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identifies epigenetic and cell cycle
regulators that enhance AAV production
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Recombinant adeno-associated virus (rAAV) is a widely used
viral vector for gene therapy. However, these vectors have
limited availability due to manufacturing challenges with
productivity and quality. These challenges can be addressed
by better understanding the mechanisms that influence
cellular responses during rAAV production. In this study,
we aimed to identify targets that may enhance rAAV produc-
tion using transcriptomic analyses of five cell lines with var-
iable capacities for rAAV production. Using an intersec-
tional approach, we measured the transcriptional responses
of these cells during rAAV production and compared tran-
scriptional profiles between high and base producers to iden-
tify possible targets for enhancing production. During rAAV
production, we found transcriptional differences in cell cycle
and nucleosome components contributed to proliferative
capacity and DNA replication. We also saw upregulation
of several core functions, including transcription, stress
response, and Golgi and endoplasmic reticulum organiza-
tion. Conversely, we saw consistent downregulation of other
factors, including inhibitors of DNA-binding proteins and
mitochondrial components. With a drug-connectivity anal-
ysis, we identified five classes of drugs that were predicted
to enhance rAAV production. We also validated the efficacy
of histone deacetylase and microtubule inhibitors. Our data
uncover novel and previously identified pathways that may
enhance rAAV production and quality to expand availability
of rAAV for gene therapies.
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INTRODUCTION
Adeno-associated viruses (AAVs) are nonpathogenic, single-
stranded DNA viruses that are widely used for in vivo gene delivery.
Recombinant AAVs (rAAVs) have gained popularity in the gene
therapy field due to their well-established safety profile, broad and
tunable tropism, and nonpathogenic nature.1,2 As of 2024, seven
rAAV gene therapies have been approved and are commercially
available.3,4 Several programs are in late-stage clinical development,
and hundreds are in earlier stages of development.5,6 However,
given the promise of curative rAAV therapies, gene therapy devel-
opers require high doses of vectors, especially for systemically deliv-
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ered AAVs. Also, there is growing emphasis on enhancing the qual-
ity of rAAV vectors through reducing plasmid- and host-derived
impurities and partially packaged vectors.7,8 Yet, these efforts
have been hindered by challenges with rAAV production and
manufacturing at scale.

Current methods of rAAV production result in relatively low volu-
metric yields, estimated at 1,000- to 4,000-fold lower than mono-
clonal antibody production.8 This low yield may be due to inefficient
manufacturing processes related to our limited biological understand-
ing of cell-based rAAV production. rAAVmolecules are complex and
require careful assembly of 60 protein subunits to form the capsid and
then incorporate a single-stranded DNA molecule.9–11 The low yield
may also be related to cell-based biomanufacturing platforms12,13 that
often use cells outside of their evolutionary context as biologic-pro-
duction factories. As a result, current off-the-shelf production plat-
forms may not push rAAV production beyond the physiologic limits
of unmodified cells. Also, the rAAV production process requires pre-
cise kinetics of expression and stoichiometric ratios of replicase (Rep)
and capsid (Cap) helper elements.14 Rep expression induces cell cycle
arrest,15 and the helper gene E4 activates the stress and DNA damage
response, resulting in apoptosis.16 Furthermore, during viral replica-
tion and assembly, rAAV production is limited by activation of host-
cell defense and antiviral response pathways,7 as well as other
unknown molecular barriers.11,14 By better understanding and elim-
inating these challenges, we could enhance the efficiency of viral repli-
cation and assembly.

To further understand pathways that are altered during rAAV pro-
duction, we analyzed RNA expression patterns over time using five
HEK293 cell lines. We hypothesized that by identifying dysregulated
pathways during rAAV production and studying transcriptional dif-
ferences between base and high producer cell lines, we could uncover
valuable targets that enhance AAV production.
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Figure 1. Clonal cell line generation with improved

AAV9 yields

(A) Schematic of workflow for single-cell cloning and

isolation of HEK293 clones with improved AAV production

capacity. The Solentim VIPS single-cell seeder was used to

isolate clonal HEK293 cells using a two-step clonality

verification process. (B) Subclone selection strategy for

identifying the top AAV9 producer clonal cells. (C)

Approximately 300 single-cell-derived HEK293 clones

were identified based on growth. The 24 top-performing

colonies were selected based on transfection efficiency

and AAV9 production. (D) After suspension adaptation,

AAV productivity of the best suspension-adapted clones

was measured relative to AC1P (parental polyclonal cell

line). n = 1–2 replicates per cell line. Data are shown as

mean ± SD fold-change from AC1P (control).
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RESULTS
Generation of clonal cell lines with greater AAV9 yields

To identify robust and widely applicable transcriptional changes
during AAV9 production, we used HEK293 cells from two separate
sources: Expi293F (“293F” for short) from Thermo Fisher Scientific
and HEK293 cells (“AC1P” for short) from Cytion (Table S1).
First, standard AAV production protocols were developed
using triple-plasmid transfection in both 293F and AC1P cells
(Figures S1A and S1B). The same transfection protocol was used
for both cell lines. See Figure S1C for typical transfection rates
based on flow cytometry. Then, cell growth, cell viability, and
AAV9 capsid titer were monitored for 10 days after transfection
(Figures S1D–S1F).

To identify cell clones with higher AAV production potential, we
isolated clonal cell lines from AC1P (polyclonal) cells using the
Solentim VIPS (Verified In-Situ Plate Seeding) single-cell seeder
2 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
(Figures 1A and 1B). During seeding and colony
growth, clonality was ensured with a double-im-
aging system (once at droplet dispense and again
at whole well imaging; Figure S1G). Approxi-
mately 300 clonally derived AC1P colonies were
screened for transfection efficiency and AAV9
production in adherent culture format (Fig-
ure 1C). Based on these parameters, the top 24
clones were selected to convert to suspension
format for further development and characteriza-
tion. Among these clones, transfection efficiency
averaged 14.4% ± 5.3%. (Figure 1C). The rela-
tively low transfection efficiencies in this initial
screen were possibly due to the growth format
and handling of the cells before transfection,
as well as the underestimate of the true transfec-
tion efficiency via imaging (see materials and
methods; compare with Figure S1C). During the
suspension-adaptation phase, the cell viability
and growth rate of these clones were measured
(Figures S1H and S1I). After a 9-day suspension-adaptation phase,
the top 12 clones were selected based on cell growth and viability,
and then expanded in 125-mL shake flasks for secondary screens of
AAV9 production. Several clonal cell lines showed greater AAV9 pro-
duction than the 293F and AC1P parental lines (Figure 1D).

