England Biolabs, USA) was then performed, followed by

1 h of incubation and 40 min of centrifugation at 4100g at 4�C. The

collected supernatant was treated with DNase I and DNase reaction

buffer to eliminate any host proteins or unpackaged GFP (New

England Biolabs, USA). This was followed by 1 h of incubation at

37�C. Then, the sample was treated with proteinase K to open the

viral capsids (New England Biolabs, USA), followed by 1 h of incuba-

tion at 55�C, followed by 10-min inactivation process at 95�C. The

sample underwent 125� serial dilution for the quantitative polymer-

ase chain reaction (qPCR) reaction using CFX Real-Time PCR Detec-

tion system (Bio-Rad, USA).

A PrimeTime® qPCR Probe assay (Integrated DNA Technologies,

USA) was designed using the PrimerQuest® Design Tool (Integrated

DNA Technologies, USA). Each 20 μL sample of the qPCR reaction

mixture contained 10.0 μL of TaqMan™ Universal PCR Master Mix,

1.0 μL of primer–probe mix (500 nM primer and 250 nM probe),

6.0 μL of molecular biology-grade water, and 3.0 μL of the diluted

sample. The cycling conditions were 20 s at 95�C followed by

39 cycles of two-step thermal cycling (3 s at 95�C followed by 30 s at

60�C). For each run, the negative control (i.e., no primer–probe mix-

ture), the no-template control (NTC), and the positive control

(i.e., linearized GFP plasmids) were used along with six rAAV5 refer-

ence standards in triplicates (MassBiologics, USA) to achieve semi-

quantification of viral titers. The primer and probe sequences used for

the genome titer were:

Forward: 50- GAA CCG CAT CGA GCT GAA -30.

Reverse: 50- TGC TTG TCG GCC ATG ATA TAG -30.

Probe: /56-FAM/ATC GAC TTC/ZEN/AAG GAG GAC GGC

AAC/3IABkFQ/.

2.4 | RNA isolation and sequencing

Approximately 1 � 106 cells were centrifuged from cell suspension at

1000 rpm for 5 min. The cell pellets were washed with iced PBS twice

and then stored at �80�C. Total RNAs were extracted using RNeasy

Mini Kit (QIAGEN, USA) with DNase digestion (QIAGEN, USA) follow-

ing the manufacturer's instructions. RNA concentrations were quanti-

fied using a Qubit fluorometer (ThermoFisher Scientific, USA). The

integrity of the total RNA was measured using a Bioanalyzer (Agilent,

USA). RNA samples with RIN value greater than 7 were qualified for

later cDNA library preparation. Messenger RNA purification and

library preparation were performed under the guidance of Universal

Plus™ mRNA-Seq with NuQuant® (Tecan Group Ltd., Switzerland).

The adaptor-ligated libraries were quantified by quantitative PCR

using a CFX Real-Time PCR Detection System (Bio-Rad, USA) and

sequenced on a NextSeq 500 System (Illumina, USA) using a NextSeq

500 High-Output v2 Kit (at 150 cycles). Raw sequencing data (in.bcl

format) were de-multiplexed according to their barcodes, then con-

verted to FASTQ files using bcl2fastq2 Conversion Software (Illumina,

USA). Approximately 10 million 150-base pair (bp) reads (pair-end)

were generated for each sample (see Tables S4 and S5). The library

size was normalized by DESeq2 in the later bioinformatics pipeline.

2.5 | Alignment to plasmid sequences and the
human genome

AAV reference sequences (including Rep and Cap genes) are detailed in

the Supporting Information. The annotation GTF file Human genome was

used as the global reference. FastQC (Babraham Institute, UK) was used

to evaluate the quality of the sequence reads. Artificial adaptors were

removed, and reads with a quality below 15 per bp sequence

were cropped using Trimmomatic.24 Fewer than 2% of the total reads

were aligned to the common RNAs, and these were excluded. Reads

from each sample were aligned to PAdDeltaF6, rep and cap plasmid

sequences using Bowtie2 as a aligner.25 The remaining reads were aligned

to the Human genome reference transcriptome using RNA-Seq by expec-

tation maximization (RSEM)26 to quantify transcript abundance using

RNA-Seq data. Around 80% of the reads were aligned from each sample

to the human genome. All bioinformatics data uploading was performed

using Linux command lines in the Massachusetts Green High

Performance Computer Center (MGHPCC).

