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Abstract

Immune responses to recombinant adeno-associated viral vectors (rAAVs) impair the
therapeutic potential of gene therapies. One trigger for these responses upon systemic
administration is the activation of Toll-like receptor 9 by unmethylated cytosine-phosphate—
guanine motifs within the vector genome. To better understand the epigenetic profile of
rAAVs, we performed bisulfite sequencing on vector genomes produced either via stan-
dard triple transfection or via a stable cell line. Furthermore, we investigated whether
the epigenetic state of the template DNA influences the encapsidated genome by using
in vitro-methylated plasmids during triple transfection. Our results demonstrate that,
regardless of the production platform, rAAV genomes lack substantial CpG methylation.
Notably, even when a fully CpG-methylated template plasmid was used, the resulting vec-
tor DNA exhibited only 4.56% methylation, indicating that alternative strategies—beyond
modifying the template DNA—are required to reduce CpG-associated immunogenicity.
Additionally, comparing the methylation patterns of rAAVs generated from GpC- and
CpG-methylated plasmids revealed that vector genomes were predominantly packaged
following genome replication rather than directly from the plasmid DNA. These findings
provide critical insights into rAAV packaging mechanisms and inform future strategies for
vector engineering.
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1. Introduction

Adeno-associated viruses (AAVs) consist of a 25-nm icosahedral capsid containing a
single-stranded DNA (ssDNA) payload of approximately 4.7 kilobases (kb) [1]. The coding
sequence of the genome is flanked by inverted terminal repeats (ITRs) that are crucial
for viral replication and packaging [2,3]. Several advantages, such as non-pathogenicity
and their ability to infect both dividing and non-dividing cells, make them promising
candidates for gene therapy [4,5]. To obtain a recombinant AAV vector (rAAV), all viral
sequences except the ITRs are removed and replaced with the desired transgene cassette.
To date, rAAV-based therapeutics are extensively explored in clinical trials and several of
these drugs have already been approved [4,6].
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The most common rAAV production method is the so-called triple transfection (TTF)
of HEK293 cells. To this end, three different plasmids are co-transfected: (i) a vector plasmid
that encodes the transgene flanked by ITRs (pITR), (ii) a plasmid providing the rep and
cap genes (pRepCap), and (iii) a helper plasmid containing the adenoviral helper genes
(pHelper) [7]. To decrease manufacturing costs and increase reproducibility, the use of
stable cell lines (SCLs) represents a promising alternative. Several types of SCLs exist, for
instance, packaging cell lines containing the rep/cap construct integrated into their genomes,
producer cells harboring the rAAV genome (transgene flanked by ITRs), or ‘all-in-one’
systems that have all necessary functions integrated [8,9].

Despite rAAVs being the vehicle of choice for in vivo gene therapy, immune responses
against the rAAV capsid and the delivered nucleic acids negatively impact their overall
therapeutic profile [4,5,10]. Pre-existing antibodies, complement activation, innate immune
receptors including Toll-like receptor (TLR) 2 and TLR9, and the presentation of transgene or
capsid peptides on major histocompatibility complex I (MHC-I) or MHC-II can all interfere
with the therapy [4]. ITRs are known for their high CpG content and studies indicate that
codon optimization leads to an increase in CpG motifs [11,12]. In contrast, apart from CpG
islands, the mammalian genome is generally CpG-poor and methylated. Unmethylated
CpGs are recognized by TLR9 and trigger inflammation and thus an antiviral response via
the MyD88 pathway [13-15]. To avoid TLRY activation, CpG depletion is one option that is
under investigation [16,17]. For instance, Pan et al. were able to produce functional vectors
with CpG-free ITRs; however, the vector yield was decreased by approximately threefold
most likely due to the ITRs’ critical role in genome replication [18].

Since TLRY recognizes unmethylated CpGs, not only the presence of this dinucleotide
but also its epigenetic modification is crucial. Nevertheless, very few publications address
this topic. To bridge this gap, in the current study, we compared the influence of different
rAAV production strategies, namely TTF versus the use of an SCL, on the methylation
state of the vectors. Moreover, we investigated whether in vitro methylation of plasmids
influences the epigenetic signature of the produced rAAVs.

2. Materials and Methods

2.1. rAAV Production via Triple Transfection
2.1.1. Plasmid Preparation

To evaluate the influence of the methylation state of the pITR on that of the produced
rAAVs, differentially methylated forms of the plasmid were generated. CpG methylation
was carried out using M.Sssl (NEB, Ipswich, MA, USA) and GpC methylation using
M.CviPI (NEB, Ipswich, MA, USA) according to the manufacturer’s protocol. A total of
16 units (U) of methyltransferase were used for 4 ng of plasmid DNA. The reaction mix was
incubated at 37 °C for 4 h. Due to its instability, additional S-adenosylmethionine (SAM)
was added after 2 h. After heat inactivation of the enzyme, the DNA was purified using
Pellet Paint Co-precipitant (Novagen, Merck Millipore, Darmstadt, Germany) according to
the manufacturer’s instructions. To verify successful methylation, restriction digestions
using Mspl, Hpall, and Haelll (NEB, Ipswich, MA, USA) were performed.

2.1.2. rAAV Production

rAAVs were produced using a standard triple transfection protocol. Briefly, suspension
HEK293 cells (provided by Roche Diagnostics GmbH, Penzberg, Germany) were transfected
with pHelper, pRepCap, and methylated or unmethylated pITRs. Transfections were
performed in triplicate per pITR in 125-mL shake flasks. After purification via affinity
chromatography using an AAVX resin, the genomic titer was determined using dPCR, and
capsid titers were measured with Electrochemiluminescence Immunoassay (ECLIA).
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2.2. rAAV Production Using a Stable Cell Line

Proprietary stable HEK293 cells containing an integrated pITR in the adeno-associated
virus integration site 1 (AAVS1), obtained from Cornelius Frank (Roche Diagnostics GmbH,
Penzberg, Germany), were cultured in suspension in a commercially available expression
medium at 37 °C with 5% CO,. Cells were transiently transfected with pHelper and
a wild-type AAV9 pRepCap using a commercial transfection reagent. Three days after
transfection, cells were lysed by adding a non-ionic detergent and an endonuclease to
digest residual plasmid and host cell DNA. The lysate was clarified by salt adjustment
and centrifugation. Subsequently, rAAV particles were concentrated from the clarified
supernatant via polyethylene glycol precipitation. The next day, rAAVs were pelleted
by centrifugation and resuspended in DPBS supplemented with 0.001% Poloxamer 188.
Following DNase I and Proteinase K (NEB, Ipswich, MA, USA) digestion, the vector genome
titer was determined by digital polymerase chain reaction (dPCR) using the QIAcuity Eight
Digital PCR System (Qiagen, Hilden, Germany).

