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Recombinant AAV batch profiling by nanopore
sequencing elucidates product-related DNA
Impurities and vector genome length distribution

Florian Dunker-Seidler,? Kathrin Breunig,!> Magdalena Haubner,' Florian Sonntag,! Markus Horer,!

and Rebecca C. Feiner!

!Ascend Advanced Therapies GmbH, Fraunhoferstrale 9b, 82152 Planegg-Martinsried, Germany

During production, recombinant adeno-associated virus
(rAAV) capsids are equipped with heterogeneous genetic pay-
loads including undesired DNA impurities as well as truncated
vector genomes. Comprehensive analysis of encapsidated DNA
by long-read next-generation sequencing is destined to guide
platform optimization and provide crucial insights into safety
of gene therapies. We used nanopore sequencing for in-depth
profiling of an rAAV9 batch produced using our proprietary
split two-plasmid system in a 50-L bioreactor. We compared
three methods for single-strand to double-strand DNA conver-
sion and their impact on the sequencing data. We observed a
distinct library size profile but comparable impurity distribu-
tion. We contrasted recent nanopore sequencing advancements
such as the V14 chemistry and dorado basecalling software
with the widespread V9 chemistry and detected a markedly
increased read quality. Our data highlight a high vector batch
quality with low plasmid-derived and host cell DNA impurities
of random origin, critical for mitigating associated safety risks.
Finally, we compared nanopore data with orthogonal SMRT
sequencing data and observed a higher base quality, but largely
similar length and impurity profiles. Taken together, nanopore
sequencing is a state-of-the-art method for comprehensive, in-
depth rAAYV vector batch analysis during all stages of gene ther-
apy development.

INTRODUCTION

Recombinant adeno-associated virus (rAAV) is the most common
vector for in vivo gene therapy and seven currently available AAV-
based therapeutics have been approved by the Food and Drug
Administration, the European Medicines Agency, and additional reg-
ulatory bodies worldwide." Although major advances and maturation
have been made in the gene therapy field in recent years, many chal-
lenges remain to ensure the safety and efficacy of AAV gene therapeu-
tics. Despite its generally favorable safety profile, recently multiple se-
vere adverse events were recorded during clinical trials and post
market authorization using high vector dose, even resulting in the
death of some patients.”* This highlights the urgent need to develop

noteworthy that in recent reports WT AAV?2 infections under specific
circumstances were associated with severe hepatitis in children.®”®
However, unlike WT AAV2, rAAVs used in gene therapies are devoid
of replication competency even in the presence of helper virus and
require additional WT-AAV infection for efficient mobilization.’

During AAV manufacturing, alongside the desired AAV vector
genome with the transgene, distinct DNA sequences derived from
the production plasmids, the host cell genome or recombinants
thereof are packaged in small, but not insignificant amounts.'® These
represent a crucial part of the so-called product-related impurities
and can have important implications on drug product safety and ef-
ficacy, demanding a detailed and comprehensive characterization.
Whereas nowadays quantitative or digital polymerase chain reaction
(PCR)-based methods remain the standard for impurity quantifica-
tion especially in the regulatory environment,'' they suffer from
limited insights as any PCR-based method relies on pre-designed
primers. Thus, all impurities that do not arise from the short sequence
between the primers remain unexplored.

In contrast, next-generation sequencing (NGS) allows for a comprehen-
sive analysis of all encapsidated DNA sequences and does not require
any a priori information. NGS applications can be classified according
to their read length into short-read (35-350 bases) and long-read (up to
several thousand bases) sequencing. The most prevalent sequencing
technologies are Illumina (short read), SMRT sequencing, and nano-
pore sequencing (both long read).'> Whereas Illumina has been used
to characterize rAAV vector sequence identity and to investigate prod-
uct-related impurity profiles, the technology cannot resolve the highly
structured inverted terminal repeats (ITRs) that are especially prone
to mutation.'>'® Because of its short reads, llumina also fails to eluci-
date native vector genome length distribution. Recent protocols using
landmarks to enable the re-construction of long reads from Illumina
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data'® have to our knowledge not been applied for rAAV characteriza-
tion. Long-read NGS methods overcome these limitations acquiring
sequence reads of several thousand nucleotides from single molecules
albeit with reduced sequencing depth and an originally increased error
rate."” SMRT sequencing, commercialized by Pacific Biosciences, has
been used to characterize entire vector genome sequences with their
size distribution as well as the distribution of product-related DNA im-
purities.'”*” However, SMRT sequencing requires relatively large input
amounts (e.g., 1E12-1E13 vg for the commercial AAV sequencing ser-
vices) but can provide up to 4 million reads with the latest device ver-
sions (Sequel Ie). A high accuracy comparable with short-read methods
is achieved by sequencing each circularized SMRTbell repeatedly to
build a consensus read from the results.

Nanopore sequencing, commercialized by Oxford Nanopore Technol-
ogies, relies on base-specific current alterations as a DNA strand is
passed through a nanopore. The raw electric signal is basecalled by a
neuronal network-based software.”’ Nanopore sequencing can provide
reads from several thousand to even million bases in length; however,
per base read quality is lower than Illumina and SMRT sequencing.”'
Nanopore sequencing has been initially used for rAAV sequencing
with a transposase-based library preparation protocol leading to
random vector genome shearing and thereby losing the native length
distribution.”” Another study described a ligation-based protocol
yielding ITR to ITR full-length reads, but the quality of reads was
reduced compared with SMRT sequencing leading to reporting of
false-positive mutations in the rAAV vectors and even the production
plasmids.”> However, these studies used outdated sequencing technol-
ogies and basecalling algorithms prior to the introduction of the V14
sequencing chemistry and the dorado basecalling software by Oxford
Nanopore Technologies. Thus, we wanted to test if these innovations
can improve the quality of sequencing data making nanopore
sequencing suitable for vector quality control and to guide vector
cassette design or manufacturing process development.

Here, we present the nanopore sequencing-based characterization of
a recombinant AAV9 batch with a reporter transgene produced in a
50-L bioreactor using up-to-date nanopore sequencing technology
with a comparison with commercially available SMRT sequencing.

