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heterogeneity & contaminants
using next-generation
sequencing methods
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AAV vectors continue to be the most promising gene delivery vehicle for treating rare
genetic diseases through gene therapy. Understanding vector inconsistencies during the
manufacturing process is vital to define batch-to-batch differences, and predicting their effi-
cacies and safety profiles. Although AAV vectors manufactured for clinical use are rigorously
tested by several analytical methods, these assays are still not able to provide comprehen-
sive insights into a vector’s composition, nor address how or why heterogeneity in vectors
emerge. With the power of next-generation sequencing methods, understanding AAV vec-
tor composition and why certain designs fail to provide expected potencies can be unlocked.
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INTRODUCTION

AAVs were originally discovered in 1965 as
‘virus-like’ particles [1,2]. AAVs belong to a
class of small, non-enveloped, dependopar-
voviruses that rely on co-infection with helper
viruses, such as adenovirus or herpesvirus to
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complete their lifecycles in the host [3]. AAV
is single-stranded DNA virus that packages
either the plus or minus strand of the genome
atequal ratios into an icosahedral protein cap-
sid that is approximately 20-25 nm in diam-
eter [4,5]. The AAV genome has four known
open reading frames (ORFs) that encode for
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the viral replication genes (rep), the capsid
proteins (cap), the assembly-activating pro-
tein (AAP), and the membrane-associated
accessory proteins (MAAP) [6]. The rep gene
encodes for Rep40, Rep52, Rep68, and
Rep78 [7]. The cap gene encodes three viral
proteins called VP1, VP2, and VP3, which
form the 60-mer capsid at approximate
ratios of 1:1:10 for VP1:VP2:VP3, respec-
tively [6,7]. The AAV family of viruses is fairly
diverse. Among those that can infect humans
and non-human primates, there are seven
main clades (clades A-G) [8,9], which encom-
pass AAV1/6 (clade A), AAV2 (clade B),
AAV2/3-hybrid and AAV13 (clade C), AAV7
(clade D), AAVS (clade E), AAV9 (clade F),
and AAV4, AAV11, and AAV12 (clade G).
AAVS5 is the most distinct among the con-
temporary capsids, and is currently in its
own class. Differences in capsid surface anti-
gens have traditionally define viral serotypes;
however, among the wildtype AAVs that have
been discovered, over hundreds of naturally
occurring variants have been identified based
on sequence analyses [6]. Importantly, these
serotypes and subvariants have different tro-
pism profiles among several mammalian lab-
oratory models that span an array of cell and
tissue types.

The AAV genome is flanked by two
inverted terminal repeats (ITRs) that are
required for rescue, replication, and packag-
ing of the genome. Similar to other parvovi-
ruses, the I'TR overcomes the end-replication
problem through rolling-hairpin replication
[10]. The wild-type ITR from AAV serotype 2
(AAV2) is 145 nt in length and comprises of
four internal segments [11]. Its first 125 nt
folds on itself to form a T-shaped hairpin with
two small internal inverted repeat sequences,
named the B and C arms. The stem of the
T-shaped hairpin is called the A segment. The
rest of the ITR, which is contiguous with the
rest of the genome, forms the D sequence.
The inverted nature of the ITR is essential
for virus genome replication, as it serves as
an origin of replication as a self-primed mole-
cule. Embedded within the A sequence is the
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Rep-binding element (RBE). Together with
the RBE, a sequence that is located at the tip
of the cross arms, called RBE’, serve to recruit
Rep68/78, which nicks the terminal resolu-
tion site to separate the newly synthesized
DNA strand from the template strand [12].

There are several features that make AAV
ideal vehicles for gene therapy [11,13,14].
First, they cannot replicate on their own, but
require factors expressed by the helper virus.
These specific factors, namely those from ade-
novirus (E1A, E1B, E2A, E4, and viral associ-
ated RNA), can be expressed in #7ans to drive
AAV  replication and genome packaging.
Second, AAVs confer low immunogenicity
and pathogenicity. In recent years, AAV has
been linked to hepatocellular carcinoma and
specific cases of acute hepatitis [15-18], but
the mechanisms that drive these outcomes are
not fully known and are hotly debated. Third,
AAV vectors can confer long-lasting trans-
gene expression, since their genomes predom-
inantly persist as circular double-stranded
episomes in the host cell nucleus [4].

There have been multiple methods for
AAV vector production described throughout
the years [19-26]. However, plasmid trans-
fection in HEK293 cells (pTx/HEK293),
recombinant baculovirus infection in insect
cells (rBV/Sf), and Hela production cell
lines with adenovirus are currently the
three most popular production platforms
for manufacturing recombinant (r)AAV for
basic research, pre-clinical, and clinical use.
Unfortunately, the potency of AAV vectors
is inexplicably known to be impacted by the
manufacturing method [14,27,28]. There are
many quality control challenges in produc-
ing effective and safe vectors. Purification
methods can also vary and impact the quality
of AAV vectors. Vector purification chiefly
involves obtaining high quality particles that
are free from partial or empty particles. Many
techniques have been developed for vector
purification [26,29-33]; but currently, there is
no single method that can completely remove
empty particles from preparations. Despite

well-established  pipelines  developed  for




obtaining safe and quality vectors, the final
product can still contain defective vectors
and contaminants [34]. Therefore, character-
izing and validating AAV vectors are essen-
tial for assuring that the final product meets
safety, purity, and quality standards set by the
US FDA.