2.3. DNA Extraction

Genomic DNA (gDNA) from the stable cell line was extracted using the DNeasy Blood
and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. rAAV
DNA samples were treated with DNase I (NEB, Ipswich, MA, USA), and the viral DNA
was extracted with the QIAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany). The
manufacturer’s protocol was followed, except that the protease digestion was extended to
25 min.

2.4. Bisulfite Sequencing

Plasmid, genomic, and rAAV DNA were bisulfite-converted using the EZ DNA
Methylation-Gold Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
instructions. Plasmid DNA and rAAV DNA generated by TTF were amplified using primer
pairs 1-7 (Table 1). Since the SCL did not contain binding sites for primer pair 7, only
amplicons 1-6 were generated.

Table 1. Primers used for bisulfite PCR.

Primer Pair Sequence Amplicon Length [bp]
1 5 GTTTATCGGGGTGGTGTTTATTTTGG 3 1393
5" CCCAAAATATTACCGTCCTCCTTAAAATC 3/
5 5 GAGGACGGTAATATTTTGGGGTATAAG 3’ 315
5" CAACTCGTCCATATCATATATAATCCC 3/
3 5 GATTATATGGTTTTGAAGGAGAGGGTG 3 974
5 CAACGAACCACAACTCCTCATAAAAAAAC 3
4 5 GGTTGTTGTTTTTTTATGAGGAGTTGTGG 3’ 236
5 CAACCAAAAAAAAAACGATAATTTCCCC 3
5 5 TCGTTTATGTTGTTATTTGGATTTTG 3’ 305
5" CCACCCCATAATATTATAAAAAAACACC 3’
6 5" AAGTTGGGAAGATAATTTGTAGGG 3’ 214
5'CTAACCAATATAATAAAACCCCGTCTC 3/
7 5 GATAAAGAGTAAATGATGATTCTGAATGG 3 320

5" GTTAGCTCTCATAAACATATCCACAGTTC 3

Q5U Hot Start High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA) was used for
DNA amplification. The protocol consisted of an initial denaturation step at 98 °C for 10 s,
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25 cycles at 98 °C for 10 s, 58 °C for 20 s, and 68 °C for 30 s, followed by a final extension
step at 68 °C for 5 min. PCR amplicons were purified with 1x volume/volume AMPure
XP Beads (Beckman Coulter, Brea, CA, USA) according to the manufacturer’s instructions.
Amplicons derived from the same DNA sample were pooled in equimolar ratios and
underwent library preparation using the NEBNext Ultra Il DNA PCR-free Library Prep
Kit for Illumina (NEB, Ipswich, MA, USA) according to the manufacturer’s protocol. The
sequencing run was performed on a NextSeq 2000 (Illumina, Inc., San Diego, CA, USA).

2.5. Sequencing Data Analysis

Raw base call (BCL) files were demultiplexed and converted to FASTQ format using
the BCL Convert software (version 4.2.11, Illumina), allowing one mismatch in the index
sequences. Automatic adapter trimming was performed during conversion using the stan-
dard Illumina adapter sequences for Read 1 (5'-AGATCGGAAGAGCACACGTCTGAACTC
CAGTCA-3') and Read 2 (5'-AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT-3'),
with a minimum overlap of one base. Reads shorter than 35 base pairs after adapter trim-
ming were discarded. Using Cutadapt (version 5.2) [19], the first and last 25 base pairs were
trimmed to correct for methylation bias. The trimmed reads were aligned to the reference
genome using Bismark (version 3.0.0), with Bowtie 2 (version 2.5.5) as the underlying
alignment algorithm [20] and the option --score_min L,0,—0.3. Subsequently, methylation
levels were extracted using the Bismark_methylation_extractor tool with the option --CX
to obtain data for cytosines in the CpG-context and with --comprehensive to combine the
data from the forward and reverse reads. The final cytosine report was generated using the
tool coverage2cytosine with the options --nome-seq and --coverage_threshold 10. Since the
primers used for PCR (Table 1) were designed to bind exclusively to the forward strand,
only reads derived from this strand were considered further.

3. Results
3.1. Triple Transfection-Derived rAAV's Are Virtually Unmethylated

TTF using HEK293 cells is the most common method for rAAV production. To
investigate the methylation state of the vectors generated and to examine the influence of
the epigenetic state of the pITR, three different conditions were tested. In the first condition,
native plasmids (pITR, pRepCap, and pHelper) were used for TTE. In the second, the
pPITR was CpG-methylated prior to transfection, and in the third, a GpC-methylated pITR
was used. Since DNA methyltransferases (DNMTs) methylate CpGs in mammals [21],
methylation of rAAVs produced using the CpG-methylated plasmid could be due to
either direct packaging from the plasmid or de novo methylation of the vector genome
resulting from rolling hairpin replication. To distinguish between these two scenarios, the
GpC-methylated pITR was used, as no GpC methylation occurs in humans.