2.6 | Differential gene expression, function
analysis, pathway enrichment, and statistical analysis

First, principal component analysis (PCA) and partial least-squares dis-

criminant analysis (PLS-DA) in SIMCA (Sartorius, USA) were used to

cluster samples with the normalized expected counts output from

RSEM. Then, those expected counts were imported to the DEBrow-

ser, an interactive interface for data examination and differential

expression.27 DESeq228 was used to perform differential expression

(DE) analyses between different sample groups. A list of differentially

expressed genes was generated and filtered according to the fold

change between the viral-producing groups and the negative control

groups and p-adj. values.29 The web-based tool Metascape and
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DAVID were used for gene ontology (GO) enrichment and KEGG

pathway analysis.30 Origin software (OriginLab, USA) was used for

plot generation.

2.7 | Quantitative polymerase chain reaction for
relative gene expression quantification

Synthesized cDNA library samples (the same sample used for the RNA

sequencing), were diluted 10 times, amplified, and detected in a qPCR

using universal SYBR Green (Thermo Fisher, USA) protocol. The

primer sequences were shown in the Table S10. The comparative

cycle threshold (2�ΔΔCt) method was used to analyze the relative gene

expression level changes. The transcript level of each gene was

normalized to the housekeeping gene GAPDH. The relative gene

expression for each sample was quantified in technical duplicates.

3 | RESULTS AND DISCUSSION

3.1 | Post transfection cell growth, viability, and
viral titer

For the viral-producing condition, parental HEK293 cells were trans-

fected with helper, RepCap, and GOI plasmids. Two production sys-

tems were studied using the BalanCD and AMBIC media and their

specific cell lines. Both cell culture systems lasted for 72 h after trans-

fection. For the non-producing condition, parental HEK293 cells were

F IGURE 1 Cell growth profile and genome titer for both AMBIC and BalanCD cell cultures post-transfection. Left y axis in (a) and
(c) represents viable cell density, expressed in million cells/mL. The right y axis represents viability expressed as a percentage. The y axis in (b) and
(d) represents the viral titer expressed in viral genome per liter (vg/L). The closed circle and square represent the viral-producing condition. The
open circle and square represent the non-producing condition. Data shown are the average of the triplicate cell cultures. The error bar represents
the standard deviation among biological triplicates
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transfected with backbone-sequence plasmids at a total mass of DNA

equal to the amount used in the viral-producing condition. Each con-

dition was conducted in biological triplicates. Figure 1 shows the cell

growth, viability, and viral titer for both production systems. With a

similar cell density prior to transfection, post-transfection cell growth

and viability in the viral-producing condition were lower than in the

non-producing condition for both systems. This phenomenon might

be explained by the shift of nutrients and energy from supporting cell

growth to rAAV production. At 72 h, the production conditions using

the BalanCD and AMBIC systems reached a genome yield of

1.43 � 1013 vg/L and 4.05 � 1012 vg/L, respectively. The cell line

adapted to the BalanCD medium achieved a virus titer three times

higher than the cell line in the AMBIC medium. Specific productivities

(vg/cell) for both viral producing conditions were calculated and

shown in Table S3. As expected from the total genome titer, Qp of

HEK293-BalanCD cell culture was continuously higher than that of

HEK293-AMBIC cell cultures over time, achieving peak specific pro-

ductivity 48 h post transfection. Specific differences among cell lines

themselves and different components supplemented in media both

contributed to titer variations between the two production systems.

During this experiment, cell pellet samples were taken 24 h (“D1”),

48 h (“D2”), and 72 h (“D3”) after transfection. These samples were

used in the transcriptomic study discussed below.

