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Abstract 
The recombinant adeno-associated virus (rAAV) vector is among the most promising viral vectors in gene therapy. However, 
the limited manufacturing capacity in human embryonic kidney (HEK) cells is a barrier to rAAV commercialization. We 
investigated the impact of endoplasmic reticulum (ER) protein processing and apoptotic genes on transient rAAV production 
in HEK293 cells. We selected four candidate genes based on prior transcriptomic studies: XBP1, GADD34 / PPP1R15A, 
HSPA6, and BCL2. These genes were stably integrated into HEK293 host cells. Traditional triple-plasmid transient trans-
fection was used to assess the vector production capability and the quality of both the overexpressed stable pools and the 
parental cells. We show that the overexpression of XBP1, HSPA6, and GADD34 increases rAAV productivity by up to 100% 
and increases specific rAAV productivity by up to 78% in HEK293T cells. Additionally, more prominent improvement 
associated with ER protein processing gene overexpression was observed when parental cell productivity was high, but no 
substantial variation was detected under low-producing conditions. We also confirmed genome titer improvement across 
different serotypes (AAV2 and AAV8) and different cell lines (HEK293T and HEK293); however, the extent of improve-
ment may vary. This study unveiled the importance of ER protein processing pathways in viral particle synthesis, capsid 
assembly, and vector production.

Key points
• Upregulation of endoplasmic reticulum (ER) protein processing (XBP1, HSPA6, and GADD34) leads to a maximum 100% 
increase in rAAV productivity and a maximum 78% boost in specific rAAV productivity in HEK293T cells
• The enhancement in productivity can be validated across different HEK293 cell lines and can be used for the production 
of various AAV serotypes, although the extent of the enhancement might vary slightly
• The more pronounced improvements linked to overexpressing ER protein processing genes were observed when parental 
cell productivity was high, with minimal variation noted under low-producing conditions

Keywords Gene therapy · RAAV production · HEK293 cells · ER protein processing gene and apoptosis regulator gene · 
Capsid biosynthesis · Packaging efficiency

Introduction

Recombinant adeno-associated viruses (rAAVs) comprise an 
important vector for delivering transgenes in vivo (Fu et al. 
2023b; Sha et al. 2021; Wang et al. 2019, 2024). However, 
due to increasing demand, the low productivity of rAAVs 
presents as a major challenge (Escandell et al. 2023; Fu et al. 
2023b; Lee et al. 2022; Wang et al. 2019, 2024).

rAAV vector production is heavily dependent on host 
cells. A recent review paper provides a comprehensive sum-
mary of the role of host cells as manufacturing factories that 
support viral production. This same review also emphasizes 
the importance of cell line engineering as a future strategy 
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for improving manufacturing capability (Wang et al. 2024). 
Omics studies have demonstrated a series of responses in 
human embryonic kidney 293 (HEK293) cells that are trig-
gered by viral production. These studies formed a hypoth-
esis regarding how these responses might influence viral 
production (Chung et al. 2023; Lu et al. 2024; Wang et al. 
2023). The transcriptomic data demonstrated that endoplas-
mic reticulum (ER) stress was upregulated when host cells 
produced vectors. The unfolded protein response (UPR) 
was then recruited to alleviate this ER stress and facilitate 
viral production (Wang et al. 2023). We observed extreme 
upregulation in (a) protein phosphatase 1 regulatory subu-
nit 15 A (GADD34 / PPP1R15A), (b) heat shock protein 
family member 6 (HSPA6), and (c) X-box binding protein 1 
(XBP1). We identified these genes as important molecular 
features of viral production (Wang et al. 2023).

GADD34 is essential for the recovery of protein syn-
thesis when UPR signaling (triggered by protein kinase 
R–like endoplasmic reticulum kinase (PERK)) temporar-
ily attenuates translation (Harding et al. 2009). HSPA6 is 
an ER chaperone regulated by UPR signaling through acti-
vating transcription factor 6 (ATF6). The expression of ER 
chaperones such as HSPA6 can promote ER protein trans-
location, protein folding, protein secretion, and misfolded 
protein degradation (Hassler et al. 2015; Wu et al. 2007). 
XBP1 is upregulated when UPR signaling is triggered by 
ER-to-nucleus signaling 1 (IRE1α), a protein kinase that 
exhibits ribonuclease (RNase) activity and can cleave a set 
of mRNAs (Hollien et al. 2009; Upton et al. 2012). Simi-
larly, the activation of XBP1 can also promote ER protein 
translocation, folding, and secretion (Kaufman 2002). Thus, 
we hypothesize that the overexpression of these protein pro-
cessing genes can relieve the host cell stress induced by viral 
protein synthesis, mitigate the accumulation of misfolded 
or unfolded proteins, and enhance viral production. Fur-
thermore, the overexpression of anti-apoptotic gene B-cell 
lymphoma 2 (BCL2) increases lentiviral vector volumetric 
production by 53% in HEK293 cells (Formas-Oliveira et al. 
2020). This demonstrates the essential role of ER protein 
processing and anti-apoptotic pathways in vector production 
capability and the overall performance of producer cells.

