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In the past two decades, adeno-associated virus (AAV) vector manufacturing has made remarkable advancements to meet
large-scale production demands for preclinical and clinical trials. In addition, AAV vectors have been extensively studied
for their safety and efficacy. In particular, the presence of empty AAV capsids and particles containing ‘‘inaccurate’
vector genomes in preparations has been a subject of concern. Several methods exist to separate empty capsids from full
particles; but thus far, no single technique can produce vectors that are free of empty or partial (non-unit length) capsids.
Unfortunately, the exact genome compositions of full, intermediate, and empty capsids remain largely unknown. In this
work, we used AAV-genome population sequencing to explore the compositions of DNase-resistant, encapsidated vector
genomes produced by two common production pipelines: plasmid transfection in human embryonic kidney cells (pTx/
HEK?293) and baculovirus expression vectors in Spodoptera frugiperda insect cells (rBV/Sf9). Intriguingly, our results
show that vectors originating from the same construct design that were manufactured by the rBV/Sf9 system produced a
higher degree of truncated and unresolved species than those generated by pTx/HEK293 production. We also demon-
strate that empty particles purified by cesium chloride gradient ultracentrifugation are not truly empty but are instead
packaged with genomes composed of a single truncated and/or unresolved inverted terminal repeat (ITR). Our data
suggest that the frequency of these ‘‘mutated’” ITRs correlates with the abundance of inaccurate genomes in all fractions.
These surprising findings shed new light on vector efficacy, safety, and how clinical vectors should be quantified and
evaluated.
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INTRODUCTION

cialization."™ The rAAV genome, which can be en-

ADENO-ASSOCIATED VIRUS (AAV) vectors have established
themselves as ideal vehicles for delivering therapeutic
transgenes. To date, more than 140 recombinant (r)AAV-
based clinical trials to treat a wide range of diseases have
been carried out. Of these, 51 trials have met efficacy
endpoints,' and three have been approved for commer-

gineered to carry an array of transgene cassette designs,
requires inverted terminal repeats (ITRs) that need to be
present at both ends of the DNA strand. Most of what is
known about the function of ITRs, which remain the last
viral elements in rAAVs, is based on the ITR of AAV
serotype 2 (AAV2).
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The ITR of AAV?2 is 145 nt in length. The first 125 nts
fold into a T-shaped hairpin structure consisting of two
internal inverted repeat sequences called the B-B’ and
C-C’ arms and a main stem called the A-A’ region. The rest
of the ITR forms the single-stranded D sequence. Em-
bedded within the A-A” sequence is the Rep-binding ele-
ment (RBE). The RBE serves as the binding site for
Rep68/78, which nicks the terminal resolution site (TRS)
to initiate replication of the self-priming ITR structure.
This terminates DNA synthesis. The 3’-end of the ITR then
folds in on itself to begin a round of replication. The
process is the repeated in what is termed rolling-hairpin
replication.6 Rep also binds a sequence called RBE/,
which is located at the tip of the cross arms.

The wild-type ITR has two formal configurations called
“flip” and “flop,”” where the B-B” or C-C’ palindromes
are, respectively, close to the genome ends. Consequen-
tially, rAAVs that harbor wild-type ITRs will also exhibit
both orientations. For example, in production formats that
employ the widely used plasmid transfection method into
human embryonic kidney cells (pTx/HEK293), where the
vector genome-bearing plasmid (cis plasmid) harbors
ITRs in the flop configuration at both the left and right ends
(Lflop/Rflop), the progeny genomes will have near equal
distributions of the four flip and flop confirmations, Lflip/
Rflip: Lflip/Rflop: Lflop/Rflip: Lflop/Rflop.®

This equal distribution of configurations results from
rolling hairpin replication,® whereby the B-B” and C-C’
arms swap positions following each resolution event. As
a result, the 3’-ITR of the template genome becomes the
new 5’-ITR of the replicated genome. Interestingly, it has
been demonstrated that vector genomes that carry a muta-
tion in one of its ITRs can be repaired in cis, via replica-
tion, using the opposing ITR as the template.g’10

The biology of ITRs makes them indispensable with
contemporary vector designs and under current production
platforms. Mutations within the ITR have been shown to
compromise packaging yields."'™'* The ITRs also imbue
AAV vectors with the ability to persist in nondividing
cells. After vectors enter the cell and traffic into the
nucleus, the genome is uncoated. Using the host DNA
polymerase machinery, the self-primed ITRs drive the
conversion of the single-strand genome into the double-
stranded species, also known as second-strand synthesis.
The genome is then converted into stable episomal forms
through intra- or intermolecular recombination, also via
the ITRs.

