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Adeno-associated virus (AAV) vectors have become the leading
platform for gene delivery in both preclinical research and ther-
apeutic applications, making the production of high-titer AAV
preparations essential. To date, most AAV-based studies use
constitutive promoters (e.g., CMV, CAG), which are also active
in human embryonic kidney (HEK)-293 producer cells, thus
leading to the expression of the transgene already during pro-
duction. Depending on the transgene’s function, this might
negatively impact producer cell performance and result in
decreased AAV vector yields. Here, we evaluated a panel of
diverse microRNA (miRNA)-based shRNA designs to identify
a highly potent artificial miRNA for the transient suppression
of transgenes during AAV production. Our results demon-
strate that insertion of miRNA target sites into the 30 UTR of
the transgene and simultaneous expression of the correspond-
ing miRNA from the 30 UTR of conventional AAV production
plasmids (rep/cap, pHelper) enabled efficient silencing of toxic
transgene expression, thereby increasing AAV vector yields up
to 240-fold. This strategy not only allows to maintain the tradi-
tional triple-transfection protocol, but also represents a univer-
sally applicable approach to suppress toxic transgenes, thereby
boosting vector yields with so far unprecedented efficiency.

INTRODUCTION
Due to their properties to elicit limited cytotoxicity,1 allow for long-
term transgene expression,2,3 and target a wide range of different tis-
sue types,4–8 adeno-associated virus (AAV) vectors currently repre-
sent the most attractive platform for gene delivery in both therapeutic
applications and preclinical research.

Traditionally, AAVs are either produced in baculovirus-infected Sf9
insect cells9 or in human embryonic kidney (HEK)-293 cells. Despite
increasing successes in the development of stable packaging/producer
cell lines (reviewed in Merten10), transiently transfected HEK-293
cells still represent the most commonly used platform for AAV pro-
duction. Usually, production is based on transient transfection of
three plasmids: (1) AAV replication (rep) and capsid (cap) plasmid
(rep/cap), encoding genes for genome amplification and viral capsid
formation, respectively; (2) helper plasmid (pHelper), encoding
adenoviral proteins E2A, E4, and VA for efficient AAV packaging,
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and (3) an expression cassette-harboring plasmid, minimally existing
of a promoter, transgene and polyA signal, flanked by inverted termi-
nal repeats (ITRs).11 Since many AAV-based studies use constitutive
promoters (e.g., cytomegalovirus [CMV], CAG promoters12) that are
also active in HEK-293 cells, the transgene to be packaged is already
expressed during the production process. In exploratory research,
where transgene effects tend to be poorly characterized, their
expression might exert cytotoxic or antiproliferative effects on the
producer cells. Furthermore, in some cases, for example, for oncolytic
virotherapy, cytotoxic transgenes are even desired. However, in both
cases, transgene expression during the production process represents
an unnecessary byproduct that may impact HEK-293 cell perfor-
mance, thereby resulting in decreased or insufficient AAV vector
yields.

Different approaches have been previously reported by us and others
to suppress transgene expression during AAV vector production,
including post-transcriptional silencing of transgene expression by
a self-cleaving riboswitch integrated within the expression cassette,13

and the insertion of binding sites for naturally occurring microRNAs
(miRNAs) within the cassette’s 30 UTR.14 While both approaches led
to increased AAV vector yields, they also entail disadvantages. For
example, riboswitches might exert basal cleavage activity that slightly
reduced AAV-mediated transgene expression also in the absence of
ligand (approximately 33% lower expression in Strobel et al.13). Simi-
larly, the insertion of binding sites for naturally occurring miRNAs
into the transgene expression cassette, as described by Reid et al.,14

causes transgene suppression in tissues, where respective miRNAs
are expressed.

We, therefore, reasoned that the use of non-mammalian or artificial
miRNAs (amiRs) that are not endogenously expressed in mammalian
organisms, together with engineered miRNA target sites in the 30

UTR of the toxic transgene, could provide a robust system to suppress
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r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2024.101280
mailto:benjamin.strobel@boehringer-ingelheim.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2024.101280&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Methods & Clinical Development
transgene expression during AAV packaging, while leaving AAV
functionality in downstream applications unaffected.

MiRNAs are a class of short (21–23 nt), non-coding RNAs that regu-
late gene expression post-transcriptionally by base pairing to comple-
mentary binding sites that are typically located within the 30 UTR of
mRNAs.15,16 Depending on the complementarity, translation of
mRNA is inhibited or decay of mRNA is induced.17,18 While classical
RNA polymerase promoter III (e.g., U6)-driven short hairpin RNAs
(shRNAs) can induce cytotoxic effects, due to oversaturation of the
endogenous RNAi machinery,19–22 amiRs undergo natural Drosha/
DGCR8 microprocessor processing, thereby strongly decreasing the
risk of cellular toxicity.19,23 Moreover, since the packaging size of
the AAV genome is restricted to approximately 4.7 kb, a further
advantage of using miRNAs is the small size of the miRNA binding
sites, enabling the introduction of multiple repeats into the 30 UTR
of the AAV expression cassette without leaving a major footprint
on the AAV genome size.

In our study, we evaluated miRNAs of different sources: (1) miRNA-
based shRNAs with high in silico predicted efficiencies, based on
SplashRNA scores,24 expressed from an optimized miR-E backbone
(“miR-F”)23,25; (2) candidate sequences that were self-designed, ac-
cording to generally applicable miRNA criteria; and (3) selected se-
quences from the non-mammalian organisms Caenorhabditis elegans
and Arabidopsis thaliana. We then tested different approaches to ex-
press our lead miRNA sequence and investigated whether miRNA-
mediated suppression of toxic transgenes during AAV production
leads to increased AAV vector yields. To validate that the resulting
miRNA target site-harboring AAV vectors maintain their function-
ality, we finally performed comparative in vitro transduction assays
in different human and murine cell lines. In summary, we established
highly efficient and transgene-independent designs that allowed for
miRNA expression from conventional AAV production plasmids
(rep/cap, pHelper) for the suppression of toxic transgenes during
AAV production. As exemplified for the pro-apoptotic gene BAX,
this strategy enabled efficient production of challenging AAV vector
preparations with up to 240-fold higher yields.