ANALYTICAL METHODS FOR AAV
VECTOR CHARACTERIZATION
& EVALUATION

Product characterization under GMP must
follow guidelines required by the FDA [35].
Different analytical methods are used for
characterizing and validating AAV vectors. In
general, these assays evaluate a vector’s iden-
tity, potency, purity, safety, and stability. [35].
These methods have been reviewed exten-
sively [36-42]. The following metrics and the
analytical methods that measure them have
been industry standards for querying batch-
to-batch heterogeneity.

Vector genome titration

The traditional way of quantifying viruses
with infectious titers cannot be used for
recombinant (r)AAVs, since the highly engi-
neered nature of these vectors make infection
a less reliable means of gauging their titers.
Therefore, methods to obtain physical titers
are favored. The standard means of quanti-
fying vectors relies on the detection of vector
genomes in the preparation, for which quanti-
tative PCR (qPCR) has served as the method
of choice. However, accuracy of qPCR is
dependent on primer efhiciencies. Since many
research vectors can vary in design, primer/
probe sets typically target sequences that are
commonly shared, such as the polyadenyla-
tion sequence or regions proximal to the ITRs.
Digital Droplet (dd)PCR has become more
attractive, since the method is not as severely
impacted by primer efficiencies as it is with
qPCR. The only drawback of qPCR/ddPCR,
as with any DNA-based detection method,
is that non-encapsidated DNAs (carry-over

from production) that survive endonuclease
digestion during vector purification steps can
be detected, leading to the overestimation of
Vvector titers.

Particle titration

Quantification of vector DNA may not accu-
rately reveal the abundance of vector particles
in preparations, since some particles may lack
vector genomes (empty capsids). Although
empty capsids do not contribute to the over-
all transduction and potencies, they will
impact how the host will respond to dosing,
which is typically based on vector genome
titers. Particle titers are typically quantified
using ELISAs, using a monoclonal antibody
that is specific to the fully assembled capsid.
Antibodies are typically serotype-specific.
In research settings, sodium dodecyl-sul-
fate  polyacrylamide gel electrophoresis
(SDS-PAGE), followed by silver staining
or Western blotting is still used. Since sil-
ver staining does not rely on antibodies, it
is typically favored for the semi-quantitative
assessment of VP1, VP2, and VP3 ratios and/
or capsid degradation. Although the exact
ratios on the single particle scale is stochastic
[6], VP ratios that deviate from 1:1:10 tend
to be attributed to poor vector titers and/or
associated with reduced potencies [20]. More
advanced methods based on high-resolution
native mass spectrometry can obtain clearer
pictures of differential VP ratios in prepara-
tions [6]; but how these differences impact
transduction is still unexplored.

Detection of plasmid, host cell DNA
contaminants, & adventitious virus

Demonstration of vector genome purity is
one means of showing that the vectors being
produced are free from risks associated with
the transfer of foreign DNA. Foreign DNA
can encompass any material originating from
the production process. This can include
DNA from backbone sequences, such as anti-
biotic resistance genes (e.g., B-lactamase) used
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in the production plasmids, viral proteins
originating from manufacturing schemes
that use adenovirus vectors, and DNA that
can originate from the packaging cell line.
Importantly, detection of viral sequences not
related to the production platform may sig-
nify the presence of adventitious viruses that
can originate from animal serum found in
cell culture media. Adventitious viruses can
propagate during the manufacturing pro-
cess and can elicit strong immune responses
in patients, leading to adverse effects and
lowered gene therapy efficacies. It should be
noted that for commercial manufacturing,
production schemes now typically use ani-
mal-derived component-free media, thereby
limiting adventitious viruses.

The direct method for detecting DNA
contaminants is via qPCR/ddPCR using
primer/probes that target specific sequences.
For example, to detect plasmid contaminants,
primer/probes targeting the antibiotic resis-
tance gene can be used; for targeting host-cell
contaminants, 18S ribosomal RNA or Alu
targets is routinely used [43]; and for adven-
titious viruses, a panel primer/probes that
target a range of viral DNAs are employed
[44]. However, PCR-based methods are
inherently problematic, since low abundance
contaminants can be hard to detect, even
under exponential amplification. In addition,
only known target sequences can be queried,
limiting the detection of host-cell DNA and
adventitious viruses.