RESULTS

Enzymatic DNA conversion resulted in ITR-primed hairpin
formation

The single-stranded genome of AAV must be converted into double-
stranded DNA (dsDNA) to be amenable for ligation-based
sequencing library preparation. Several approaches for this crucial
step in the library preparation have been published ranging from an-
nealing of (+) and (—) genomes,'” second-strand synthesis by DNA
polymerase L'> to omitting a dedicated second-strand synthesis
step altogether.”” To get a deeper insight into the DNA conversion
step, we tested three approaches in parallel: annealing, second-strand
synthesis by DNA polymerase I, and second-strand synthesis with
reverse transcriptase, which also displays DNA-dependent DNA po-
lymerase activity but is active at higher temperatures.** To our knowl-
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edge, reverse transcriptase has not been employed for this purpose
previously. We hypothesized that this enzyme might be well suited
for second-strand DNA synthesis especially at challenging ITR struc-
tures due to the higher reaction temperatures. As a model rAAYV batch
for this study we selected an rAAV9 vector batch encoding a secreted
embryonic alkaline phosphatase (SEAP) reporter transgene produced
in HEK293 suspension cells in a 50-L bioreactor. Non-encapsidated
DNA was removed by Denarase treatment and the vectors were pu-
rified from the crude lysate by affinity chromatography. After isola-
tion of the encapsidated DNA and conversion with the three
methods, we inspected the input DNA and the converted DNA by
agarose gel electrophoresis. We observed a dominant band at the ex-
pected size of our transgene for all three methods. As a comparison we
denatured the input DNA to obtain single-stranded DNA (ssDNA),
which ran at a lower size and no band was detected at the ssDNA
size in either converted sample (Figure 1A). This suggested that all
three methods are suitable for DNA conversion. To further inspect
the conversion products, we analyzed them via TapeStation auto-
mated gel electrophoresis. We detected a very similar profile of the
samples converted by annealing, reverse transcriptase, and DNA po-
lymerase I with a single dominant peak at the expected full genome
size (Figure 1B). Finally, we subjected the untreated viral vector, the
extracted viral DNA, and the converted DNA to alkaline gel electro-
phoresis (Figure 1C). The high pH of the buffer not only ruptures the
viral capsid, but also denatures the dsDNA to ssDNA.? We detected
the expected ssDNA size (~3,000 nt) for the viral vector, the DNA
input, and the annealed sample, but surprisingly a much higher
ssDNA size of around 6,000 nt for the sample converted by DNA po-
lymerase I and reverse transcriptase. This larger molecule is likely
to arise from hairpin formation through 3’ ITR extension during
dsDNA conversion instead of random hexamer priming (Figure S1).
Second-strand synthesis methods have been first described for the use
with Illumina sequencing. This short-read method does not preserve
the native DNA length, which provides an explanation why the exten-
sion during enzymatic conversion has never been intensively studied
in the past. To our knowledge the first mention of a 3’ ITR extension
which generates a template for SMRT sequencing was published just
recently.*

Successful nanopore sequencing of the ITR-primed hairpin
required the latest technology

To clarify the molecular identity of this DNA species, we processed
the converted DNA into nanopore sequencing libraries using the
recently introduced V14 chemistry. Raw sequencing data were pro-
cessed using the new basecaller dorado. The size distribution of
trimmed and quality filtered raw reads confirmed our observations
from alkaline gel electrophoresis. Whereas the annealed library dis-
played the expected peak at ~3,000 nt, the samples converted by
DNA polymerase I and reverse transcriptase displayed a peak around
5,800 nt (Figure 1D). We annotated the features of representative
reads of this population and revealed a hairpin structure, with a single
ITR in the center of the read (Figure 1E). Notably, this structure is
indistinguishable from a genuine dsDNA in standard agarose gel
electrophoresis.
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Figure 1. Enzymatic second-strand synthesis of viral DNA resulted in hairpin formation

(A) Agarose gel electrophoresis of ssDNA input and converted dsDNA revealed a virtually full conversion. The size of ssDNA of extracted rAAV does not match the double-
stranded marker. (B) Tape Station profiles of dsDNA converted by annealing and enzymatically with reverse transcriptase and DNA polymerase | displayed a similar size profile
with a single peak at the expected full genome size (2,985 nt). (C) Alkaline gel electrophoresis revealed a double-sized product after enzymatic conversion. In contrast, viral
vector, input DNA and annealed samples ran at the expected ssDNA size of 3 kb. (D) Size distribution of raw nanopore sequencing reads. The annealed sample revealed a
peak at 3kb, but the enzymatically converted samples revealed a peak at 5.6-5.8 kb. (E) A representative read after dsDNA conversion by DNA polymerase | was annotated in
Geneious Prime and displayed a hairpin structure with ITRs at both read ends and a single ITR in the middle.

We wondered why the molecular mechanism for enzymatic second-
strand synthesis remained undiscovered in the past.'’ Thus, we used
additional dsDNA converted by annealing and DNA polymerase I to
generate sequencing libraries using the older and by now outdated V9
chemistry to have better comparability with previous data. After re-
verting to the former library preparation kit V9, the R9.4.1 flow cell
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and the guppy basecalling algorithm, we only detected marginal
amounts of the double-sized species in the raw reads (Figure S2A).
Instead, we observed a ~3,000 nt main population regardless of the
DNA conversion step. This confirmed that the latest technology is
required to successfully sequence the entire hairpin structure and ex-
plained why the molecular mechanism behind second-strand
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synthesis was not discovered in the past for nanopore sequencing. As
the V9 chemistry has been discontinued by Oxford Nanopore Tech-
nologies, the detailed reason for the inability to efficiently sequence
the hairpin structure by previous chemistries remains unresolved.

Nanopore sequencing captured full-length reads but with a size
bias for shorter reads

Besides the main peaks in the size distribution of the raw read length
profiles, the individual samples comprising the three different conver-
sion methods (annealing, reverse transcriptase, DNA polymerase I)
also displayed a high proportion of shorter reads. We detected only
a marginal main peak and many short reads <1,000 nt using reverse
transcriptase, which is thus not the recommended default enzyme for
DNA conversion. In contrast, a clear main peak with some short reads
was recorded for the conversion by annealing and DNA polymerase I
(Figure 1D). The short reads were not derived from premature
sequencing termination, as for the length distribution analysis we
required reads to have barcodes on both ends. We hypothesized
that the share of truncated genomes may be higher than anticipated
from TapeStation and agarose gel electrophoresis or that nanopore
sequencing may favor short DNA fragments.