3.2 | Transcriptome overview differentiating the
viral-producing and non-producing conditions

Figure 2 shows a cluster analysis using both PCA and PLS-DA for daily

gene expression, which is the output of the normalized transcript

counts from RSEM, for the viral-producing and non-producing condi-

tions of each production system. PLS-DA, a supervised statistical

method, was utilized and mainly analyzed here as it provided more

efficient and better separation with defined and known groups of

samples compared to unsupervised PCA analysis. PLS-DA has been

recommended for use in omics data analysis since it can successfully

reduce data dimensions and also be aware of the classification.31 In

our case, each biological triplicate set was defined as one distinct class

in PLS-DA analysis. RNA-seq data was missing for one of the non-

producing group samples in the BalanCD (NC2D2) system, so it was

excluded from PLS-DA analysis. The first two main principals, shown

as R2x [1] and R2x [2] in each plot in Figure 2c,d, accounted for about

F IGURE 2 Principal component analysis and PLS-DA plots for both AMBIC and BalanCD cell cultures on different post-transfection days.
Diagonal lines separate viral-producing (Exp) and non-producing (NC) groups for PLS-DA plots. Post-transfection times are represented as D1
(24 h), D2 (48 h), and D3 (72 h)
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55% of the variability in the data. It was noted that the biological rep-

licates for each condition were clustered, and the viral-producing and

non-producing groups could be separated by diagonal lines. This result

indicates a distinct separation between the viral-producing and non-

producing conditions, and the distance between the two conditions

increased as the transfection continued over time from the beginning

to harvest. This indicates a growing difference between the two

groups in terms of cellular physiology after transfection. Further anal-

ysis was conducted to screen the differentiated gene expressions and

to identify the host cell physiological changes accompanied with rAAV

production.

The cellular mRNA from D1, D2, and D3 post-transfection were

sequenced for both systems. A total of 60,591 and 42,141 genes

were identified in the AMBIC and BalanCD cell cultures respectively.

It was found that 25,987 genes overlapped between the two cell lines

(see Figure 3a). Next, the differentially expressed genes (DEGs) were

identified using DESeq2 analysis between the viral producers and

non-producers, including all post-transfection time points, with a

threshold of 1.5-fold changes and a p-adj. value <.01. As shown in

Figure 3b,c, the viral-producing condition using the AMBIC medium

resulted in 863 upregulated genes and 88 downregulated genes. The

viral production system using the BalanCD medium resulted in

637 upregulated and 98 downregulated genes. Figure 3d,e illustrate

the DEG distribution that corresponds to the FC and p-adj. values.

Appendix A1 in Data S1 provides details on the overall DEG results

for both systems.

The combined set of differentially expressed genes in the AMBIC

system (951 genes) and the BalanCD system (735 genes) were pro-

cessed using GO enrichment analysis. Figure 4 shows the top 20 upre-

gulated and the top 20 downregulated GO gene clusters for viral

production (see Figures S1 and S2 for the top 100 GO gene clusters).

Among the upregulated GO gene clusters shown in Figure 4a, more

than half were related either to the innate immune response of the

host cell (e.g., interferon signaling), different virus infection responses,

or the host cell's antiviral responses. This reveals that AAV production

stimulates the HEK293 cellular immune response. A few common

metabolic processes (e.g., the glycolipid metabolic process, glycosami-

noglycan metabolism) were downregulated and clustered in the GO

enrichment (see Figure 4b). The next several sections elaborate on

further analysis related to AAV production.

F IGURE 3 Venn diagram of the overall gene expression (a) and the differentially expressed genes (b) and (c). The overlapping region shows
the number of genes shared by the AMBIC and BalanCD cell cultures. Volcano plots for differentially expressed genes in the AMBIC (d) and
BalanCD cell cultures (e). The fold change threshold was set to 1.5, and the p-adj. value threshold was set to 0.01. The upregulated genes are
represented by red dots, the downregulated genes are represented by green dots, and nonsignificant genes are represented by gray dots
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3.3 | DEGs, functions, and pathway analysis

