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INNOVATOR INSIGHT

Advancing AAV production  
with high-throughput screening 
and transcriptomics
Christopher A Reid, Markus Hörer, and Mohammad A Mandegar

AAV is a widely used vector for in vivo gene delivery that often requires considerable man-
ufacturing capacity. However, current manufacturing techniques are inefficient, leading to 
high production costs and product impurities that could limit efficacy and risk patient safety. 
These factors severely limit the widespread use of AAV-mediated gene therapies for com-
mon and rare indications. To develop, manufacture, and commercialize AAV products more 
efficiently and cost effectively, the manufacturing process needs improvements. Herein, we 
transcend traditional strategies for developing DoE processes by sharing a new integrated 
approach that combines high-throughput screening and transcriptomics. This approach can 
yield proprietary datasets and insight into the mechanisms of AAV production. We also out-
line how discoveries and innovations in upstream production can be improved to amplify 
the product yield and quality over the next decade. These efforts will enable the field to fully 
realize the commercial and therapeutic promise of AAV gene therapies.
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AAV-BASED GENE THERAPY  
HAS EMERGED AS A MAINSTAY 
OF MODERN MEDICINE

AAVs are nonpathogenic dependoparvovi-
ruses that contain a single-stranded DNA 
genome of approximately 4.7  kb [1,2]. 
Recombinant AAVs have gained popularity 

in the gene therapy field due to their well-es-
tablished safety profile, broad and tunable 
tropism, nonpathogenic nature, and capa-
bility of achieving long-term expression in 
non-dividing cells with a single treatment. 
Also, with capsid engineering, the tropism of 
these vectors can be enhanced to increase the 
efficiency of transduction of the desired tissue 
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type, limit the host immune response, and 
de-target from undesired tissues to improve 
safety [3,4]. As of 2024, AAV gene thera-
pies have been administered to more than 
3000 patients, and more than 700 programs 
are currently being developed (Figure 1) [5–9]. 
These programs focus on a range of indica-
tions, including neurologic, ophthalmologic, 
metabolic, neuromuscular, and cardiovascular 
diseases. They also use a variety of AAV sero-
types. The four most common AAV serotypes 
used in clinical trials and approved as gene 
therapies are AAV9, AAV8, AAV2, and AAV5 
(Figure  1). As a gene-delivery vehicle, AAV 
is generally safe and well-tolerated at doses 
below 1 × 1014  vg/kg [5,10]. However, doses 
greater than 1 × 1014  vg/kg need more care-
ful monitoring in patients to assess potential 
safety concerns in the context of the disease 
status [11].

As of June 2024, 7 AAV gene therapy 
products are commercially available and 
approved by either the European Medicines 
Agency (EMA) or the US FDA (Table 1). In 
2012, Glybera® became the first approved 
AAV gene therapy by the EMA for treat-
ing lipoprotein lipase deficiency. However, 
5  years later, Glybera was withdrawn from 
the market due to commercial considerations 
[12]. Current approved AAV products include 
Luxturna® for Leber’s congenital amaurosis, a 
rare inherited retinal dystrophy; Zolgensma® 
for spinal muscular atrophy type 1; Upstaza™ 
for aromatic l-amino acid decarboxylase defi-
ciency; Hemgenix® and Beqvez™ for hemo-
philia B; Roctavian™ for hemophilia A; and 
Elevidys® for Duchenne muscular dystrophy 
[4,13]. Several more therapies are in late-stage 
clinical trials, and the FDA predicts that 
10–20 cell and gene therapy products may be 
approved by 2025 [14].