Cell line selection and RNA-seq experimental design

Of the clonal cell lines, we selected the top three AAV producers
(AC230, AC112, AC203; Figure 1D) for transcriptomic analysis
alongside 293F and AC1P (Table S2). Each of these lines underwent
triple-plasmid transfection in 125-mL shake flasks. Samples for RNA-
seq analysis were collected before transfection (0 h) and during AAV9
production (24 and 72 h after transfection) (Figure 2A). The AAV9
vector genome (vg) titer of these samples was measured at 72 h after
transfection (Figure 2B). Next, to identify genes associated with
different AAV yield phenotypes, we classified cell lines into two cat-
egories: “base” producers (293F and AC1P) and “high” producers
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Figure 2. RNA-sequencing experimental strategy and

top differentially expressed gene sets for high vs.

base AAV producer cell lines

(A) Workflow and experimental design for RNA-sequencing

analysis during AAV production. The 293F, AC1P (poly-

clonal cell line), and three clonally derived cell lines from

AC1P were used for the analysis. Samples were collected

at 0 h (hr; before transfection) and at 24 and 72 h after triple-

plasmid transfection. Three small-scale shake flasks were

used per condition. (B) The AAV9 vector genome titer of all

five cell lines was measured at 72 h. The 293F and AC1P

cells were designated as “base producers” with an average

titer of approximately 2.4E9 vg/mL. AC112 and AC230

were designated as high producers with an average titer of

approximately 1.1E10 vg/mL. n = 3 replicates per cell line.

Data are shown as mean ± SD. (C) Uniform manifold

approximation and projection (UMAP) and (D) gene corre-

lation matrix of the five HEK293 cell lines show high

reproducibility among replicates. RNA expression differ-

ences between cell lines are greater drivers of variability

than differences between timepoints after transfection. (E)

Heatmap of differentially enriched genes and functional

categories in higher AAV producer cells (AC230 and

AC122) vs. base producer cells (AC1P and 293F). Differ-

entially enriched transcripts were manually categorized into

cell cycle modulators, cell signaling, extracellular matrix/

adhesion, ion transport, mitochondrial, heat-shock protein

(HSP), and cell fate and differentiation.

www.moleculartherapy.org
(AC112 and AC230). To keep the analysis balanced, the AC203 cell
line (mid-producer) was excluded from this comparison. Base pro-
ducers yielded an average of approximately 2.4E3 vg/cell and high
producers yielded an average of approximately 1.1E4 vg/cell
(Figure 2B).

The bioinformatics workflow on raw data and quality control
parameters are outlined in Figures S2A–S2C. Uniform manifold
approximation and projection (UMAP), as well as RNA expression
correlation analyses, indicated high reproducibility among replicates
Molecular Therapy: Methods &
(Figures 2C and 2D). UMAP-based clustering
suggested that transcriptional differences be-
tween cell lines were greater drivers of variability
than differences between timepoints after trans-
fection (Figure 2C). Correlation analysis revealed
that 293F cells exhibited notable divergence in
expression profiles from AC1P, AC112, AC203,
and AC230 (Figure 2D). We expected this result
because the latter three clonal lines were all
derived from the AC1P parental line. This result
also suggests that any differential expression
between high and base producers could be driven
by the 293F line, which is reflected in a series of
pairwise differential expression analyses between
all cell lines (Figure S2D).
RNA-seq analysis identifies differentially expressed pathways

associated with improved AAV production

To identify gene expression patterns associated with improved AAV
production, we compared gene expression patterns among the high
producers (AC230, AC112) and base producers (AC1P, 293F) before
transfection (0 h) (Figure 2B). Between the base and high producers,
801 genes were differentially expressed (|log2 [fold-change] | > 0.5;
adjusted p value <0.05). Of those genes, 327 were significantly upre-
gulated and 474 were significantly downregulated in high producers
(Table S3).
Clinical Development Vol. 32 December 2024 3
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To identify significantly enriched and depleted pathways in high vs.
base producers, we performed Reactome pathway analysis using the
full list of differentially expressed genes.17 We found that these genes
commonly influence pathways that regulate the cellular stress
response (interleukin signaling, apoptosis, heat shock), cell state
(cell fate and differentiation, cell cycle), extracellular matrix/adhesion
organization, and ion transport. We hypothesize that one or more of
these pathways may contribute to enhanced AAV production in
AC230 and AC112 (Figure 2E).

Because the expression profile of the 293F cell line was notably
different from the other four cell lines (Figures 2D and S2D), we per-
formed an additional differential expression analysis without the 293F
cell line (comparing the AC1P parental line vs. the two high producers
AC112 and AC230). The same significance and fold-change thresholds
were applied for this analysis (adjusted p < 0.05; |log2fold-
change| > 0.5). Approximately 44% of the 289 differentially expressed
genes identified in this analysis overlapped with those reported in Fig-
ure 2E (293F included) (Figure S2F). Next, we performed gene
ontology analysis using the list of 289 differentially expressed genes.
Overrepresented ontological groups that overlapped with the analysis
reported in Figure 2E included signaling, cell differentiation, extracel-
lular matrix, and adhesion-related groups (Figure S2G). These results
highlight the importance of cell line choice in RNA-seq experiments.