Successful plasmid methylation was verified via restriction digestion using the
CpG methylation-sensitive enzyme Hpall [22] and the GpC methylation-sensitive en-
zyme Haelll [23] (Figure 1a). CpG methylation decreased both genomic and capsid
titers to approximately 15% (CpG pITR: 2.57 x 10!° vg/mL, 1.90 x 10" c¢p/mL; na-
tive pITR: 1.57 x 10! vg/mL, 1.25 x 10'? cp/mL). In contrast, GpC methylation re-
duced the genomic titer to about 29%, but the capsid titer to only approximately 77%
(GpC pITR: 4.61 x 10'° vg/mL, 9.88 x 10" cp/mL; native pITR: 1.57 x 10" vg/mL,
1.25 x 10'2 cp/mL). Consequently, the full-to-total ratio remained unchanged for the CpG
sample but was reduced to approximately 37% for the GpC sample (Figure 1b).
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Figure 1. Generation of rAAVs by TTF of differentially methylated pITRs. Native, CpG-, or
GpCmethylated pITRs were used for TTFE. (a) Restriction digestion of the pITRs. Hpall is sensi-
tive to CpG methylation, and Haelll cannot cleave GpC-methylated DNA. (b) Genomic and capsid
titers of the produced rAAVs were measured using dPCR and ECLIA, respectively. The produc-
tion was performed in triplicate, and values were normalized to those of the native pITR. Data are
presented as normalized means + standard deviation.

The methylation states of the plasmids used and the produced rAAVs were determined
by bisulfite sequencing. The results are summarized in Table 2, and sequencing quality
attributes in Table Al. The manual for the EZ DNA Methylation-Gold Kit used for bisulfite
conversion states a conversion efficiency of >99% and >99% protection of methylated
cytosines [24]. Therefore, values of less than 1% methylation are likely attributable to
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technical background noise rather than a true biological signal. As expected, the native
pITR did not show any methylation, and the produced rAAVs were also unmethylated. As
already indicated by the restriction digestion (Figure 1a), GpC methylation of the pITR was
successful (96.34%). The slightly elevated CpG methylation detected (6.90%) is in line with
the off-target activity at CCG sites reported for M.CviPI [25]. Since the generated rAAVs
were not methylated, the packaged vector DNA is derived from rolling hairpin replication,
and no direct packaging from the plasmid DNA appears to occur. For the CpG sample,
methylation of the pITR was successful (98.26%; Figure 1a). The CpGs of the resulting
rAAVs were only slightly methylated (4.56%). In combination with the data obtained for
the rAAVs of the GpC sample, this suggests maintenance methylation activity by cellular
methyltransferases.

Table 2. Quantification of CpG and GpC methylation levels in plasmid, genomic, and rAAV DNA.

Sample CpG Methylation [%] GpC Methylation [%]
Native pITR 0.65 0.63
rAAV (native pITR) 0.61 0.22
GpC pITR 6.90 96.34
rAAV (GpC pITR) 0.71 0.24
CpG pITR 98.26 0.88
rAAV (CpG pITR) 4.56 0.20
gDNA 1.65 1.18
rAAV (SCL) 0.44 0.33

Next, we examined the methylated positions to identify any specific patterns or
anomalies. Neither the GpC-methylated sample (Figure 2b) nor the CpG-methylated
one (Figure 2c) exhibited any distinct hotspot regions. For the rAAV genomes generated
with the CpG-methylated pITR, only one position in mGreenLantern showed >10% CpG
methylation (14.37%).
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Figure 2. Cont.
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Figure 2. Analysis of the methylation pattern of individual positions. (a) Map of the region of the
reference vector genome that was amplified by PCR. The binding sites for the different primer pairs
are highlighted. For the TTF samples, all seven pairs were used. Due to a slight difference in the
stuffer sequence, only pairs 1-6 could be used for the SCL. (b—d) The x-axis shows the position in the
reference. The y-axis shows the percentage of methylated cytosines at this position. Data are shown
in a mirrored representation, with those for the pITRs/gDNA plotted upwards (above the baseline)
and those for the resulting rAAVs plotted downwards (below the baseline). Only positions with a
coverage of at least 1% of the median coverage for the respective sample are shown. (b) Results for
GpC-methylated pITRs, (¢) CpG-methylated pITRs, and (d) SCL samples.

3.2. rAAVs Produced in a Stable Cell Line Are Not Methylated

As rAAVs produced via TTF did not show any substantial methylation, regardless of
whether the template was methylated or not, we investigated the methylation profile of
rAAVs produced in an SCL. To this end, a cell line with an integrated pITR was transfected
with pHelper and pRepCap, and the gDNA and rAAV DNA were bisulfite-sequenced. In
the gDNA sample, 1.65% of the cytosines were CpG-methylated and 1.18% GpC-methylated
(Table 2). The latter result might be explained by the slight methylation in non-CpG con-
texts observed in human cells [26,27]. Detailed analysis of the CpG-methylated positions
revealed four that were approximately 10% CpG-methylated. One was located in mGreen-
Lantern, one between mGreenLantern and the WPRE, and the remaining two in the WPRE
(Figure 2d). The rAAVs produced using the stable cell line did not show any substantial
methylation and were comparable to those produced via TTF with native pITRs (Table 2).

Taken together, our results indicate that CpGs in rAAVs are generally unmethylated,
regardless of the usage of TTF or SCLs, and that the use of methylated template DNA only
slightly impacts the methylation state of the produced vector genomes.
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4. Discussion

While the CpG methylation state of rAAV genomes is of less concern in localized
treatments of immune-privileged organs such as the eye, it can play a crucial role in
systemically administered gene therapies, as unmethylated CpGs are reported to act as
pathogen-associated molecular patterns (PAMPs) that are recognized by TLRY, leading to
a type I interferon response that can ultimately result in transgene silencing or immune-
mediated clearance of transduced cells [14,15,28]. In this study, we generated initial data
on how the production strategy and methylation state of the template DNA influence the
methylation pattern of the produced rAAVs.