CURRENT AAV MANUFACTURING 
PRACTICES

Existing AAV production platforms rely 
on cells for manufacturing. The most com-
mon AAV manufacturing platform uses 

mammalian cells, primarily human embry-
onic kidney 293 (HEK293) and its deriv-
atives, and less commonly HeLa, baby 
hamster kidney (BHK), and Chinese ham-
ster ovary (CHO) cells. In these platforms, 
genetic material needed for recombinant 
AAV (rAAV) production is delivered through 
plasmid transfection [15–20] or viral trans-
duction [17,21,22]. Alternatively, non-mam-
malian systems rely on Spodoptera frugiperda 
(Sf9) insect cells and baculovirus transduction 
[23,24]. Most recently, a transient plant-based 
system was described for rAAV production 
[25]. Also, stable packaging and/or producer 
cell lines have been used for rAAV manufac-
turing after induction by chemicals or helper 
viruses [19,26–31]. So far, five of the commer-
cial AAV products use HEK293 cells, and 
two use the Sf9-baculovirus system (Table 1).

Several factors can influence selection of 
the AAV manufacturing platform, including 
required yields, scalability, capsid serotype, 
and regulatory considerations. As of 2024, 
the top performing Sf9-baculovirus systems 
have produced higher volumetric yields than 
the HEK293 system [32,33]. However, there 
is no clear consensus on which platform is 
ideal for AAV production due to variations in 
quality and potency of the vector produced 
by each system. Some of these differences 
may be driven by capsid serotype, cargo, 
and platform [32,34–36]. Although most 
early-stage AAV programs do not explicitly 
disclose which manufacturing platform is 
used for viral production, available public 
information suggests that around 85% of 
current AAV manufacturing uses mammalian 
cells [37,38]. Therefore, in this commentary, 
we focus on the production system that uses 
transient transfection of HEK293 cells.

The process of manufacturing rAAV 
drug product is categorized into upstream 
(drug substance) and downstream (drug 
product) processes. The upstream process 
defines the vector yield, integrity, infectiv-
ity, and potency. The process also describes 
several crucial product-derived impurities, 
including, but not limited to, full/empty 
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capsid ratios, residual plasmid and host-
cell DNA packaging, and posttranslational 
capsid modifications. Thus, to improve the 

quality, potency, and yield of the final rAAV 
drug product, the upstream process must 
be optimized. During such optimization, 

  f TABLE 1
AAV-based gene therapy products that are commercially available and approved as of 2024.

AAV therapy
(company)

Indication Vector Manufacturing 
platform

Approval Dose Price, million
$ USD (2024)

Luxturna®

(Roche)
Leber  
congenital 
amaurosis

AAV2
RPE65

HEK293 2017 (FDA)
2019 (EMA)

1.5 × 1011 vg/eye 0.85

Zolgensma®

(Novartis)
Spinal  
muscular 
atrophy

AAV9
SMN1

HEK293 2019 (FDA)
2020 (EMA)

1.1 × 1014 vg/kg 2.1

Upstaza™
(PTC Therapeutics)

Aromatic 
l-amino acid 
decarboxylase 
deficiency

AAV2
DDC

HEK293 2022 (EMA) 1.8 × 1011 vg 3.7

Hemgenix®

(CLS Behring)
Hemophilia B AAV5

F9
Sf9 2022 (FDA)

2023 (EMA)
2 × 1013 vg/kg 3.5

Roctavian™
(BioMarin)

Hemophilia A AAV5
F8

Sf9 2022 (EMA) 
2023 (FDA)

6 × 1013 vg/kg 2.9

Elevidys®

(Sarepta 
Therapeutics)

Duchenne 
muscular 
dystrophy

AAVrh74
Micro-DMD

HEK293 2023 (FDA) 1.33 × 1014 vg/kg 3.2

Beqvez™
(Pfizer)

Hemophilia B AAVrh74
F9

HEK293 2024 (FDA) 5 × 1011 vg/kg 3.5

HEK293: Human embryonic kidney 293.

	f FIGURE 1
Landscape of AAV gene therapy programs.
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More than 700 AAV programs are being developed for a range of indications, including neurologic, ophthalmologic, and metabolic 
conditions. The most commonly used AAV serotypes used in clinical trials include AAV9, AAV8, AAV2, and AAV5.
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typical refinement steps include producer 
cell–line selection, media formulation, 
plasmid sequence and ratio optimization, 
transfection reagent selection and optimiza-
tion, cell expansion and scale-up, bioreactor 
process optimization and monitoring. The 
downstream process typically involves con-
centration of the producer cells, cell lysis, 
nuclease treatment, affinity or hydrophobic 
interaction chromatography for capture and 
purification, tangential flow filtration for 
concentration and rebuffering, ion exchange 
chromatography and/or ultracentrifugation 
polishing, and full capsid enrichment, for-
mulation, fill, and finish (Figure 2) [39,40].