To clarify a potential size bias of nanopores sequencing, we digested A
phage DNA with EcoRI and HindIII to obtain equimolar fragments of
a wide size range (Figure S2B). When we processed the fragmented A
phage DNA into a library and sequenced it by nanopore sequencing,
we observed a clear size-dependent bias with the shorter reads being
sequenced in far higher numbers (Figure S2C). This suggested that for
a quantitative rAAV vector genome length analysis it is vital to co-
sequence a lambda digest for post-sequencing size balancing as
described previously for SMRT sequencing.'® To verify that the sec-
ondary structure, especially the ITRs of the transgene itself, did not
create any truncations, we digested the production plasmid with
NotI to obtain an ITR-to-ITR transgene fragment that is identical
to the sequence of a full-length AAV vector payload and a backbone
fragment. The restriction fragments were used for library preparation
and nanopore sequencing and two clear peaks of the expected sizes
with marginal numbers of shorter reads were observed (Figure S2D).
This experiment confirmed that nanopore sequencing is agnostic to
sequence composition but has a size bias for shorter reads.

The V14 chemistry and dorado basecaller enhanced read and
base quality

For a long time nanopore sequencing was marked by a reduced
sequence quality compared with other sequencing technologies.”
Recently, however, Oxford Nanopore Technologies released major
performance improvements: the SQK-NBD114.24 library prepara-
tion kit, the R10.4.1 flow cell, and the dorado basecalling algorithm.*’”
The upgrade from V9 to V14 chemistry featured a new, improved
motor protein (E8.2) for the sequenced DNA and reformulated
buffers, but also a new type of flow cell R10.4.1 using a nanopore
with a larger reader head. On the bioinformatic side, Oxford Nano-
pore Technologies released the completely new basecaller dorado
that is based on PyTorch, a high-performance deep learning algo-
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rithm and very large training datasets for enhanced performance.
We tested whether these advancements qualify nanopore sequencing
as a distinguished method for rAAV batch profiling. We compared
the most recent nanopore technology V14 (SQK-NBDI114.24/
R10.4.1/basecalling dorado sup) with the widely used but outdated
technology V9 (SQK-LSK109/R9.4.1/basecalling guppy hac). After
demultiplexing and barcode trimming, we quality filtered the reads
with nanoq using identical settings. We inspected the raw read quality
with fastqc and observed a clear increase in average base quality from
around 18.0 to 24.6 with a considerable portion of V14 reads even
reaching qualities >30 (Figure 2A). We aligned the reads to the
production plasmid references and used Alfred to determine align-
ment accuracy. The higher raw read quality enhanced the average
alignment match rate from 96.8% to 98.0% (Figure 2B) and reduced
the average rate of indels from 1.42% to 0.55% (Figure 2C). False
indels are especially frequent sequencing artifacts of nanopore
sequencing”®*® and thus their reduction is probably a direct result
of technological advances increasing raw read quality. To better
dissect the influence of chemistry and basecalling improvements,
we re-basecalled the raw data using dorado for the V9 data and guppy
for the V14 data. Notably, whereas there was no difference for V9
data, we detected a marked improvement of base quality using V14
and dorado compared with V14 and guppy (Figure S3). We thus
conclude that the better raw signal quality of the V14 chemistry pro-
vides the foundation for the dorado basecaller to realize its full poten-
tial. Taken together our data provide compelling evidence that recent
advances of nanopore sequencing yield high quality datasets suitable
for rAAV batch analysis.

Characterization of the AAV9-SEAP vector batch with a focus on
encapsidated impurities

During manufacturing, most filled capsids are equipped with the
correct transgene sequence; however, a small but not insignificant
proportion exhibits undesired DNA fragments from the
manufacturing plasmids. In this study, we used a split two-plasmid
system with an AAV vector cassette/cap plasmid and a rep/AdV
helper plasmid.’® We characterized encapsidated DNA by mapping
the raw reads to three references: the AAV vector genome from ITR
to ITR, the vector plasmid backbone (comprising the bacterial back-
bone and the cap expression cassette) and the rep/AdV helper
plasmid (Figure 3A). The helper plasmid shares a part of the back-
bone, comprising the origin of replication and the antibiotic resis-
tance cassette, with the AAV vector cassette/cap plasmid. We
removed this double region in silico from the helper plasmid refer-
ence to avoid mis-mapping as in contrast to the vector plasmid
backbone it does not bear any neighboring packaging signals such
as ITRs or a p5 promoter sequence.” > A similar strategy masking
identical regions in the references before mapping was applied to
solve the mis-mapping problem previously.'*'

First, we inspected the length distribution of reads that were mapped
to the AAV vector genome. In contrast to the raw reads which show
the actual length of the DNA molecule (Figure 1D), the mapped pro-
portion revealed as expected a peak at the transgene length of 2,985 nt
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Figure 2. The V14 chemistry led to substantially
improved read quality

(A) Comparison of base quality (PHRED score) between
V9 and V14 chemistry of converted samples showed
higher PHRED scores for V14 chemistry-treated
samples. (B) The alignment accuracy of V9 and V14
chemistry was determined by Alfred and exhibited an
increased match rate in V14 samples. (C) Indel rates
determined by Alfred revealed a clear reduction in the
V14 chemistry. Note that false indels are the dominant
sequencing error in nanopore sequencing.

protocol. In comparison, helper plasmid and

HCD impurities were less abundant with

40 around or less than 1% and less than 0.1%,

respectively (Figure 3C; Table 1).