We mainly investigate how the rAAV vector yield and 
quality in HEK293T cells are influenced by the overex-
pression of ER protein processing genes (i.e., GADD34, 
HSPA6, XBP1) and BCL2 during the transient transfec-
tion process. This overexpression was achieved by stably 
integrating these candidate genes into the safe harbor site 
(i.e., the adeno-associated virus integration site 1 (AAVS1) 
locus) in the HEK293T cells. These results demonstrate 
that the overexpression of ER protein processing genes can 
effectively boost rAAV yield in the high-producing condi-
tion but shows less impact in the low-producing condition. 
This same improvement can also be extended to different 

serotypes (e.g., AAV2 and AAV8) and different cell lines 
(e.g., HEK293T and HEK293).

Materials and methods

Plasmid construction

When constructing the AAVS1-sgRNA-Cas9 plasmid, the 
design of the sgRNA sequences that target the AAVS1 locus 
was based on a prior publication (Shin et al. 2020). These 
sgRNA sequences were annealed and then integrated into 
the sgRNA-Cas9 backbone plasmid (pU6-(BbsI)_CBh-
Cas9-T2A-mCherry) using Golden Gate assembly (Ran 
et al. 2013).

For donor plasmid construction, we amplified the AAVS1 
homology arms and selection marker via PCR from donor 
backbone plasmids (i.e., the AAVS1-eGFP donor, a gift 
from the Korea Advanced Institute of Science & Technol-
ogy (KAIST)) (Hockemeyer et al. 2009; Shin et al. 2020). 
The four candidate genes (BCL2, XBP1, HSPA6, and 
GADD34) were then amplified via PCR using related plas-
mids. NEBuilder® HiFi DNA Assembly master mix (New 
England Biolabs, Ipswich, MA, United States) was used to 
assemble PCR fragments that contained homology arms 
sequences, selection genes, or inserts. This was followed by 
transformation in Escherichia coli DH5α competent cells 
(New England Biolabs, Ipswich, MA, United States). Plas-
mids were confirmed through sequencing and then extracted 
using an EndoFree® Plasmid Maxi Kit (Zymo, Irvine, CA, 
United States). Supplementary Tables S1 and S2 provide 
more information on the plasmids and primers used for clon-
ing. SnapGene® (GSL Biotech LLC, San Diego, CA, United 
States) was used to document all DNA cloning.

Cell culture, stable transfection, and stable cell pool 
development

HEK293 (ATCC, CRL-1573) and HEK293T/17 (ATCC, 
CRL-11268) cells were grown in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Gibco, Waltham, MA, United 
States) supplemented with 10% fetal bovine serum (Gibco, 
Waltham, MA, United States). The cells were cultured in 
T-flasks (GenClone, EI Cajon, United States) with 5 mL 
working volume at 37  °C under 5%  CO2 and passaged 
every 4 days. To establish stable cell pools that expressed 
the four candidate genes at the AAVS1 locus, we transfected 
the candidate genes donor and sgRNA-Cas9 vectors at a 
1:1 (w/w) ratio with Lipofectamine™ 2000 (Invitrogen, 
Carlsbad, CA, United States) followed by 2 weeks of selec-
tion with 2 µg/mL of puromycin (Sigma-Aldrich, St. Louis, 
MO, United States). Stable cell pools were then denoted as 
“Gene of Interest (GOI) + .” Viable cell density (VCD) and 



Applied Microbiology and Biotechnology (2024) 108:459 Page 3 of 11 459

cell viability were assessed using a Cedex HiRes Analyzer 
(Roche Life Science, Indianapolis, IN, United States) and 
the trypan blue assay (Thermo Fisher Scientific, Waltham, 
MA, United States).