MANUFACTURING BOTTLENECKS 
LIMIT THE WIDESPREAD USE OF 
AAV GENE THERAPIES

Although rAAV-based medicines have shown 
long-term and robust safety and efficacy in 
the clinic, these treatments have prohibitive 
costs, particularly in the case of systemically 
delivered therapies [39]. For example, in 2019, 
Zolgensma became the most expensive med-
icine developed, with a price of US$2.1 mil-
lion per patient for treating spinal muscular 
atrophy [41]. In 2022, Hemgenix and Upstaza 
surpassed Zolgensma as the most expensive 
drug, with a one-time price of US$3.5 million 
(Hemgenix) and US$3.7  million (Upstaza) 
per patient (Table 1) [42].

Another obstacle in slow adoption of 
rAAV gene therapies involves challenges with 
manufacturing. These challenges include 
non-scalable processes inherited from aca-
demic settings [43]; batch-to-batch variabil-
ity [4]; poor quality due to low full-to-empty 
capsid ratios; packaging of undesired, poten-
tially harmful DNA sequences [40,44]; capac-
ity constraints; shortage of trained experts; 
and higher regulatory demands for manufac-
turing stringency [39,45]. Moreover, due to 
the relative novelty of AAV gene therapies, 
product developers have prioritized accelerat-
ing their medicines through clinical develop-
ment and regulatory approval. This strategy 

often overlooks the opportunity and need to 
optimize manufacturing processes during the 
early stages of product development. These 
problems then persist after therapies are 
approved because product developers have 
little incentive to improve the established 
process that gained regulatory approval.

A MOVE TOWARD AAV 
THERAPIES FOR MORE  
COMMON INDICATIONS

Fortunately, the demand for viral produc-
tion has not yet been great enough to strain 
the system. The lower demand is because 
rAAV-based gene therapies have mainly tar-
geted ultra-rare and rare monogenic diseases, 
such as Leber’s congenital amaurosis, spinal 
muscular atrophy, and hemophilia A and B. 
However, rAAV therapies are being explored 
for more common indications, such as 
Duchenne muscular dystrophy, that require 
a high systemic dose of vector [10]. These 
therapies are rapidly advancing through the 
clinic and will require a considerable amount 
of vector to keep up with patient demand 
[46]. Moreover, as rAAV-based gene thera-
pies continue to build momentum, they will 
likely be developed to address more prevalent 
conditions. Indeed, preclinical programs are 
already targeting common diseases, such as 
diabetes [47], hypertension [48], Alzheimer’s 
disease [49,50], and heart failure [51–53].

Due to the growth of AAV gene ther-
apies and their potential to treat highly 
prevalent conditions, the demand for viral 
production will rapidly exceed the capac-
ity of manufacturers if processes are not 
improved (Figure 3). Currently, most system-
ically delivered AAV gene therapies require a 
total dose ranging from 1 × 1014 to 1 × 1016 vg 
per patient [8]. However, as of 2024 the 
yields of mammalian-based AAV range from 
1 × 1013  to  4 × 1015  vg/L depending on the 
expression cassette, vector length, and capsid 
serotype [8,54,55]. Assuming an average yield 
of 3 × 1014 vg/L, and a 25% recovery rate after 
purification [54], a 200  L bioreactor yields 
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	f FIGURE 2
General overview of AAV production using plasmid transfection in mammalian cells.
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Upstream activities include cell-line selection, media formulation, plasmid sequence and ratio optimization, 
transfection reagent selection and optimization, cell expansion and scale-up, and bioreactor process optimization 
and monitoring. Downstream activities include concentration of raw materials, cell lysis, nuclease treatment, 
purification, polishing, formulation, fill, and finish.
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enough material to treat 1 to 10 patients with 
a systemically delivered mid-to-high dose of 
AAV gene therapy. 