To evaluate the influence of the methylation pattern of the template, native, CpG-
methylated, or GpC-methylated pITRs were used for TTF. While CpG methylation dras-
tically reduced both the genomic and the capsid titers, the influence of GpC methylation
was more prominent on the genomic titer (Figure 1b). In contrast, T6th et al. reported no
loss in genomic titer when using CpG-methylated pITRs [29]. However, it should be noted
that in that study, adherent instead of suspension cells were used, and the titer was not
determined after cell lysis but from supernatant samples. Since AAV2, which was used
in that work and also in our study, is not efficiently released into the medium [30], vector
genomes measured in the supernatant do not necessarily correlate with vector production
but could also be the result of apoptosis. Therefore, their data are not directly comparable
to ours. Regarding the results presented herein, it has been reported that after transfection,
plasmids rapidly concatemerize via homologous recombination and non-homologous end
joining [31,32]. Moreover, CpG methylation can completely silence an adjacent, unmethy-
lated promoter in cis [33]. Thus, it seems possible that in the production runs with the
CpG-methylated pITR, the plasmids concatemerized after transfection, and the methylated
cytosines interfered with the production of Rep and Cap proteins, resulting in a strong
decrease in both capsid and genomic titers. In contrast, plasmid concatemerization in the
GpC sample would not inhibit the expression of Rep and Cap proteins, allowing capsids
to assemble almost normally. However, methylation of cytosines influences the physical
properties of DNA [34], which might interfere with Rep binding, leading to a decrease in
the genomic titer.

To determine the methylation state of the encapsidated genomes, bisulfite sequencing
was performed. In line with previous reports, rAAVs originating from TTF using native
pITRs were unmethylated [29,35]. Since the genomes of the rAAVs produced with the GpC-
methylated pITR did not show any methylation (Table 2), they must have been generated
via rolling hairpin replication [36] and were not directly packaged from plasmid DNA.
Although it could be argued that the ITR methylation interferes with Rep protein binding
and therefore impairs direct packaging, one would expect at least some GpC-methylated
genomes if direct packaging normally occurs in significant amounts. Nevertheless, low-
frequency direct packaging or preferential packaging of unmethylated genomes cannot
be entirely ruled out. In contrast, rAAV genomes resulting from CpG-methylated pITRs
showed 4.56% CpG methylation (Table 2). Taking into account the aforementioned results
of the GpC sample, this is likely not due to direct packaging but could hypothetically be
the result of the activity of cellular DNMTs, for instance, DNMT1, which is responsible
for methylation maintenance [37]. Our results could indicate that this enzyme copies the
methylation pattern of the template plasmid DNA onto the newly synthesized viral DNA
strands. However, it might not be fast enough to keep up with the replication speed,
resulting in only 4.56% CpG methylation. Direct experimental evidence is currently lacking.
Future studies employing DNMT1 inhibitors during transfection or utilizing DNMT1-
knockdown cell lines would be an option to experimentally validate whether this specific
enzyme is responsible for the observed methylation patterns. Although our data suggests
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that the methylation state of the template DNA might have some influence on that of
the generated rAAV genomes, yielding approximately 5% methylation from an almost
100% methylated plasmid is a very low rate, demonstrating that template methylation
does not substantially alter the CpG state of the encapsidated vector DNA. Moreover,
considering the reduction in production titers, CpG methylation of template DNA does not
appear to be a viable strategy.

Since the production strategy might also influence the methylation state of the rAAV
genomes, we investigated vectors produced in an SCL. Bisulfite sequencing of gDNA from
the producer cells showed a very low level of CpG methylation of the integrated vector
genome (1.65%, Table 2). At first glance, this result was surprising, since Té6th et al. reported
hypermethylation of approximately 76% for chromosomally integrated AAV2 DNA [29]. In
their study, they used latently infected Detroit 6 cells [38], which are cancer cells harboring
an integrated AAV2 genome in the AAVS] locus [39]. In contrast, we used HEK293 cells,
which had not been cultured for a long period after rAAV genome integration into the
AAVS1 locus, but only for approximately seven weeks. As CpG methylation increases
over time [40], this might explain the observed differences in methylation to some extent.
Another, probably more likely explanation could be that the methylation patterns differ
between the two cell lines. This hypothesis is corroborated by the finding that AAVS1 is
known to have an open chromatin conformation in HEK293 cells [41,42]. Interestingly,
the 1.65% CpG methylation was not evenly distributed across the investigated region but
showed four hotspots with approximately 10% methylation (Figure 2d). However, visual
inspection of the sequences flanking the methylated CpGs did not reveal any obvious motifs
that distinguished them from unmethylated CpGs. Similar to the rAAVs produced via TTF
using native pITRs, the vectors produced using the SCL were also not CpG-methylated
(Table 2). Therefore, there appears to be no difference in the CpG methylation state between
the two production strategies.

Taken together, our data indicate that CpGs in rAAV genomes are unmethylated,
regardless of whether TTF or SCLs are used for production. Moreover, even if the template
DNA is heavily CpG-methylated, this has only a minor effect on the methylation state of
the generated vectors. While these findings provide a clear baseline, a limitation of this
study is that our analysis was restricted to a single representative vector construct and to
mammalian production platforms. Evaluating additional sequence contexts, serotypes, and
alternative producer systems, such as insect cell-based platforms (e.g., baculovirus/Sf9,
which have been reported to differ from HEK cells in vector genome methylation [43,44]),
will be valuable to confirm the universal applicability of these results.