AAV production is associated with transcriptional modulation of

cell state, signal transduction, homeostasis, and extracellular

interactors

We further analyzed the subset of time-dependent expression differ-
ences that were shared among all five cell lines during AAV produc-
tion. We identified genes that were differentially expressed at 24 and
72 h after transfection vs. before transfection (0 h). At 24 h, 499 genes
were differentially regulated, of which 228 were significantly upregu-
lated and 271 were significantly downregulated. At 72 h, 542 genes
were differentially expressed, of which 481 were significantly upregu-
lated and 61 were significantly downregulated (Figure S2E and
Table S3).

Withmanual pathway analysis of differentially expressed genes, we un-
covered an array of fundamental host-cell processes that were altered
during AAV production. Some of these processes overlap with those
uncovered with the Reactome pathway analyses (Figure 2E). Notably,
among the top upregulated genes during AAV production, several
were involved in cell fate and differentiation (e.g., CELSR3,
TNFRSF12A, LIF), signal transduction (e.g., INHBE, AMH, TNFRSF9),
cell cycle regulation (e.g., GADD45B, CEND1, NABP1), protein ho-
meostasis (e.g., various heat shock protein family members), and tran-
scriptional activation (e.g., FOSB, ETV4, ETV5, RELB, MYB). Among
the most significantly downregulated factors were negative regulators
of transcription (e.g., ID1, ID2, ID3) and extracellular matrix/cell adhe-
sion molecules (e.g., HAS2, COL3A1) (Figures 3A–3D).

Recent transcriptional studies implicated many of the same pathways
and processes that we identified in AAV production, despite varia-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
tions in study design, including plasmid and cell sources, transfection
conditions, and growth media (Table S1). For example, Wang et al.18

identified several upregulated stress-response and homeostatic genes
that align with our data, including HBB,HSPA6, and CCL5, as well as
genes that encode microtubule-interacting proteins STMN4 and
DNAH17 (Figures S3A–S3C). Also, Chung et al.7 reported transcrip-
tional upregulation of nucleosome assembly, inflammatory, viral
response, and histone genes during AAV production. We observed
similar trends in our dataset, with significantly higher nucleosome as-
sembly and histone genes and, with a few exceptions, slightly
higher inflammatory response and virus defense genes at 72 h
(Figures S3D–S3F). We detected activation of only a handful of up-
stream regulators of differentially expressed genes reported by Chung
et al.7 (Figure S3G).

Intersectional analysis reinforces involvement of transcription,

cell proliferation, and extracellular matrix organization in AAV

production

Ultimately, we aimed to identify genes that were both involved in
AAV production and associated with higher AAV production. To
this end, we analyzed the intersect between genes that were (1)
modulated during AAV production and (2) differentially expressed
between high and base AAV producer cells. For this analysis, we first
identified all unique genes that were either upregulated or downregu-
lated between any two timepoints during AAV production. Second,
we identified genes that were either upregulated or downregulated
at all timepoints (before transfection and at 24 and 72 h after trans-
fection) in high AAV-producing cell lines. This analysis identified
1,143 unique genes that were modulated during AAV production.
Of these genes, 110 were upregulated and 245 were downregulated
in high producers at all timepoints (Table S5).

Next, we aimed to identify targets that may enhance AAV production
in HEK293 cells. To this end, we analyzed the intersect between differ-
entially expressed genes during AAVproduction (1,143) and those that
were upregulated (110) and downregulated (245) in high producer
cells (Figure 3E). The genes that were differentially expressed during
AAV production and upregulated in high producers included regula-
tors of proliferation (BTNL9, EMX2OS, MATK, RASSF1), transcrip-
tion factors (RELB, ZNF692), and nuclear pore complex components
(NPIPB6, NPIPB9). The genes that were differentially expressed during
AAV production and downregulated in high producers included viral
DNA-targeting cytosine deaminases (APOBEC3B/C), positive regula-
tors of proliferation (CDK5, MFAP2, PTGIS, RAB3B, TNFRSF12A),
and stress-response genes (GSTO2,HMOX1, HSPB8, IFI6). Also, genes
for several cell adhesion and extracellular matrix molecules were
modulated during AAV production and upregulated (CDH23,
COL17A1, COL18A1, JAM2, TNXB) or downregulated (BCAM,
COL4A5, COL4A6, COL5A2) in high producer cells.

A model for AAV production based on coordinated regulation of

multiple cellular processes

To better understand the regulatory events that underlie AAV pro-
duction, we identified several cellular processes that were significantly
er 2024
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Figure 3. RNA sequencing reveals modulation of

transcription, protein homeostasis, signal

transduction, and cell cycle regulation during AAV9

production

(A) Scatterplot comparing fold-change gene expression at

0 h (hr; before transfection) vs. 72 and 24 h during AAV

production. Data averaged from all five cell lines and three

replicates per time point. Several gene families and genes

of interest are highlighted. (B) Pathway analysis of differ-

entially expressed genes shows upregulated transcripts

represent transcription factors, heat shock proteins,

signal transduction molecules, cell cycle regulators, and

heme signaling molecules. Other upregulated processes

include microtubule destabilizers, Golgi organization, and

vesicle transport. Downregulated transcripts include in-

hibitors of DNA-binding and extracellular matrix proteins.

(C) Heatmap of most significant differentially expressed

genes at 24 and 72 h during AAV production. Data aver-

aged from all five cell lines and three replicates per time

point. Color scale represents log2 (fold-change) expres-

sion from before transfection. (D and E) Heatmaps of the

intersection of genes modulated during AAV production

with genes downregulated (D) and upregulated (E) in high

AAV producer cell lines. Color scale represents log2
(counts per million), averaged across replicates and

normalized from 0 to 1 for each gene. neg, negative.
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upregulated and downregulated based on a gene ontology (GO) anal-
ysis. Among the most significantly downregulated GO terms were
glutathione-related processes, suggesting a role for oxidative stress
in AAV production. Other significantly downregulated GO terms
included mitochondrial processes (particularly electron transport),
nicotinamide-adenine dinucleotide (NADH) dehydrogenase, and
respiratory chain complex I. Collagen fibril organization was also
significantly downregulated, further implicating the importance of
extracellular interactions in AAV production. Conversely, the most
significantly upregulated GO terms included amino acid transport,
stress response, RNA polymerase activity, endoplasmic reticulum
Molecular Therapy: Methods & C
stress, and Golgi cisterna membrane compo-
nents (Figures 4A and 4B). Other upregulated
GO terms included nuclear pore complex and
histone components, reflecting the importance
of nuclear transport and viral DNA replication
during AAV production (Figure 4B).19,20