OPTIMIZATION CHALLENGES 
WITH AAV PRODUCTION

As of 2024, most AAV manufacturers have 
maximized AAV yields by primarily focusing 
on DoE studies in upstream processes (e.g., 
plasmid ratio refinement, transfection reagent 
optimization, and media feed strategies) 
[54,56,57]. Although DoE studies are needed 
to optimize an existing manufacturing plat-
form, their effectiveness is constrained within 
the boundaries of current manufacturing par-
adigms. For example, mammalian cells have 
not evolved to function as AAV production 
factories. HEK293 cells were historically 

chosen for bioproduction due to their ease 
of culture in both adherent and suspension 
cultures, rapid growth, and high transfection 
efficiency [20,58]. As a result, current cell-
based systems may not support ‘super physi-
ologic’ production of rAAVs. Therefore, DoE 
studies alone may not be enough to markedly 
enhance AAV production.

Another challenge in rAAV production is 
partly driven by our limited biological under-
standing of cellular processes involved in 
rAAV replication and assembly [40,59]. For 
example, rAAV production requires timely 
expression of AAV proteins, helper virus, and 
cellular gene products at appropriate levels; 
precise assembly of capsid proteins; as well as 
replication of vector genomes and their pack-
aging into preformed empty capsids [4]. One 
study estimates that approximately 75% of 

	f FIGURE 3
AAV therapies moving toward common indications and bioreactor capacity to address pipeline 
therapies.
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Volume of bioreactor needed to treat patient populations per year for either approved or pipeline AAV gene 
therapy programs per indication. The bioreactor capacity was calculated based on the current industry standard 
(average yield of 3 x 1014 vg/L and a 25% recovery). The estimated yearly number of patients included those 
in the USA, Canada, EU5, and Australia. The vector needed for systemic dosing was calculated based on the 
average weight of 75 kg for adult patients, 18 kg for 5-year-old patients receiving Elevidys, and 12 kg for 
2-year-old patients receiving Zolgensma. The calculations also assume a market penetration or drug adoption of 
25% for genetic heart failure (dilated cardiomyopathy [DCM] and hypertrophic cardiomyopathy [HCM]), 1% for 
general heart failure, 1% for metabolic diseases (diabetes), and 1% for neurodegenerative diseases (Alzheimer’s 
disease [AD], Huntington’s disease [HD], and frontotemporal dementia [FTD] combined).
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rAAV capsids are empty or partially formed 
[54]. Another study suggests that only a frac-
tion (approximately 7%) of cells produce 
assembled rAAV capsids when using a tri-
ple-transfection method, despite a 60% trans-
fection efficiency [60]. These inefficiencies 
lead to low-volume yields of rAAV produc-
tion that are approximately 1000–4000-fold 
lower than that of monoclonal antibody pro-
duction [61].

AN INTEGRATED APPROACH TO 
ADVANCING AAV PRODUCTION

We believe that innovative strategies in 
engineering cells and processes can disrupt 
upstream processes and complement con-
ventional DoE studies. We also believe that 
these strategies can improve both the yield 
and quality of the starting material at a log 
scale to reduce the strain on downstream pro-
cessing. Although downstream processes are 
crucial for the final AAV product, we propose 
that directing more research and resources 
to disruptive solutions upstream will lead 
to a higher titer and quality starting point 
that streamlines the overall AAV production 
process.

To this end, we developed an integrative 
strategy that uses a: 