We inspected the mapping of the V14 sample
converted by annealing, reverse transcriptase,
and DNA polymerase I more closely using
IGV.” We observed an overall similar mapping
coverage pattern between the three conversion
methods (Figures S5-S7). To evaluate both
plasmid backbone impurity coverage and
AAV vector genome coverage, mapping was
conducted for the linearized plasmid
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regardless of the library preparation method (Figure 3B). Once a read
is mapped to the reference sequence the non-aligning ends are soft-
clipped to focus on the well-aligned portions of the read. In this spe-
cific case, the hairpin structure which is generated during the 3’ ITR
extension during second-strand synthesis would not match the refer-
ence and is soft-clipped. This can be visualized with the Integrative
Genomics Viewer (IGV)* (Figure S4). As expected from the raw
read profiles, the full-length peak was more prominent in the an-
nealed sample and in the sample converted by DNA polymerase L
Notably, most shorter reads mapped to the AAV vector genome as
well, especially the ITR sequences. After filtering of all sequences
mapping to the AAV vector genome and plasmid derived impurities,
we mapped the remaining reads to a human genome reference to
explore encapsidated host cell DNA (HCD) impurities. This strategy
reduces mis-mapping of reads to the host cell genome that in fact
originate from the vector genome containing human promoter se-
quences and a transgene with high homology to human alkaline phos-
phatases. Overall, we observed comparable DNA profiles across all
samples, with over 95% of the reads aligning to the AAV vector
genome. The largest impurity source was the vector plasmid back-
bone with 1.65%-3.69% dependent on the second-strand synthesis

(Figures S5A, S6A, and S7A). IGV analysis re-

e &
S 9(5&@ vealed a dominant coverage within the ITR-
v@"\* }@ to-ITR vector cassette completely overshadow-
>3 . . . . .
© & ing the spurious impurity packaging. When

splitting the coverage maps into AAV vector

genome mapping and vector plasmid backbone,
we spotted a relatively smooth coverage across the AAV vector
genome with slightly higher coverage at both ITRs. The high read
quality was highlighted by the absence of frequent mutations outside
of the expected flip/flop polymorphisms in the ITR regions
(Figures S5B, S6B, and S7B). When we inspected the read coverage
on the AAV vector plasmid backbone, we detected an increased
coverage at the ends of the reference adjacent to the AAV vector
genome ITRs and upstream of the p5 promoter element. Both ITR
and p5 promoter reverse packaging have been postulated previously
as main drivers of impurity packaging.’'~’> Our mapping coverage
data also indicated that most impurity reads are relatively short and
did not span the entire cap gene (Figures S5C, S6C, and S7C). The
helper plasmid mapping revealed very low amounts of impurity
with a single significant hotspot upstream of the p5 promoter
(Figures S5D, S6D, and S7D). The p5 promoter is required to drive
rep gene expression from the plasmid. This region encodes the
non-coding VA RNA required for AAV replication and inhibition
of the innate immunity factor protein kinase R (PKR).”***

Secondary structures can lead to AAV vector genome truncations
reducing vector efficacy'®; thus we used pysam to extract individual

Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025 5


http://www.moleculartherapy.org

Reference sequences C
vector AAV9-SEAP AAV9-SEAP
cassette/cap annealed
plasmid AAV vector cassette 0.06%
—  mm ~101%
‘ -3.60%
Vector plasmid backbone
rep/AdV Helper plasmid
helper S — f—
plasmid
Transgene Edort6
cap genes VARNA BN AAV vector genome
rep genes origin of replication B Vector plasmid backbone
2k Kanresistance gene
Size distribution of AAV9-SEAP annealed D

70000

converted by reverse transcriptase  converted by DNA Pol |

Annealing truncation hot spot analysis

mmm Host cell DNA

Molecular Therapy: Methods & Clinical Development

Figure 3. Nanopore sequencing is a method of
choice for AAV batch analysis

(A) The split two-plasmid system and reference se-
quences used in this study. The separation of AAV vector
genome and vector plasmid backbone (cap expression
cassette and plasmid backbone) enabled detailed im-
purity analysis and characterization. (B) Mapped length of
converted samples showed a peak for transgene size
(2,985 nt) with high frequency in annealed and DNA po-
lymerase I-converted sample. (C) Mapping distribution of
libraries to the reference sequences revealed a high
percentage of AAV vector genome mapping throughout
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read mapping start and endpoints for plotting. When we applied this
truncation hotspot analysis to our V14 samples converted by anneal-
ing and DNA polymerase I, we observed a low frequency of prema-
ture vector termination with only two small peaks inside the pro-
moter region. In contrast, the sample converted with reverse
transcriptase revealed more truncation events probably due to the
lower processivity of reverse transcriptase (Figure 3D).

In-depth analysis of HCD impurities

Our data revealed a very low content of HCD impurities of less than
0.1%. Still, this impurity is of special interest for regulatory author-
ities because of its potential oncogenicity and immunogenicity of
aberrant polypeptides.'’ Therefore, although no detailed guidance
exists for gene therapeutics, some researchers orient themselves us-
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feature of HCD impurities is their length, as
the WHO considers DNA fragments <200 bp
as less critical with reduced safety implica-
tions.”® We analyzed the mapped read length of HCD of the three li-
braries produced with the V14 chemistry and detected overall similar
size profiles with the majority of reads <500 nt and only a few reads
reaching a length of >1,000 nt (Figure 4A). Next, we investigated the
reads classified according to their chromosome mapping origin to
detect potential hotspots. To account for the distinct chromosome
lengths, we normalized the read number by the chromosome size
and observed an overrepresentation of chromosome 19-derived se-
quences in all three samples (Figure 4B). We closely inspected the
mapping region of individual reads on chromosome 19% and
~80% of reads were derived from a single locus around
chr19:44,924,250 (Figure S8A). This locus contains a regulatory
sequence for the ApoE gene which is part of the HCR-hAAT pro-
moter used to drive transgene expression in our vector construct.

2500 3000
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Table 1. Detailed analysis of mapping locations by nanopore sequencing revealed >95% transgene mapping and <0.1% HCD mapping

V14 annealed

V14 reverse transcriptase

V14 DNA polymerase I

Reference sequence Absolute no. Mapping (%) Absolute no. Mapping (%) Absolute no. Mapping (%)
AAV vector genome 478,561 95.24 765,928 97.86 766,784 96.91

Vector plasmid backbone 18,536 3.69 13,442 1.65 18,510 2.34

Helper plasmid 5,056 1.01 3,436 0.42 5,645 0.71

Host cell DNA 326 0.06 0.07 356 0.04

Total 502,479 100 813,361 100 791,295 100

Thus, we suggest that those reads are derived from a rare mis-assign-
ment of reads originating primarily from the transgene to the human
genome. To test this hypothesis, we extracted the soft-clipped part of
reads mapping to chromosome 19 with samextractclip from the jvar-
kit package and remapped the clipped parts to the production
plasmid references. We confirmed the initial mis-assignment of a
large proportion as 61.7% (sample converted by annealing), 90.9%
(sample converted by DNA polymerase I), and 83.8% (sample con-
verted by reverse transcriptase) clipped sequences mapped to the pro-
duction plasmid references. We speculate that, in very rare cases,
sequencing errors or vector genome rearrangements can lead to algo-
rithm mistakes during the heuristic steps of minimap2 leading to
false-negative alignment rejection.