RESULTS
SplashRNA-scored shRNA-miRs enable efficient transgene

silencing in vitro

To identify an miRNA that enables effective transgene suppression
during AAV production but shows no impact on AAV functionality
in experimental applications, we aimed for miRNAs that are not
endogenously expressed in mice and humans. To this end, we evalu-
ated miRNAs of different sources: (1) artificial shRNA-miRs with
high SplashRNA scores, (2) miRNAs from Caenorhabditis elegans
and Arabidopsis thaliana, and (3) amiRs self-designed according to
generally applicable miRNA design criteria.

The five miRNA-based shRNAs were selected based on their high in
silico predicted efficiencies, according to the sequential classification
algorithm SplashRNA.24 These sequences were initially intended to
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
target murine Kcnt2 (miR-F_01), Cetn4 (miR-F_02), Ankrd42
(miR-F_03), human RORB (miR-F_04), and murine Khk (miR-
F_05). All SplashRNA-derived sequences were expressed using the
miR-E backbone,23 which was further modified by an A to G ex-
change (Figure 1A) supposed to disrupt an unfavorable basal bulge,
according to miRNA design criteria published by Fang and Bartel.25

This design is further referred to as miR-F. We additionally selected
miRNA sequences from the non-mammalian organisms C. elegans
(cel-miR39, cel-miR243) and A. thaliana (ath-miR159a, ath-
miR416), which were expressed from their genomic primary miRNA
(pri-miRNA) sequence. Finally, we self-designed amiRs (amiR-001/
002/003) based on generally applicable criteria26 and expressed
them using the human miR-21 pri-miRNA backbone. The antisense
guide sequences of all 12 miRNA candidates are shown in Table 1.
Each pri-miRNA was cloned individually into a standard expression
plasmid (pcDNA3.1), under the control of a CMV promoter (for de-
tails, see the Materials and methods). To analyze the silencing effi-
ciency of each miRNA, we used a commercial dual luciferase reporter
assay (Figure 1B) and inserted corresponding target sites for each
miRNA into the 30 UTR of the Firefly luciferase (FLuc) reporter
cassette. The second reporter on the plasmid construct, Renilla lucif-
erase, was not modified, and therefore serves as a transfection and
normalization control. HEK-293 cells were transiently co-transfected
with a luciferase-miR target site plasmid and corresponding pcDNA-
miR plasmid. At 48 h after transfection, Firefly and Renilla lumines-
cence were measured.

Normalized luminescence revealed that the expression of all five
SplashRNA-based, miR-F expressed miRNAs led to highly significant
and efficient silencing of FLuc, with knockdown efficiencies of 94%–
96%, as compared with the miRNA-free control (Figure 1C). amiR-
001 and amiR-002 as well as cel-miR39 transfection also resulted in
significant silencing of FLuc, however, at a lower potency, with re-
maining FLuc activities of 11%–60%. Expression of the remaining
miRNAs did not result in efficient silencing of the luciferase reporter.
Based on its high silencing efficiency, we chose miR-F_04 for further
experiments, which hereafter is referred to as miR.

miRNA co-expression from AAV production plasmids enables

efficient gene knockdown

After successful identification of a potent miRNA sequence, we next
sought to apply it for transgene silencing in the AAV production
context. In an attempt to avoid the transfection of an additional
fourth (miRNA-expressing) plasmid during AAV vector production
(on top of the conventionally used rep/cap, helper, and transgene
plasmids), we inserted the 157mer miR scaffold sequence into the
30 UTR of the adenoviral helper gene VA (further referred to as pHel-
per.miR) or the 30 UTR of AAV6.2 or AAV2 cap genes (further
referred to as pCap6.2.miR or pCap2.miR, respectively) (Figure 2A).
To evaluate whether transgene silencing can be achieved by co-ex-
pressing miR from conventional AAV production plasmids, we tested
these constructs using the dual luciferase reporter assay. To this end,
HEK-293 cells were co-transfected with either pcDNA.miR, pHel-
per.miR, pCap6.2.miR, pCap2.miR, or a corresponding empty vector
er 2024



Figure 1. Evaluation of non-mammalian or artificial miR silencing efficiency

(A) Secondary structure of miR-E backbone. The optimized miR-F backbone is generated by substitution of nucleotide A by G, which results in a basal bulge fix, according to

Fang and Bartel.25 The position of the guiding strand is indicated in red letters. Cutting positions for miRNA processing nuclease Dicer are indicated by blue arrows. Created

with BioRender.com. (B) Scheme of dual luciferase assay. In presence of a functional miRNA, expression of FLuc is decreased, whereas constitutive Renilla luciferase serves

as a control for normalization. hPGK, human phosphoglycerate kinase promoter; p(A), polyadenylation signal; SV40, simian vacuolating virus 40 promoter. Created with