Genomic DNA extraction for junction PCR and RNA 
isolation for gene expression level

Cell pellets from the stable pools were collected for genomic 
DNA and RNA extraction. Genomic DNA was extracted 
from stable cell pools using a Quick-DNA™ Miniprep 
Plus Kit (Zymo, Irvine, CA, United States) following the 
manufacturer’s protocol. The 5′/3′ junction PCR was per-
formed using PrimeSTAR® HS Premix (Takara Bio, Shiga, 
Japan) by touchdown PCR (98 °C for 3 min (10 ×), 98 °C 
for 10 s, 65–55 °C (− 1 °C/cycle) for 30 s, 72 °C for 2 min 
(30 ×), 98 °C for 10 s, 55 °C for 30 s, 72 °C for 2 min, and 
72 °C for 10 min) (Shin et al. 2020). The primer sequences 
used for the 5′/3′ junction PCR are listed in Supplementary 
Table S2. The gene expression assay (e.g., RNA isolation, 
cDNA reverse transcription, gene expression by RT-PCR) 
was described earlier (Wang et al. 2023). We used the com-
parative cycle threshold  (2−ΔΔCT) method to analyze the rela-
tive gene expression changes between the stable pools and 
the parental cells. Supplementary Table S2 lists the primer 
sequences used to assess the expression levels of BCL2, 
XBP1, HSPA6, GADD34, and the gene for glyceraldehyde 
3-phosphate dehydrogenase (GAPDH).

Vector production

Triple-plasmid transfection was performed for rAAV pro-
duction. Three AAV-related plasmids were used, sourced 
from Addgene (Watertown, MA, United States): pAd-
DeltaF6, pAAV2/2, and AAV-CMV-GFP. Supplementary 
Table S1 provides information about the plasmids used. 
Cells in the exponential growth phase were plated at a den-
sity of 5 ×  105 cells per well in a 6-well plate. After a 24-h 
incubation, transfection was performed following the PEI-
pro® manufacturer’s instructions (Polyplus, Berkeley, CA, 
United States). Specific transfection conditions can be found 
in Supplementary Tables S3 and S4.

Analytical methods (genome titer, capsid titer)

The harvested cell cultures were aliquoted to 1 mL (includ-
ing both cells and supernatant) in 1.5-mL centrifuge tubes 
68-h post-transfection. All cultures were stored at − 80 °C 
for future analysis. The genome titer by quantitative poly-
merase chain rain (qPCR) and capsid titer by enzyme-linked 
immunosorbent assay (ELISA) followed the methods used in 
an earlier study (Fu et al. 2023a). The specific productivity 
can be calculated as

Note: VCD denotes viable cell density in million cells/
mL. VCD1 and VCD2 indicate viable cell density measured 
at time points t1 and t2, respectively. IVCD represents inte-
gral viable cell concentration in cell·h/mL. Titer stands for 
the viral genome titer in viral genome/L.  Titer1 and  Titer2 
indicate viral genome titer measured at time points t1 and 
t2, respectively. Qp stands for specific productivity in viral 
genome/cell*h.

Statistical analysis

GraphPad Prism 9 (GraphPad Software, LLC, San Diego, 
CA, United States) was used for raw data processing, statis-
tical analysis, and to generate graphs. BioRender (Toronto, 
Canada) was used to generate figures.

Results

Workflow for the overexpression of ER protein 
processing and anti‑apoptotic genes in HEK293 
and HEK293T cells

Figure  1 shows the overall workflow of this study. To 
investigate the impact of various ER protein processing 
genes (XBP1, HSPA6, and GADD34) and anti-apoptotic 
genes (BCL2) on rAAV production in HEK cell lines, 
these genes were stably integrated into the AAVS1 locus 
using the CRISPR gene editing technique. We constructed 
sgRNA-Cas9 plasmids targeting the AAVS1 locus as well 
as donor template plasmids containing the gene of interest 
(GOI) (see Fig. 1, left panel). These constructed plasmid 
sequences were obtained via Sanger sequencing (or whole 
plasmid sequencing), and proper assembly was confirmed 
by aligning against appropriate references in SnapGene®. 
These two vectors were then transfected to host cells via 
Lipofectamine™ 2000 followed by two weeks of antibiotic 
selection. The cell pools with stably integrated candidate 
genes were passaged and maintained for later evaluations.

As shown in Fig. 1 (middle panel), the gene expression 
(mRNA) level was evaluated in these stable pools, fol-
lowed by 5′ and 3′ junction PCR to confirm site-specific 
integration. We followed the sgRNA and the donor tem-
plate (i.e., the AAVS1 locus) design provided by previous 
literature (Shin et al. 2020). Due to the acceptable knock-
in efficiency reported in the literature, we did not conduct 
a whole genome sequencing (Shin et al. 2020). The stable 
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pools containing the overexpressed candidate genes and the 
parental cells were then used to produce rAAVs via tran-
sient transfection with triple plasmids (Fig. 1). The effects of 
these ER protein processing genes on the genome and capsid 
titers were evaluated in HEK cell lines.