The transcriptomes of two viral producers were compared to their

corresponding non-producing states on various post-transfection days

to investigate the regulation of cell line-independent pathways for

AAV viral production. The resulting list of DEGs with the threshold

fold change (>1.5) and p-adj. value (<0.01) were enriched using the

KEGG database (see Appendix A2 in Data S1 for the HEK-AMBIC sys-

tem and A3 for the HEK-BalanCD system). The DEG and pathway

analysis in this section focused on D2 (48 h post-transfection)

because this was the most rapidly proliferating phase for AAV

production as shown in Figure 2b,d. Transcriptome changes relating

to viral production that arise over time for viral production are dis-

cussed briefly in the Table S9. The primary enriched pathways include

antiviral immunity signaling pathways and cellular stress-associated

pathways for both cell lines. Significantly enriched pathways were fur-

ther investigated to evaluate their correlation with viral production

and their potentials to regulate productivity. Detailed statistical results

on pathway enrichment can be found in Appendix A6 in Data S1 for

the HEK-AMBIC system and Appendix A7 in Data S1 for the HEK-

BalanCD system. The official full names of genes and proteins men-

tioned below can be found in the list of abbreviations.

F IGURE 4 Enriched upregulated (a) and downregulated (b) clusters in the viral-producing states based on the gene ontology database for
both AMBIC and BalanCD cell cultures. Differentially expressed genes in both systems with a 1.5-fold change threshold and p-adj. values <0.01
were processed for ontology analysis. The figure shows the comparison of the AMBIC and BalanCD cell cultures
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3.4 | Innate immune responses

Several signaling pathways involved in the innate immune response,

ranked as the top enriched KEGG pathways, were significantly upre-

gulated in the viral-producing state. Host cell innate immunity often

acts as the first line of defense against the spread of viruses. Once a

pathogen-associated molecular pattern (e.g., viral nucleic acids) is rec-

ognized by the host's pathogen recognition receptor, a series of

downstream signaling pathways is activated to stimulate the produc-

tion of type I interferon (IFN), and the transcription of interferon-

stimulated genes (ISGs).32 The expression of these genes results in

the negative regulation of viral replication and the restriction of the

viral production.32 The innate immune response signaling pathways

shown in Figure 5 were enriched in the viral-producing state. These

pathways include the Toll-like receptor (TLR) signaling pathway, the

retinoic acid-inducible gene-I-like receptor (RLR) signaling pathway, and

the downstream Janus kinase-signal transducer and activator of tran-

scription (JAK-STAT) signaling pathway. Table S6 shows the FC and p-

adj. values for these innate immune response signaling pathways in

both cell lines. The JAK-STAT signaling pathway is downstream for all

antiviral sensing pathways. The JAK-STAT signaling pathway

describes all the commonly expressed genes in the downstream of the

RLR, TLR, and cytosolic DNA sensing pathways (see Appendices A6

and A7 in Data S1 for the other enriched KEGG pathways).

3.4.1 | RLR signaling pathway

The RLR signaling pathway is the major sensing pathway for RNA

viruses.33 This study finds that this pathway was enriched for rAAV

production (see Figure 5a). RIG-I (also referred to as DDX58) and

MDA5 (IFIH1) are receptor proteins for short dsRNA and long dsRNA,

respectively.33 Besides RNA source directly from evading viruses, the

conversion of dsDNA to 5'ppp ssRNA via RNA polymerase III (PolIII)

also allowed for the activation of the RLR signaling pathway by sens-

ing cytosolic DNA.34,35 The overexpression of DDX58, IFIH1, and

POLR3C (a subunit of PolIII) in both cell lines shown in the transcrip-

tome data suggested the activation of the RLR signaling pathway. The

detection of foreign nucleic acids facilitated the activation of the

MAVS protein and the recruitment of the downstream transcription

factor TBK1, triggering the phosphorylation of IRF3 and IRF7. The

transcriptome data indicate that IRF7 in both the AMBIC

(FC = 15.102, p-adj. = 0) and BalanCD (FC = 10.753, p-adj.

= 2.92 � 10�45) cell lines was upregulated in the viral-producing

state. Then, phosphorylated IRF7 translocated to the nucleus and trig-

gered the production of type I IFNs and pro-inflammatory cytokines.

The production of type I IFNs, pro-inflammatory cytokines, and che-

mokines was confirmed by the upregulated expression of multiple

genes, including IFNB1, TRIM25, CCL5, and CXCL9 (see Figure 5a).

3.4.2 | TLR signaling pathway

There are two categories of Toll-like receptors (TLR). One category

consists of receptors on the cellular surface that detect viral proteins.