According to our data, strategies other than template methylation are necessary to
modify the CpG status of encapsidated genomes. Building upon the systematic work
already published in this field, future strategies must be based on existing evidence re-
garding effective vector engineering. These could include CpG depletion of the vector
genome. However, as mentioned previously, CpG depletion in the ITRs was reported
to strongly decrease rAAYV yield [18], highlighting the need to carefully balance reduced
immunogenicity with production efficiency. Alternatively, the literature describes strategies
such as incorporating short DNA sequences that inhibit TLR9 into the vector genome. For
instance, by including several copies of the telomeric motif TTAGGG in their constructs,
Chan et al. were able to decrease the immune response in mice and pigs [45]. In addition,
co-administration of antimalarial drugs that have been shown to inhibit TLR9 [46] might be
an option. Treating mice with hydroxychloroquine one hour prior to rAAV administration
significantly enhanced transgene expression [47]. Ultimately, these findings help clarify the
methylation landscape of rAAVs and underscore the necessity of developing multifaceted
strategies to address CpG-associated immunogenicity in clinical gene therapy applications.
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Abbreviations

The following abbreviations are used in this manuscript:

rAAV Recombinant adeno-associated virus
gDNA Genomic DNA
pITR Vector plasmid encoding the transgene flanked by ITRs

pHelper  Plasmid containing the adenoviral helper genes
pRepCap Plasmid providing the rep and cap genes

ITR Inverted terminal repeat

DNMT DNA methyltransferase

dPCR Digital polymerase chain reaction

SCL Stable cell line

AAVS1 Adeno-associated virus integration site 1
kb Kilobase

ssDNA Single-stranded DNA

TTF Triple transfection

TLR Toll-like receptor

MHC Major histocompatibility complex

8] Unit

SAM S-adenosylmethionine

PAMP Pathogen-associated molecular pattern
ECLIA Electrochemiluminescence Immunoassay
Appendix A

Table Al. Sequencing quality attributes. Region 1 is covered by primer pair 1. Since the amplicons
of primer pairs 2 and 3 overlap, they were combined to form region 2. Regions 3-6 are covered by
primer pairs 4-7.

Sample Average Read Quality Depth
Region 1 793,598
Region 2 572,705
. Region 3 388,006
Native pITR 37.9 Region 4 994,087
Region 5 999,624
Region 6 999,743
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Table Al. Cont.

Sample Average Read Quality Depth
Region 1 126,824
Region 2 444,415
. Region 3 230,076
rAAV (native pITR) 37.5 Region 4 142 889
Region 5 374,756
Region 6 161,481
Region 1 807,094
Region 2 576,425
Region 3 238,559
GpCplIR 382 Region 4 998,112
Region 5 999,790
Region 6 999,832
Region 1 45,352
Region 2 91,955
Region 3 60,465
rAAV (GpC pITR) 375 Region 4 63,043
Region 5 158,616
Region 6 98,374
Region 1 807,302
Region 2 570,450
Region 3 422,082
CpGplIR 381 Region 4 999,278
Region 5 998,937
Region 6 999,794
Region 1 50,063
Region 2 92,790
Region 3 81,472
rAAV (CpG pITR) 37.5 Region 4 67,460
Region 5 173,377
Region 6 77,396
Region 1 170,908
Region 2 566,988
gDNA 38.1 Region 3 335,924
Region 4 313,441
Region 5 999,069
Region 1 731,060
Region 2 567,812
rAAV (SCL) 37.8 Region 3 418,309
Region 4 869,852
Region 5 999,587

References

1.  Loeb, E.J.; Havlik, PL.; Elmore, Z.C.; Rosales, A.; Fergione, S.M.; Gonzalez, T.].; Smith, T.].; Benkert, A.R.; Fiflis, D.N.; Asokan, A.
Capsid-Mediated Control of Adeno-Associated Viral Transcription Determines Host Range. Cell Rep. 2024, 43, 113902. [CrossRef]
[PubMed]

2. Srivastava, A.; Lusby, E.W.; Berns, K.I. Nucleotide Sequence and Organization of the Adeno-Associated Virus 2 Genome. J. Virol.
1983, 45, 555-564. [CrossRef] [PubMed]

3. Wilmott, P; Lisowski, L.; Alexander, L.E.; Logan, G.J. A User’s Guide to the Inverted Terminal Repeats of Adeno-Associated Virus.
Hum. Gene Ther. Methods 2019, 30, 206-213. [CrossRef] [PubMed]

4. Wang, ].-H.; Gessler, D.J.; Zhan, W.; Gallagher, T.L.; Gao, G. Adeno-Associated Virus as a Delivery Vector for Gene Therapy of
Human Diseases. Signal Transduct. Target. Ther. 2024, 9, 78. [CrossRef] [PubMed]

https://doi.org/10.3390/v18101158


https://doi.org/10.1016/j.celrep.2024.113902
https://www.ncbi.nlm.nih.gov/pubmed/38431840
https://doi.org/10.1128/jvi.45.2.555-564.1983
https://www.ncbi.nlm.nih.gov/pubmed/6300419
https://doi.org/10.1089/hgtb.2019.276
https://www.ncbi.nlm.nih.gov/pubmed/31752513
https://doi.org/10.1038/s41392-024-01780-w
https://www.ncbi.nlm.nih.gov/pubmed/38565561
https://doi.org/10.3390/v18101158

Viruses 2026, 18, 1158 12 of 13

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

Li, C,; Samulski, R.J. Engineering Adeno-Associated Virus Vectors for Gene Therapy. Nat. Rev. Genet. 2020, 21, 255-272. [CrossRef]
[PubMed]

Yin, L.; He, H.; Zhang, H.; Shang, Y.; Fu, C.; Wu, S;; Jin, T. Revolution of AAV in Drug Discovery: From Delivery System to
Clinical Application. J. Med. Virol. 2025, 97, €70447. [CrossRef] [PubMed]

Grimm, D.; Kern, A.; Rittner, K.; Kleinschmidt, J.A. Novel Tools for Production and Purification of Recombinant Adenoassociated
Virus Vectors. Hum. Gene Ther. 1998, 9, 2745-2760. [CrossRef] [PubMed]

Fu, Q.; Wang, Y.; Doleh, E.; Blenner, M.; Yoon, S. Development of Inducible Packaging Cell Line for rAAV Production via
CRISPR-Cas9 Mediated Site-Specific Integration. Biochem. Eng. J. 2025, 213, 109552. [CrossRef] [PubMed]

Merten, O.-W. Development of Stable Packaging and Producer Cell Lines for the Production of AAV Vectors. Microorganisms 2024,
12, 384. [CrossRef] [PubMed]