Despite the successes for rAAVs in the clinic, manu-
facturing of these biotherapies is still met by many chal-
lenges. The production of AAV vectors requires the
expression of the rep and cap genes (usually provided
in trans) and a helper virus, such as adenovirus (Ad).14
Alternatively, the expression of the essential Ad helper
genes (e.g., Ela, E2a/b, E4, VARNA), also provided in
trans, is sufficient to carry out rAAV genome replication

and packaging. The pTx/HEK293 platform is a popular
approach for research-grade rAAV.'> Unfortunately, this
method is not very scalable for meeting most clinical
needs.'® To overcome this limitation, other rAAV produc-
tion methods have been pursued.lS’17

Recombinant baculovirus vectors (rBVs) that are deri-
ved from Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) can be used to deliver rAAV
production components into invertebrate cell lines for
large-batch clinical vector production.'” In current sys-
tems, the rep and cap cassettes are combined into a single
baculovirus, whereas a second baculovirus harbors the
vector genome.'® The two rBVs are used to transduce
stable Sf9 cell lines to produce rAAVs.'®! These plat-
forms have been coined rBV/Sf9 production systems.
Today, pTx/HEK293 and rBV/Sf9 are the two dominant
systems for rAAV production. There is growing interest in
rBV/Sf9 platforms, owing to their advantages over pTx/
HEK?293 production.

The rBV/Sf9 platform does not directly require plas-
mid transfections for rAAV production, lowering the
cost of raw materials and making it easier to scale-
up. Additionally, there is no possible risk associated with
the replication of contaminating human agents with rBV/
Sf9 platforms.”® The prevalence of residual DNAs in
vector preparations has been a subject of interest for many
years. Direct head-to-head comparisons of pTx/HEK293
and rBV/Sf9 production methods have been reported'-%;
however, very little has been defined for vector heteroge-
neity generated by the two strategies.

Recent advancements in sequencing technology, namely
with next-generation sequencing (NGS) methods, have
been used with great success to characterize and quantify
the abundance of residual DNA, reverse packaged geno-
mes, and vector heterogeneity in preparations.>* 2’ Short-
read fragment sequencing has been used to interrogate the
abundances of DNA contaminants and the presence of
plasmid- or production-associated mutations, whereas
long-read sequencing has been able to characterize het-
erogeneity of vector genomes, namely the presence of
truncated and chimeric g(=,nome:s.26’28’29

Among long-read sequencing approaches, AAV-genome
population sequencing (AAV—GPseq),26 a vector sequencing
method based on single molecule real-time sequencing
(SMRT), has the capacity to sequence vectors from ITR to
ITR without the need for bioinformatic reconstruction of
the full genome.?**® Because of this unique feature, the
outcomes of vector genomes can be interrogated at a res-
olution that can reveal whether they are faithfully repli-
cated and packaged.

In this work, we sought to compare identically designed
vectors that were generated by either pTx/HEK293 or
rBV/Sf9 platforms to determine whether genome het-
erogeneity between the two production methods can be
inherently different. We found using AAV-GPseq that
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truncated genomes from pTx/HEK293 and rBV/Sf9
production were indeed dissimilar. Our findings suggest
that the differences were attributed to mutated and unre-
solved ITRs, which were more ubiquitous among rBV/
Sf9-produced vectors.

We were able to validate this observation by revealing
that genomes from both full and partial fractions of rBV/
Sf9 vectors purified by cesium chloride (CsCl) gradient
ultracentrifugation had a higher degree of unresolved and
truncated genomes than pTx/HEK?293 vectors. Curiously,
upon sequencing empty fractions, we found that parti-
cles can be packaged with short reads that map to ITRs,
potentially raising concerns regarding innate immune
recognition. The implications of their presence on vec-
tor biology/performance for in vivo gene delivery are
unknown. Nevertheless, our findings may lead to further
study in vector design and capsid purification methods to
improve AAV vector production.

MATERIALS AND METHODS

Plasmid construct and baculovirus generation

The pFB-GFP vector plasmid, which was used for pTx/
HEK?293 production (see Vector production) and served as
the donor plasmid for the generation of the bacmids,
contains the human cytomegalovirus (hCMV) promoter,
the enhanced green fluorescence protein (EGFP) reporter
gene, and the 3’-untranslated region (UTR) of the human
HBB gene. The cassette is flanked by two flop-oriented
AAV2 ITRs derived from the pSub-201 plasmid.*® The
ITR-CMV-EGFP and Rep2Cap8 rBVs were generated by
Tn7 transposition using the Invitrogen™ Bac-to-Bac™
Baculovirus Expression System (Thermo Fisher Scien-
tific, Waltham, MA), as described previously.31 The
integrality of the rAAV plasmids, bacmids, and rBV ge-
nomes were verified by Sanger sequencing.

Vector production

For vector production by pTx/HEK293, HEK293 cells
were cotransfected with the pDPS8 helper and pFB-GFP
vector plasmids, as described previously.>* For rBV/Sf9
production, Sf9 cells (Invitrogen/Thermo Fisher Scien-
tific) were seeded at a density of 1E6 cells per milliliter in
a 400-mL spinner flask or in a 2-L bioreactor (Sartorius)
and grown at 27°C in Sf-900 III SFM. Cells were coin-
fected with rBV-ITR-CMV-EGFP and rBV-Rep2Cap8 at
a multiplicity of infection of 0.05 plaque-forming units/
baculovirus. Four days after infection, chemical cell lysis
and baculovirus inactivation were performed with 0.5%
Triton X-100 (Sigma—Aldrich, St. Louis, MO) incubation
for 2.5h at 27°C under agitation.