Full versus empty capsids

A common assessment of vector quality has
been the detection of empty capsids in prepa-
rations. Since the percentage of empty cap-
sids in final preparations can range widely
from 50-90% (depending on the purifica-
tion method), they are large determinants of
vector potency. Transmission electron micros-
copy is a classical way to visually observe and
count the ratio of full-to-empty capsids [45].
However, it cannot reveal information on
partial or oversized vectors (e.g., truncated
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genomes or genomes that exceed the design
length).

(AUC) can yield sedimentation velocities

Analytical  ultracentrifugation
of particles and relies on the density pro-
files of empty and full capsids [46]. AUC
can reveal species that can deviate from the
main empty and full capsid peaks, which
can typically point towards the presence
of partial or oversized packaged genomes.
Unfortunately, AUC cannot further charac-
terize the genomes of these non-unit length
species. Direct quantification of DNA and
capsid proteins can be measured by optical
density using A260/A280 [47]. This method
also cannot describe vector genome hetero-
geneity for preparations. Charge detection
mass spectrometry can quantify capsid con-
tent by measuring the mass-to-charge ratios
unique to empty and full capsids [48]. AUC
and charge detection mass spectrometry
methods require high amounts of material,
have long turnaround times, and require
technical training and knowhow. Mass pho-
tometry is a fast and label-free orthogonal
technique that was developed recently [49].
This technique can be used for multiple
serotypes [49], and can also work with low
amounts of sample [49]. Unfortunately, all
analytical methods mentioned above still
lack the capacity to characterize the genomes
of non-unit length species nor describe vec-
tor genome heterogeneity.

Other recently developed analytical meth-
ods and advanced orthogonal approaches,
such as size-exclusion chromatography with
UV and multiangle light scattering can pro-
vide insights into vector genome heteroge-
neity [38,40,50]. However, these methods
do not have the ability to disclose the struc-
ture or sequences of truncated or oversized
forms, chimeric genomes, and the compo-
sition of DNA contaminants. These short-
comings inspired the development of a new
class of methods that employ next-genera-
tion sequencing (NGS) technology. These
bioinformatics-reliant methods have opened
the door for gaining insights into AAV
biology and vectorology, and have revealed




the types of structures that can be pack-
aged into capsids that are impossible with
other methodologies.

The remainder of this review will dis-
cuss the challenge of sequencing AAV, and
the use of NGS in vector characteriza-
tion and evaluation. We will also address
some of the shortcomings related to these

NGS-based methods.

THE CHALLENGE OF
SEQUENCING AAV VECTORS

The wild-type AAV2 sequence was the first
AAV genome cloned into plasmids [51],
enabling genetic studies [52,53]. The ITRs
of AAV2 were first sequenced in 1980 by
the Maxam-Gilbert method [54]. Since then,
sequencing the full AAV vector genome has
been notoriously challenging. This problem
has been mainly due to the complexity of the
ITRs [55]. In addition, the ITR is GC-rich
(70%), which makes standard methods like
Sanger sequencing, difficult. Substitution of
dGTPs with 7-deaza-dGTP during ampli-
fication of the ITRs can help to overcome
sequencing issues related to GC content [56].
However, such methods are less than ideal.
Until recent times, sequencing AAV vectors
sans I'TRs has been the staple in the AAV gene
therapy field. Nevertheless, ITRs are critical
for replication, rescue, and packaging; thus,
further understanding of these crucial viral
elements substantiates the need to develop
robust means to sequence AAV vectors with

their I'TRs.

NGS-BASED METHODS FOR
VECTOR CHARACTERIZATION
& EVALUATION

Although many sophisticated methods have
been used for assessing the AAV vector
product, including those mentioned above,
they are unable to provide comprehensive
insight into the genome compositions of
truncated vectors and DNA contaminants
(e.g., plasmid backbone DNA, rep-cap genes,

and adenovirus helper genes) [27,57-59].
Replication-competent AAVs are also another
form of contaminant that can alter the safety
of gene therapy vectors [60]. Profiling of pack-
aged content in a population of diverse, and
low-abundance species, remains challenging
with standard methods like qgPCR/ddPCR.
NGS has been used widely in many disci-
plines, but has only recently gained use for
characterizing and evaluating AAV vectors.
NGS-based methods have the ability to
reveal the contents of vectors at the level of
the DNA sequence, and can identify contam-
inants that cannot be captured by standard
molecular biology methods. Furthermore, it
can detect/identify multiple contaminants in
a single experiment, as opposed to using mul-
tiple molecular assays. Since NGS can achieve
read depths of millions to hundreds of mil-
lions of sequences, rare DNA species can be
semi-quantitatively profiled, and with certain
platforms (discussed below), can be quantita-
tively assessed [57,61].

Since there are no standardized meth-
ods to sequence AAV vectors using NGS,
investigators usually look for the most efh-
cient way that is best fit for their research
goals. Employment of NGS approaches can
depend on different factors, such as budget,
time sensitivity, accuracy of the results, and
technical proficiency.