Ertl, H.C.J. Immunogenicity and Toxicity of AAV Gene Therapy. Front. Immunol. 2022, 13, 975803. [CrossRef] [PubMed]
Wright, ].F. Codon Modification and PAMPs in Clinical AAV Vectors: The Tortoise or the Hare? Mol. Ther. 2020, 28, 701-703.
[CrossRef] [PubMed]

Arjomandnejad, M.; Dasgupta, I.; Flotte, T.R.; Keeler, A.M. Immunogenicity of Recombinant Adeno-Associated Virus (AAV)
Vectors for Gene Transfer. BioDrugs 2023, 37, 311-329. [CrossRef] [PubMed]

Rogers, G.L.; Suzuki, M.; Zolotukhin, I.; Markusic, D.M.; Morel, LM.; Lee, B.; Ertl, H.C.].; Herzog, R.W. Unique Roles of TLR9-
and MyD88-Dependent and -Independent Pathways in Adaptive Immune Responses to AAV-Mediated Gene Transfer. J. Innate
Immun. 2015, 7, 302-314. [CrossRef] [PubMed]

Zhu, J.; Huang, X.; Yang, Y. The TLR9-MyD88 Pathway Is Critical for Adaptive Inmune Responses to Adeno-Associated Virus
Gene Therapy Vectors in Mice. . Clin. Investig. 2009, 119, 2388-2398. [CrossRef] [PubMed]

Ashley, S.N.; Somanathan, S.; Giles, A.R.; Wilson, ].M. TLR9 Signaling Mediates Adaptive Immunity Following Systemic AAV
Gene Therapy. Cell Immunol. 2019, 346, 103997. [CrossRef] [PubMed]

Bertolini, T.B.; Shirley, J.L.; Zolotukhin, I.; Li, X.; Kaisho, T.; Xiao, W.; Kumar, S.R.P,; Herzog, R.-W. Effect of CpG Depletion of
Vector Genome on CD8+ T Cell Responses in AAV Gene Therapy. Front. Immunol. 2021, 12, 672449. [CrossRef] [PubMed]
Konkle, B.A.; Walsh, C.E.; Escobar, M.A.; Josephson, N.C.; Young, G.; von Drygalski, A.; McPhee, S.W.J.; Samulski, R.J.; Bilic, L;
de la Rosa, M.; et al. BAX 335 Hemophilia B Gene Therapy Clinical Trial Results: Potential Impact of CpG Sequences on Gene
Expression. Blood 2021, 137, 763-774. [CrossRef] [PubMed]

Pan, X.; Yue, Y.; Boftsi, M.; Wasala, L.P.; Tran, N.T.; Zhang, K.; Pintel, D.J.; Tai, PW.L.; Duan, D. Rational Engineering of a
Functional CpG-Free ITR for AAV Gene Therapy. Gene Ther. 2022, 29, 333-345. [CrossRef] [PubMed]

Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet. |. 2011, 17, 10-12.
[CrossRef]

Krueger, F.,; Andrews, S.R. Bismark: A Flexible Aligner and Methylation Caller for Bisulfite-Seq Applications. Bioinformatics 2011,
27,1571-1572. [CrossRef] [PubMed]

Smith, Z.D.; Meissner, A. DNA Methylation: Roles in Mammalian Development. Nat. Rev. Genet. 2013, 14, 204-220. [CrossRef]
[PubMed]

Hpall INEB. Available online: https:/ /www.neb.com/en/products/r0171-hpaii (accessed on 15 July 2026).

Pardo, C.E.; Darst, R.P; Nabilsi, N.H.; Delmas, A.L.; Kladde, M.P. Simultaneous Single-Molecule Mapping of Protein-DNA
Interactions and DNA Methylation by MAPit. Curr. Protoc. Mol. Biol. 2011, 95, 21.22.1-21.22.18. [CrossRef] [PubMed]

Zymo Research. EZ DNA Methylation-Gold Kit. Available online: https://www.zymoresearch.de/products/ez-dna-methylation-
gold-kit (accessed on 15 July 2026).

Kelly, TK,; Liu, Y,; Lay, ED.; Liang, G.; Berman, B.P.; Jones, P.A. Genome-Wide Mapping of Nucleosome Positioning and DNA
Methylation within Individual DNA Molecules. Genome Res. 2012, 22, 2497-2506. [CrossRef] [PubMed]

He, Y.; Ecker, J.R. Non-CG Methylation in the Human Genome. Annu. Rev. Genom. Hum. Genet. 2015, 16, 55-77. [CrossRef]
[PubMed]

Lister, R.; Pelizzola, M.; Dowen, R.H.; Hawkins, R.D.; Hon, G.; Tonti-Filippini, J.; Nery, ].R.; Lee, L.; Ye, Z.; Ngo, Q.-M.; et al.
Human DNA Methylomes at Base Resolution Show Widespread Epigenomic Differences. Nature 2009, 462, 315-322. [CrossRef]
[PubMed]

Rogers, G.L.; Martino, A.T.; Aslanidi, G.V.; Jayandharan, G.R.; Srivastava, A.; Herzog, R.W. Innate Immune Responses to AAV
Vectors. Front. Microbiol. 2011, 2, 194. [CrossRef] [PubMed]

Téth, R.; Mészaros, 1; Hiiser, D.; Forré, B.; Marton, S.; Olasz, E; Banyai, K.; Heilbronn, R.; Zadori, Z. Methylation Status of the
Adeno-Associated Virus Type 2 (AAV2). Viruses 2019, 11, 38. [CrossRef] [PubMed]