The lysate was then treated for an additional 2 h at 37°C
with Benzonase (5 U/mL; Merck, Darmstadt, Germany).
The crude bulks were clarified by centrifugation for 5 min at
1,000 g and then purified by double CsCl gradient ultra-
centrifugation, as described previously,>® or by immune

affinity chromatography with a single POROS Capture-
Select AAV8 column (Thermo Fisher Scientific) and for-
mulated in Dulbecco’s phosphate-buffered saline (Lonza)
containing 0.001% Poloxamer 188 (Merck Millipore).

Molecular quantification and analytical
ultracentrifugation of AAV vectors

The AAV vector genome copy number was determined
by real-time polymerase chain reaction (PCR) using prim-
ers targeting the ITR sequences.” Total particle titers
were determined by the AAVS titration enzyme-linked
immunosorbent assay (ELISA) kit (Progen) following
recommended procedures. To assess viral protein purity,
1E10 of total particles was subjected to sodium dodecyl
sulfate (SDS)—polyacrylamide gel electrophoresis (PAGE)
and silver staining with the PlusOne Silver Stain Kit (GE
Healthcare Life Sciences).

Empty-to-full particle ratios were calculated with quan-
titative polymerase chain reaction (qQPCR) and ELISA
titers, or with analytical ultracentrifugation (AUC) (Gre-
noble, FR). Briefly, AUC was performed with 100-500 uLL
of purified vector. Sedimentation velocity experiments
were performed at 20,000 rpm and 20°C, on a Beckman
XLI analytical ultracentrifuge using an AN-60 or AN-50
Ti Rotor (Beckman Coulter, Brea) and double-sector cells
with optical path lengths of 12 or 1.5 mm, equipped with
sapphire windows (Nanolytics, Potsdam, DE). Sedimen-
tation data were processed with REDATE®* and then
analyzed, considering solvent density and viscosity of
1.005 g/mL and 1.017 cp, respectively; and particle par-
tial specific volume of 0.73 mL/g, with SEDFIT, for se-
dimentation coefficient distribution (c(s)) analysis.35

The resulting data were exported to GUSSI for inte-
gration and figures.’® Capsid-type classification was
performed with the following criteria for empty capsids,
60-65S and A,¢y/] =~ 0.5; for full capsids, 90-100S and
Asreo/] =~ 2.5; and for high-molecular-weight species
representing those that are attributed to particles contain-
ing oversized genomes, or duplexed and aggregated cap-
sids, 100-120S. S is the sedimentation coefficient, A,¢q i
the 260 nm absorbance signal, and J is the fringe shift
signal. The fringe shift signal was used to determine the
percentage of the different types of capsids.

Vector DNA extraction and agarose gel
electrophoresis

Extractions of vector DNA from 8E11 to 1E13 genome
copies (or particles) were performed by phenol:chloro-
form and ethanol precipitation, as described previously.?®
Samples were then heated in annealing buffer (25 mM
NaCl, 10 mM Tris-HCI [pH 8.5], 0.5 mM EDTA [pH 8]) at
95 °C for 5 min and then cooled to 25 °C (1 min for every
—1°C) on a thermocycler (Eppendorf Mastercycler). Vector
DNAs were subjected to standard agarose or alkaline gel
electrophoresis stained with ethidium bromide.’
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lllumina sequencing and single-stranded DNA
virus sequencing

Single-stranded DNA virus sequencing (SSV-Seq) was
performed, as described previously.*® Illumina sequencing
was conducted on the HiSeq2500 system at GenoBiRD
(Nantes, France).

SMRT sequencing and AAV-GPseq

Extracted vector DNAs were spiked with lambda phage
DNA (ZDNA) digested with BsfEIl (NEB, Ipswich) and
used as a normalizer for size loading bias.?® Vectors sep-
arated by CsCl density gradient centrifugation were spiked
with different amounts of ADNA. Full fractions (pTx/
HEK?293 and rBV/Sf9) and partial fraction of the rBV/Sf9
DNAs were spiked with 10% ADNA. Since the partial
fraction of pTx/HEK293 and empty capsids (pTx/HEK293
and rBV/Sf9) of DNAs were quantified to be less than
100 ng total (under the requirements of input DNA needed
for SMRT sequencing), they were mixed with 500 ng of
ADNA per library to serve as both carrier DNA and frag-
ments for size normalization as described.

Libraries for vector DNA along with spike-ins were
constructed using the Express Template Prep Kit 2.0 (End-
Repair/A-tailing) (PN 100-938-900) and ligated to indexed
SMRTbell adapters with the Barcoded Overhang Adapter
Kit (PN 101-628-400/500). Libraries were pooled and pu-
rified using 1.8 X AMPure beads. Sequencing was performed
on a Sequel II instrument following standard procedures
defined by the manufacturer and the UMMS Deep Sequen-
cing Core: Pacific Biosciences Core Enterprise.