Within each of these GO terms, we categorized
the list of differentially expressed genes at 72 h
after transfection. Aligned with the upregulated
transcriptional activators (Figures 3C and 3D),
we saw strong and coordinated downregulation
of inhibitors of DNA-binding genes (ID1, ID2,
ID3). We also saw downregulation of negative
regulators of transcription, including MAFB
and SMAD6 (Table S4). Further, we saw coordi-
nated downregulation of subunits comprising
the proteasome (e.g., PSMD9, PSMA6) and the mitochondrial ribo-
somal proteins and electron transport chain. This finding suggests
broad downregulation of protein turnover and energy production
pathways during AAV production (Figures 4C and S4A). We also
saw upregulation of genes involved in amino acid transport (e.g.,
SLC3A2, SLC1A3), Golgi (e.g., GOLGA8A, GOLGA8B), nuclear
pore complex (e.g., NPIPA1, NPIPB9), and nucleosome assembly
(e.g., H1-2, H2BC5) (Figures 4D and S4B). These findings
highlight that a cellular transition from oxidative energy production
to biomolecular synthesis may be important for AAV production.
Interestingly, we found opposing regulation of two cytoskeletal
linical Development Vol. 32 December 2024 5
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components: tubulin, which was generally downregulated, and
myosin, which was generally upregulated. This finding suggests that
specific cytoskeletal rearrangements may support intracellular trans-
port of viral particles during AAV production.

Based on these results, we constructed a simple model of activated
and repressed pathways during AAV production (Figure 4E). This
model proposes specific cellular processes that may be targeted for
perturbation with the goal of enhancing AAV production for thera-
peutic use.

Drug-connectivity analysis identifies cell cycle and epigenetic

modulators that enhance AAV9 production

We leveraged our RNA-seq data to identify targets that could be phar-
macologically modulated to enhance AAV production. To this end,
we developed a workflow and triaging strategy to identify putative
pharmacological enhancers of AAV production (Figure S5A). We
performed two sets of analyses: one that included the 293F cell line
and one that excluded it. In both analyses, we identified enriched
and depleted targets or mechanisms of action during AAV produc-
tion. Approximately 1,000 compounds were predicted to modulate
the enriched pathways. This primary list was filtered to include
only annotated drugs with putative biological targets with a
p < 0.01 and a normalized enrichment score (NES) greater than 1.3
or less than �1.3. The analysis that included the 293F cell line pre-
dicted 266 drugs, while the analysis excluding the 293F cell line pre-
dicted 292 drugs to modulate the enriched pathways. Of these, 180
drugs were shared between the two analyses (Figure S5A). Both ana-
lyses shared over 85% identity in enriched and depleted targets and
mechanism of action during AAV production. Examples of enriched
targets and pathways included protein synthesis and tubulin poly-
merization, whereas depleted pathways included histone deacetylases
(HDACs) and cell cycle and cell signaling kinases (Figures 5A, 5B,
and S5B–S5G).

We focused on the 266 annotated compounds predicted to modulate
pathways during AAV production from the 293F-inclusive analysis.
Among the list of triaged compounds, 62 were available in our
small-molecule screening library.21 These compounds target the cell
cycle, cell signaling, DNA replication and synthesis, HDACs, ion
channels, protein homeostasis, and tubulin. These 62 compounds
were tested at 1-mM dose and screened for AAV9 capsid titer in
239F cells (Figure 5C).

Among the 62 compounds, 12 increased AAV9 production 1.5-fold
above baseline (approximately 19% hit rate), and three increased
Figure 4. Selection of differentially expressed cellular components and proces

(A and B) Gene ontology term analysis at 24 h (hr) (A) and 72 h (B) reveals downregula

during AAV production. Significantly upregulated GO categories include amino acid tran

processes reveal coordinated downregulation among inhibitors of DNA-binding, protea

and glutathione metabolic process genes during AAV production. (D) Volcano plots of

transport, myosin, Golgi, nuclear pore complex, and nucleosome assembly genes du

production points to targets that could be modulated to enhance AAV yield and quality

Molecular T
AAV9 production 3-fold above baseline (approximately 5% hit
rate). Then, we validated these results using the top two most well-
defined target classes, HDACs and microtubules, in the top AAV
producer line (AC230). For these studies, HDAC and microtubule in-
hibitors were first added at a single dose at the time of transfection in
AC230 cells. These inhibitors led to an AAV9 capsid titer up to
approximately 2- to 3-fold higher than with dimethyl sulfoxide
(DMSO) control (Figures S5H and S5I). In a follow-up study, a subset
of these inhibitors was tested at three doses in AC230 cells, and AAV9
vector genome titers were measured using qPCR. The AAV9 vector
genome titers were up to 1.8-fold higher with HDAC inhibitors and
up to 3.2-fold higher with microtubule inhibitors than with DMSO
(Figure 5D).

DISCUSSION
In this study, we combined transcriptional analysis with pharmaco-
logical perturbations to improve our mechanistic understanding of
key pathways involved in AAV production. We analyzed five
HEK293 cell lines with varying capacities for AAV production and
used RNA-seq to identify genes and pathways that are (1) modulated
during AAV production and (2) differentially expressed between base
and high AAV producers. Using this intersectional strategy, we iden-
tified a subset of novel and known pathways that are differentially ex-
pressed in host cells and could be targeted to enhance AAV
production.