1.	 Systems biology approach powered 
by high-throughput screening and 
transcriptomics [62,63]; and 

2.	 Rational design involving data-driven 
evolution of our proprietary split 
2-plasmid platform (Figure 4) [64]. 

Specifically, we developed a 96-well plat-
form to screen for AAV enhancers using 
Arrayed Targeted Libraries for AAV Screening 
(ATLAS) [65]. ATLAS can be used to induce 
gain-of-function, promote loss-of-function, 
and perturb pathways using microRNAs 
[66–69]. Although ATLAS can be used to test 
single perturbations, some perturbations may 
not ‘nudge’ the biological process or pathway 

enough to result in a detectable increase in 
AAV yield during the screening process. This 
result is particularly pronounced in complex 
biological systems that use multiple protein 
isoforms and multi-protein complexes. Thus, 
to better understand the mechanisms of AAV 
production and identify enhancers of AAV 
production, we propose to integrate comple-
mentary strategies: screening with transcrip-
tomics and proteomics [16,62,63,70]. This 
synergistic approach accelerates the discov-
ery of novel targets, enriches our hypothesis 
generation, and offers a robust framework for 
understanding the complex biology under
lying AAV production (Figure 4).

Our goal is to use this integrative approach 
to develop a rich dataset that captures both 
common and cell-specific enhancers of AAV 
production. Ultimately, this dataset can be 
leveraged along with rational design strategies 
and incorporated into the next generation of 
AAV manufacturing processes. These next 
generation processes could include improving 
media formulations (e.g., using small-mole-
cule enhancers), introducing enhancer plas-
mids to optimize plasmid sequences (e.g., 
expressing shRNA and miRNA cassettes, 
enhancer open reading frames, or modified 
viral elements), and modifying genetic ele-
ments of the producer cell line (e.g., knock-
ing out genes or overexpressing mammalian 
or viral elements).

CASE STUDY: HIGH-
THROUGHPUT SCREENING  
AND TRANSCRIPTIONAL 
ANALYSIS IDENTIFY COMMON 
PATHWAYS PERTURBED DURING 
AAV PRODUCTION

To determine if data generated from a 
high-throughput AAV screen have common-
alities with transcriptomics data collected 
during AAV production, we analyzed two 
internal datasets. We identified differentially 
expressed transcripts during AAV9 produc-
tion with RNA-sequencing (Figure 5A) [70] 
and enhancers of AAV9 production with 
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a primary small-molecule screen using our 
ATLAS platform (Figure 5B) [68]. We then 
intersected the identified targets and cate-
gorized them into known biological path-
ways based on molecular function and gene 
ontology annotation. The top three shared 
pathways consisted of transcription, sig-
nal transduction, and cell-cycle regulation 
(Figure 5C). Some differentially altered path-
ways were identified with RNA-sequencing 
but not with the small-molecule screen 
(e.g., protein homeostasis, cell fate and dif-
ferentiation, protein trafficking, RNA pro-
cessing). This mismatch may be due to the 
composition of the small-molecule library 
and the limitation of the chemical probes 
targeting difficult drug targets and certain 
biological processes. Also, some pathways 
may be altered downstream because of AAV 

production, so modulation of those path-
ways would likely not affect AAV production. 
Next, we selected the top three most-prom-
ising small-molecule enhancers for studies in 
suspension shake flasks. All three enhancers 
yielded greater AAV9 yields compared to the 
control condition (Figure 5D). We validated 
the most-promising small-molecule enhancer 
in an Ambr15 bioreactor system at three 
doses (Figure 5E). Enhancer 1 shows a higher 
effect size on AAV9 yield in shake flakes 
(3.1-fold) compared to Amb15 (1.8-fold). 
The difference in relative fold enhancement 
may be attributed to a lower AAV production 
capacity observed in shake flasks compared 
to Amb15 bioreactors. This case study shows 
the feasibility of intersecting transcriptomics 
with high-throughput screening data to iden-
tify novel enhancers of AAV production and 