Surprisingly, the sample converted by reverse transcriptase also revealed
a strong overrepresentation of chromosome 11. However, a close in-
spection revealed that >95% of the assigned reads map to the telomere
region and revealed a low-complex sequence typical of library prepara-
tion or sequencing artifacts (Figure S8B). This suggests again that using
reverse transcriptase for conversion is not ideal and should be avoided.
Overall, the detailed inspection of HCD mapping pattern clearly indi-
cated that the number of true HCD reads is probably even further
reduced by 10%-50% compared with the numbers reported by auto-
matic quantification of mapped reads (Figures 3C; Table 1).

In summary, we provide evidence that genuine HCD reads originate
randomly without specific enrichment, which is a crucial finding to
further de-risk HCD packaging in HCD risk assessments. Our data
point to a low level of spurious packaging of HCD and support the
high vector quality obtained using this manufacturing platform. In
addition, we argue that nanopore sequencing can provide compre-
hensive data to support chemicals, manufacturing and controls
(CMC) risk assessments, and regulatory filings.

Taken together, our data highlight the high quality of an rAAV devel-
opmental batch and the suitability of nanopore sequencing to
comprehensively characterize encapsidated DNA of rAAV vector
batches.

Comparison with SMRT sequencing data from the same vector
batch

SMRT sequencing is especially widespread for AAV sequencing, with its
outstanding base quality and long-read length-spanning entire rAAV

vector payloads. Therefore, we compared our nanopore sequencing
data with the data from a commercially available AAV SMRT
sequencing service from the same rAAV vector batch. We filtered the
provided raw reads the same way as our nanopore sequencing reads
and inspected the quality by fastqc. The sequencing data were of
outstanding quality with the vast majority of bases achieving PHRED
scores >85 (Figure 5A). We inspected the raw read length distribution
and observed a dominant peak at the expected size of 2,985 nt (Fig-
ure 5B), comparable with our AAV9-annealed nanopore data
(Figure 1D). However, we encountered a slight reduction of shorter
reads, potentially suggesting a somewhat reduced size bias. In addition,
SMRT sequencing revealed defined peaks for the shorter reads (Fig-
ure 5B), in contrast to a broad size distribution observed by nanopore
sequencing (Figure 1D). After mapping the data to the same reference
sequence described above (Figure 3A), we observed an overall compa-
rable mapping origin distribution. Whereas the percentage of reads
mapping to HCD and the helper plasmid was nearly identical to the cor-
responding nanopore sequencing, we observed a clear, 2-fold increase in
reads mapping to the vector plasmid backbone and a parallel reduction
of reads mapping to the AAV vector genome (Figure 5C; Table 2).

Chimeric reads, i.e., reads that map both to the AAV vector genome
payload and to a distinct reference, are challenging to assign for map-
ping algorithms and data can be strongly influenced by the distinct
numbers for SMRT and nanopore sequencing, which might explain
the differences. Following a reviewer’s suggestion, we investigated
chimeric reads in our nanopore data and detected 1.8% of chimeric
reads for samples converted with reverse transcriptase, 2.8% for
DNA polymerase I-converted samples and 3.4% for annealed sam-
ples. As a marked contrast to these relatively similar numbers, we de-
tected 8.9% of chimeras in the SMRT sequencing, which is more than
2-fold increase compared with nanopore data (Table S1).

We finally inspected the alignment file with the IGV browser and veri-
fied that, despite the distinct read distribution, the mapping coverage
pattern of both the AAV vector genome and the plasmid-related impu-
rities was comparable between SMRT and nanopore sequencing
(Figure S9).

SMRT sequencing is used to determine vector truncation hotspots
and vector genome instabilities.”** When we compared the SMRT
results with our nanopore sequencing data, we observed a very high
agreement between both sequencing methods with two minor
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Figure 4. In-depth analysis of encapsidated host cell DNA (HCD)-derived impurities
(A) Size histograms revealed a comparable size distribution of HCD impurities dominated by shorter sequences and only few reads exceeding 1,000 nt. (B) The chromosome
distribution of reads revealed an overrepresentation of chromosome 19 in all reads and a strong overrepresentation for chromosome 11 in the RT-converted library.

truncation hotspots in the transgene promoter region (Figures 5D
and 3D). Overall, our results clearly indicate that, despite the lower
raw read quality, nanopore sequencing can provide insights into
rAAV vector batches largely comparable with SMRT sequencing,
especially elucidating encapsidated DNA impurities.

8

DISCUSSION

NGS has attracted high interest for rAAV vector batch analytics,
because unlike PCR-based methods, it provides comprehensive in-
sights into encapsidated DNA heterogenicities and impurities.”” In
recent years, several groups have published valuable data of
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Figure 5. A commercial SMRT sequencing service based on annealing revealed comparable results with nanopore sequencing

(A) Raw read (PHRED score) quality distribution of SMRT sequencing confirmed outstanding read quality. (B) The raw read distribution revealed fewer short reads, but overall
comparable results with nanopore sequencing, with a dominant peak at 2,985 nt. (C) Read distribution revealed >90% of reads mapping to the AAV vector genome. Helper
plasmid and HCD impurity read rates were almost identical to nanopore sequencing. Vector cassette plasmid backbone impurities were 2-fold higher than nanopore
sequencing, potentially because of different handling of chimeric reads containing parts of the AAV vector genome but extending into the vector cassette plasmid backbone.

(D) SMRT truncation hot spot analysis revealed comparable results (Figure 3D).

sequenced rAAVs using various second-strand synthesis protocols
as well as a broad range of sequencing methods.’® However, typi-
cally for a fast-paced research field, data on the compatibility be-
tween distinct wet lab processes and sequencing methods have
been lacking, limiting informed choices of protocols and analysis
tools. In this study, we evaluated the applicability of nanopore

Table 2. Detailed analysis of mapping locations by SMRT sequencing
revealed >90% AAV vector genome mapping and <0.1% HCD mapping with
~12% chimeric read content

SMRT sequencing annealed

Reference sequence Absolute no. Mapping (%)

AAV vector genome 496,852 90.91
Vector plasmid backbone 41,825 7.65
Helper plasmid 7,606 1.39
Host cell DNA 268 0.05
Total 546,551 100

sequencing for rAAV batch sequencing using different dsDNA
conversion protocols and compared the data both with the
outdated, but widely used V9 chemistry, and with SMRT
sequencing.