To ensure accurate interlibrary comparisons and to
maximize experimental conditions in a cost-effective
manner, data reported in this study were executed on
two flow cells: vectors purified by immunoaffinity column
(Supplementary Table S1) were ran on one flow cell,
whereas data related to full, partial, and empty fractions
of pTx/HEK293- and rBV/S{9-produced vectors were ran
on a separate flow cell.

Data analysis

Subreads from SMRT sequencing were first prepro-
cessed by running recalladapters (version 9.0.0) with
the following options: —disableAdapterCorrection and
—minSnr=2.0. This preprocessing step is needed when
working with subreads generated from SMRT-Link 7
(and up), which artificially cleaves long palindromic reads.
The subsequent reads were then processed by the circu-
lar consensus sequencing (CCS) tool from SMRT Link
version 8.0.0.79519 with the following options: —min-snr =
3.75, —-min-passes =2, and —by-strand. Downstream ana-
lyses were carried out by using custom workflows on
Galaxy.*

The consensus read fastq files generated from CCS
were demultiplexed into six libraries. The libraries were
mapped to the vector and ADNA references using Burrows-

Wheeler aligner-maximal exact match (BWA-MEM).*°
The total number of mapped reads, their lengths, and the
relative read abundances were calculated for each library
to adjust for size bias.”® Read alignments were displayed
on Integrative Genomics Viewer tool version 2.6.Xand
higher with soft-clipping on.*'

The procedure for categorizing and quantifying ITR
variants was carried out using custom workflows using
USEARCH and publicly available tools provided on
Galaxy. Reads from all libraries were mapped to the pFB-
GFP vector reference from ITR-to-ITR or to the AAV2
ITR reference using BWA-MEM. Mapped reads to both
references were selected, and the ITR sequences were
extracted from these mapped reads by selecting sequences
that flank the D region. ITRs were analyzed for their length
distribution, and three major peaks were identified.

For each identified peak, the population was extracted
and unique ITR lengths were selected to cluster reads with
95% similarity using USEARCH v.10 with the command
-cluster_fast and using the parameter, -id 0.95.*> Clusters
with five or more members were selected, and the con-
sensus sequences were defined as the ITR configuration.*?
Through this method, 13 ITR configurations were identi-
fied. The left and right (5" and 3’, respectively) ITRs were
separated and mapped to the defined ITR configurations
(as reference genomes) to separate into categories.

Data availability

The data sets generated and/or analyzed in the current
study have been deposited in the National Center for
Biotechnology Information Sequence Read Archive:
PRINA794197.

RESULTS
Vector genomes packaged by pTx/HEK293
and rBV/Sf9 platforms are grossly different

To investigate the differences between packaged geno-
mes from pTx/HEK293 and rBV/S{9 platforms, we opted
to use a simple rAAV genome consisting of AAV2 ITRs
and an EGFP reporter gene, whose expression is driven
by the hCMYV promoter, the second intron of the f-globin
gene (HBB), and the 3-UTR, also from the HBB gene
(Fig. 1). This 3.3-kb vector construct was then flanked by
Tn7 elements and served as the final cis-plasmid con-
struct. Therefore, the same plasmid preparation used for
pTx/HEK293 production can also be used to generate
the bacmid for recombinant baculovirus production with
the Bac-to-Bac transposition system.”' Vectors were then
produced using serotype 8 (AAVS) under standard con-
ditions and procedures for the respective platforms.''44

Both vectors were then subjected to immunoaffinity
column purification. To assess the quality of the vectors,
preparations were subjected to CsCl gradient ultracentri-
fugation to observe the distribution of particle composi-
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tions (Supplementary Fig. S1A). We found that the pTx/
HEK?293-produced vector exhibited two well-defined
bands attributed to empty and full particles. In contrast, the
rBV/Sf9-produced vector revealed a distinct band asso-
ciated with empty particles, but an ill-defined band for the
full particle fraction. The full particle fraction displayed a
large gradient range, suggesting the presence of hetero-
geneously packaged capsids. Based on these results, we
predicted that the rBV/Sf9-produced vector also harbors a
population of oversized genomes.

To quantify the abundances of empty versus full par-
ticles, the two vectors were subjected to AUC analysis
(Supplementary Table S1 and Supplementary Fig. S1B).
The pTx/HEK293-produced vector showed a major sedi-
mentation coefficient (S) peak at 100S, which corre-
sponds to ““full”’ capsids, and a nearly negligible peak at
60S (9.1%), which is the range that empty particles are
found. In contrast, the rBV/Sf9-produced vector batch had
a more pronounced empty fraction peak (41.1%).

Notably, the 100S peak exhibited a broad range and a
shoulder peak at 80S, suggesting the presence of partial
genome species. To better assess this observation, vectors
were subjected to DNA purification and subsequent aga-
rose gel analyses. Based on native gel analysis (Fig. 1A),
we observed that the genomes of the pTx/HEK293-produced
vector were predominantly a single species, migrating at the
full-length size of 3.3 kb. In contrast, the rBV/S{9-produced
vector genomes exhibited a high degree of heterogeneity,
displaying multiple species from 1.5 to 3 kb in size.