Short-read sequencing technology
& next-generation sequencing-
based methods

[llumina is well-known for its popular short-
read sequencing technology [62-64]. It is
based on a sequencing by synthesis approach
that employs cyclic reversible termination
[62,65,66]. Currently, Illumina is still the most
popular NGS solution [65,67-69]. It has several
advantages, including its established technol-
ogy, high level of cross-platform compatibility,
high accuracy, and a wide range of instruments
that span low-throughput to high-throughput
options [65,67]. However, Illumina has some
drawbacks, including its short-read lengths,
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high instrument costs, some poor coverage
across GC-rich regions, and a tendency
towards substitution errors [65,70].
Unfortunately, short-read sequencing
has poor coverage at the ITR regions, and
fails to capture the full and intact AAV vec-
tor genome [27,58]. Nevertheless, they are
best for detecting single-nucleotide vari-
ants (SNVs) and insertions and deletions
(indels), because of their ability to achieve
high sequencing depths; and for detecting

low-abundance contaminants.
Single-stranded DNA virus sequencing

Single-stranded DNA virus sequencing
(SSV-Seq) was the first NGS-based method
developed for characterizing AAV  vector
genomes and residual DNA [57,61], and
was developed to address the shortcomings
of qPCR. The SSV-Seq method is based
on Illuminas short-read sequencing tech-
nology. The major steps in SSV-Seq proto-
col are as follows. First, the preparation is
treated with DNase to digest non-encapsi-
dated DNA. Second, DNA extraction is per-
formed, followed by second-strand synthesis
with random hexamers to convert ssAAV
to double-stranded genomes. Subsequently,
the dsDNA template is sonicated into small
fragments for NGS library preparation.
Next, libraries are sequenced with Illumina
HiSeq. Finally, the sequencing data are
analyzed by using ContaVect bioinformat-
ics tool. Figure 1 summarizes the SSV-Seq
protocol [57]. A PCR-free version of the
method called SSV-Seq 2.0 was also devel-
oped for optimizing vector genomes with a
high percentage of GC and homopolymers
[71]. Although SSV-Seq is successful at char-
acterizing AAV vector genomes including
residual DNA, the major drawback of this
method is its inability to interrogate full and
intact vector genomes. Another limitation
is the amount of purified rAAV preparation
required for input (2x 10" vector genomes
of purified rAAV). Furthermore, SSV-Seq
cannot provide optimal coverage of the
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ITRs, since Illumina’s short-read sequenc-
ing requires amplification of the target
using polymerases that have low processivity
across the ITRs either at the library prepa-
ration stage with PCR, or on the flow cell
during bridge amplification steps.

Fast-Seq
The development of Fast-Seq was inspired

by the

Sanger method [72], which requires slow

limitations of the traditional
and labor-intensive manual evaluation of
sequencing reads. Importantly, the Sanger
method it is unable quantitate single nucle-
otide polymorphisms (SNPs) and indels as
a result of low sequencing depths. Fast-Seq
relies on a Tn5-based library generation that
is compatible with single-strand (ss)AAV
genomes [72]. The Fast-Seq approach is an
end-to-end method for the extraction, puri-
fication, sequencing, and data analyses of
packaged vector genomes [72] (Figure 1). Fast-
Seq's reliance on fragmentation and simulta-
neous adapter ligation using Tn5 transposase
is inexpensive and relatively easy compared
to sonication followed by adapter ligation.
In addition, it requires less input DNA,
which makes it well-suited for inexpensive
and lower throughput instruments, such as
MiSeq and iSeq. Furthermore, Fast-Seq pro-
vides opensource code with a prebuilt cus-
tomizable Docker container on GitHub for
data analysis. However, Fast-Seq also requires
double-stranded genome conversion and it
can miss single-stranded genomes that fail
to convert. Because it is based on short-read
sequencing, it inherits all the limitations
described above for SSV-Seq. In addition,
Fast-Seq was designed primarily for analyz-
ing variants such as SNPs and indels, but
not for analyzing contaminants.

Viral genome sequencing
Viral genome sequencing (VGS) was devel-

oped with the aim to overcome the double
strand synthesis requirement from the other




NGS-based methods [73]. The VGS method
is based on the assumption that rAAV DNA
extracts are primarily double-stranded species
due to the natural base pairing of comple-
mentary plus and minus strands [73]. VGS
also utilizes a tagmentation-based library
construction approach (Figure 1), and was
designed to profile the rAAV genome, as well
as detecting the presence of contaminants
[73]. Because VGS bypasses the double-strand
synthesis step, VGS can save time and costs
related to sample preparation. In addition,
VGS provides Python scripts for validating
serotype and Cre-independent DNA recom-
bination events in rAAVs. However, VGS may
miss some single-stranded genomes, because
its design is based on the assumption that
double-stranded configurations are naturally
formed from annealing of plus and minus
stranded genomes after DNA extraction.
VGS also inherits the limitations associated
with Illumina short-read sequencing.