BioRender.com. (C) miRNA efficiency assessment using the dual luciferase assay. One day after seeding, HEK-293 cells were transfected with the dual luciferase construct

and either no miRNA (black), C. elegans, or A. thaliana (cel-miR39, cel-miR243 or ath-miR159a, ath-miR416; gray), artificial self-designed (amiR-001, amiR-002, amiR-003;

blue) or high SplashRNA-ranked amiRs (miR-F_01, miR-F_02, miR-F_03, miR-F_04, miR-F_05; red). At 48 h after transfection, FLuc activity was measured and normalized

to Renilla activity. n = 3 biological repetitions, mean ± SD. ****p < 0.0001, by ordinary one-way ANOVA.
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not expressing miR, and luciferase-miR target site reporter plasmids.
At 48 h after transfection, Firefly and Renilla luminescences were
measured. Normalized luminescence revealed that all tested con-
structs resulted in highly significant (p < 0.0001) and miRNA dose-
dependent silencing of FLuc (Figure 2B), indicating effective miR
expression from all tested constructs. To confirm these results with
a second reporter and to further test functionality in the context of
ITR-containing expression constructs, quadruplicate repeats of miR
target sites were cloned into the 30 UTR of an ITR-flanked CMV-
eGFP expression cassette (Figure 2C). Quantification of eGFP-posi-
tive cells 48 h after co-transfection of HEK-293 cells with either the
miR-expression constructs or miR-free control and the eGFP-miR
target site plasmid confirmed efficient transgene knockdown with
all miR-expressing constructs (Figure 2D). However, in line with
the luciferase data, pHelper.miR-mediated knockdown was less effi-
cient (approximately 40% decrease in eGFP-positive cells) than that
achieved by pCap.miR constructs (approximately 80% decrease in
eGFP-positive cells (Figure 2E)). These results demonstrate effective
silencing of luciferase and eGFP transgene expression by miR upon
expression from conventional AAV production plasmids, with the
greatest efficiencies achieved with rep/cap plasmid-based designs.
Finally, we analyzed whether miR-mediated suppression of a toxic
transgene can rescue the viability of AAV producing cells. To this
end, we chose BCL2-associated X (BAX), which is a well-known
pro-apoptotic gene,27 and cloned quadruplicate repeats of miR target
sites into the 30 UTR of an ITR-flanked CMV-BAX expression
cassette. HEK-293 cells were then co-transfected with BAX-miR
target site plasmid and increasing amounts of miR expressing
plasmid. Quantification of vital HEK-293 nuclei revealed approxi-
Molecular T
mately 90% fewer vital nuclei upon BAX expression as compared
with an untreated control. However, additional co-transfection of
miR-expressing plasmid dose-dependently increased the number of
vital nuclei up to approximately 75% (Figures 2F and 2G), indicating
that cell viability can be rescued by miR-mediated toxic transgene
suppression.

To further demonstrate that insertion of the miR target site within the
transgene’s 30 UTR does not impact the expression or functionality of
the transgene in absence of miR, we transfected HEK293-cells with
BAX, BAX-miRts and GFP-plasmids, respectively. Quantification of
vital HEK-293 nuclei 48 h after transfection revealed approximately
30% fewer vital nuclei for both, cells transfected with 25 ng of BAX
and BAX-miRts plasmid, respectively (Figures 3A and 3B). As ex-
pected, a further decrease in vital nuclei (up to approximately 90%
at 100 ng DNA) was observed with increasing doses of DNA for
both constructs, indicating that the insertion of miR target sites
within the 30 UTR of the transgene has no impact on transgene
functionality.

miR-mediated suppression of toxic transgene expression

increases AAV vector yields

During the production of AAVs in HEK-293 cells, the transgene to be
packed is expressed as an unintended side product that might impact
HEK-293 cell viability in case of cytotoxic, anti-proliferative, or pro-
apoptotic transgene effects, thereby decreasing AAV vector yields. To
address our hypothesis that amiR-mediated suppression of transgene
expression during AAV vector production leads to increased
viral vector yields, we generated ITR-flanked expression cassettes
herapy: Methods & Clinical Development Vol. 32 September 2024 3
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Table 1. Guiding strand sequences of screened miRNAs

Name of miRNA Guiding miRNA sequence (50-30) miRNA target sequence

cel-miR39 UCACCGGGUGUAAAUCAGCUUG CAAGCUGAUUUACACCCGGUGA

cel-miR243 CGGUACGAUCGCGGCGGGAUAUC GAUAUCCCGCCGCGAUCGUACCG

ath-miR159a UUUGGAUUGAAGGGAGCUCUA UAGAGCUCCCUUCAAUCCAAA

ath-miR416 GGUUCGUACGUACACUGUUCA UGAACAGUGUACGUACGAACC

amiR-001 UGAGUUGAUAGCAGUAGUCCAA UUGGACUACUGCUAUCAACUCA

amiR-002 UCUCUUAUCACUGAACCAUCAA UUGAUGGUUCAGUGAUAAGAGA

amiR-003 UGUCAUCUUCUUUUCGGUUUCAG CUGAAACCGAAAAGAAGAUGACA

miR-F_01 UUAAGUUUCAAAAUGAUCUGUA UACAGAUCAUUUUGAAACUUAA

miR-F_02 UUUAAAAACAAUUUCAUCUGGA UCCAGAUGAAAUUGUUUUUAAA

miR-F_03 UAAAUCAUCAUGAUCAUCUGGA UCCAGAUGAUCAUGAUGAUUUA

miR-F_04 UAUAUUUGAACAAUCAACAGGA UCCUGUUGAUUGUUCAAAUAUA

miR-F_05 UUAUAUAUGAUUUUAUCCUCAC GUGAGGAUAAAAUCAUAUAUAA
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harboring either a non-toxic eGFP, a slightly toxic MT-ND4 or a
highly toxic BAX transgene under the control of a CMV promoter,
and quadruple miR target sites within the transgenes’ 30 UTR. The
mitochondrial gene NADH dehydrogenase subunit 4 complex I
(MT-ND4), which is currently in a phase 3 clinical trial
(NCT03293524; ClinicalTrails.gov) for an AAV2-based treatment
of Leber’s hereditary optic neuropathy, was previously reported to
decrease AAV yields.14 The pro-apoptotic gene BAX has previously
been shown to prevent efficient AAV production when expressed
from constitutively active promoters.13 We then used these plasmids
to produce AAVs of serotypes 2 or 6.2 in presence of miR, expressed
from either an additional fourth plasmid (pcDNA.miR), the adeno-
viral pHelper (pHelper.miR), or the rep/cap plasmid (pCap.miR).
The standard production setup without any additional miR expres-
sion served as a control. After iodixanol- and ultrafiltration-based pu-
rification, the titer of each AAV vector production (4-layer CELLdisc,
1,000 cm2 culture area each) was determined by ITR-based digital
PCR (dPCR).