Vandenberghe, L.H.; Xiao, R.; Lock, M.; Lin, J.; Korn, M.; Wilson, ].M. Efficient Serotype-Dependent Release of Functional Vector
into the Culture Medium During Adeno-Associated Virus Manufacturing. Hum. Gene Ther. 2010, 21, 1251-1257. [CrossRef]
[PubMed]

https://doi.org/10.3390/v18101158


https://doi.org/10.1038/s41576-019-0205-4
https://www.ncbi.nlm.nih.gov/pubmed/32042148
https://doi.org/10.1002/jmv.70447
https://www.ncbi.nlm.nih.gov/pubmed/40536197
https://doi.org/10.1089/hum.1998.9.18-2745
https://www.ncbi.nlm.nih.gov/pubmed/9874273
https://doi.org/10.1016/j.bej.2024.109552
https://www.ncbi.nlm.nih.gov/pubmed/42621531
https://doi.org/10.3390/microorganisms12020384
https://www.ncbi.nlm.nih.gov/pubmed/38399788
https://doi.org/10.3389/fimmu.2022.975803
https://www.ncbi.nlm.nih.gov/pubmed/36032092
https://doi.org/10.1016/j.ymthe.2020.01.026
https://www.ncbi.nlm.nih.gov/pubmed/32035026
https://doi.org/10.1007/s40259-023-00585-7
https://www.ncbi.nlm.nih.gov/pubmed/36862289
https://doi.org/10.1159/000369273
https://www.ncbi.nlm.nih.gov/pubmed/25612611
https://doi.org/10.1172/JCI37607
https://www.ncbi.nlm.nih.gov/pubmed/19587448
https://doi.org/10.1016/j.cellimm.2019.103997
https://www.ncbi.nlm.nih.gov/pubmed/31703913
https://doi.org/10.3389/fimmu.2021.672449
https://www.ncbi.nlm.nih.gov/pubmed/34135899
https://doi.org/10.1182/blood.2019004625
https://www.ncbi.nlm.nih.gov/pubmed/33067633
https://doi.org/10.1038/s41434-021-00296-0
https://www.ncbi.nlm.nih.gov/pubmed/34611321
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/btr167
https://www.ncbi.nlm.nih.gov/pubmed/21493656
https://doi.org/10.1038/nrg3354
https://www.ncbi.nlm.nih.gov/pubmed/23400093
https://www.neb.com/en/products/r0171-hpaii
https://doi.org/10.1002/0471142727.mb2122s95
https://www.ncbi.nlm.nih.gov/pubmed/21732317
https://www.zymoresearch.de/products/ez-dna-methylation-gold-kit
https://www.zymoresearch.de/products/ez-dna-methylation-gold-kit
https://doi.org/10.1101/gr.143008.112
https://www.ncbi.nlm.nih.gov/pubmed/22960375
https://doi.org/10.1146/annurev-genom-090413-025437
https://www.ncbi.nlm.nih.gov/pubmed/26077819
https://doi.org/10.1038/nature08514
https://www.ncbi.nlm.nih.gov/pubmed/19829295
https://doi.org/10.3389/fmicb.2011.00194
https://www.ncbi.nlm.nih.gov/pubmed/21954398
https://doi.org/10.3390/v11010038
https://www.ncbi.nlm.nih.gov/pubmed/30634383
https://doi.org/10.1089/hum.2010.107
https://www.ncbi.nlm.nih.gov/pubmed/20649475
https://doi.org/10.3390/v18101158

Viruses 2026, 18, 1158 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ishikawa, T.; Lee, E.J.; Jameson, J.L. Nonhomologous End-Joining Ligation Transfers DNA Regulatory Elements between
Cointroduced Plasmids. Mol. Cell Biol. 2004, 24, 8323-8331. [CrossRef] [PubMed]

Kucherlapati, R.S.; Eves, EIM.; Song, K.Y.; Morse, B.S.; Smithies, O. Homologous Recombination between Plasmids in Mammalian
Cells Can Be Enhanced by Treatment of Input DNA. Proc. Natl. Acad. Sci. USA 1984, 81, 3153-3157. [CrossRef] [PubMed]
Curradi, M.; Izzo, A.; Badaracco, G.; Landsberger, N. Molecular Mechanisms of Gene Silencing Mediated by DNA Methylation.
Mol. Cell Biol. 2002, 22, 3157-3173. [CrossRef] [PubMed]

GpC Methyltransferase (M.CviPI) INEB. Available online: https:/ /www.neb.com/en/products/m0227-gpc-methyltransferase-
mev-ipi?srsltid=AfmBOoqsyjb9DFrdzHAP_ZZc6Fza2jCP4yEXVXW49S03PhetiX40OvnMOQ (accessed on 16 July 2026).

Radukic, M.T.; Brandt, D.; Haak, M.; Miiller, K.M.; Kalinowski, J]. Nanopore Sequencing of Native Adeno-Associated Virus (AAV)
Single-Stranded DNA Using a Transposase-Based Rapid Protocol. NAR Genom. Bioinform. 2020, 2, 1qaa074. [CrossRef] [PubMed]
Lkharrazi, A.; Tobler, K.; Marti, S.; Bratus-Neuenschwander, A.; Vogt, B.; Fraefel, C. AAV2 Can Replicate Its DNA by a Rolling
Hairpin or Rolling Circle Mechanism, Depending on the Helper Virus. J. Virol. 2024, 98, €0128224. [CrossRef] [PubMed]

Lyko, F. The DNA Methyltransferase Family: A Versatile Toolkit for Epigenetic Regulation. Nat. Rev. Genet. 2018, 19, 81-92.
[CrossRef] [PubMed]

Berns, K.I; Pinkerton, T.C.; Thomas, G.F.; Hoggan, M.D. Detection of Adeno-Associated Virus (AAV)-Specific Nucleotide
Sequences in DNA Isolated from Latently Infected Detroit 6 Cells. Virology 1975, 68, 556-560. [CrossRef] [PubMed]

Kotin, R.M.; Siniscalco, M.; Samulski, R.].; Zhu, X.D.; Hunter, L.; Laughlin, C.A.; McLaughlin, S.; Muzyczka, N.; Rocchi, M.; Berns,
K.I. Site-Specific Integration by Adeno-Associated Virus. Proc. Natl. Acad. Sci. USA 1990, 87, 2211-2215. [CrossRef] [PubMed]
Mutskov, V.; Felsenfeld, G. Silencing of Transgene Transcription Precedes Methylation of Promoter DNA and Histone H3 Lysine
9. EMBO ]. 2004, 23, 138-149. [CrossRef] [PubMed]