	f FIGURE 4
New commercial platform developed using an integrated approach to identify AAV enhancers.
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Arrayed Targeted Libraries for AAV Screening (ATLAS) is a high-throughput platform that can identify AAV enhancers in a 96-well format using 
gain-of-function or loss-of-function methods. Omic approaches can uncover mechanisms to identify key pathways during AAV production. The 
combination of these datasets is a rich source of proprietary data that can be mined and further refined with rational design to develop the next 
generation of AAV manufacturing. Areas of innovation could include discovering small-molecule enhancers or developing enhanced producer cell 
lines, plasmids, or sequences. 
CRISPR: Clustered regularly interspaced short  palindromic repeats; ID: Identification; KO: Knockout; LC-MS: Liquid chromatography mass 
spectrometry; NGS: Next-generation sequencing; ORF: Open reading frame.
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	f FIGURE 5
High-throughput screening and transcriptional analysis to identify putative pathways that 
enhance AAV production.
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(A) RNA-sequencing revealed differentially expressed transcripts during AAV9 production. (B) A high-throughput 
compound screen revealed small-molecule enhancers of AAV9 production. (C) Genes and pathways from two 
data sources were categorized into known biological pathways based on molecular function and gene ontology 
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suspension shake flasks. (E) Enhancer 1 was further advanced and improved AAV9 yields approximately 1.8-fold 
in an Ambr15 bioreactor system.
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scale-up discoveries to develop more efficient 
processes.

SEQUENTIAL AAV  
PLATFORM DEVELOPMENT 
THROUGH A COMMERCIAL  
AND REGULATORY LENS

In the case study, we showed an example of 
how early-stage research and development 
can lead to discoveries that enhance existing 
platforms for AAV manufacturing. However, 
to commercialize a new AAV manufacturing 
platform, the platform needs to meet both 
regulatory and commercial requirements. For 
example, new discoveries must be paired with 
a strong analytical toolkit to drive advances 
in AAV bioprocessing. We are systematically 
stacking discoveries—especially those with a 
combinatorial effect and target-independent 
biological pathways—and combining them 
with further upstream and downstream pro-
cess innovation. With this approach, we aim 
to improve AAV yield and quality in a step-
wise manner over the next few years (Figure 6).

Importantly, the journey of innovation in 
bioprocessing must be navigated with cau-
tion to ensure that developments align with 
regulatory agencies and gene therapy devel-
opers. Without this alignment, regulatory 
agencies and gene therapy developers will be 
overwhelmed with rapid, groundbreaking 
process changes that could pose challenges. 
To avoid these challenges, developers need 
to adopt a balanced and gradual approach 
to introducing these new technologies. They 
also need to harmonize throughput and 
scalability by considering the intricacies of 
technology transfer throughout the scaling 
process, from microplates to shake flasks 
and, eventually, to small- and large-scale 
bioreactors. This harmony requires rigorous 
development, validation, and transfer of new 
technologies to ensure that each discovery 
is appropriately scaled and integrated into 
the manufacturing process. Through this 
balanced and systematic approach, we aim 

not only to innovate, but also to ensure the 
practical applicability and regulatory com-
pliance of advances in producing AAV gene 
therapies. Our focus is to ensure continually 
improved product quality with the release 
and scale-up of each new-generation plat-
form using our very broad analytic toolbox. 
With this approach, we aim to enable com-
panies to move to larger scales or next-gener-
ation platforms within a product’s life cycle 
as the demand for vectors increases, without 
incurring significant chemistry, manufac-
turing, and controls risk in terms of lack of 
comparability.

DISCUSSION AND  
FUTURE DIRECTIONS

Manufacturing AAV-based therapies is com-
plex and costly, which affect both regulatory 
(safety defined by vector quality and potency) 
and commercial (cost of goods and the num-
ber of deliverable doses per year, defined by 
vector yield and potency) aspects. The opera-
tional demands and high costs are a result of 
challenges with scalability, process robustness, 
and productivity maintenance that result in 
gene therapies often reaching millions of dol-
lars per treatment.

The high cost of treatment has led to chal-
lenges in the commercialization of some 
AAV gene therapies, as proven by the cases 
of Glybera and, most recently, Roctavian. 
Glybera, the first gene therapy approved in 
Europe, was withdrawn in 2017 due to its 
high cost and lack of national reimbursement, 
even though it showed potential benefits for 
patients with lipoprotein lipase deficiency 
[12]. Roctavian was recently approved for 
hemophilia A but has faced slow uptake due to 
issues with reimbursement and market access, 
resulting in low numbers of treated patients 
and modest sales [71]. These cases highlight 
the acute pricing challenges with AAV gene 
therapies. The high upfront costs, combined 
with the need for long-term efficacy data and 
innovative payment models, create a complex 
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commercial landscape. These experiences 
underscore the importance of establishing 
robust value propositions and ensuring broad 
access to make AAV gene therapies commer-
cially viable.