Evaluation of candidate gene overexpression 
and site‑specific integration in HEK293T cells

HEK293T cells were selected and evaluated in detail 
because the same plasmid construction and the same stable 
integration process have been applied to both HEK293 and 
HEK293T cells. Each candidate gene, in its correspond-
ing overexpressed stable cell, showed an expression level 
higher than the parental cells (Fig. 2a). More precisely, 
compared to the parental HEK293T cells, BCL2 showed 
a 677-fold increase, XBP1 showed a 9.6-fold increase, 
HSPA6 showed a 1836-fold increase, and GADD34 showed 
a 31.3-fold increase. The overexpression levels of each 
stably integrated gene were not the same. The difference 
could result from some random integrated genome cop-
ies of GOI. The effects of overexpression of ER-related 
genes are well-studied in stable production using CHO 
cells. Increasing evidence suggests overexpressing genes 
associated with UPR can serve to increase the produc-
tivity of CHO cell lines (Rutkowski and Kaufman 2004; 
Tigges and Fussenegger 2006). The outcomes depend on 

the overexpressed genes, target therapeutic proteins, and 
overexpression system (Kim et al. 2012). Due to the differ-
ence between viral vector and therapeutic protein produc-
tion, as well as between cell lines, a more relevant study 
regarding lentiviral vector production in HEK cell lines 
was referenced. This study investigated different copy 
number integrations and mRNA level in detail (Formas-
Oliveira et al. 2020). The transgene expression showed 
a trend to increase as the copy number of the candidate 
genes rose. In future study, altering the expression levels 
of these genes could serve as a way to fine-tune the degree 
of improvement.

Figure 2b shows our primer design strategy for the 5′ 
and 3′ junction PCR of the four candidate genes. In junc-
tion PCR, one primer is designed to anneal to the insert, 
and the other primer is designed to anneal to the sequence 
outside the homology arm. Primer designs outside the 
homology arms can be shared for all cases. In 5′ junc-
tion PCR, the inside (reverse) primer, which is annealed 
to the inserted puromycin sequence, was shared for all four 
overexpressed genes. In 3′ junction PCR, various inside 
(forward) primers were designed to target various inserted 
GOI sequences. The electrophoresis gel image (Fig. 2c and 
d) confirms that the genes were successfully integrated 
into the AAVS1 locus. The expected size bands were shown 
in the overexpressed groups, while no band appeared in 
the control group.

Fig. 1  Overall workflow of this overexpression study, including plasmid construction, stable integration, and evaluation of rAAV productivity in 
the overexpressed cell pools
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Vector productivity evaluation (AAV2) of HEK293T 
overexpressed stable pools via triple‑plasmid 
transient transfection

Traditional transient transfection was conducted to produce 
rAAV vectors in both the overexpressed stable cells and 
the parental cells. We evaluated how the overexpression 
of candidate genes affects vector productivity under both 
low-producing and high-producing conditions, assuming 
that lower stress level is associated with low heterologous 
protein production, whereas elevated cell stress is linked to 
higher protein production. Two sets of transient transfection 
process parameters were selected: The first parameter was 
the low-producing condition (as shown in Supplementary 
Table S3), which followed the PEIpro® manufacturer pro-
tocol. The high-producing condition (as shown in Supple-
mentary Table S4) was the optimal condition based on the 
literature (Grieger et al. 2016; Gu et al. 2018; Zhao et al. 
2020). The genome titer and VCD were measured 68 h post-
transfection (i.e., 68 HPT) for both conditions.

In the low-producing conditions (as depicted in Sup-
plementary Fig. S1), overexpressed HSPA6 stable cells 
displayed a genome titer comparable to that of the control, 
while the overexpression of the other three genes led to a 
decrease in the rAAV genome titer ranging from 30 to 60% 
in HEK293T. However, under high-producing conditions, 
all four genes showed significantly higher rAAV production 
than the control condition, with a titer improvement rang-
ing from 48 to 80% (see Fig. 3a). Specifically, in the case of 
BCL2 overexpression, there was a remarkable 79% boost in 
productivity, while HSPA6 overexpression resulted in a 54% 
increase, and GADD34 overexpression yielded an impres-
sive 71% increase in productivity. Furthermore, we observed 

additional pronounced and significant improvements in 
specific productivity in all four overexpressed stable cells: 
BCL2 + cells showed a 50% increase, XBP1 + cells exhibited 
a substantial 91% increase, HSPA6 + cells demonstrated a 
remarkable 116% increase, and GADD34 + cells showed a 
notable 93% increase (see Fig. 3b). The VCD and viability 
for high-producing condition are shown in Supplementary 
Table S5. We also noticed that vector productivity improve-
ment was not directly proportional to the rise in transcript 
levels of the candidate genes. This phenomenon may arise 
from variations in mRNA half-life in the cells and differ-
ences in the translation efficiency across individual genes 
(Metkar et al. 2024).