We identified core cellular functions that were upregulated and
downregulated during AAV production. The upregulated functions
included transcriptional activation, cellular stress responses, signal
transduction, and cell cycle regulation. Conversely, the downregu-
lated functions included mitochondrial ribosomal and electron trans-
port components, proteasomal proteins, glutathione metabolic pro-
cess modulators, and transcriptional repressors. Many of these
processes were differentially expressed between base and high
AAV-producing cell lines. Using these results, we developed a general
cellular model for AAV production that is characterized by a complex
shift in cell state, with widespread modulation of energy production
and biosynthesis.

For the key pathways we identified in our study, we used drug-
pathway interaction analysis to predict, triage, and test the effects of
pharmacologic modulators of altered pathways during AAV produc-
tion. We tested a subset of these predicted compounds, and up to 19%
of them improved AAV production 1.5-fold above baseline. This
improvement is a substantially higher hit rate than if we had per-
formed an unbiased high-throughput screen, which has typical hit
ses incorporated into a model for AAV production

tion of mitochondrial, collagen, and glutathione and fatty acid metabolic processes

sport, stress response, and Golgi cisterna components. (C) Volcano plots of select

some, mitochondrial electron transport, mitochondrial ribosomal proteins, tubulin,

select processes reveal coordinated upregulation among hemoglobin, amino acid

ring AAV production. (E) Model of activated and repressed pathways during AAV

. NADH, nicotinamide-adenine dinucleotide.
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rates that range from 0.1% to 1%.22–24 These findings support that,
when seeking to improve viral production, selectively screening com-
pounds with a transcriptomics-informed strategy has a higher success
rate than a hypothesis-free approach. We further justified our
approach by identifying and validating HDAC and microtubule in-
hibitors as enhancers of AAV production. Our findings support
that targeting epigenetics, activating transcriptional machinery, and
modulating the cell cycle are important mechanisms in promoting
AAV production.

AAV production via plasmid transfection is associated with a
broad range of transcriptional responses in the host cell. For
example, transfection results in modulation of transcription that
is generally short-lived and returns to baseline by 24 h after trans-
fection.7 During AAV production, transcriptional machinery in the
host cell must produce both viral proteins and host-cell proteins
involved in downstream homeostatic responses. This duality was
evident in our data that showed upregulation of many transcrip-
tion factors during the mid-late phase of AAV production. These
upregulated factors included ETV4 and ETV5, which bind to the
enhancer of the adenovirus E1A gene and act as transcriptional ac-
tivators.25 The upregulated factors also included FOSB, RELB, and
MYB, which are known proto-oncogenes that control proliferation
and cell differentiation.26–28

Transcriptional upregulation of histones has also been reported dur-
ing AAV production.7 These findings support that epigenetic modu-
lation of transcriptional machinery is a key mechanism in enhancing
viral replication and production. We and others have shown that
HDAC inhibitors can increase AAV29,30 and lentivirus production.31

This increase is likely due to the capacity of HDAC inhibitors to stim-
ulate viral gene transcription through chromatin remodeling.32

We observed a coordinated downregulation of negative regulators of
transcription during AAV production. These negative regulators
included genes that encode inhibitors of the DNA-binding proteins
ID1, ID2, ID3, MAFB, and SMAD6, which may hinder viral replica-
tion. ID isoforms also may modulate cell growth, senescence, and dif-
ferentiation.33 MAFB represses erythroid genes, including the trans-
ferrin receptor that is essential for heme synthesis.34 This finding
aligns with our observed upregulation of HBB during AAV produc-
tion. SMAD6 acts as a transcriptional corepressor to inhibit bone
morphogenetic protein signaling in the nucleus via a negative feed-
back loop.35,36 Also, SMAD6 downregulation may be a compensatory
Figure 5. Pathway analysis identifies druggable pathways that may be modula

Normalized enrichment score (NES) analysis of targets and mechanism of action during

and (B) analysis excluding 293F cells, with p values <0.0, were used to identify enriched

and tubulin polymerization, whereas depleted pathways included histone deacetylases

signaling). (C) Data from 62 drugs that were tested at 1-mM doses and screened for fold

line. Among the 62 drugs, 12 increased AAV9 production 1.5-fold above baseline (ap

baseline (approximately 5% hit rate). (D) Validation studies using HDAC andmicrotubule i

AC230. The AAV9 vector genome titer was up to 1.8-fold greater with HDAC inhibitor

replicates per treatment. Data are shown as mean ± SD. MEK, mitogen-activated prot
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response to reduced ID1, ID2, and ID3, which are downstream effec-
tors of bone morphogenetic protein signaling.37,38

We observed opposing regulation of proliferative genes involved in
AAV production. Specifically, we saw a general upregulation of inhib-
itors of proliferation and downregulation of enhancers of prolifera-
tion among high AAV producers. These findings reflect that AAV
production is heavily influenced by phases of the cell cycle, with
AAV most effectively produced during the S/G2 phase.39 This
finding, coupled with a coordinated upregulation of histones during
AAV production (also reported by Chung et al.7), is characteristic
of the S phase of the cell cycle, when viral DNA replication is most
efficient.40,41 We also saw opposing regulation of tubulin and myosin
during AAV production, with tubulin isoforms generally downregu-
lated and myosin isoforms upregulated. Tubulin and myosin are
involved in mitotic spindle formation and, thus, affect cell cycle pro-
gression and proliferation.42,43 Myosin may also be used to transport
viral cargo during AAV production.

One way to boost AAV titers is to modulate the cell cycle. For
example, AAV titers were increased by arresting cells in the G2/M
phase using microtubule inhibitors (e.g., nocodazole).29 Also, AAV ti-
ters were increased in a gain-of-function screen using both CRISPR
(clustered regularly interspaced short palindromic repeats) activation
and transgene overexpression of spindle and kinetochore associated
complex subunit 2 (SKA2), and inositol 1, 4, 5-trisphosphate receptor
interacting protein (ITPRIP) increased AAV titer altering the host cell
cycle to increase replication of the AAV vector genome.22 In addition,
temperature shifts that synchronize the cell cycle can improve AAV44

and adenovirus45 production. Further, a slower rate of cell growth
may be beneficial during AAV production, because it reduces the
rate of plasmid loss and dilution.14 Reducing cell growth can also
divert less cellular machinery to host-cell DNA replication, and pro-
tein synthesis, thereby freeing cellular resources for vector amplifica-
tion, replication, and capsid assembly.