Artificial miR-mediated silencing of non-toxic eGFP expression dur-
ing AAV production revealed moderate, non-significant differences
in AAV vector yield for pCap6.2.miR productions and for pcDNA.
miR or pHelper.miR productions, respectively, compared with con-
ventional control productions in the absence of miR (Figure 4A).
Silencing of MT-ND4 expression during AAV vector production in
HEK-293 cells led to a significant 1.8-fold increase of vector yields
for pCap2.miR productions (p = 0.0139) and a 1.6-fold increase for
pHelper.miR production (p = 0.0408) compared with control produc-
tion. AAV yields for the four-plasmid approach using pcDNA.miR
were not significantly increased (Figure 4B). Finally, we evaluated
miR expression for the proapoptotic transgene BAX.

First, we examined the impact on vector yields when packaging the
BAX expression cassette into serotype AAV6.2. Remarkably, the
yields of AAV-BAX vectors increased by 117-fold for pCap6.2.miR
productions, 73-fold for pHelper.miR productions, and 50-fold for
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
pcDNA.miR productions (p < 0.0001), compared with control pro-
ductions in the absence of miR and miR-targeting sites (Figure 4C).
To further confirm that the miR effect is serotype independent, we
packaged the BAX-miR target site expression cassette into serotype
AAV2. Here, the yields increased 74-fold for pCap2.miR productions
(p < 0.001), 23-fold for pHelper.miR (not significant), and 46-fold for
pcDNA.miR productions (p = 0.0164), compared with conventional
productions (Figure 4D).

An alternative approach to suppress transgene expression on the
post-transcriptional level during AAV vector production has been
previously reported by our group.13 Here, a conditionally self-
cleaving aptazyme riboswitch called GuaM8HDV was integrated
into the 30 UTR of the transgene expression cassette.11 In the absence
of its ligand guanine, the riboswitch remains intact, maintaining
mRNA integrity and gene expression. However, upon the addition
of guanine to the culture medium, self-cleavage of the riboswitch is
initiated, leading to a loss of the poly(A) tail and corresponding
mRNA degradation, thereby switching off transgene expression (Fig-
ure 4E). To compare our new, amiR-mediated approach to the previ-
ous riboswitch-based strategy, we conducted a side-by-side experi-
ment, where both approaches were tested in comparison with a
conventional (riboswitch and miRNA-free) production. As the great-
est increases of AAV vector yields were achieved by expressing miR
from the 30 UTR of the AAV6.2 rep/cap plasmid (Figure 4C), we
used this setup for comparison.

Using the conventional proapoptotic CMV-BAX expression
construct in the absence of miR or guanine, only very low AAV yields
were obtained (average total yield from 4-layer CELLdiscs (1,000 cm2

culture area): 9.6� 109 vg, n = 3). In contrast, by guanine riboswitch-
mediated silencing of BAX during AAV vector production, AAV vec-
tor yields were increased 15-fold to 1.4� 1011 vg. Strikingly, by using
the new artificial miR-mediated strategy, an additional 16-fold in-
crease over the riboswitch approach was achieved, resulting in in
average AAV vector yields of 2.3 � 1012 vg per 1,000 cm2 culture
er 2024
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Figure 2. Evaluation of miRNA silencing efficiency, co-expressed from conventional AAV production plasmids

(A) Representation of artificial miR-F-04 expressing plasmids. (Left) pcDNA3.1 vector expressing 157mer miR-F-04 (further referred to as miR) under the control of a CMV

promoter (further referred to as pcDNA.miR). (Middle) modified pHelper, co-expressingmiR from the downstream sequence (30 UTR) of the adenoviral helper gene VA (further

(legend continued on next page)
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area and an overall 240-fold increase (Figure 4F, red bar). Taken
together, these results show that transient silencing of toxic trans-
genes by artificial miR-mediated RNAi is a highly efficient and uni-
versally applicable approach to increase AAV vector yields.

miR target site-harboring AAV vectors maintain bioactivity

in vitro

Improved AAV vector yields are only beneficial, if miR target site-
harboring AAV vectors maintain their ability to efficiently express
transgene. Therefore, to assess the impact of repeated miR target
site insertions on transgene expression, we transduced human and
murine cell lines, originating from different tissues, with increasing
amounts of AAV6.2-eGFP, with or without miR target sites in the
30 UTR. Depending on the cell line and corresponding AAV expres-
sion kinetics, eGFP expression was determined 48 h or 72 h after
transduction, by quantification of eGFP-positive cells. As expected,
overall, no significant differences were observed between miR target
site-harboring and conventional AAVs’ transduction efficiency (Fig-
ure 5). The only statistically significant (p < 0.05) differences in 3 of 15
comparisons were observed with the two lower doses in case of the
murine Müller glia cell line Moorfields/Institute of Ophthalmology-
Müller 1 (Mio-M1) (Figure 5C) (p = 0.0338 and p = 0.0446), and
the high dose in the murine hepatocyte cell line FL83B (Figure 5E)
(p = 0.0465), where miR-targeting site-harboring vectors showed
slightly decreased transduction efficiencies. No differences were iden-
tified in HEK-293 cells, the human hepatocyte cell line HepG2, or the
murine intestinal neuroendocrine cell line STC-1. Taken together,
our data show that miR target site-harboring AAVs maintain their
ability to efficiently express transgene in vitro.