As demonstrated previously,*> we predicted that ge-
nome heterogeneity was in part attributed to the forma-
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tion of truncated self-complementary genomes. To
determine the nature of these species, vector DNAs were
subjected to alkaline gel electrophoresis (Fig. 1B). As
expected, the pTx/HEK293-produced vector yielded a
single band with an approximate length of 3 kb. How-
ever, the rBV/Sf9-produced vector produced two major
visible bands: one at ~3 kb and one near 4 kb, the latter
of which is greater than the 3.3kb ITR-to-ITR design.
Additionally, the rBV/Sf9-produced vector displayed
more smearing, suggesting that this vector had a higher
degree of heterogeneity.

We sought to determine whether NGS analysis could
reveal any differences between the two vectors. We selec-
ted to employ SSV—Seq,38 a method that utilizes Illumina
short-read sequencing to capture vector genome repre-
sentation across a reference. This analysis revealed that
normalized reads between pTx/HEK293- and rBV/Sf9-
produced vectors were similarly distributed across the
entire 3.3kb genome (Fig. 1C). We note that due to the
strong secondary structure of the ITR and differences in
flip and flop configurations, coverage of the ITRs was
reduced compared with the rest of the genome. Further-
more, the sequencing coverage was uneven across the
genome as a result of PCR bias across GC-rich sequences
and homopolymers.46

Although both vectors showed near equal representa-
tion across the reference, the sequencing analysis using
100-base paired-end Illumina reads did not reveal why
the rBV/Sf9-produced vector showed a higher degree
of heterogeneity than the pTx/HEK293-produced vector
(Fig. 1A, B).

@©
>0 g
E St gf 5 E
w 28 IE EGFP ® =
= H [ —
— pTXHEK293
A — BV/Sf9

Position (nt)

Figure 1. Encapsidated DNA evaluation of pTx/HEK293- and rBV/Sf9-produced AAV vectors. (A) Native agarose gel of rAAV DNA. The 3.3-kb band represents
the full-length ITR-to-ITR vector genomes. Additional bands represent heterogeneous species. (B) Alkaline agarose gel of rAAV DNAs. (C) Profiling vector
genomes by SSV-Seq. The reference genome is displayed above the individual coverage traces of the pTx/HEK293-produced vector (b/ue) and the rBV/Sf9-
produced vector (red). Reads are normalized to sequencing read counts from a vector plasmid construct prepared by restriction enzyme digestion to liberate a
double-strand fragment spanning from the 5-ITR to the 3'-ITR. Coverage of the ITRs is reduced compared with the rest of the genome as a result of the ITRs
strong secondary structure, differences in flip and flop configurations, and PCR bias across GC-rich sequences and homopolymers.*® ITR, inverted terminal
repeat; PCR, polymerase chain reaction; rAAV, recombinant adeno-associated virus; rBV, recombinant baculovirus vector; SSV-Seq, single-stranded DNA virus

sequencing.
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SMRT sequencing reveals that pTx/HEK293
and rBV/Sf9 platforms produce different
proportions of heterogeneous vectors

Since short-read sequencing was not able to reveal clear
differences between vector genomes generated by pTx/
HEK?293 and rBV/Sf9, we opted to employ SMRT sequ-
encing and AAV-GPseq to profile the composition of
packaged genomes.28 Libraries were prepared as previ-
ously described?® and sequenced on a single SMRT cell.
Produced subreads were processed as described in the
Materials and Methods section to generate CCS reads.
The pTx/HEK293-produced vector reads were mapped to
the vector plasmid sequence (Fig. 2A), whereas the reads
of the rBV/Sf9-produced vector were mapped to the vector
sequence flanked by the Tn7 elements (Fig. 2B).

Notably, the vector plasmid constructs contain I'TRs in
the flop configuration; and thus, the references also con-
tain ITRs in the flop orientation. Alignments of the reads
revealed that they predominantly mapped to the reference
between the 5-ITR and 3’-ITR elements, consistent with
SSV-Seq analysis. Some reads did map to regions beyond
the ITRs and into the plasmid backbone. These sequences
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likely represent reverse-packaged genomes.”® Interest-
ingly, when the aligned reads of the vectors were displayed
to highlight reads of unique length and composition by
showing soft-clipped bases and with a 100-read down
sampling, the major truncated forms were revealed to be
different between the vectors.

The truncated species produced from the pTx/HEK293
platform exhibited mapping behaviors that reflect self-
complementary structures that contained two ITRs, one at
the 5" end and one at the 3’ end, as described previously
for other vector designs.?®*> The “looped”” end of the
genome resides within the body of the vector genome and
originates from template-switching events occurring
throughout the vector genome (Fig. 2A, blue-bracketed
population in the panel).*’

In contrast, the rBV/Sf9-produced vectors yielded
truncated self-complementary genomes with open ends
terminating within the body of vector genome (Fig. 2B,
red-bracketed population in the panel). These genomes
also showed an unresolved 3’-ITR, forming reads con-
sisting of a single ITR anchored at the center of the read.
We therefore hypothesized that rBV/Sf9-produced vectors
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Figure 2. Production platform-related differences in vector genomes. (A) IGV display of pTx/HEK293-produced vector reads aligned to the trans plasmid
reference. (B) rBV/HEK293-produced vector reads were aligned to a reference spanning from the left and right Tn7 elements. Alignment summaries are shown
above in log scale. Reads are shown with 100-read down sampling with soft-clipped bases shown to highlight reads of unique length and composition. The
portion of reads matching the reference are in gray, mismatches are shown as colored bases. Deletions appear as speckles in this squished display. Structures
depicting truncated double-ITR species (blue-bracketed reads) and truncated single-ITR species (red-bracketed reads) are shown below each plot. IGV,
Integrative Genomics Viewer.
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have a higher degree of unresolved ITRs, which corre-
sponded to vector genomes with a self-complementary
single ITR configuration.