We started our evaluation by performing three different protocols for
conversion of the extracted ssDNA into dsDNA amenable for library
preparation: annealing of (+) and (—) genomes and second-strand
synthesis by DNA polymerase I were used previously,>'® whereas
second-strand synthesis with reverse transcriptase was developed
during this study.

Enzyme-mediated second-strand synthesis by both DNA polymer-
ase I and reverse transcriptase led to sequence reads of around twice
the expected length, confirming our alkaline gel electrophoresis re-
sults. This finding was undetectable during native agarose gel elec-
trophoresis and size fragment analysis by TapeStation, as these
methods cannot distinguish between a genuine dsDNA and a
pseudo double-stranded hairpin DNA. Therefore, it has likely
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been overlooked so far by other researchers performing second-
strand synthesis.">™'® Interestingly, the widely used V9 nanopore
sequencing chemistry did not efficiently resolve the entire hairpin
sequence, also masking the molecular identity of the converted
DNA. We suggest that the hairpin is formed by priming of the
free hydroxyl group of the 3’ ITR. This intramolecular priming
mechanism is faster than intermolecular binding of random hex-
amer primers, represents the natural biology enabling AAV replica-
tion (Figure S1), and has been exploited for second-strand synthesis
prior to SMRT sequencing.”®

Profiting from technological innovations in nanopore sequencing, we
provide a comprehensive dataset investigating the quality of a vector
batch produced using our proprietary split two-plasmid system in a
50-L bioreactor. We detected overall low DNA impurity levels con-
firming the high quality of the plasmid design and the upstream
manufacturing platform. The detection of DNA impurities was
only weakly impacted by the DNA conversion protocol and, in the
case of the helper plasmid and HCD impurities, we also obtained
very good data agreement between nanopore and SMRT sequencing.
In contrast, nanopore sequencing revealed a considerably higher
number of reads mapping to the AAV vector genome and a ~50%
lower level of vector cassette plasmid backbone impurities. IGV
confirmed a similar mapping pattern with a considerable amount
of backbone impurities starting in the AAV vector genome, namely
the ITR region, and originating from ITR readthrough and ITR
reverse packaging.*’ The handling of these chimeric reads is difficult
for mapping algorithms, strongly dependent on the read length, and
the position of read clipping determines its mapping location. We
suggest that differences in chimeric read handling are the main reason
for the disagreement of plasmid backbone-derived impurities and
SMRT sequencing revealed a notably higher number of chimeric
reads. We speculate that this is rooted in the distinct library prepara-
tion protocols as the typically longer incubation time during
SMRTbell adapter ligation might slightly foster DNA fragment
fusion. A detailed molecular characterization of this finding, however,
extends beyond this study. Taken together, we propose to monitor
and report the read mapping coverage pattern in addition to quanti-
tative impurity distributions.

Besides product-related impurities, the rAAV transgene integrity is
an important feature of vector safety and potency. Our nanopore
sequencing-based truncation analysis revealed data aligning with
data acquired by a commercial SMRT sequencing, confirming that
nanopore sequencing is also suitable for this analysis. Whereas the
transgene in this study was a model SEAP gene, our truncation anal-
ysis can also be applied for therapeutic transgenes and promoters,
exposing vector instabilities earlier in development thus saving time
and resources.

So far, nanopore sequencing has rarely been used for rAAV batch
sequencing, even though, with its long-read length, low input
amount, and competitive sequencing depth, it is ideally suited for
batch characterization during process development and research.

Molecular Therapy: Methods & Clinical Development

We speculate that its low usage is likely rooted in its previous
lower read accuracy.”’ Even though the average base quality of
consensus-based methods such as SMRT sequencing remains out of
reach for nanopore sequencing, using the latest V14 chemistry and
basecalling software we obtained a high number of more than
2 million high-quality sequencing reads per flow cell. This is 4 times
higher than a typical, successful SMRT sequencing run and 10 to
100 times higher than reported previously with older chemistry and
flow cell combinations.”” In contrast, the required vector input is
lower compared with SMRT sequencing (5E10-5E11 vg instead of
1E12-1E13 vg for SMRT sequencing), allowing nanopore sequencing
assays during early development when vector amount is usually
strongly limited. We did not observe any unexpected mutations
that were frequent enough (>20%) to appear in the IGV mapping
consensus, and alignment analysis revealed an overall accuracy of
around 98%.

Thus, with the latest improvements, in contrast to Namkung et al.,””
we regard nanopore sequencing basecall quality as being well-suited
for in-depth rAAV batch analytics comparable with SMRT
sequencing. We suggest that discrepancies between this study and
others®>*’ are the result of advances in chemistry, basecalling, and
bioinformatic analysis (Table S2). For example, for this study we prof-
ited from the long-read-optimized mapping algorithm minimap2
instead of the generic short read mapper BWA-MEM used by Nam-
kung et al.”’ It is important to note that neither SMRT nor nanopore
NGS are currently suited for GMP release testing but are powerful
methods for additional characterization analysis. Efforts to translate
both methods into GMP QC labs are under way and great progress
has been made for nanopore sequencing in viral safety testing.

Compared with size distribution on agarose gels and TapeStation,
nanopore sequencing displayed a surprisingly high number of short
reads indicating a high degree of partial genomes. The sequencing
of a linearized AAV vector genome confirmed that the native frag-
ment sizes are not altered during sequencing library preparation or
nanopore sequencing, irrespective of secondary structures such as
ITRs. However, using an equimolar A phage DNA input, we detected
a strong bias for shorter reads, potentially because of their higher
diffusion speed. We also detected shorter fragments, albeit a lower
number, when using SMRT sequencing, so they were not a result of
low read quality and following mis-assignment of reads. Notably, in
contrast to nanopore sequencing the profile of the shorter reads re-
vealed multiple sharp peaks. This pattern of distinct DNA lengths
is neither reflected by Tape Station nor agarose gel electrophoresis.
In comparison, the smooth shorter read profile of nanopore
sequencing corresponded better to electrophoresis results, but the
size bias appeared to be stronger. This size bias will require back-
calculation with a size standard for fully quantitative vector size
distribution as described for SMRT sequencing.'® Importantly, even
after balancing, the short sequences will make a substantial part of
the sample and many of them contained an ITR sequence, which con-
tributes to the payload of “partially filled” capsids.”® It should be
noted that the simplified downstream process used for manufacturing

10 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025



www.moleculartherapy.org

of the AAV9-SEAP development batch did not include a full capsid
enrichment step and thus the batch contains more partial and empty
capsids than batches purified using a “full”-enrichment step. A thor-
ough characterization of full, partial, and empty particles in this
rAAV batch, however, extends beyond the scope of this study.