DISCUSSION
Our study demonstrates that amiR-mediated silencing of transgene
expression during AAV production in HEK-293 cells enables signif-
icant increases in AAV vector yields when packaging a highly cyto-
toxic transgene such as the proapoptotic protein BAX. The ability
to efficiently package such genes is desirable for different reasons,
for instance, applications in oncolytic virotherapy/suicide gene ther-
apy, de-risking of vector production for sparsely characterized genes,
or exploratory research, where the AAV-mediated expression of toxic
genes could be used to deplete cells in a targeted fashion, similar to
established diphtheria toxin receptor models.28
referred to as pHelper.miR). (Right) Modified rep/cap plasmid, expressing miR from the

Created with BioRender.com. (B) Dual luciferase assay in HEK-293 cells. Cells were co
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concentrations of pCap6.2.miR (+miR) at molar ratios for BAX-miRts tomiR-expressing p
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Using the miR-free control construct, AAV-BAX yields were very low
(1 � 1010–5 � 1010 vg), due to constitutive CMV-mediated BAX
expression. In contrast, AAV yields were increased up to 240-fold
when integrating miR target sites within the BAX expression cassette
and co-expressing miR during AAV production (AAV6.2 and
AAV2). Despite this drastic increase, however, AAV production effi-
ciency of a non-toxic transgene production could not be reached
(with AAV6.2-BAX reaching approximately 12% of AAV6.2-eGFP
control vector yields, when comparing Figures 4A and 4C), indicating
that the highly potent proapoptotic effect of BAX could not be fully
blocked by the amiR.

The remarkable efficacy of the selected miRNA candidate in this
work is likely due to two main reasons. First, we applied
SplashRNA-scoring, a sequential classifier that was demonstrated
to identify highly efficient shRNA sequences. Second, the miRNAs
were expressed using an optimized miRNA scaffold, under the con-
trol of a strong, Pol II-driven CMV promoter.29,30 The previously
reported miR-E backbone was originally intended to increase the
precise generation of mature shRNAs for single copy-RNAi applica-
tions, such as shRNA-based library screens.23 Pelossof et al.24

demonstrated that high-scoring SplashRNA-predicted shRNAs,
embedded into the miR-E backbone, mediate greater than 85% pro-
tein knockdown, when expressed from a single genomic integration.
Given that our study used a plasmid transfection-based, and hence
multi-copy setup, it is not surprising that the SplashRNA-predicted
sequences mediated highly efficient protein knockdown, with effi-
ciencies of 94%–96% (Figure 1). In turn, these high efficiencies
might suggest that a decrease in the number of repetitive miR bind-
ing sites (four in the current design) could be approached in the
future, to further fine-tune the system. Our amiR candidate miR-
F_04 was initially predicted to target human RAR-related orphan
receptor B (RORB), a DNA binding protein that has been shown
to interact with proteins involved in neuronal differentiation as
well as regulation of circadian rhythm (reviewed in Liu et al.31).
To avoid any harmful effects on HEK-293 cells by the suppression
of RORB, we validated the potential target gene as not being ex-
pressed in HEK-293 cells, according to the open access cell line sec-
tion of the Human Protein Atlas.32 In addition, we did not observe
any anomalies during AAV production in the cells’ growth behavior
or phenotype upon miR-F_04 expression.
downstream sequence (30 UTR) of the Cap gene (further referred to as pCap.miR).

-transfected with either different concentrations of empty (black) or miR-expressing

and 1:15 indicate the molar ratio of miR-expressing to miRts plasmids). FLuc activity

achmiR concentration vs. the empty control. n = 3 biological repetitions, mean ± SD.

uadruplicate repeats of miR target sites within the 30 UTR of a CMV-eGFP expression

fluorescent microscopy images of HEK-293 cells, 48 h after co-transfection with the

onding empty vector (no miR) at a molar ratio of 1. eGFP signal for all images was

, 50 mm. (E) Quantification of eGFP-positive cells from (d). n = 3 biological repetitions,

ither left untreated (untr.) or co-transfected with BAX-miRts plasmid and increasing

lasmids of 1:0.125–1:1.5, as indicated). At 48 h after transfection, cells were stained

lysis. n = 3 biological repetitions, mean ± SD. (G) Representative microscopy images

, as in (F). Scale bar, 50 mm.

er 2024

http://BioRender.com
http://BioRender.com


Figure 3. miRts-harboring BAX expression constructs maintain potency in vitro

(A) HEK-293 cells were transfected with increasing amounts (25, 50, 75, or 100 ng) of either BAX, BAX-miRts, or eGFP plasmids. At 48 h after transfection, cells were stained

with Hoechst33342 and vital nuclei were quantified by automated image analysis. The percentage of vital nuclei is presented relative to vital nuclei under eGFP control

conditions. n = 3 biological repetitions, mean ± SD. Two-way ANOVA. ***p < 0.001 and ****p < 0.0001. (B) Representative microscopy images of (A). Numbers indicate the

amount of each transfected plasmid in ng. Scale bar, 50 mm.
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Additional approaches have been previously reported by our group
and others to suppress transgene expression on the post-transcrip-
tional level during AAV vector production, by inserting small
sequence sections within the 30 UTR of the transgene expression
cassette: We previously used a self-cleaving aptazyme riboswitch
placed into the 30 UTR of the transgene expression cassette. By addi-
tion of the riboswitch ligand guanine to the production process, self-
cleavage of the riboswitch is initiated, which leads to a loss of the
poly(A) tail and the degradation of the transgene mRNA during
AAV production (Figure 4E). In the absence of the ligand, the ribos-
witch remains intact, maintaining mRNA integrity and gene expres-
sion, thereby enabling the use of riboswitch-containing AAVs under
normal in vitro or in vivo conditions, where no exogenously added
guanine is present.13,33 Comparable with our novel approach, Reid
et al.14 used anmiRNA-mediated strategy to silence transgene expres-
sion during AAV production. However, they inserted binding sites of
naturally occurring miRNAs within the 30 UTR of the transgene,
which are known to have high, tissue-specific expression levels:
hsa-miR-373 (placenta), mmu-miR-122a (liver), and mmu-miR-
367 (heart).14 Interestingly, both previously shown strategies medi-
ated comparable, 23-fold and 22-fold increased AAV vector yields
for BAX, respectively. Yet, they have not been as efficient as our novel
artificial-miRNA based approach, that led up to a 240-fold AAV yield
increase. Moreover, while a disadvantage of the guanine riboswitch
lies in its basal cleavage activity that decreased AAV-mediated gene
expression by 33% in vivo in the absence of ligand,13 a major draw-
back of using naturally occurring mammalian miRNAs is that
AAV-mediated expression will be silenced in tissues expressing these
miRNAs, thereby limiting the general applicability of this system. In
contrast, by using amiRs and unique target sites, it is highly unlikely
that AAV-derived mRNAs will be targeted by endogenously present
Molecular T
miRNAs. In fact, this assumption was confirmed in our experiments,
using different murine and human cell lines, where AAV vectors
harboring miR target sites expressed GFP with similar efficiency as
the control constructs. Thus, by using amiRs to increase the yields
of AAV vectors carrying cytotoxic transgenes, unintended transgene
suppression by naturally occurring miRNAs is avoided, while AAV
bioactivity is maintained.