We sought to determine whether the mapped vector
reads correspond to what was represented by agarose
gels (Fig. 1A, B). The lengths of each mapped read were
determined and graphed (Supplementary Fig. S2). As
expected, the mapped pTx/HEK293-produced vector
reads showed a single prominent peak at 3.3 kb. Interest-
ingly, the trace for length distribution of vectors produced
by the rBV/Sf9 platform showed a large range of different
sizes, including full-length-sized genomes (Supplemen-
tary Fig. S2). This result suggested that the vector exhi-
bited a high degree of heterogeneity.

While the length distribution of the pTx/HEK239-
produced vector conformed to the agarose gel results, the
lengths of the rBV/Sf9-produced vector reads did not re-
flect the two major populations observed by alkaline gel
(Fig. 1B). Nonetheless, both agarose gel analyses and
SMRT sequencing support the notion that the heteroge-
neity of the rBV/Sf9-produced vector was considerably
higher.

The presence of truncated genomes
in the rBV/Sf9-produced vectors correlates
with unresolved mutant ITRs

To better illustrate the differences in unresolved geno-
mes between pTx/HEK293- and rBV/Sf9-produced vec-
tors, we generated a reference sequence consisting of three
genome units linked together by ITRs (Fig. 3). This ref-
erence configuration allows the ability to capture species
that have unresolved 5’-ITRs (left) or 3’-ITRs (right). The
SMRT reads of the vectors from the two production
systems were then mapped to this “trimer’’ reference. As
predicted, the pTx/HEK293-produced vector reads pre-
dominantly mapped between the boundaries of the left and
right ITRs (Fig. 3A). In contrast, the majority of the rBV/
Sf9 vector reads spanned across two genome units with the
center of the read anchored at the ITRs (Fig. 3B).

Interestingly, some of the truncated genomes from
the rBV/Sf9-produced vector were similar in structure as
those of the pTx/HEK293-produced genomes, where the
reads terminate at resolved ITRs (Fig. 3B, dashed cyan
box, and Fig. 3C, left panel). Upon closer inspection of the
ITR-spanning sequences, we discovered that the truncated
genomes with unresolved ITRs had a high frequency of
deletions (Fig. 3B, dashed magenta box, and Fig. 3C, right
panel), whereas the reads terminating at resolved I'TRs had
visibly fewer deletions (Fig. 3C, left panel at position of
cyan arrow). The high frequency of nonrandom deletions
within the ITRs among unresolved genomes suggests that
there is a correlation between mutations within the ITRs
and failure of these genomes to resolve.

Inspection of the truncated genomes from pTx/HEK293-
produced vectors that also span two genome units also

revealed deletions within the ITR sequence; however,
these populations are less abundant (Fig. 3A, dashed
magenta box). These findings suggest that mutated unre-
solved genomes are not a specific hallmark of either pro-
duction methods but are more abundantly found in the
rBV/Sf9-produced vector.

The genome compositions between full,
partial, and empty capsid fractions

of pTx/HEK293- and rBV/Sf9-produced
vectors are distinct

We next aimed to determine whether the differences in
genome heterogeneity found among the immunoaffinity
column-purified vectors might be caused by a higher
abundance of partial genomes generated by the rBV/Sf9
platform. Typically, these partial genomes can be removed
by methods such as CsCl density gradient centrifugation,
whereby vectors are subjected to high-speed ultracentri-
fugation in a CsCl gradient. Full particle fractions can
therefore be enriched and isolated by density to obtain
more than 90% full capsids. We therefore hypothesized
that the partial fractions are enriched in these truncated
unresolved species; and thus, differences between the pro-
duction platforms can be interrogated directly.

To investigate the compositions of the partial fraction
vectors, we used the pTx/HEK293 and rBV/S{9 platforms
for production as before. The vectors were then subjected
to two rounds of CsCl gradient ultracentrifugation to sep-
arate the full+oversized (high density), partial (medium
density), and empty particle (low density) fractions (Sup-
plementary Fig. S3). As predicted, we found that the
composition of vector particle bands from the first centri-
fugation was different between the two preparations (Sup-
plementary Fig. S3A). Specifically, the rBV/S{9-produced
vector showed a less well-defined full particle band.

Following the second centrifugation, we observed among
the high-density fractions, which consist of full and over-
sized particles (blue boxes), that the pTx/HEK293-produced
vector demonstrated a clear delineated band, whereas the
rBV/Sf9-produced vector showed a poorly defined high-
density population.