In our cell lines, AAV production was associated with widespread
modulation of various signaling pathways, including kinases and
other elements involved in growth factor signaling. Notably,
mitogen-activated protein kinases (MAPKs) are crucial signaling
molecules that regulate cell cycle, differentiation, and apoptosis.46,47

During AAV production, MAPK activity was negatively regulated.7

Also, dysregulation of MAPK signaling using miR-431 and miR-
636 improved AAV2 assembly and potency by >3-fold.48 These
ted to enhance AAV production

the early stages of AAV production (0 vs. 24 h [hr]). (A) Analysis including 293F cells

and depleted pathways. Examples of enriched pathways included protein synthesis

(HDACs) and various classes of kinases (mostly involved in the cell cycle and cell

-increases in AAV9 capsid titers vs. dimethyl sulfoxide (DMSO) controls in the 293F

proximately 19% hit rate), whereas three increased AAV9 production 3-fold above

nhibitors applied at three doses at the time of transfection in the top producer cell line

s and up to 3.2-fold greater with microtubule inhibitors than DMSO control. n = 3

ein kinase kinase; PI3K, phosphoinositide 3-kinase; SYK, spleen tyrosine kinase.
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findings underscore the intricate interplay between cell cycle regula-
tion and signaling pathways during AAV production and may offer
strategies to enhance AAV vector yields.

During viral production, cells undergo cellular stress that evokes an
array of responses via heat shock, unfolded protein response
(UPR), oxidative stress, and immune response pathways.7,18,49–51

Based on our data, some of the most significantly upregulated tran-
scripts during AAV production were heat-shock proteins (HSPs),
including HSPA6, HSPA1A, HSPA1L, HSPA1B, and the HSP90 co-
chaperone CHORDC1. HSPs can be activated by viral infection and
may suppress viral replication, or they may be modulated by the virus
itself to promote its replication.51,52 Also, HSP expression may be up-
regulated during AAV replication due, in part, to a large influx of
immature proteins into the endoplasmic reticulum and Golgi com-
plex, thus evoking a UPR. This possibility is supported by our dataset
that showed modulation of transcription factors that affect UPR,
including ATF6B and several CREB-related factors (Table S4).53,54

Oxidative stress due to mitochondrial damage50 can also upregulate
hemoglobin.55 In alignment with this finding, we observed upregu-
lated HBB, HBA1, and HBA2 at 24 and 72 h after transfection (Fig-
ure S4). Conversely, HMOX1 (heme oxygenase I) was significantly
downregulated during AAV production and in our high AAV pro-
ducers. HMOX1 is a stress-response gene, and its product catalyzes
the degradation of heme, an important cofactor of hemoglobin and
various enzymes.56 The byproducts of heme degradation include
scavengers of reactive oxygen species, which have anti-inflammatory
effects and can inhibit viral replication.57

Inhibiting stress-response pathways and apoptosis may also improve
viral yields. For example, interferons may activate the innate immune
response and apoptotic pathways during AAV production.7,18 Also,
inhibiting interferon signaling with ruxolitinib (JAK1-TYK2 inhibi-
tor) blocks JAK-STAT signaling and can double AAV yields in
low-producing cell lines.58 In addition, double-knockout of two key
regulators of apoptosis (BAX and STAT1) in HEK293 cells increased
AAV5 titers by 1.8-fold.59 In line with these findings, our high AAV-
producing cell lines showed downregulation of genes encoding other
key apoptotic factors, including BID, CASP8, and CASP9. These
downregulated genes could enable AAV-producing cells to survive
under greater stress associated with AAV production.60

Our study had a few notable limitations. First, although our differen-
tial expression results during AAV production align with recent re-
ports,18,61 we did not analyze gene expression under non-virus-pro-
ducing conditions. Thus, we could not account for changes in
expression that result from changes in culture vessel or transfection
alone. Second, most commercially available libraries of bioactive
compounds predominantly contain anti-cancer drugs that either
directly or indirectly affect the cell cycle. Because the scope of our
search space is limited by the diversity of the chemical space, we could
not probe all possible influential pathways and targets. Third, we
initially screened small molecules at a fixed, single dose (1 mM), which
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
limited our ability to identify compounds that are efficacious above or
below this concentration. Fourth, variability in gene expression pat-
terns among different HEK293 cell lines suggest that our findings
may not be universally applicable to all cellular production systems.
This limitation is especially relevant when using different plasmid
systems, media formulations, feed strategies, and transfection re-
agents. Finally, our results may have been confounded by using
bulk RNA-seq, which can obscure the heterogeneity within the trans-
fected cell population. Cells that successfully take up all three plas-
mids and produce AAV likely exhibit distinct expression profiles
when compared with those that take up fewer or no plasmids. A
recent study using single-cell RNA-seq during AAV production has
shown that nearly half of the transfected cells lack expression of at
least one plasmid, with only 8% of the cells showing high mRNA
levels for all three plasmids. Additionally, only 2.5% of the transfected
cells were shown to have intracellular capsids assembled, highlighting
the inefficiency and cellular heterogeneity of transfection-based
rAAV production.62 Hence, future research could expand the range
of targetable pathways by optimizing compound dosage; implement-
ing genetic screens via CRISPR-Cas9, small interfering RNA, and
transgene overexpression; and performing single-cell RNA-seq to
focus on cells that successfully produce AAV. Additionally, a fluores-
cence-activated cell sorting approach could be employed to isolate an
enriched population of transfected cells to provide more relevant
transcriptomic data and overcome the limitations of bulk RNA-seq
analysis. These optimizations will be crucial for translating our hy-
potheses into practice and effectively scaling up from a laboratory
setting to large-scale bioreactor systems.