The other category consists of receptors in the intracellular endosome

that recognize viral nucleic acids. The transcriptome data demonstrate

the enrichment of the TLR signaling pathway in both cell lines. Specifi-

cally, in the AMBIC cell line, TLR3 (FC = 2.8, p-adj. = 3.74 � 10�7),

which is one type of endosome receptor, was found to be upregulated in

the viral-producing state. This upregulation has been shown to be a host

cell defense mechanism against viruses by limiting viral replication via

F IGURE 5 Innate immune response signaling pathways enriched in viral-producing states. (a) shows RIG-I like receptor (RLR) signaling, Toll-
like receptor (TLR) signaling, and cytosolic DNA sensing pathways. (b) shows JAK-STAT signaling pathways. The genes shown in green were
found to be common in both cell lines. Genes shown in red are specific to the HEK-AMBIC cell line. Genes shown in gray are specific to HEK-
BalanCD cell line
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the type I IFN production.36 The recognition of foreign components by

TLR3 triggers the activation of TRIF (TICAM1). Enhanced TRIF expression

was observed in both the BalanCD (FC = 10.232, p-adj.

= 1.034 � 10�4) and the AMBIC (FC = 1.547, p-adj. = 1.214 � 10�4)

cell lines. The activation of TRIF recruited the downstream transcription

factor TBK1 and phosphorylated IRF7. Similarly, the TLR signaling path-

way can also produce type I IFN and cytokine release, which further trig-

gers the downstream JAK-STAT signaling pathway.

3.4.3 | Cytosolic DNA sensing pathway

cGAS, together with DAI, are major cytosolic DNA sensors or receptor

proteins that initiate the production of type I IFNs via phosphorylated

IRF3 or IRF7.37 The DEG data and KEGG pathway analysis showed that

the cytosolic DNA sensing-signaling pathway was enriched in both cell

lines. The overexpression of POLR3C, ADAR1, and the production of inter-

ferons and proinflammatory cytokines, activating the downstream JAK-

STAT signaling pathway, may result in this enrichment (see Figure 5a).

Detailed fold changes and p-adj. value can be found in Table S6.

3.4.4 | JAK-STAT signaling pathway

Secreted IFNs bind to recognition receptors embedded in the cell sur-

face, which triggers the activation of the JAK-STAT pathway.32,38 Sig-

nificant upregulation of IFN expression (e.g., IFNB1, IFNL1) was

observed in the viral-producing state in both cell lines. As shown in

Figure 5b, phosphorylated STAT proteins formed heterotrimeric tran-

scription factor complexes with IRF9. This was confirmed by the

highly upregulated STAT protein and IRF9 expression. The complex

translocated to the nucleus, bound to the promoter, and initiated the

expression of ISGs such as the IFITM family, the IFIT family, the OAS

family, or RSAD2.

ISGs were shown to be indicators of the host cell's defense

against viruses. The ISGs common to both cell lines are shown in

green text in Figure 5b. These genes were induced by IFN production,

and they have their own mechanisms to negatively regulate viral

genome replication and thus limit the spread of the virus.39–45 Among

the ISGs, the IFITM family of genes was found to be upregulated in

the viral-producing condition, exhibiting an expression level five times

higher than in the non-producing condition. These changes were more

prominent in the AMBIC cell line (IFITM1, FC = 70.95, p-adj. = 0)

than in the BalanCD cell line (IFITM1, FC = 10.265, p-adj.

= 3.92 � 10�71). These interferon-induced transmembrane proteins

act as virus restriction factors via viral entry-dependent or viral entry-

independent inhibition, such as suppressing viral protein synthesis or

limiting viral replication.46,47 IFIT5 is another interferon-induced bind-

ing protein involved in innate immune responses (FC = 5.098, p-adj.

= 5.39 � 10�250 in the AMBIC cell line; FC = 2.448, p-adj.

= 4.4 � 10�23 in the BalanCD cell line). This protein could inhibit viral

replication through multiple mechanisms, such as restraining transla-

tion initiation, sequestering viral nucleic acids or proteins in the

cytoplasm, or binding to uncapped (or incompletely capped) viral

RNA.47 Table S6 provides more details on the FC and gene informa-

tion of the ISGs involved in the enriched JAK-STAT pathway.