While the use of cell- and tissue-specific promotors that show no or
little expression in the production cell line HEK-293, such as the
heart/cardiomyocytes specific cTnT promoter,34 the CNS/neuron-
specific synapsin-1 promoter,35 or the liver/hepatocyte-specific LP1
promoter,36 represents an alternative approach to lower transgene
expression during vector production, most AAV-based studies use
strong constitutive promotors. Examples include a CAG or CMV
promotor, which enable a broad expression in different cell types
and/or different target tissues of interest.12 Therefore, using amiRs
and their complementary target sites represents an effective approach,
whenever broad expression of the transgene is desired, and the use of
a tissue-specific promotor is not possible.

In the context of AAV production, transfection of a fourth plasmid
(on top of the transgene, rep/cap, and pHelpers) to overexpress the
miRNA would be the easiest approach. In practical terms, however,
this requires additional plasmid DNA preparation and a modification
of the transfection protocol (DNA amount, plasmid ratios). To
circumvent this, we attempted to co-express our candidate miR
from plasmids that are anyway required for AAV production: rep/
cap and pHelper. By expressing themiR from the 30 UTR immediately
downstream of the stop codon of the adenoviral VA gene in the
pHelper, and the AAV cap gene in the rep/cap plasmid, respectively,
herapy: Methods & Clinical Development Vol. 32 September 2024 7
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Figure 4. miRNA-mediated transgene silencing increases AAV vector yields

(A–D) To assess the impact of miR-based transgene silencing on AAV yields, either (A) CMV-eGFP, (B) CMV-MT-ND4 or (C and D) CMV-BAX AAV vectors were produced in

HEK-293 cells by co-transfection of the corresponding miR target site-harboring transgene, rep/cap and pHelpers, under either standard conditions (no miR) or using miR-

expressing pcDNA, pCap or pHelper variants, as indicated. Following vector purification by PEG-precipitation, Iodixanol gradients and ultrafiltration, AAV vector genomes

were quantified by ITR-based dPCR. Fold increases in vector yields are indicated for AAV2 and AAV6.2-CMV-BAX vectors. n = 3 CELLdiscs (1,000 cm2 growth area) for each

production condition, mean ± SD. One-way ANOVA, *p < 0.05, ***p < 0.001 and ****p < 0.0001. (E) Scheme of two post-transcriptional mechanisms to overcome cytotoxic

transgene expression during AAV production in HEK-293 cells. (Left) Scheme of AAV-GuaM8HDV construct design for riboswitch-mediated transgene suppression.13 The

riboswitch was inserted into the 30 UTR of the transgene. Addition of the riboswitch ligand (guanine) to the AAV production process induces self-cleavage of the riboswitch,

and subsequent cleavage and degradation of transgene mRNA. (Right) miRNA expression during the AAV production process leads to RNA-induced silencing complex

(RISC) formation, and binding of themiRNA to target sites within the transgene’s 30 UTR. miRNA-binding to the transgenemRNA leads to 50-decapping and 30-deadenylation
of transgene mRNA, subsequently triggering mRNA cleavage. Created with BioRender.com. (F) AAV6.2-CMV-BAX vectors were produced under either conventional (no

miR/no guanine) conditions or using a self-cleaving riboswitch-containing construct induced by 150 mMguanine, or the CMV-BAX-miRts construct and pCap-mediatedmiR-

expression. After vector purification, AAV vector genomes were quantified by ITR-based dPCR. n = 3 CELLdiscs (1,000 cm2 growth area) for each production condition;

mean ± SD. One-way ANOVA, ****p < 0.0001. ns, not significant.
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Figure 5. miRts-harboring AAV vectors maintain bioactivity in vitro

Human (A–C) and murine (D–E) cell lines were transduced with indicated amounts of viral genomes per cell of AAV6.2-eGFP (no miR target site) or AAV6.2-eGFP-miRts (viral

genome contains miR target site). At 48 h or 72 h after transduction, eGFP-positive cells were quantified by automated image analysis. Representative fluorescent mi-

croscopy images and corresponding Hoechst33342 images are shown. eGFP fluorescence was recorded for 100 ms. Scale bar, 50 mm. n = 3 biological repetitions for each

concentration, mean ± SD. Two-way ANOVA, *p < 0.05.
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the miR undergoes processing as a natural substrate of the miRNA
processing pathway. The effective silencing of the luciferase and
GFP reporters clearly demonstrated successful co-expression and
processing into a functional miRNA (Figure 2).
Molecular T
Similar to the four-plasmid approach, pHelper-based miR expression
mediated by approximately 50-fold higher yields during AAV pro-
duction (BAX). pHelper-based expression represents an attractive
approach, especially because it is universally applicable, independent
herapy: Methods & Clinical Development Vol. 32 September 2024 9
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of the AAV capsid choice. Still, the strongest improvement of AAV
vector yields was observed by co-expressing the miRNA from the 30

UTR of the cap gene. This not only allows to stay with the traditional
three-plasmid production protocol, but also additionally improved
AAV vector yields approximately 2.4-fold, compared with the
pHelper approach. An additional way to express miR during the
AAV production process is the generation of a stably miR-expressing
HEK-293 production cell line, which is currently under evaluation in
our lab.