In conclusion, our study elucidates the complex transcriptional and
cellular responses involved in AAV production. By integrating
pathway analysis and pharmacologic screening, we showed that tar-
geted modulation of specific pathways, such as transcriptional regu-
lation and cell cycle control, can enhance AAV production. Our study
also highlights the power of transcriptional profiling to identify genes
and pathways as targets for cell and process engineering to improve
rAAV production for clinical applications. These findings expand
our mechanistic understanding of AAV production and highlight po-
tential targets for enhancing the efficiency of viral replication and as-
sembly to advance AAV production processes.

MATERIALS AND METHODS
Information on cell lines, media, compounds, and kits used in this
study are listed in Table S2.

Adherent cell culture and suspension adaptation of HEK293

cells

Adherent HEK293 cells were expanded in Dulbecco’s modified Ea-
gle’s medium (DMEM), high glucose, GlutaMAX Supplement, pyru-
vate (Thermo Fisher Scientific, Waltham, MA) supplemented with
10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham,
MA) in a 37�C, 5% CO2 incubator. Once cells reached approximately
80% confluency, the media was carefully aspirated and replaced with
Expi293 expression medium (Thermo Fisher Scientific, Waltham,
ber 2024
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MA). Then the cells were incubated for 48 h in the adherent format at
37�C, 5% CO2. After 48 h of cell adaptation to Expi293 expression
media, cells were resuspended in 2 mL fresh media and placed on
an orbital shaker (125 rpm, 19 mm orbital throw) in a 37�C, 5%
CO2 incubator. After 2 days of suspension adaptation, cell viability
and density were measured using a Countess 3 and Trypan Blue
(Thermo Fisher Scientific, Waltham, MA), and cells were maintained
at 0.5–5 E6/mL. All cell lines were negative for mycoplasma based on
the MycoAlert Mycoplasma Detection Kit (Lonza, Cambridge, MA).

Maintenance of HEK293 cells in suspension before transfection

Suspension HEK cells were maintained in Expi293 expression me-
dium on an orbital shaker (125 rpm, 19 mm orbital throw) in a
37�C, 5% CO2 incubator. Cell growth and viability were monitored
for 7–10 days until cells had reached a density of 2.5–5E6/mL and
>95% viability before transfection. Cells were then centrifuged at
500 � g for 5 min. Spent media was aspirated, and the cell pellet
was resuspended in the appropriate volume of Expi293 expression
medium to achieve a density of 2.5E6/mL in a 30-mL shake flask.

Clonal cell line generation and screening

To generate and screen clonal cell lines for enhanced AAV produc-
tion, AC1P cells were resuspended to 9,500 cells/mL in DMEM,
high glucose, GlutaMAX Supplement, pyruvate (without FBS) after
ensuring >90% viability. Single-cell seeding was carried out in Corn-
ing Costar 96-well flat-bottom cell-culture-treated plates (cat. num-
ber 3596, Corning, NY) using the Solentim VIPS apparatus according
to the recommended instructions. Each seeded well was imaged
immediately after seeding, before filling the well with DMEM +10%
FBS. After seeding all wells, wells were imaged again using the “verify
clonality” function. This imaging was repeated each day for 5 days.
Starting on day 5, wells were imaged using the “monitor colony
growth” function. This imaging was repeated every other day until
about 2 weeks after seeding.

Once colonies reached 65%–80% confluence, they were consolidated
into new 96-well plates if they exhibited clear evidence of clonality
(a single colony derived from a single cell at the time of seeding).
The consolidation plates were then distributed among three sister
plates for expansion, transfection, and cryopreservation. Transfection
plates were pre-treated with fibronectin (1:1,000 in phosphate-buff-
ered saline [PBS]; STEMCELL Technologies, Cambridge, MA) before
transferring clonal colonies. Transfection efficiency during the clonal
cell line generation process was determined by imaging each well 48 h
after transfection. Quantification of the percentage of GFP-positive
cells was performed using Cytation 5 microscope (BioTek Instru-
ments, Winooski, VT) at �10 magnification.

AAV harvest and purification

The triple transfection system uses a pHelper plasmid, a RepCap9
plasmid, and an inverted terminal repeat (ITR)-containing reporter
plasmid. The pHelper plasmid contains Ad5 E4, Ad5 E2A, and Ad5
VA-RNA. The RepCap9 plasmid expresses AAV2-derived Rep78
and Rep68 under control of the P5 promoter; Rep52 and Rep40 under
Molecular T
control of the P19 promoter; and VP1, VP2, and VP3 derived from
AAV9 under control of the P40 promoter. The ITR-containing re-
porter plasmid includes mCherry-P2A-nanoluciferase (NLuc) driven
by a cytomegalovirus (CMV) promoter. After transfecting cells using
TransIT-VirusGEN (Mirus Bio, Madison, WI), cells were allowed to
produce AAV for up to 72 h before harvesting samples for titer anal-
ysis. Cells were lysed via three rounds of freezing on dry ice followed
by thawing at 37�C. After mixing lysed samples, cell debris was
removed by centrifuging at 1,000� g for 10 min. Then AAV-contain-
ing supernatant was saved for processing and stored at �80�C.

Determination of capsid titer using ELISA

A streptavidin-coated high-capacity plate (Thermo Fisher Scientific,
Waltham, MA) was coated for 1 h at room temperature with the
CaptureSelect Biotin anti-AAV9 conjugate (Thermo Fisher Scientific,
Waltham, MA) at a dilution of 1:10,000 in PBS + 0.1% Tween 20
(PBST). After incubation, the capture antibody solution was aspirated
from each well of the plate, and each well was washed three times with
150 mL PBST. Then 100 mL of either standard or sample was added to
the plate. A 5- to 7-point standard was used in all studies with the
AAV9 empty capsid standard (Progen, Heidelberg, Germany). The
plate was covered with foil-sealing film and incubated on a shaker
for 1 h at room temperature. After incubation, the entire sample
was aspirated, and the plate was washed three times with 150 mL
PBST. CaptureSelect horseradish peroxidase anti-AAV9 conjugate
(Thermo Fisher Scientific, Waltham, MA) was diluted 1:50,000 in
PBST and 100 mL of the diluted detection antibody was added to
each well. The plate was covered with foil-sealing film and incubated
on a shaker for 1 h at room temperature. After incubation, the horse-
radish peroxidase anti-AAV9 conjugate solution was aspirated and
washed three times with 150 mL PBST. Then 100 mL TMB ELISA
(enzyme-linked immunosorbent assay) substrate (highest sensitivity;
Abcam, Waltham, MA) was added per well and incubated for
2–5 min before adding 100 mL of ELISA Stop Solution (Thermo
Fisher Scientific, Waltham, MA). Absorbance was measured on the
Varioskan microplate reader at 450 nm (Thermo Fisher Scientific,
Waltham, MA).