This significant enrichment in the host's immune response against

viruses provides insight into the changes observed in cellular physiol-

ogy that relate to rAAV production. This study proposes a few control

strategies to modulate this response pathway. Virus replication is

largely determined by two factors: the spread of virus replication and

the induction of the antiviral state. Therefore, interferon-sensitive

viruses can be difficult to cultivate to high titer in cells that produce

IFNs.48 In order to restrict IFN production and ISG expression, Stew-

art et al. proposed the use of inhibitors of the signaling proteins

involved in IFN signaling pathways, such as BX795 (a TBK1 inhibitor),

TPCA-1 (an IKK2 inhibitor), or ruxolitinib (a JAK1 inhibitor).48

These small molecular inhibitors were utilized to block specific

interferon pathways, and they were tested to successfully lower

the innate immune response and enhance replication for Respira-

tory Syncytial Virus, Influenza Virus, and so on.48 Similarly, the

enrichment of the antiviral signaling pathway in rAAV production

suggests the hypothesis that control of the IFN signaling pathway

can contribute to enhanced viral production. The promising results

in the literature on IFN inhibitors mentioned above supply a proof-

of-concept that these IFN inhibitors can be used as media supple-

ments to block or decrease the innate immune response pathways

in HEK293 cells and enhance rAAV genome replication, thus

improving cellular productivity.

Furthermore, the literature also reports that the critical genes

triggered by the innate immune response (e.g., RSAD2,42,44,49 OAS

family genes,40 IFIT family genes),50 affect virus genome replication.

For example, the expression of the enzyme RSAD2 could deplete cel-

lular nucleotide pools and decrease the mitochondrial respiration rate

via its radical activity, thereby restricting the genome replication of

various RNA or DNA viruses.44 Cell line engineering strategies

(e.g., gene silencing, gene knockout) might be used to lower or elimi-

nate the expression of those genes. However, the biological functions

of these genes in terms of maintaining basic cellular activities must be

explored further.

3.4.5 | Ubiquitin in the attenuation of the innate
immune response

In addition to enriched innate immune response signaling pathways,

some clustered genes function as negative regulators of the innate

immune response via the ubiquitin modification system (see

Figure 5a). FC, p-adj. values, and detailed biological functions of these

genes can be found in Table S7. This ubiquitin modification strategy is

often utilized by other viruses to evade antiviral signaling pathways

and suppress IFN-I expression.51–53 For example, ICP0 is a viral pro-

tein expressed by the herpes simplex virus 1 (HSV1) with E3 ubiquitin

ligase activity. ICP0 has been shown to play an important role in mini-

mizing the production of IFN and ISGs during HSV1 viral infections.53

Specifically, ICP0 targets activated IRF3/IRF7 for degradation, inhibits
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the activation of STAT proteins, and suppresses the expression of

TRIMs.53 Other than the result shown in this transcriptomic study, no

literature has been reported about the ubiquitin modification system

utilized by host cells for AAV production. One promising—but

challenging—approach to enhancing virus productivity may be imitat-

ing other viruses' strategies to evade antiviral responses during the

transfection process and eliminate the negative impacts of immune

responses on viral genome replication. Co-transfection with prede-

signed plasmids allows for the expression of foreign viral proteins

(e.g., ICP0) in HEK293 cells, so they can serve their biological function

and reduce the production of IFN and ISGs during rAAV production.

However, we need to be aware that plasmids as foreign DNAs, could

also result in toxicity and other stresses to host cells. Another

approach to promoting efficient rAAV production can be amplifying

innate-associated ubiquitin behaviors by overexpression, thus further

restricting antiviral responses. Both methods are aimed at eliminating

or lowering the viral components induced innate immune responses,

thus benefiting for viral replication.

3.5 | Host cell stress responses

The AAV viral production cycle relies on the host cell's replication and

translation machinery. Viral proteins and viral nucleic acids are foreign

components that could trigger a series of host cell stress responses,

such as autophagy, ER stress, or apoptosis. These were all found to be

upregulated in the viral-producing states. The transcriptomic results

regarding ER stress induced UPR are mainly discussed in this section.

Table S7 provides details of the GO enrichment results and the FC

values for the DEGs in both cell lines. Appendices A4 and A5 in

Data S1 show more GO enrichment results.