These observations suggest that the pTx/HEK293
preparation exhibits a uniform genome structure, whereas
the rBV/Sf9 preparation exhibits a high diversity of vec-
tor genome sizes. Based on the distribution of bands
following density gradient separation, three fractions
were collected for pTx/HEK293- and rBV/Sf9-produced
vectors: low density, medium density, and high density
(Supplementary Table S1 and Supplementary Fig. S3B).
Vector titers for the three fractions were determined
by qPCR and ELISA (Supplementary Table S1).

We first analyzed the composition of the partial frac-
tions by AUC analysis (Supplementary Table S1 and
Supplementary Fig. S3C). The partial fractions of the pTx/
HEK?293-produced vector showed 52% empty particles,
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Figure 3. Vector reads aligned to an unresolved trimer reference reveal differential vector heterogeneity. (A, B) Displays of the pTx/HEK293-produced
(A) and rBV/Sf9-produced (B) vector reads aligned to a reference that represents a predicted three-unit genome linked together by unresolved ITRs to capture
species that have unresolved 5’-ITRs or 3’-ITRs. Alignment summaries are shown. Arrows indicate transgene direction. Dashed cyan and magenta boxes show
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(left) and unresolved 3-ITRs (right). Read matches (gray), mismatches (colored), and deletions (speckles) are shown in squished display. Cyan and magenta
arrows show read regions with low and high degrees of deletions at the ITR, respectively.

43.9% partial particles, and no full particles (Supplemen-
tary Table S1), whereas the partial fractions of the rBV/
Sf9-produced vector showed 1.1% empty particles, 92.3%
partial particles, and 4.7% full particles. Based on these
results, we were cautious of drawing direct comparisons
between the partial fractions of the vectors since the com-
position of the partial genomes among the pTx/HEK293-
produced vectors was half composed of empty particles.

Finally, to ensure that the quality of the produced cap-
sids met expected standards, the fractions were subjected
to PAGE, followed by silver staining (Supplementary
Fig. S3D). The high- and low-density fractions of the pTx/
HEK?293- and rBV/Sf9-produced vectors displayed the
approximate and expected 1:1:10 ratio of VP1:VP2:VP3
capsids.*” Notably, the rBV/Sf9-produced vectors showed
degradation bands of VP1/2. These bands are suggested to
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be a product of baculoviral cathepsin cleavage of AAV8
capsids.*®* Silver staining of capsids for the partial frac-
tions was similar to full and empty fractions (unpublished
observations).

SMRT sequencing reads from the full
and partial fractions of rBV/Sf9-producted
vectors share similar genome compositions

The full, partial, and empty fractions of the pTx/
HEK?293- and rBV/Sf9-produced vectors were subjected
to SMRT sequencing as before. When mapped to an ITR-
to-ITR reference, we observed that reads from the full
fraction of the pTx/HEK293-produced vector were a
mixture of full-length and truncated genomes (Fig. 4A).
When reads were plotted by their relative abundances as a
function of length (Supplementary Fig. S4A), the expected
3.3kb full-length peak was identified. Interestingly, this
read peak only accounted for 9.14% of reads spanning a
range of 0.5-5kb. The remaining reads were truncated
genomes with various sizes under 3.3 kb in length.

This observation was predicted since full capsid frac-
tions from CsCl gradient purifications have been demon-
strated previously to contain truncated gen0m<=,s.26’28
However, the large percentage of reads under 1kb in
length was unexpected and may reflect strong bias in the
representation of the smaller genomes. Interestingly, the
full fraction of the rBV/S{9-produced vectors was predom-
inantly partial/truncated self-complementary, unresolved
genomes (Fig. 4B). When plotted by length, the reads were
largely 0.5-1.5kb in length (Supplementary Fig. S4A).
As mentioned above, the alkaline gels of the rBV/S{9-
produced vector purified by immunoaffinity column
produced a high degree of oversized genomes with a
single-strand length of ~4kb (Fig. 1A, B).

Since these larger molecular weight bands are pre-
sumed to be unresolved genomes that form partial self-
complementary configurations (Supplementary Fig. S4B),
they may fail to adapter with high efficiency during the
library construction process. In addition, the polishing of
fragment ends (DNA damage/end repair) that is standard
for SMRT sequencing library preparation may possibly
cleave the single-stranded DNA at variable positions to
form self-complementary single-ITR configurations (Sup-
plementary Fig. S4B); but this possibility remains unsub-
stantiated in this study. Although the read outcomes reflect
this possibility, it is not clear whether this is strictly due
to the library preparation steps or related to another
phenomenon.

As predicted, the partial fraction of the pTx/HEK293-
produced vector exhibited a reduction of full-length reads
(Fig. 4C), accounting for 1.47% of all reads spanning a
range of 0.5-5kb (Supplementary Fig. S4A). We also
found that truncated genomes are enriched in this pop-
ulation. Interestingly, among the truncated forms, we
observed multiple single-ITR self-complementary forms

as well as double-ITR forms (Fig. 4C, magenta and cyan
brackets, respectively). Curiously, the mapping behavior
of reads related to the partial fraction of rBV/Sf9-produced
vectors was similar to those of the full fraction (Fig. 4B,
D). This observation suggests that both full and partial
genomes of the rBV/Sf9-produced vector were populated
by unresolved ITRs.