Finally, in addition to their application during AAV production, miR-
NAs also represent an attractive tool to silence or even induce gene
expression in in vivo applications. The usage of our miRNA-target
site harboring AAV expression cassette allows for silencing of trans-
gene expression, for example, by administration of miRNA mimics,
synthetic small RNA duplexes, that behave similarly to endogenous
miRNAs and thus mediate gene silencing.37 Temporary silencing
may be necessary, for example, when consistent transgene expression
would have cytotoxic effects on targeted organs, or to study temporal
gene expression effects, when using AAVs as a research tool.38 A
strategy to conditionally induce AAV-mediated transgene expression
by shRNAs was recently demonstrated by Subramanian et al., who
generated a self-silencing AAV transgene expression cassette. Here,
the expression of the transgene is induced by inhibiting the silencing
shRNA via a high-affinity oligonucleotide complementary to the
shRNA sequence.39

In summary, our data demonstrate that the expression of an opti-
mized amiR from the 30 UTR of conventional AAV production plas-
mids is a highly efficient and universally applicable approach to sup-
press toxic transgenes during AAV production, thereby enabling
efficient production of AAV vectors harboring challenging trans-
genes. In addition to its use for AAV production optimization, the
highly efficient miRNA approach might further be extended to tem-
poral regulation of therapeutic transgene expression in vivo.

MATERIALS AND METHODS
Artificial miRNAs

Sequences for potent miRNA-based shRNAs were selected based on a
high SplashRNA score.24 Potential target genes of top candidates of
SplashRNA score ranking were validated to be not expressed in
HEK-293 cells in an open access cell line section of the Human Pro-
tein Atlas32 to avoid suppression of potential target transcripts and
associated effects on the AAV production cell line (see Table 1 for
sequence information).

The previously described miR-E backbone23 was slightly modified by
substitution of nucleotide A by G at position 2 to fix an unfavorable
basal bulge (based on design criteria published by Fang and Bartel25)
to further enhance pri-miRNA processing, and subsequently called
miR-F. Sequences of selected miRNA-based shRNAs were expressed
from optimized 157mer miR-F scaffolds (sequence as in Figure 1A,
flanked by 50 TCGACTTCTTAACCCAACAGAAGGCTCGAGAA
GGTATATTGCTG and 30 GACTTCAAGGGGCTAGAATTCGA).
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
Cell culture

The human Müller cell line Mio-M140 was obtained from the UCL
Institute of Ophthalmology. Human HEK-293H cells (acCELLerate),
human MioM1 and murine STC-1 (ATCC, #CRL-3254) cells were
cultured in DMEM high-glucose with GlutaMAX (Life Technologies)
supplemented with 10% fetal bovine serum (FBS) (Life Technologies).
Human HepG2 cells (ATCC; #HB-8056) were cultured in MEM me-
dium (Life Technologies) supplemented with 10% FBS and 1%
NEAA. Murine FL83B cells (ATCC; #CRL-2390) were cultured in
F-12K Nutrient Mix (Life Technologies) supplemented with 10%
FBS. All cell lines were cultured at 37�C and 5% CO2.

Plasmid constructs

Selected miRNA sequences from either C. elegans or A. thaliana (see
Table 1), embedded in 200–250 bp of upstream and downstream
genomic flanking regions, predicted amiR sequences, embedded in
optimized 157mer miR-F scaffold and self-designed miRNA se-
quences, embedded in 250 bp of upstream and downstream genomic
flanking regions of hsa-miR-21 were synthesized (Thermo Fisher Sci-
entific). Sequences were cloned into BamHI and XhoI restriction sites
of standard mammalian expression vector pcDNA3.1. Selected miR-
F_04 sequence was subcloned between the cap gene stop codon and
first polyA signal of AAV rep/cap plasmids AAV2/2 and AAV2/6.2
using BcuI and BshTI restriction sites (constructs referred to as
pCap2.miR or pCap6.2.miR) or into SalI and NdeI restriction sites
of pHelper (AAV Helper-free system, Agilent; plasmid construct
referred to as pHelper.miR). Oligonucleotide pairs, that contain
miRNA target sites were ordered (Sigma Aldrich), annealed and
cloned into PemI and XbaI restriction sites of pmirGLO vector
(Promega). Quadruplicate miRNA target site of miR-F74014 was syn-
thesized (Thermo Fisher Scientific) and cloned into the 30 UTR of
transgene cassette of pFB-eGFP, pAAV-BAX or pAAV-MTND4, us-
ing HindIII and XhoI restriction sites.

Dual luciferase assays

The day before transfection, HEK-293H cells were seeded in a white
multiwell plate to reach approximately 70% confluence on the day of
transfection. For initial testing of miR silencing efficiency, cells were
transfected with 50 ng pmiRGLO-miRts plasmid constructs and equi-
molar amounts of correspondingpcDNA-miRNAexpression plasmids,
using Lipofectamine 2000 transfection reagent (Thermo Fisher Scienti-
fic). For evaluating the silencing efficiency of miR-F_04, co-expressed
from AAV production plasmids, cells were transfected with 50 ng
pmiRGLO-miRts plasmid construct and equimolar amounts of miR-
expressing plasmids (pcDNA.miR, pHelper.miR, pCap6.2.miR, or
pCap2.miR; each miR expressing plasmid was diluted 1:5, 1:10, or
1:15 with corresponding empty vector). At 48 h after transfection, sam-
pleswere processed according tomanufacturer’s instructions (Dual-Glo
Luciferase Assay System, Promega) and luminescence was measured.
Firefly luminescence was normalized to Renilla luminescence.