ER stress stimulated by viral production and UPR: Viruses rely on

host ER machinery for viral protein synthesis and modification. To

ensure the cell's survival and viral replication, host cells have to

respond to this stress and trigger the activation of unfolded protein

response (UPR).54 GO enrichment analysis shows the cellular

response to ER stress and the activation of UPR in the viral-producing

state. PERK-mediated UPR, serving as one major UPR pathway, was

found closely related to AAV production in this study. In PERK-

mediated UPR, the activation of PERK by the accumulation of

unfolded or misfolded proteins, phosphorylates translation initiation

factor EIF2α, resulting in temporary protein synthesis attenuation. To

ensure proper mRNA translation and protein synthesis, phosphory-

lated EIF2α in host cells can be deactivated by downstream negative

feedback signaling molecules, such as EIF2AK2 and PPP1R15A (which

encodes for GADD34).55 It was observed that both EIF2AK2 and

PPP1R15A were upregulated for viral production in both cell lines.

This demonstrates that viral production indeed induces ER stress, and

host cells can resolve ER stress and restore protein synthesis by over-

expressing negative feedback signaling genes such as GADD34. Fur-

thermore, the overexpression of the heat shock protein HSPA6 was

observed in both the AMBIC (FC = 4.376, p-adj. = 7.67 � 10�10) and

the BalanCD (FC = 13.454, p-adj. = 4.94 � 10�13) cell lines. In this

case, stressful conditions induced the upregulation of HSPA6, which

serves as an essential modulator to promote correct protein folding

and ensure host cell survival in stressful environments.56,57

To modulate the UPR, and to relieve ER stress, the small mole-

cules that enhance the expression of the heat shock protein

(i.e., HSPA6 activators) and inhibit the expression of the UPR receptor

protein (i.e., PERK inhibitors) can be evaluated for their impact on viral

productivity.58,59 Overexpression of genes involved in ER protein pro-

cessing has been proved to achieve up to 97% volumetric titer

improvement in the recombinant retroviral vector production.60 Simi-

lar small molecule additives or cell line engineering approaches can be

evaluated to resolve ER stress and recover AAV-related protein syn-

thesis, thereby improving rAAV productivity. Additionally, ER stress

and UPR pathways have also been reported for biologics production

in Chinese Hamster Ovary (CHO) cells.61,62 Reported strategies might

also offer another good starting point for relieving ER stress and

therefore improving yield in the vector production: for example,

chemical chaperones (e.g., trehalose, proline, glycerol) have been

reported to increase recombinant protein productivity and decrease

protein aggregation.63,64 Overexpression of genes encoding molecular

chaperones also enhanced the expression of difficult-to-express

recombinant proteins in HEK293 cell lines.65,66

Apoptosis is another host stress response to defend against viral

replication. From GO analysis, both cell lines exhibit the enrichment

of the positive regulation of apoptotic process (GO:004305 and

GO:0006915). See Appendix 4 in Data S1 for GO enrichment in

HEK293-AMBIC and Appendix 5 in Data S1 in HEK293-BalanCD.

The expression of rep and helper genes has been shown to induce

cytotoxicity: Rep78 protein, the most toxic protein, was found to acti-

vate caspase-3 and induce cell apoptosis67; E4orf4 was the major E4

product responsible for induction of p53-independent apoptosis.68

Upon transfection, host cells were exposed not only to external path-

ogen components but also to transfection reagents (e.g., PEI pro).

Within a relatively short 3-day cultivation period, viability for both cell

lines was maintained above 80%. However, when compared to non-

producing conditions, there was an obvious upregulation of apoptosis

pathways induced by viral vector production (Appendices 4 and 5 in

Data S1). In order to alleviate apoptosis-induced stress, small mole-

cules such as antioxidants,69 can be used as media supplements.