In summary, we provide conclusive evidence that nanopore
sequencing enables an in-depth characterization of DNA packaged
into AAV capsids. A major limitation of this study is that, because
of limited resources and vector material, we analyzed only a single
vector batch and did not perform technical replicates to comprehen-
sively characterize the method robustness.

Using the new chemistry and bioinformatics tools, nanopore
sequencing is a method of choice for in-depth rAAV characterization.
It furthermore supports continuous rAAV platform and process
development in an iterative manner. By comprehensive biochemical
characterization and nanopore sequencing we demonstrated that cur-
rent second-strand synthesis protocols lead to formation of a pseudo
double-stranded hairpin. We verified a high vector batch quality with
low HCD impurities, which were of random origin, for rAAV batches
produced with our proprietary manufacturing platform. We revealed
a size bias in nanopore sequencing, but no sequence-specific bias.
These findings can help us to tailor future rAAV batch sequencing an-
alyses and thereby improve AAV gene therapy’s safety and efficacy.

MATERIAL AND METHODS

Plasmid design for vector production

Viral vectors were produced using a previously described proprietary
split two-plasmid system.’ It consists of a first plasmid containing
the vector genome from ITR to ITR and the AAV9 capsid gene and
a second plasmid that provides the rep gene as well as indispensable
sequences from the adenoviral helper genes VA RNA, E2, and E4
required for AAV multiplication. The AAV vector genome encoded
a SEAP reporter construct (Invivogen, Toulouse, France) under the
control of a liver-specific HCR-hAAT promoter*' flanked by AAV2
ITR sequences with a total vector genome length of 2,985 bases.

Virus batch

Viral vectors for nanopore sequencing analysis were produced using a
proprietary HEK293 suspension cell-based process in a 50-L biore-
actor (Biostat STR 50L, Sartorius, Gottingen, Germany). HEK293
cells were transfected with the AAV vector cassette/cap and the rep/
AdV helper plasmid using PEIpro (Polyplus, Illkirch, France). Cells
were harvested at 72 h post transfection, lysed mechanically (CF2,
Constant Systems, Daventry, UK) and non-encapsidated DNA was
removed by Denarase (c-LEcta, Leipzig, Germany) treatment. The
viral vectors were purified using a proprietary process based on affin-
ity chromatography with a POROS CaptureSelect AAVX affinity
resin (Thermo Fisher Scientific, Waltham, MA).

Viral DNA extraction
DNA was extracted from 9E11 vector genomes with the High Pure
Viral Nucleic Acid Kit (Roche Diagnostics, Mannheim, Germany) ac-

cording to the manufacturer’s instructions. The extracted DNA was
quantified, and quality checked using a nanophotometer (NP80, Im-
plen, Miinchen, Germany). The extracted DNA was used to prepare
all five nanopore libraries in this study.

DNA conversion by annealing

Single-stranded DNA (150-200 ng) was diluted in the appropriate
amount of 10x NEBuffer 2 (New England Biolabs, Frankfurt, Ger-
many) and denatured at 95°C for 5 min in a PCR thermocycler
(C1000 touch, Bio-Rad, Miinchen, Germany). The samples were
slowly cooled to 25°C by setting the ramp speed to 0.1°C/s and insert-
ing additional hold steps for 2 min every 10°C. Annealed dsDNA was
purified using the Monarch PCR & DNA Cleanup Kit (New England
Biolabs) according to the manufacturer’s instructions.

Second-strand synthesis using DNA polymerase or reverse
transcriptase

ssDNA (150-200 ng) was supplemented with 2 pL random primers
(60 pM, New England Biolabs), 1 uL dNTPs (10 mM each, New En-
gland Biolabs), and filled up with nuclease-free water to 10 pL. Viral
DNA was denatured for 5 min at 95°C and snap cooled on ice. After-
ward a DNA polymerase (1 uL DNA polymerase I [New England Bio-
labs], 2 uL 10x NEBuffer 2, and 7 puL of water) or reverse transcrip-
tase (1 uL Protoscript II [New England Biolabs], 4 uL 5x buffer, 2 uL
0.1 M DTT, and 3 pL water) master mix was added per sample,
respectively. The samples were incubated at 25°C for 5 min, 37°C
for 60 min, and 70°C for 10 min in a PCR cycler (C1000 touch,
Bio-Rad, Miinchen, Germany) for DNA polymerase samples or at
25°C for 5 min, 48°C for 60 min, and 85°C for 5 min in a PCR cycler
(C1000 touch, Bio-Rad). After second-strand synthesis, dsSDNA was
purified using the Monarch PCR & DNA Cleanup Kit after the man-
ufacturer’s instructions (New England Biolabs).

Native agarose gel electrophoresis

Agarose gels were prepared by dissolving the appropriate amount
of agarose (GeneOn, Ludwigshafen, Germany) in 1x TAE buffer
(Omega Bio-tek, Norcross, GA) by boiling in a microwave. GelRed
(Biotium, Freemont, CA) was added to a 0.5x concentration from
a 10,000x stock. The samples were supplemented with the appro-
priate amount of 6x purple loading dye (New England Biolabs),
and electrophoresis was performed at 5 V/cm. DNA was visualized
under UV light using a ChemiDoc station (Bio-Rad).