Ogata, T.; Kozuka, T.; Kanda, T. Identification of an Insulator in AAVS1, a Preferred Region for Integration of Adeno-Associated
Virus DNA. J. Virol. 2003, 77, 9000-9007. [CrossRef] [PubMed]

DeKelver, R.C.; Choi, V.M.; Moehle, E.A ; Paschon, D.E.; Hockemeyer, D.; Meijsing, S.H.; Sancak, Y.; Cui, X.; Steine, E.J.; Miller, ].C.;
et al. Functional Genomics, Proteomics, and Regulatory DNA Analysis in Isogenic Settings Using Zinc Finger Nuclease-Driven
Transgenesis into a Safe Harbor Locus in the Human Genome. Genome Res. 2010, 20, 1133-1142. [CrossRef] [PubMed]
Rumachik, N.G.; Malaker, S.A.; Poweleit, N.; Maynard, L.H.; Adams, C.M,; Leib, R.D,; Cirolia, G.; Thomas, D.; Stamnes, S.; Holt,
K.; et al. Methods Matter: Standard Production Platforms for Recombinant AAV Produce Chemically and Functionally Distinct
Vectors. Mol. Ther.-Methods Clin. Dev. 2020, 18, 98-118. [CrossRef] [PubMed]

Handyside, B.; Ismail, A.M.; Zhang, L.; Yates, B.; Xie, L.; Sihn, C.-R.; Murphy, R.; Bouwman, T.; Kim, CK.; De Angelis, R.;
et al. Vector Genome Loss and Epigenetic Modifications Mediate Decline in Transgene Expression of AAV5 Vectors Produced in
Mammalian and Insect Cells. Mol. Ther. 2022, 30, 3570-3586. [CrossRef] [PubMed]

Chan, Y.K,; Wang, S.K.; Chu, C].; Copland, D.A,; Letizia, A.].; Verdera, H.C.; Chiang, ].J.; Sethi, M.; Wang, M.K.; Neidermyer, W].;
et al. Engineering Adeno-Associated Viral Vectors to Evade Innate Inmune and Inflammatory Responses. Sci. Transl. Med. 2021,
13, eabd3438. [CrossRef] [PubMed]

Kuznik, A.; Ben¢ina, M.; évajger, U.; Jeras, M.; Rozman, B.; Jerala, R. Mechanism of Endosomal TLR Inhibition by Antimalarial
Drugs and Imidazoquinolines. J. Immunol. 2011, 186, 4794-4804. [CrossRef] [PubMed]

Chandler, L.C.; Barnard, A.R.; Caddy, S.L.; Patricio, M.I.; McClements, M.E.; Fu, H.; Rada, C.; MacLaren, R.E.; Xue, K. Enhance-
ment of Adeno-Associated Virus-Mediated Gene Therapy Using Hydroxychloroquine in Murine and Human Tissues. Mol. Ther.
Methods Clin. Dev. 2019, 14, 77-89. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/v18101158


https://doi.org/10.1128/MCB.24.19.8323-8331.2004
https://www.ncbi.nlm.nih.gov/pubmed/15367654
https://doi.org/10.1073/pnas.81.10.3153
https://www.ncbi.nlm.nih.gov/pubmed/6328502
https://doi.org/10.1128/MCB.22.9.3157-3173.2002
https://www.ncbi.nlm.nih.gov/pubmed/11940673
https://www.neb.com/en/products/m0227-gpc-methyltransferase-mcv-ipi?srsltid=AfmBOoqsyjb9DFrdzHAP_ZZc6Fza2jCP4yEXVXW49So3PhetiX4OvnMQ
https://www.neb.com/en/products/m0227-gpc-methyltransferase-mcv-ipi?srsltid=AfmBOoqsyjb9DFrdzHAP_ZZc6Fza2jCP4yEXVXW49So3PhetiX4OvnMQ
https://doi.org/10.1093/nargab/lqaa074
https://www.ncbi.nlm.nih.gov/pubmed/33575623
https://doi.org/10.1128/jvi.01282-24
https://www.ncbi.nlm.nih.gov/pubmed/39382273
https://doi.org/10.1038/nrg.2017.80
https://www.ncbi.nlm.nih.gov/pubmed/29033456
https://doi.org/10.1016/0042-6822(75)90298-6
https://www.ncbi.nlm.nih.gov/pubmed/1198930
https://doi.org/10.1073/pnas.87.6.2211
https://www.ncbi.nlm.nih.gov/pubmed/2156265
https://doi.org/10.1038/sj.emboj.7600013
https://www.ncbi.nlm.nih.gov/pubmed/14685282
https://doi.org/10.1128/JVI.77.16.9000-9007.2003
https://www.ncbi.nlm.nih.gov/pubmed/12885916
https://doi.org/10.1101/gr.106773.110
https://www.ncbi.nlm.nih.gov/pubmed/20508142
https://doi.org/10.1016/j.omtm.2020.05.018
https://www.ncbi.nlm.nih.gov/pubmed/32995354
https://doi.org/10.1016/j.ymthe.2022.11.001
https://www.ncbi.nlm.nih.gov/pubmed/36348622
https://doi.org/10.1126/scitranslmed.abd3438
https://www.ncbi.nlm.nih.gov/pubmed/33568518
https://doi.org/10.4049/jimmunol.1000702
https://www.ncbi.nlm.nih.gov/pubmed/21398612
https://doi.org/10.1016/j.omtm.2019.05.012
https://www.ncbi.nlm.nih.gov/pubmed/31309129
https://doi.org/10.3390/v18101158

	Introduction 
	Materials and Methods 
	rAAV Production via Triple Transfection 
	Plasmid Preparation 
	rAAV Production 

	rAAV Production Using a Stable Cell Line 
	DNA Extraction 
	Bisulfite Sequencing 
	Sequencing Data Analysis 

	Results 
	Triple Transfection-Derived rAAVs Are Virtually Unmethylated 
	rAAVs Produced in a Stable Cell Line Are Not Methylated 

	Discussion 
	Appendix A
	References