Another potential strategy to facilitate rAAV production may be the

overexpression of anti-apoptotic genes via cell engineering methods

to delay apoptosis in the HEK293 cell line.18 A study has been con-

firmed the improvement of r-RV productivity via overexpression of B-

cell lymphoma 2 (Bcl2) protein gene (anti-apoptotic).60

Other GO-enriched cellular responses to stress were observed

(e.g., the cellular response to glucose starvation, the response to the

presence of reactive oxygen species, or enriched oxidant detoxifica-

tion) to cope with such stressful conditions. FC, p-adj. value and bio-

logical functions of associated genes can be found in Table S7. More

GO enrichment results can be found in Appendix 4 in Data S1

(HEK293-AMBIC) and 5 (HEK293-BalanCD).
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3.6 | Metabolism

In both cell lines, SLC43A2 was slightly overexpressed in the viral-

producing state, as shown in Table S7. This encoded transmembrane

protein was involved in transporting neutral amino acids. This over-

expression could be related to the increased demand for the raw

materials required for viral capsid synthesis in the viral-producing

condition. More importantly, in the late stage of viral production,

fatty acid metabolism was found to be downregulated in both cases

(see Appendices A4 and A5 in Data S1). Furthermore, two genes

involved in the branched-chain amino acid (BCAA) catabolic process,

ALDH6A1 and ACADSB, were found to be downregulated in the

viral-producing state in both cell lines. BCAAs functioned as signal-

ing molecules that regulate levels of glucose and lipids, the synthesis

of proteins, and the immunity.70 Further studies may be necessary

to explore specific correlations between downregulated metabolism

and viral production.

3.7 | Transcriptomic results validation by qPCR

The analysis and hypothesis elaborated above were based on the

transcriptomic study. To validate the changes in the expression of

main genes and enriched pathways for viral production, transcript

levels of selected genes were further quantified using qPCR.

Genes involved in mainly enriched pathways were chosen for the vali-

dation test. Since our transcriptomic analysis was mainly built upon

the samples from post-transfection day 2 (D2), the most rapidly prolif-

erating phase for rAAV production, D2 cDNA libraries were then uti-

lized for validation experiments. Table S8 showed the normalized

gene expression changes between viral producing and non-producing

conditions for both HEK293-BalanCD and HEK293-AMBIC. Standard

deviation (SD) and coefficient of variance (CV) were calculated based

on the biological replicates.

Large upregulation of IFN-β, IRF7&9, and ISGs (OAS1, RSAD2,

and ISG15) expression further confirmed the enrichment of innate

immune responses. Overexpression of heat shock proteins (HSPA6

and PPP1R15A) confirmed the activation of UPR and their beneficial

functions of relieving the ER stress for viral vector production. qPCR

results were comparable to those shown in the transcriptomic data. It

cross-validated the transcriptomic results and analysis, and confirmed

the common enriched pathways we identified for the parental

HEK293 cell lines.

4 | CONCLUDING REMARKS

This study compares the transcriptomes of AAV-producing and non-

producing groups over time using different sources of parental

HEK293 cells adapted and cultured in their respective media. A tran-

scriptomic variance was observed between the viral-producing and

non-producing groups in both systems. Their transcriptomic features

reveal pathways, including innate immune responses, cell stress

responses, and specific metabolisms that potentially impact rAAV pro-

duction in parental HEK293 cells.

These transcriptomic results provide a mechanistic understanding

to guide rational modifications (including cell line development and

media optimization) to enhance rAAV production. The antiviral

immune response is one of the most significant bottlenecks identified

in viral production. This study proposes multiple strategies to inhibit

this response: The first recommendation is to supplement the medium

with small molecules that inhibit interferon-signaling proteins. This

has the potential to effectively lower the production of interferon and

eliminate its negative regulation of viral replication. Second, gene

silencing or knockout methods can be attempted to restrict the

expression of ISGs (e.g., RSAD2, the OAS family, the IFITM family)

to eliminate their detrimental impact on viral production. Last, viral

productivity may be modified by imitating the strategies used by

other viruses to escape the innate immune response signaling path-

ways via co-transfection with plasmids that express specific viral

proteins.

It has been reported that the host's cellular metabolism is

reprogrammed during viral production and viral infection.71,72

However, our transcriptomic study provides limited insights into

these changes in the host cell's metabolism. Future investigations

should consider host cell metabolism for AAV production. It is also

critical to understand the metabolic pathways related to viral pro-

duction and the accumulation of inhibitory metabolites that restrict

viral productivity.
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