Alkaline gel electrophoresis

Alkaline gel electrophoresis of AAV and DNA was performed as
described previously25 with minor modifications. In brief, an alkaline
agarose gel was prepared by dissolving 1% (w/v) agarose (GeneOn) in
ultrapure water by boiling. After cooling to 50°C, the appropriate
amount of 50x alkaline buffer (2.5 M NaOH, 50 mM EDTA) was
added and the gel was cast. The samples were supplemented with
the appropriate amount of 6x alkaline loading dye (18% Ficoll 400
[Carl Roth, Karlsruhe, Germany], 12%, v/v, 50x alkaline buffer,
24%, v/v, 10% SDS [Sigma-Aldrich, Steinheim, Germany], 0.25%
xylene cyanole FF [Sigma-Aldrich], 0.15% bromocresol green [Carl
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Roth]) and loaded on the gel. The gel was run at 4°C and 2.7 V/cm for
6 h and neutralized in 0.5 M Tris-HCI (pH 7.9). The DNA was stained
with 1x SYBR Gold (Thermo Fisher Scientific, Eugene, OR) in 0.1 M
Tris-HCI (pH 7.9), and visualized using a Fusion imaging system
(Vilber, Eberhardzell, Germany).

Fragment analysis by TapeStation

Fragment sizes were determined with a TapeStation (Agilent, Wald-
bronn, Germany) device and the high sensitivity D5000 screentape
system (Agilent) according to the manufacturer’s instructions.

Preparation of control samples for nanopore sequencing

DNA from A phage (Oxford Nanopore Technologies, Oxford, UK)
was double digested with EcoRI-HF and HindIII-HF for 4 h at
37°C and the enzymes were inactivated at 65°C for 20 min. The
DNA was precipitated using 0.1 vol 3 M sodium acetate (pH 5.2)
(Thermo Fisher Scientific, Vilnius, Lithuania) and 2.5 vol ethanol ab-
solute. The pellet was collected by centrifugation at 4°C, washed with
70% ethanol, air dried, and resuspended in elution buffer (New En-
gland Biolabs). The vector genome/cap plasmid was digested with
NotI-HF (New England Biolabs) for 4 h at 37°C and purified using
the Monarch PCR & DNA Cleanup Kit (New England Biolabs) after
the manufacturer’s instructions.

Library preparation and nanopore sequencing

Nanopore sequencing libraries were prepared from 100 to 200 fmol of
input dsDNA using a ligation-based library prep kit with barcodes
(SQK-LSK109/EXP-NBD104 or SQK-NBD114.24; all Oxford Nano-
pore Technologies) according to the manufacturer’s instructions. The
library was sequenced using an R9.4.1 or R10.4.1 flow cell (Oxford
Nanopore Technologies), respectively, on a MinION Mklc (Oxford
Nanopore Technologies) sequencer with live basecalling disabled.
Sequencing was terminated when the flow cell was exhausted and
no new sequencing information was gathered (usually between 24
and 48 h).

Basecalling with dorado and guppy software

Raw POD5 data were basecalled using dorado (https://github.com/
nanoporetech/dorado, v.0.4.3) and the super accuracy (sup) basecall-
ing model, without demultiplexing and barcode trimming. As com-
parison data from the V9 chemistry were basecalled with a high-accu-
racy (hac) model with guppy_basecaller (guppy v.6.5.7) without
demultiplexing and barcode trimming. Basecalled fastq files were de-
multiplexed and barcodes were trimmed by dorado demux or gup-
py_barcoder, respectively, using default settings. For raw read length
analysis, the settings were changed to require barcodes on both ends
for demultiplexing. For comparison, V9 raw data were also basecalled,
demultiplexed, and trimmed using dorado with the respective sup
model (v.3.6) and V14 data were basecalled, demultiplexed, and
trimmed with guppy (v.6.5.7)

Sequencing data analysis
Demultiplexed data were filtered with nanoq** using a quality cut-off
of 9, a minimal read length of 200 nt and a maximum read length of
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10,000 nt. No such size and quality filtering was performed for the
analysis of the A DNA digest and the digested vector cassette.
Sequencing read quality and length analysis was performed using
FastQC (https://github.com/s-andrews/FastQC) and Alfred."’ Single
fastq reads were inspected and auto-annotated using a custom feature
library by Geneious Prime (https://www.geneious.com).

The raw reads were mapped to a reference sequence consisting of the
ITR-to-ITR vector cassette, the vector plasmid backbone, and the
unique helper plasmid region with minimap2** using the -x map-
ont flag for nanopore data and secondary alignments were sup-
pressed. Non-mapping reads were extracted as fastq reads from the
BAM file using samtools”” and re-mapped to the human genome
(version GRCh38_no_alt_analysis_set_ GCA_000001405.15) with
minimap2 to investigate HCD impurities. Mapped data were quanti-
fied and analyzed with the samtools*’ and the pysam (https:/github.
com/pysam-developers/pysam) package and plotted using matplot-
lib.*® Sorted and indexed mapping files were visualized using the
IGV browser.”” Additional HCD analysis was performed using sa-
mextractclip from the jvarkit package (https://github.com/lindenb/
jvarkit).

For chimeric read analysis, reads were mapped with minimap2** to a
linearized plasmid reference. Using samtools we quantified the num-
ber of reads mapping within the ITR-to-ITR vector cassette with a
10 nt overlap into the backbone region to balance barcode trimming
errors as well as the number of reads upstream and downstream of the
ITR-to-ITR vector cassette, respectively. Reads counted twice were
treated as chimeras.

Library generation, SMRT sequencing, and data analysis
Extraction of vector DNA, annealing, SMRT sequencing, truncation
hotspot analysis, and chimeric read quantification was performed
by GENEWIZ/Azenta Life Science (Leipzig, Germany). For in-house
analysis, raw fastq sequencing data were filtered with nanoq** using
identical settings as for nanopore reads. Sequencing read quality
and length analysis was performed using FastQC (https://github.
com/s-andrews/FastQC).

The raw reads were mapped to a reference sequence consisting of the
ITR-to-ITR vector cassette, the vector plasmid backbone, the unique
helper plasmid region with minimap2** using the -x map-hifi flag
for SMRT sequencing data and secondary alignments were sup-
pressed. Non-mapping reads were extracted as fastq reads from
the BAM file using samtools*’ and re-mapped to the human genome
(version GRCh38_no_alt_analysis_set_GCA_000001405.15) with
minimap?2 to investigate HCD impurities. Mapped data were quan-
tified and analyzed with the samtools”” package and plotted using
matplotlib.*®

DATA AND CODE AVAILABILITY

The data that support the findings of this study are available in the main and supple-
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Advanced Therapies being in place. Sequencing data are publicly available in the Euro-
pean Nucleotide Archive repository (https://ebi.ac.uk/ena) using the project accession
PRJEB78700.
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