Packaging quality evaluation of AAV2 via capsid 
titer quantification for HEK293T overexpressed 
stable cells

The capsid titer is defined as the total number of synthesized 
capsid particles as quantified using ELISA. The packaging 
efficiency, expressed as the ratio of the genome titer (in 
vg/L) to the capsid titer (in capsid/L or abbreviated as cp/L) 
(i.e., the full capsid ratio), was assessed in HEK293T cells 
under high- and low-producing conditions using the meth-
odology outlined in a prior study (Fu et al. 2023a). Figure 3c 
and d show the capsid titer and packaging efficiency under 
high-producing conditions. Supplementary Fig. S1 b and c 
show the same data for the low-producing conditions.

For the control groups, a capsid titer of 5 ×  1013 cp/L was 
achieved under high-producing conditions, while a capsid 
titer of 5 ×  1012 cp/L was observed under low-producing 
conditions. Notably, under both conditions, the capsid titer 
remained relatively constant between the overexpressed 

Fig. 2  a Transcript level fold change of candidate genes (overex-
pressed stable cell pools/parental cells), normalized to housekeeping 
gene GAPDH. The data represent the mean and standard deviation 
of triplicate qPCR wells. b Primer design strategy for 5′/3′ junction 
PCR. c Verification of targeted integration at the AAVS1 locus by 5′/3′ 

junction PCR. d Gel electrophoresis image, sample name, and cor-
responding expected band size. HA-L represents left homology arm. 
HA-R represents right homology arm. Puro represents puromycin 
resistance gene sequence. CMV represents cytomegalovirus pro-
moter. N/A represents no specific defined band size
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stable cells and the parental control cells. One would expect 
that viral gene expression and viral protein production would 
be highly comparable because we employed an equal number 
of plasmids during transfection for both the overexpressed 
stable cell pools and the parental cells in rAAV production. 
The identical quantities of raw materials could explain the 
similar accumulation of capsids in all cases.

Packaging efficiency (the so-called full capsid ratio) 
is another important quality attribute for rAAV produc-
tion, and we observed noticeable improvement in all four 
overexpressed stable cells in high-producing conditions. 
Among them, XBP1 + (27.34%), HSPA6 + (24.43%), and 
GADD34 + (36.72%) stable cells demonstrated full capsid 
ratios significantly higher than the parental HEK293T cells 
(19.63%). This increased full capsid ratio in the overex-
pressed stable cells in high-producing conditions indicates 
the vital role these ER protein processing pathways and 
genes play in capsid protein biosynthesis, capsid assem-
bly, and packaging. In addition to measuring capsid titer by 
ELISA, employing transmission electron microscopy (TEM) 
for direct visualization of viral vector particles might also 
be useful to evaluate the impact of the overexpression on 
vector quality. However, we find no significant difference 
in the full capsid ratios between the overexpressed groups 
and the control group in low-producing conditions. The 
relatively low ER stress in low-producing conditions might 

be effectively addressed by the inherent ER stress–process-
ing genes in the control group; thus, the overexpression of 
these ER stress–processing genes is unlikely to provide 
additional stress relief. Moreover, the overexpression of ER 
protein–processing genes might play a more important role 
as ER stress escalates beyond the capacity of inherent stress-
processing genes to alleviate it.