The commercialization issues can be exac-
erbated by the rapid growth of bespoke and 
nascent AAV manufacturing processes in 
early-stage biotech companies. Although the 
transition from a bespoke AAV process to 

	f FIGURE 6
Process innovation and sequential AAV platform development.
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a clinical and, ultimately, commercial pro-
cess has significant challenges, the transition 
offers substantial opportunities for innova-
tion. For example, innovations in the manu-
facturing platform can enhance not only the 
yield and potency of the final drug product, 
but also the reproducibility, reducing batch 
failures, and ultimately shortening the devel-
opment timeline and costs for sponsors. To 
address these issues, the FDA has encouraged 
early-stage companies to move their manu-
facturing processes to contract development 
and manufacturing organizations [43,46]. 
This shift aims to standardize procedures 
by drawing on strategies successfully imple-
mented in the monoclonal antibody sector in 
the 1990s [72,73].

Despite similarities to monoclonal anti-
body production, AAV manufacturing poses 
unique challenges. For example, functional 
assembly of full AAV particles requires pre-
cise assembly of both capsid proteins and 
incorporation of nucleic acids [40,44,74]. 
Also, viral factors, including adenoviral 
helper elements and replicase proteins that 
are essential for replication and packaging, 
can lead to a DNA damage response and cell 
cycle arrest in producer cells [16]. Thus, to 
optimize AAV production, the expression 
and timing of these factors must be carefully 
calibrated.

To enhance manufacturing workflows, 
both processes and analytics must be stan-
dardized in collaboration with the FDA. As 
these advances are incorporated into manu-
facturing workflows, the cost of viral man-
ufacturing will decline, and we may see a 
paradigm shift in the gene therapy business 
model. We also expect that the development 
of AAV gene therapies could expand beyond 
rare indications to also provide treatment 
options for common indications [46].

Looking ahead, we see the gene ther-
apy industry moving toward progressively 
enhancing viral manufacturing platforms 
with several strategies. In this commentary, 
we described two strategies: high-through-
put screening [75] and systems biology 

methods [16,63] to identify molecular tar-
gets that improve vector yield and quality. 
Some additional approaches that we did not 
discuss include optimizing vector sequences 
using machine learning [76,77], introduc-
ing synthetic DNA [78] to enhance vector 
potency, reducing plasmid-derived impu-
rities, improving the safety and therapeutic 
index of AAV therapies, engineering viral 
proteins using mutagenesis screens [79], or 
using large language models [80] to enhance 
replication, packaging, and capsid assem-
bly. Also, automating with robotics [73,81], 
using perfusion processes [15,82], and devel-
oping stable producer cell lines [19,26–31] 
can reduce the cost of goods and labor while 
also minimizing variation and batch failure 
during production campaigns. Finally, cell-
free manufacturing may be among the next 
wave of innovations that could revolutionize 
viral manufacturing [83].

In addition to improving manufacturing 
methods and analytics, the safety and cost–
effectiveness of AAV gene therapies must 
also be ensured by continuously optimizing 
product efficacy. This optimization is possible 
with both capsid selection and capsid engi-
neering to improve the transduction of target 
cells, enhance the specificity of gene transfer, 
evade existing immune responses, and reduce 
de  novo immune responses. The therapeutic 
expression cassette can also be optimized to 
improve safety and efficacy of the vector. This 
can be achieved through codon optimiza-
tion and use of mRNA stabilizing elements 
to ensure optimal long-term expression. 
Additionally, using a tissue-specific promoter 
and miRNA de-targeting sequences can 
improve safety by restricting expression to the 
desired tissues.

Advanced drug developers also have the 
responsibility of maximizing the therapeutic 
index of potentially curative AAV medicines. 
This responsibility is crucial for providing 
safe and effective vectors to patients in urgent 
need. To achieve this goal, developers must 
learn from past experiences. For example, 
they need to address safety concerns that 
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