Long-read sequencing technologies
& NGS-based methods

For many years, the major limitation with
using NGS to sequence AAV vectors has
been the need to rely on reconstruction of the
genome from small read fragments. Although
the approach can be useful in determining
SNPs and indels, it fails to reveal the struc-
tures of the genomes. AUC analyses and gel
electrophoresis can reveal the heterogeneity in
vector preparations; however, cannot provide
sequence information. An NGS approach
that can produce reads that capture targets
spanning the entirety of the vector genome
would be ideal.

In 2009, the first single-molecule sequenc-
ing technology was developed and commer-
cialized by Helicos BioSciences [64]. This
approach permitted single-molecule rep-
resentation of AAV for the first time [74].
However, single-molecule sequencing could
not achieve complete coverage of the AAV
genome. Fortunately, two sequencing tech-
nologies were maturing.

Pacific Biosciences and AAV genome
population sequencing

Pacific Biosciences (PacBio) is well-known
for its long-read sequencing technology
called single molecule, real-time (SMRT)
sequencing [64]. This technology has the
advantages of achieving long-read lengths
(approximately 10-20 kb) and shorter
[64,70].
However, its accurate base calling is depen-

instrument  execution  times
dent on the consensus reads of multiple
passes across a target template. Therefore,
the longer the read fragment, the lower the
base calling accuracy. The technology also
has high operational costs [70]. Coupled
with AAV genome population sequenc-
ing (AAV-GPseq) [58], SMRT sequencing
can accurately profile genomes that are in
double-stranded configurations. Double-
stranded genomes can be achieved by
annealing plus and minus stranded genomes
by heat-treating and slow cooling the rAAV
genomes (thermal annealing) [59]. The steps
for preparing samples for AAV-GPseq is
summarized in Figure 1.

Due to the advantage of covering long
sequences in a single read, AAV-GPseq has
opened the door for gaining insights into the
composition of vector genomes, as well as
other packaged elements in the vector prod-
uct that would be elusive with other ana-
lytical methods. The significant feature of
AAV-GPseq is its ability to capture the intact
vector genome from ITR-to-ITR without
the need for bioinformatic re-construction
from short reads. AAV-GPseq also requires
a significant amount of purified vector
genomes for input (1x10"-1x 10" vector
genomes). Because AAV-GPseq requires the
ligation of the SMRT bell adapters to dou-
ble-stranded genomes, this method can also
miss the single-stranded genomes that fail
to anneal into double-stranded targets. Due
to the lower sequencing depths achieved by
SMRT sequencing, the accuracy of SNV
and indels is lower than can be achieved
with Illumina short-read sequencing. In
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contrast, SMRT sequencing can capture full
and intact AAV vector genomes, and can cover
the I'TR regions, since the phi29-derived poly-
merase has strand-displacement activity, and
sequencing in real time efficientdy unwinds
the ITR structure. High base calling is
achieved through multiple passes of adaptered
genomes. This overcomes the inherent error of
single passes, yielding base calling errors that
are approximately 1%. Nevertheless, due to
the nature of its flow cell design, its sequenc-
ing depth is relatively low (approximately
5-8 million reads can typically be obtained on
a Sequel II). Another shortcoming for SMRT
sequencing is its bias towards smaller DNA
targets. Typically, SMRT reads need to be nor-
malized to a spike in standard ladder such as
BstEIl-digested lambda phage DNA or cali-
brated on fragmented bacterial DNA in order
to assess relative abundances [58,75].

Oxford Nanopore & ssDNA sequencing

Another well-known long-read sequencing
technology is nanopore sequencing. Oxford
Nanopore technology can produce the longest
read lengths (approximately 2 Mb) [64,67,76].
The MinION instrument is also small and
portable, and can be operated with a laptop
computer. Running samples using nanopore
is quick, relatively easy, and has lower oper-
ational costs [70,77]. However, it has high
error rates [64,70]. Nevertheless, nanopore
sequencing has high processivity through
ITRs and it can directly sequence AAV vectors
without amplification [78].

The inspiration for developing ssDNA
sequencing was to overcome the need to
convert single-stranded DNA (ssDNA) into
double-stranded templates, which is a pre-
requisite for existing NGS-based methods.
This conversion can again cause bias [78].
Since nanopore uses a transposase that was
found to have residual activity on ssDNA,
ssDNA sequencing with nanopore bypasses
the need for double-strand conversion of the
AAV genomes [78]. However, the efficiency
of sequencing double-strand templates was
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still shown to be much higher than ssDNA.
Furthermore, similar to the AAV-GPseq
method, AAV genomes can be converted to
double-stranded templates and sequenced
directly as an intact molecule from ITR to ITR
[77]. ssDNA sequencing can also detect con-
taminants and it can reveal the molecular state
of vector genomes [78]. Nanopore sequencing
has similar capabilities to SMRT sequencing as
along-read technology, but since DNA strands
are only covered through a single pass of the
DNA, the accuracy of base calling at each posi-
tion is low [77]. An illustration of the ssDNA
sequencing workflow is shown in Figure 1.