Assessment of alternate rAAV serotype (AAV8) 
production in HEK293T cells

To investigate whether the serotype determines the overex-
pression effects of ER protein processing genes on rAAV 
production, we conducted additional transient transfections 
for AAV8 production in the XBP1 + , HSPA6 + , GADD34 + , 
BCL2 + , and parental HEK293T cells. The transfection 
parameters were identical to those used in the AAV2 high-
producing condition. The genome titer and VCD were meas-
ured at 68 HPT. In general, under the same transfection con-
ditions, a higher titer was achieved for AAV8 production 
(1.18 ×  1014 vg/L) than that achieved for AAV2 production 
(2.60 ×  1013 vg/L) in HEK293T parental cells. Figure 4 
provides more detail about the genome titer and specific 
productivity, and Supplementary Table S6 shows the VCD 
and viability on harvest. The genome titers were higher in 
the overexpressed cells than in the parental cells. The result 

Fig. 3  Transient transfection for 
AAV2 production in HEK293T 
cells for both overexpressed 
stable pools and parental cells 
in the high-producing condi-
tion. a Genome titer in vg/L 68 
HPT. b Specific genome titer 
Qp in vg/cell × h at harvest. c 
Capsid titer in cp/L 68 HPT. 
d Packaging efficiency. The 
error bar indicates the mean 
and standard deviation derived 
from biological triplicates. To 
evaluate significant difference 
between treatment and parental 
groups, an unpaired two-tailed 
Student t test was conducted. 
p values < .05 were considered 
statistically significant. *p < .05, 
**p < .01, ***p < .001
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was a 46–100% increase in genome titer. The statistical p 
values further confirm the significance of the titer change. 
The improvement using both serotypes (AAV2 and AAV8) 
suggests the broad applicability of the overexpression of ER 
protein processing genes (XBP1, HSPA6, and GADD34) and 
anti-apoptotic genes (BCL2) as an engineering strategy in 
rAAV manufacturing.

Vector productivity evaluation (AAV2) in HEK293 
overexpressed stable pools

In the production of viral vectors for gene therapies (e.g., 
rAAVs), the HEK293 and HEK293T host cell lines have 
been studied the most thoroughly. However, despite higher 
viral vector yields in general, the use of HEK293T cells 
still raises safety concerns due to the presence of an SV40 
T antigen–encoding sequence (De et al. 2023; Zhao et al. 
2020). We applied the same processes to HEK293 cells to 
evaluate whether the improvement associated with ER pro-
tein processing gene overexpression is cell line dependent. 
The duplicated processes included the stable integration of 
identified candidate genes to safe harbor sites, the evaluation 
of target gene expression levels in the stable pools, and tran-
sient transfection assessment for rAAV production in both 
high- and low-producing conditions for AAV2 production.

The transfection parameters were the same as those used 
for the HEK293T cells. As shown in Fig. 5 and Supplemen-
tary Fig. S2, the overexpression enhanced the genome titer 
and the specific productivity in the high-producing condi-
tion, but no significant impacts were observed in the low-
producing condition in HEK293 cells. In high-producing 
cases, the overexpression of the anti-apoptotic gene BCL2 
led to a statistically significant increase (55%) in genome 
titer. The overexpression of the ER processing gene HSPA6 
resulted in a 102% increase in genome titer, the overexpres-
sion of XBP1 contributed to a 70% increase, and the over-
expression of GADD34 resulted in a 91% boost in genome 
titer. The VCD and viability for high-producing condition in 
HEK293 are shown in Supplementary Table S7. This result 
confirms that ER protein processing gene overexpression is 
beneficial for viral vector production. However, the positive 
impacts of each specific gene on genome titer (which ranged 
from 50 to 100%) were cell line dependent.

Discussion

The therapeutic application and commercialization of 
rAAV gene therapies have been hindered by manufactur-
ing difficulties and high production costs. Triple transient 
transfection in HEK293 cells is the common platform for 

Fig. 4  Transient transfection for 
AAV8 production in HEK293T 
cells for both overexpressed 
stable pools and parental cells 
in the high-producing condition. 
a Genome titer in vg/L 68 HPT. 
b Specific genome titer Qp in 
vg/cell × h at harvest. The error 
bar represents the mean and 
standard deviation for biological 
triplicates (n = 3). p values < .05 
were considered statistically 
significant. *p < .05, **p < .01, 
***p < .001

Fig. 5  Transient transfection for 
AAV2 production in HEK293 
cells for both overexpressed 
stable pools and parental cells 
in the high-producing condition. 
a Genome titer in vg/L 68 HPT. 
b Specific genome titer Qp in 
vg/cell × h at harvest. The error 
bar represents the mean and 
standard deviation for biological 
triplicates (n = 3). p values < .05 
were considered statistically 
significant. *p < .05, **p < .01, 
***p < .001
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rAAV vector production. Thus, cellular features char-
acterized during vector production provide relevant 
information for cell line engineering and productivity 
improvement.