Determination of vector genome titer using qPCR

Purified or crude viral supernatant was treated with DNase I for
90 min at 37�C according to the manufacturer’s instructions (New
England BioLabs, Ipswich, MA). Then qPCR was performed using
a custom FAM probe against Nano Luciferase (Thermo Fisher Scien-
tific, Waltham, MA) and TaqMan Fast Advanced Master Mix
(Thermo Fisher Scientific, Waltham, MA) on a QuantStudio 6 Flex
real-time PCR system (Thermo Fisher Scientific, Waltham, MA).
Plasmid DNA was used from a concentration of 0.0001–1 ng/mL to
generate a standard curve.

RNA preparation and sequencing

For each cell line and replicate, 2.5E6 cells were removed before trans-
fection (0 h), as well as 24 and 72 h after transfection. Cells were pel-
leted, flash frozen, and stored at�80�C. Total RNAwas extracted using
the Direct-zol-96 RNA Kit (Zymo Research, Irvine, CA) according to
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the manufacturer’s instructions. RNA concentration was quantified
using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA), and RNA quality was assessed via High-Sensitivity
RNA Screen Tape Analysis (Agilent [Santa Clara, CA]; performed
via SeqMatic [Fremont, CA]). Illumina stranded mRNA library prep-
aration and sequencing (NovaSeq V1.5, S1, 100 cycles) were performed
by SeqMatic (Fremont, CA). On average, 42,271,540 ± 7,224,160 reads
(100-base pair, single-end) were generated per sample. All RNA-seq
data were deposited on the Gene ExpressionOmnibus (GEO) database:
GEO Submission (GSE269485).

Differential expression analysis

The quality of sequence reads was assessed using FastQC63 and reads
were aligned to the human genome (GRCh38.110) using Hisat264 to
the human genome (GRCh38.110). After generating genomic align-
ments, the Subread’s featureCounts function was used to generate
gene-level read counts.65 On average, Hisat2 aligned 95.6% ± 1.9%
of reads to the genome one or more times, and 97.8% ± 1.2% of these
reads were successfully assigned to genomic features.

After obtaining high-quality sequence alignments and counts, an
expression matrix was generated and submitted to the BigOmics plat-
form for differential expression analysis.66 Raw counts were con-
verted into counts per million (CPM) and log2 normalized for down-
stream analysis. Protein-coding genes with at least 1 CPM across two
or more samples were included in the analysis. By default, the
BigOmics platform uses a combination of statistical tests for differen-
tial expression via DESeq2 (Wald), edgeR (QLF), and limma (trend).

Initial UMAP clustering and differential expression analyses were
performed within the BigOmics web environment and exported for
visualization. Pairwise gene expression correlations between samples
were calculated in R using the Pearson method. Multiple contrasts
were generated in the BigOmics environment to compare expression
profiles (1) across cell lines, (2) among AAV titer phenotypes, and (3)
after transfection timepoints. Unless otherwise noted, a false discov-
ery rate (FDR) threshold of 0.01 and a log2 (fold-change) threshold of
0.5 were applied to identify top differentially expressed genes across
analyses. First, to compare expression profiles across cell lines (Fig-
ures 2 and S2), we generated (1) contrasts using pairwise combina-
tions of all five cell types (293F, AC1P, AC112, AC203, and AC230)
and (2) a matrix to compare the number of differentially expressed
genes between each pair. Then differential expression tests were per-
formed between the base and high AAV-producing groups. Finally, to
identify genes that were significantly upregulated or downregulated
during AAV production, pairwise differential expression tests were
performed among the 0-, 24-, and 72-h time points after transfection.

GO and drug-interaction analysis

To identify sets of coregulated genes associated with high AAV-pro-
ducing cells, Reactome pathway analysis was performed using the top
differentially expressed genes between base and high-producing cell
lines.17 Overrepresented pathways were identified by using a p value
threshold of 0.05. The results were then manually curated for heat-
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map visualization by combining overlapping pathways into broader
categories and removing duplicate genes across categories (Fig-
ure 2D). A similar approach was carried out to classify differentially
modulated genes during the AAV production time course. Also,
GO analysis was performed using the BigOmics platform to identify
significantly enriched cellular components and molecular functions
during AAV production (Figure 4).

An L1000 drug-connectivity analysis was performed within the
BigOmics platform using genes that were differentially expressed
between 0 and 24 h and between 0 and 72 h.67 NES with p values
<0.01 were used to identify enriched and depleted targets, mecha-
nisms of action, and drug candidates at 24 and 72 h after transfection.

Compound screening

Compounds were solubilized in DMSO at a 10-mM stock concentra-
tion, and later diluted to the appropriate concentration (0.1–1.0 mM
in 0.1% DMSO). The control condition was 0.1% DMSO.Microplates
or shake flasks were then incubated at 37�C and 5% CO2 for 72 h with
no media change before sample harvest.

Statistical analysis

The number of replicates is indicated in the figure legends. Unless
otherwise specified, Student’s t test was used for statistical analysis,
with significant differences defined as *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Error bars indicate standard devia-
tion (SD).

DATA AND CODE AVAILABILITY
Our RNA-seq data has been deposited on the GEO database: GEO Submission
(GSE269485).
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