TYPES OF NON-UNIT LENGTH
GENOMES FOUND AMONG AAV
VECTORS

With the development of NGS methods to
profile rAAV, the diversity of non-unit vec-
tors has been revealed. In addition, some of
the mechanisms by which they arise are being
slowly solved.

Furthermore, vectors produced by differ-
ent platforms can have varying degrees of
heterogeneity. For example, AAV-GPseq has
revealed a diversity of vector genomes includ-
ing completed genomes, truncated genomes,
chimeric genomes, and oversized genomes
[27,58,59] (Figure 2). The following section will
review commonly identified non-unit length
genomes.

Truncated genomes

Truncated AAV genomes were first described
with wtAAVs as a hallmark of defective inter-
fering particles [79,80]. Previous studies on the
incorporation of short hairpin (sh)RNA or
short hairpin-like structures into vector con-
structs showed that they can lead to truncated
vector genomes that have self-complementary
configurations. These types of genomes are also
commonly called snapback genomes [79,81].
The mechanisms that underpin these events
are hypothesized to be due to polymerase
redirection or template-switching during viral
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—» FIGURE 1

Workflow illustrations for NGS-based methods.
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(A) SSV-Seq protocol [57]. The purified particles are digested to remove non-encapsidated DNAs. Next, viral DNAs are extracted and then
subjected to second-strand conversion. The double-stranded genomes are then sonicated into fragments for Illumina library preparation. The
libraries are then sequenced on an lllumina instrument. Finally, the sequencing data are analyzed by using ContaVect bioinformatic tool. (B) VGS
workflow [73]. Purified particles are digested with DNase. Next, viral DNAs are extracted and then subjected to library preparation with
tagmentation. Libraries are then sequenced with lllumina MiSeq. Finally, the sequencing data are analyzed with Geneious software and custom
Python scripts. (C) Fast-Seq workflow [72]. The purified particles are digested with nuclease treatment. Viral DNAs are then extracted from
purified particles followed by second-strand conversion. Double-stranded genomes are fragmented and immediately adaptered by tagmentation
with Tn5 transposase. Libraries are sequenced by MiSeq, iSeq, MiniSeq, NextSeq, etc. Lastly, the sequencing data are analyzed with opensource
code and a prebuilt customizable Docker container on GitHub. (D) AAV-GPseq workflow [59]. Purified particles are digested by using DNase |
treatment. Following digestion, viral DNAs are extracted by using phenol/chloroform. Vector genomes then go through second-strand conversion
with heat treatment and cool annealing. Next, vector genomes are prepared for sequencing with SMRT sequencing. Lastly, the sequencing data are
analyzed by using custom bioinformatics pipelines. (E) Nanopore ssDNA sequencing workflow [78]. Purified particles are digested with Benzonase
nuclease, followed by vector DNA extraction. Next, vector genomes go through nanopore library preparation, which includes adaptering by
tagmentation and then sequencing. The sequencing data are then analyzed by using custom bioinformatics pipelines. (NGS: next-generation
sequencing; SMRT: single molecule, real-time; SSV-Seq: single-stranded DNA virus sequencing; VGS: viral genome sequencing.)
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—» FIGURE 2

Diagrams of different types of non-unit length genomes and DNA contaminants.
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(A) Full-length single-strand (ss)AAV. (B) Full-length self-complementary (sc)AAV. (C) Truncated or snapback genomes (SBG). (D) Truncated genomes
with a single ITR. (E) Oversized dimer genome with an unresolved ITR. (F) Oversized partial dimer with an unresolved ITR. (G) Truncated genome
with a single unresolved ITR. (H) Truncated genome with deletion between the two ITRs. (I) Read-through genome carrying backbone DNA in red.
(K) Reverse-packaged genome carrying backbone DNA in red. (K) DNA fragments from packaging components (ITR-free) (L) Chimeric genome
carrying non-vector DNA from multiple fragments following recombination. (M) Replication-competent (rc)AAV with intact rep and cap ORFs
recombined with flanking ITRs. (N) Representation of adventitious viruses. ITR: inverted terminal repeats; ORF: open reading frame.

genome replication [82]. Another means of construct. This type of genome can be a result
snapback formation is due to DNA damage of abnormal packaging of vector genomes in
[83]. Additionally, truncated genomes are also  production or those that are produced from
present in wild-type AAV genomes (Figure 2C)  transgene cassettes that are shorter than
[81]. Truncated genomes with a single ITR  approximately 5 kb, and are packaged with
can also be observed, but these are rarely iden-  unresolved ITRs. These types of genomes
tified by NGS. Also directed-repeats are also  have been observed with particularly high
predicted to cause internal deletions in AAV  frequencies with vectors produced by the
vectors, but these are also not well represented ~ rBV/Sfsystem [27], and if designed to exactly
in sequencing data (Figure 2H). half the packaging limit of AAV will form

dimers and self-complementary AAV vectors
Oversized genomes (Figure 2E). Truncated genomes have also

been detected with AAV-GPseq from unre-
Oversized genomes are those that go beyond  solved I'TRs. This type of truncated genome
the single-unit length of the ITR flanked  was found to be predominantly produced by
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rBV/Sf production system, and can possibly
arise from partial oversized genomes that have
undergone cleavage during library prepara-
tion steps (Figure 2F,G) [27].