A prior study using transcriptomics demonstrates that 
viral protein synthesis and replication trigger ER stress 
(Wang et  al. 2023). Downstream UPR pathways were 
highly recruited to prohibit host cell stress, ensuring the 
survival of the cell and the production of the viral vector 
(Wang et al. 2023). GADD34, HSPA6, and XBP1 were 
identified as molecular features for high producers, and 
these genes were involved in three respective UPR signal-
ing pathways. In this study, we utilized a cell line engi-
neering strategy to stably integrate candidate genes and 
increase their expression levels. Different strategies (e.g., 
medium supplementation targeting the specific pathway, 
transient gene expression) can also be applied to achieve 
target gene overexpression. However, stable overexpres-
sion is more favorable for long-term manufacturing pro-
cesses where there is no need for additional small mol-
ecules or transfection using expensive plasmids. Thus, 
each gene was stably integrated into parental HEK cells 
to derive the overexpressed stable pools, which were later 
assessed for their vector production capability. All these 
evaluations were conducted as a proof-of-concept study 
to validate the essential roles of genes associated with ER 
protein processing during vector production.

ER protein processing pathways involved in vector 
production

Figure 6 provides details on the UPR signaling pathways 
and associated genes investigated in this study, including 
UPR signaling through PERK, IRE1α, and ATF6. The figure 
describes the pathways and provides the reason for selecting 
each candidate gene as well as its potential roles in vector 
productivity.

UPR signaling through PERK and GADD34: PERK is a 
kinase that phosphorylates eIF2α (a translation initiation fac-
tor) and temporarily attenuates protein synthesis when acti-
vated by ER stress (Kaufman 2002; Ron and Walter 2007). 
This translation attenuation is intended to reduce the ER 
protein load and alleviate ER stress. Simultaneously, phos-
phorylated eIF2α can trigger an ATF4-involved feedback 
loop to dephosphorylate eIF2α and restore normal protein 
synthesis by upregulating GADD34 (Novoa et al. 2001). 
ER stress can also induce apoptosis if such UPR-adaptive 
responses are insufficient to relieve the stress and ensure cell 
survival (Ron and Walter 2007). Here, GADD34 can restore 
protein translation when unfolded proteins accumulate as a 
result of viral protein synthesis and ER stress (Novoa et al. 
2001). The overexpression of GADD34 in this study could 
hypothetically restore viral protein synthesis and thereby 
promote capsid formation.

UPR signaling through IRE1α and XBP1: IRE1α is a pro-
tein kinase that can induce RNase activity under ER stress 
(Credle et al. 2005). This RNase activity can splice mRNA 

Fig. 6  ER protein processing pathways involved in this study, 
including UPR signaling through PERK, IRE1α, and ATF6. XBP1s 
represent multiple X-box binding proteins. CHOP represents C/

EBP-homologous protein (CHOP). PPP1R15B represents protein 
phosphate 1 regulatory subunit 15B. All abbreviations shown in the 
figure represent encoded proteins by corresponding genes
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that encodes XBP1 and activate its transcription. This can 
further upregulate the genes involved in the expression of 
ER chaperones, ER protein translocation, ER protein fold-
ing, ER protein secretion, and the degradation of misfolded 
proteins (Calfon et al. 2002; Kaufman 2002; Lee et al. 2003; 
Yoshida et al. 2001). In this research, overexpressed XBP1 
theoretically upregulates the transcription of genes that 
can facilitate ER protein folding, translocation, and secre-
tion; which is beneficial for protein synthesis and capsid 
formation.

UPR signaling through ATF6: Acting parallel to XBP1, 
ATF6 can also be cleaved and activated under ER stress, 
thus further upregulating the genes that encode ER chaper-
ones and enzymes (Shoulders et al. 2013; Wu et al. 2007). 
Both genes can promote the proper folding, maturation, and 
secretion of proteins (Shoulders et al. 2013). HSPA6 is a 
heat shock protein that can function as an ER chaperone to 
facilitate proper folding and protect cells from stress (Munro 
and Pelham 1986). Heat shock proteins have been reported 
to participate in various stages of viral infection (e.g., viral 
gene expression, virus replication, virus assembly) (Wan 
et al. 2020). The overexpression of HSPA6 should also bene-
fit vector production. In this study, BCL2 was overexpressed 
to decrease the apoptosis induced by the transfection process 
and accumulated ER stress, increase cell performance, and 
thus increase productivity.

Improvement of rAAV productivity and quality 
by overexpression of ER protein processing genes 
in HEK293T cells

HEK293T XBP1 + , GADD34 + , HSPA6 + , and BCL2 + sta-
ble cells exhibited improved genome titer and packaging 
efficiency than the parental cells in the high-producing con-
dition. No significant impact was observed for any candi-
date gene overexpression in the low-producing condition. 
We hypothesized that in the high-producing condition, more 
protein synthesis leads to more viral protein accumulation in 
the ER, which increases ER stress.