Transfection for GFP and BAX assays

The day before transfection, HEK-293H cells were seeded in a black
ViewPlate (PerkinElmar) to reach about 70% confluence on day of
ber 2024
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transfection. We co-transfected 50 ng pAAV-GFP-miRts plasmid
with equimolar amounts of pcDNA.miR, pHelper.miR, pCap6.2.miR
or pCap2.miR, respectively, or corresponding empty vector (no miR).
At 48 h after transfection, GFP intensity was measured by micro-
scopy. To assess the effect of miR in the context of BAX overexpres-
sion, HEK-293H cells were co-transfected with 100 ng of pAAV-
BAX-miRts plasmid miR-expressing plasmid at molar ratios for
BAX-miRts plasmid to pCap6.2.miR plasmid of 1:1.5, 1:1, 1:0.75,
1:0.5, 1:0.25, 1:0.125, or transfected with pAAV-BAX-miRts plasmid
only. To assess the effect of toxic transgene expression in presence of
miR target site and absence of miR, HEK-293H cells were transfected
with increasing amounts of pAAV-BAX-miRts or pAAV-BAX
plasmid, as indicated. At 48 h after transfection, cells were stained
with Hoechst33342 to quantify vital nuclei by automated image anal-
ysis (see below).

AAV transduction

The day before transduction, cell lines were seeded in a black
ViewPlate (PerkinElmar) to reach about 70% confluence on the day
of transduction. AAV preparations were diluted with DPBS to
1 � 108 vg/mL. Diluted AAV preparations were added to the plates
to achieve the specified vg/cell. Cells were incubated for 2 or 3 days
at 37�C, 5% CO2, before measuring eGFP intensity by fluorescence
microscopy and automated image analysis.

Fluorescence microscopy and automated image analysis

To detect GFP-positive cells, ViewPlates were processed with an Op-
era Phenix High-Content Screening System (PerkinElmer). Five
evenly distributed 646 mm2

fields were measured per 96-well plate
with Brightfield, GFP (excitation at 488 nm, emission at 500–
550 nm), and Hoechst33342 (excitation at 405 nm, emission at
435–480 nm) channels. Exposure settings for the GFP channel were
fixed to 100 m, and 300 m for Brightfield and Hoechst33342. Result-
ing pictures were analyzed with the Columbus Image Data Storage
and Analysis System (PerkinElmer). First, the Hoechst33342 signal
was used to automatically detect vital nuclei. Uneven or overlapping
nuclei were excluded. To measure GFP intensities of the vital nuclei
area, GFP background signal levels were determined by quantifying
the GFP signal of an untransduced well. Then, GFP intensities of vital
nuclei areas of transduced wells were measured and averaged to
obtain the final GFP intensity score. Percentages of GFP-positive
and vital nuclei areas were determined for each sample.

AAV production

All AAVs were produced as described previously.41 Briefly, frozen al-
iquots of high-density HEK-293H cells (AcCELLerate) were thawed
and 1.5 � 107 cells/4-layer CELLdisc (Greiner Bio-One) were seeded
3 days before transfection in DMEM, containing 10% FBS. on the day
of transfection, medium was changed to DMEM, containing 5% FBS
and Adenoviral helper (AAV helper-free system; Agilent), respective
rep/cap plasmids and a plasmid containing an AAV2-ITR flanked,
self-complementary CMV-based expression cassette (transgenes as
indicated in figure legends) were co-transfected by calcium phosphate
transfection. At 5–6 h after transfection, media was changed and re-
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placed with fresh DMEM containing 5% FBS. After 3 days, cells were
detached by the addition of EDTA and collected by centrifugation.
High-salt lysis buffer and three freeze/thaw cycles were used to release
the AAV particles from the cells. Genomic DNA and remaining
plasmid DNA were digested by incubation of the lysate with salt-
active nuclease (ArcticZymes) for 1 h followed by PEG-precipitation
of proteins, including AAVs, for 3 h. The PEG pellet was resuspended
overnight and AAVs were purified by an iodixanol gradient to remove
contaminating proteins and empty capsids. After exchanging the
buffer and simultaneously concentrating the AAV-containing iodix-
anol fraction using Amicon Ultra-15 filtration tubes (Merck), the
concentrate was sterile filtered.

AAV titer determination by dPCR

Viral genomes were isolated with ViralXpress DNA/RNA Extraction
Reagent (Merck) and serially diluted in nuclease-free H2O. We trans-
ferred 7.0 mL of dilutions 5.0 � 10�3–7.81 � 10�7 to a 96-well plate.
Master Mix was prepared with 3.0 mL of 4� Probe Master Mix (Qia-
gen), 0.6 mL FAM-labeled 20� Primer Probe mix targeting AAV2-
ITR (forward primer: GGAACCCCTAGTGATGGAGTT, reverse
primer: CGGCCTCAGTGAGCGA, probe: CACTCCCTCTCTGC
GCGCTCG) and 1.4 mL nuclease-free H2O. We added 5 mL Master
mix to each sample dilution andmixed before transferring 12 mL sam-
ple mix into 96-well Nanoplate 8.5k (Qiagen). After sealing the plate,
viral genomes were amplified by using a QIAcuity One instrument
(Qiagen) and running a PCR with the following cycling conditions:
95�C for 10 min followed by 40 cycles of 95�C for 15 s and 60�C
for 1 min. After completion of PCR, partitions were imaged with
an 800-ms exposure time, with the gain set to 6. Data analysis was per-
formed using QIAcuity software Suite version 2.5.0.1.

Statistics

Statistical analyses were performed using GraphPad Prism 9.5
(GraphPad). Statistical significance was determined using the tests
specified in the respective figure legends and expressed as follows:
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Results are
shown as mean ± SD.
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