TYPES OF VECTOR
CONTAMINANTS

As mentioned above, overcoming the limita-
tions of qPCR in characterizing contaminants
in vector product was among the motivations
for the developing NGS-based methods to
sequence rAAV preparations. As a result,
long-read sequencing in particular has helped
to reveal a diversity of packaged genomes that
can wind up in manufactured rAAV. This sec-
tion will review the different types of contam-
inants that are known to exist.

Vector backbone DNA

The most dominant DNA contaminant
comes directly from the vector backbone
itself. The vector backbone refers to the
construct that houses the ITR-flanked vec-
tor genome. For platforms utilizing plas-
mid transfections into producer cell lines,
the auxiliary elements within the vector
plasmid, also referred to as the cis plas-
mid, would be considered the backbone. In
rBV/St systems, the recombinant baculovi-
rus vector would be considered the back-
bone. SSV-Seq has shown that backbone
contaminants can range from 0.84-5.97%
with different purification techniques [57].
Identification of these types of contaminants
are critical. For example, in plasmid-based
platforms, antibiotic-resistance genes such
as KanR and AmpR may be transferred to
patients, potentially increasing risks related
to the spread of antibiotic resistance in
microbes or hypersensitivity to antibiotics
in some patients [84].

Backbone contaminants can originate
from read-through genomes. These genomes
are packaging events that are characterized
by the encapsidation of DNAs that extend
beyond the ITR and into the backbone

sequence (Figure 2I). Backbone DNA can
also be packaged via reverse-packaging
events, whereby genomes are packaged from
ITR-to-ITR but encompass product that
exclusively spans the backbone (Figure 2J).

Helper DNA

Helper gene contaminants encompass those
originating from the helper plasmid. This
type of contaminant is less common than
vector plasmid contaminants. The common
targets for observing contaminant include

viral associated RNA, E2 genes, E4orf6 gene.
rep-cap DNA

rep-cap DNA contaminants are related to
the AAV rep and cap genes. These genes
are required for replication and packaging
of the vector genome. These contaminants
are also less common, but can be problem-
atic for preparations, as they can hint at the
presence of replication-competent (rc)AAV
(see below). Expression of Cap can also lead
to immune responses in the target tissue,
resulting in the loss of transduced tissues.

Host-cell DNA

Host-cell (hc)DNA contaminants are infre-
quent, but can be problematic. Packaging
of promoter sequences or full open read-
ing frames can be transferred to the patient
with unknown consequences. However,
previous studies have shown that host-cell
contaminants are higher in mammalian cell
production platforms than with insect cell
platforms [34]. It has been hypothesized that
regions that bare motifs with sequence sim-
ilarity to RBEs and are in open regions of
chromatin are preferentially packaged.

Chimeric genomes
Typically, contaminants described above are

packaged into AAV capsids because they
may contain sequence similarity to the RBE
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[85], or are packaged passively as fragmented
DNA (Figure 2K). However, AAV-GPseq has
revealed the presence of chimeric genomes
[58], which are contaminants that are con-
tiguous with I'TRs, and result from recombi-
nation events (Figure 2L). Chimeric genomes
would therefore be actively packaged into
capsids via the packaging signal within the
ITRs. To detect these species, it is import-
ant to employ A-tail adaptering methods,
whereby the AAV genome is end processed to
carry an A-tail, and the SMRTbell adapter is
T-tailed. This eliminates false-positives from
fragment-to-fragment ligation.

Replication-competent AAV

The formation of replication-competent
(rc)AAV is a result of recombination events
between the ITR in vector plasmid with the
rep and cap genes during vector production
(Figure 2M). These recombination events that
generate intact, replicative, and potentially
infectious virus-like virions are thought to
occur randomly and without sequence spec-
ificity [60]. This type of contaminant is very
rare and must be detected following ampli-
fication in cells in the presence of a helper
virus. SMRT sequencing and AAV-GPseq
uncovered a diversity of recombination
events that provide insights into how rcAAVs
can emerge [60].

Adventitious viruses/pathogens

As described above, the detection of adven-
titious virus by qPCR/ddPCR is com-
plicated by the fact that one has to have
foreknowledge of the viral contaminant.
With NGS, reads that fail to map to the
provided user-defined references can be
used to megablast to viral genomes in order
to detect any potential viruses in the rAAV
preparation (Figure 2N). This approach was
taken to validate the purity of plasmid DNA
used to generate the vectors used in the first-
in-human IND trial for Tay-Sachs disease
gene therapy [86].