The overexpression of the ER protein processing genes 
involved in adaptive UPR pathways assumes a more essen-
tial role in alleviating ER stress, thereby improving protein 
folding for vector preparation and vector packaging. Another 
noticeable observation was that the capsid amounts pro-
duced in the overexpressed HEK293T cells were compa-
rable to the parental cells. The marginal impact on capsid 
titer, combined with a remarkable improvement in packaging 
efficiency, suggests that (a) the improved genome titer was 
achieved without altering the total capsids produced and (b) 
the enhanced viral protein folding and vector packaging in 
the overexpression group improved packaging efficiency.

Additionally, cell growth in the overexpressed groups was 
lower than that of the negative control group. With decreased 

VCD in the overexpressed cells, significant improvements 
in specific productivity were observed (approximately one-
fold), with the overexpression of BCL2, HSPA6, GADD34, 
and XBP1, respectively. With the stable integration of these 
ER protein processing genes, the continuous expression of 
these GOIs might consume nutrients and substrates, slowing 
down overall cell growth. In addition, this more effective 
protein folding might increase the ER burden and promote 
cell apoptosis. Also, the enhanced viral packaging process 
consumes extra energy, and this might explain the low per-
formance in cell growth.

Broad applicability: various HEK293 cell lines 
and serotypes (AAV2 and AAV8)

To evaluate how parental cell line and AAV serotypes affect 
ER protein processing genes in terms of vector productiv-
ity and quality, we developed stable cell pools with overex-
pressed genes in both HEK293T and HEK293 cell lines and 
then compared the production of two serotypes (AAV2 and 
AAV8) in HEK293T cells. Similarly to what we observed in 
HEK293T, we find that the overexpression of all candidate 
genes in HEK293 cells significantly increased productivity 
in the high-producing condition, while the genome titer was 
either comparable to or lower than the low-producing condi-
tion. This overall consistency in titer improvement across 
both HEK293T and HEK293 cell lines confirms the impor-
tance of these ER processing genes across different cell 
lines. Additionally, although the extent of the improvement 
might vary, we observed a similar trend of rising AAV2 
and AAV8 productivity under high-producing conditions in 
the HEK293T cells. We observed that the genes involved 
in ER processing play a role in enhancing rAAV produc-
tion, and this effect is consistent across various cell lines 
and serotypes.

In the future, various overexpression combinations of ER 
processing genes may offer a much better improvement in 
vector productivity and overall product quality. Additionally, 
altering the expression levels of these genes could serve as 
a way to fine-tune the degree of improvement, similar to 
a previous study on lentiviral vector production (Formas-
Oliveira et al. 2020). Additionally, a thorough investigation 
of cellular mechanisms might be necessary to fully elucidate 
the connection between ER stress, triggered UPR, and viral 
vector productivity. Cell stress assay that can produce fluo-
rescent protein when the cells endure ER stress or UPR can 
be applied as the marker of cellular stress in the future (Har-
len et al. 2019; Mohammed et al. 2023). Moreover, as more 
researchers devote their time and resources to constructing 
stable producers for vector manufacturing, any promising 
insights obtained from the transient transfection production 
process (e.g., enhancing ER processing genes for higher 
packaging efficiency) could offer valuable inputs and could 
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be applied to a stable production system, thus alleviating 
the existing bottleneck in rAAV biomanufacturing from a 
cellular physiology perspective (Escandell et al. 2023; Fu 
et al. 2023b; Jalšić et al. 2023; Lee et al. 2022).

Overall, this study unveils the significant role of ER pro-
tein processing pathways in rAAV capsid synthesis and vec-
tor preparation. The observed genome titer improvement is 
beneficial from improved protein formation, capsid quality, 
and enhanced packaging efficiency. The overexpression of 
XBP1, HSPA6, and GADD34 in HEK293T cells increased 
rAAV productivity by up to 100%, increased the specific 
rAAV productivity by up to 78%, and increased the full cap-
sid ratio value up to 37%. Furthermore, this productivity 
improvement was validated across different HEK293 cell 
lines (HEK293 and 293T cell lines) and various AAV sero-
types (AAV2 and 8), although the extent of the enhance-
ment might vary slightly. These findings further validate the 
molecular features identified from omics studies, and they 
suggest that cell line engineering can serve as a promising 
strategy to enhance vector yield and quality.
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