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2023.206

ITR HETEROGENEITY:
TRUNCATIONS, MUTATIONS,
& DELETIONS

The wild-type AAV2 ITR is widely used in
most vector constructs. SMRT sequencing
has also permitted the interrogation of ITR
heterogeneity [87], allowing for a more com-
prehensive understanding of the ITR com-
position in plasmid DNA and in the vector
product. Uncovering the ITR composition is
crucial for validating vector design, as well as
improving vector quality. Furthermore, there
is a correlation between ITR configuration and
vector heterogeneity [27]. ITR truncations can
occur in different vector production systems
[27]. The ITR structures are inherently unsta-
ble in the bacteria used in plasmid production
and during baculovirus replication [88,89].
The truncation can vary and they can bear
several configurations [27]. Deletions can also
occur in any region of the ITR. As a result,
I'TRs can lack the B arm, C arm, or both B and
C arms. Trident-shaped ITRs can also result
from errors in I'TR replication [27]. There is a
strong correlation between mutations in ITRs
with unresolved AAV genomes, which can
lead to higher degrees of heterogeneity [27].
Intriguingly, the phenomenon of ITR repair,
which presumably occurs through the copying
of the opposing intact ITR, was verified by
AAV-GPseq [59].

USE OF NGS IN AAV POST-ENTRY
EVENTS

The use of NGS platforms to interrogate the
composition of AAV vectors has led to a better
understanding for vector integrity, heterogene-
ity, and risk. However, many of these new con-
cepts have yet to be linked to any functional
knowledge related to the potency and safety
of vectors. Another significant role that NGS
has played in the field of AAV biology and vec-
torology has been its support in investigating
AAV integration. Wildtype (wt)AAV has long
been known for its ability to integrate into the
human genome following infection. Classical




studies have shown that wtAAV can inte-
grate into several genomic locations includ-
ing the well-known AAVS1 site on human
chromosome 19q13.42 [90-93]. In the early
years of AAV integration analysis, molecu-
lar methods such as PCR and Southern blot
were used to detecting integration events
[92,94,95]. Later investigations become more
comprehensive, as a result of advancements
in NGS approaches [90,96-100]. The integra-
tion of AAV2 in host cell genome has been
studied extensively, as a result of the con-
cerns for hepatocellular carcinoma found in
AAV-positive patients [15,101-104]. In these
studies, advanced molecular method and
notably high-throughput sequencing have
been used for detecting and analyzing AAV
integration sites. Recent efforts to understand
this potential link continue to reveal aspects of
AAV biology that were previously unknown
[15,103-106]. Most recently, a comprehensive
analyses of human and non-human primates
tissues using target-enrichment sequencing
and NGS have shown that wildtype AAV and
recombinant AAV show preferential integra-
tion of respective viral and vector genomes
into and near gene bodies of highly expressed
genes [107,108]. Such studies have shed more
light into the biology and consequences of
AAV in gene therapy applications.

Although AAV vectors are considered safe,
studies in rodents have shown that AAV vec-
tor integration can lead to oncogenesis [97]. At
present, there is no evidence that AAV vector
integration can cause oncogenesis in humans;
although, the FDA now recommends long-
term follow-ups after AAV administration.
Furthermore, integration analyses in mouse
or non-human primates (or other relevant
large animal models) are required as part of
pre-clinical evaluations of vector safety. For
example, a recent long-term study in dogs
treated for hemophilia A identified clonal
expansion of transduced liver cells [96].

LIMITATIONS & FUTURE
DEVELOPMENT OF
NGS-BASED METHODS

Unfortunately, there are no standards or uni-
versal means of manufacturing AAV. There are
also no standardized and universal methods
for assessing vector quality control. Recent
guidelines from the International Council for
Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH),
section Q5A(R2) EWG, indicate that NGS is
appropriate for viral safety evaluation of bio-
technology products derived from cell lines of
human or animal origin. Specifically, this per-
tains to the detection of adventitious viruses.
Due to the sensitivity of assay and the breadth
of virus detection, NGS can also be used for
replacing cell-based infectivity assays [109].
Current NGS-based protocols used to profile
AAV have inherit all of the advantages and
disadvantages of their adopted NGS sequenc-
ing technologies. Therefore, comprehensive
interrogation of AAV requires the adoption
of both short and long-read sequencing tech-
nologies. Long-read sequencing technologies
can provide full coverage at the ITR regions
to allow a more complete characterizing and
understanding of the ITRs in plasmid as well
as in vector product. On the other hand,
short-read sequencing is more accurate for
detecting indels and SNVs in vector genomes.
Short-read sequencing can also allow for the
detection of very low abundance contami-
nants. An approach that can encompass the
best of both worlds, can achieve reliable quan-
tification of heterogenous populations with-
out biases, requires less genomic input, and
can be easily adopted, remains an aspiration
for the field. Until such a technique is devel-
oped, a combination of long- and short-read
techniques may be the most ideal approach
for obtaining a complete genomic profiling of
AAV-based gene therapy vectors.
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