Empty particles are not entirely empty
but packaged with short DNA fragments
that contain ITRs inherently abundant
with CpG motifs

In our pursuit to understand the types of vector genomes
that were packaged into full and partial genome fractions,
we also had an opportunity to profile the contents of empty
particle fractions acquired from the pTx/HEK293- and
rBV/Sf9-produced vectors (Fig. 4E, F). It has been dem-
onstrated previously that empty particles may contain
small fragments of genomic material,>® but the contents
were unknown. We found that the empty fractions for
both vector preparations indeed contained short DNA
fragments. When mapped to the vector reference, the reads
predominantly spanned the ITRs.

Interestingly, the majority of these short reads from
pTx/HEK?293-produced vectors are smaller than 500 bp,
similar in nature to snapback genomes.5 " In contrast, the
short fragments in the rBV/Sf9-produced vector are
smaller than 1 kb (Supplementary Fig. S4A) and predom-
inantly have unresolved self-complementary configura-
tions. Nevertheless, read coverage of these short fragments
was also enriched at the ITRs. These results were indeed
surprising since they not only demonstrate that empty
capsids are not in fact empty, but also suggest that the
packaging of short fragment DNA is not a passive event.
The packaging of short fragments is instead nonrandom
and favors ITR-bearing DNAs.®

The finding that empty capsids are packaged with short
ITR-containing DNAs is not only striking but also con-
cerning. The presence of unmethylated CpG dinucleotides
in vectors has recently been viewed as a priority concern
since these motifs have been known to trigger the innate
immune response via toll-like receptor 9 (TLR9) activa-
tion.’>® These observations have in turn raised questions
regarding the safety and durability of rAAVs that contain
CpG motifs in their design, and whether gene therapy
vectors that contain a high abundance of CpGs could lead
to immunological responses that may coincide with ad-
verse host responses or T cell responses to capsid or
transgene products.”*>>

There have been several efforts to reduce the abun-
dance of CpG dinucleotides in vector designs, as well as
approaches to mitigate the host cell response to unmeth-
ylated CpGs.®® In fact, each ITR harbors 16 CpG
dinucleotides (Fig. 4G, H) and can therefore represent an
enrichment of sequences that may compromise the safety
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of vector preparations that are abundant with empty cap- These analyses revealed that reads from the empty
sids. To probe this, the relative abundances of CpG motifs fractions for the pTx/HEK239 vector showed an increase
found in the vector genome reads from full, partial, and in the median CpG content over its full fraction by ~2.5-

empty fractions from both pTx/HEK293 and rBV/Sf9 fold. All other fractions had approximately five CpG
production schemes were determined (Fig. 41). motifs per 100 nts. This finding suggested that although
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empty capsids package DNAs that prominently package
ITRs, the abundance of CpG motifs on a per fragment
basis is not drastically enriched in empty fractions.

Wild-type ITRs are abundant in HEK293-
produced vectors, while unresolved

and mutant ITRs are ubiquitous in rBV/Sf9-
produced vectors

As noted, we observed a correlation between mutated
ITRs and unresolved genomes. We therefore aimed to
address the hypothesis that mutated ITRs in pTx/HEK293-
and rBV/Sf9-produced vectors correlate with vector
heterogeneity and the generation of partial and empty
particles. The ITR sequences from each of the particle
fractions from pTx/HEK293- and rBV/Sf9-produced
vectors were extracted from the reads. The left ITRs (5'-
ITRs) and right ITRs (3’-ITRs) were also partitioned for
separate evaluation.

The diversity of ITRs was first profiled by length dis-
tribution (Fig. 5A). When comparing the full fractions
of pTx/HEK293- and rBV/Sf9-produced vectors, we ob-
served that the former predominantly harbored ITRs with
lengths of ~ 145 nt at both the left and right ends of the
genome (89.81% and 86.56%, respectively). Notably, the
wild-type AAV2 ITR is 145 nt in length, thus suggesting
that the ITRs of the pTx/HEK293-produced vector have
primarily intact ITRs. In contrast, the major population at
both the left and right ITRs of the rBV/Sf9-produced
vector has peak lengths of 165 nt (52.17% and 45.96%,
respectively).

Additionally, the ~145-nt peak composed of only
20.17% and 25.3% of the total left and right ITR popula-
tions, respectively. Notably, an ITR that is unresolved and
retains a D element at both the 5" and 3’ ends of the ITR is
165 nt in length. This result was somewhat expected since
we observed that the majority of reads from the full frac-
tion had unresolved genome configurations (Fig. 4B).

We also detected a small fraction of unresolved ge-
nomes in the pTx/HEK293-produced vector at both the
left and right ITRs (3.67% and 5.71%, respectively). In-
terestingly, we also observed a third minor peak at 187 nt
at both the left and right ITRs of the rBV/S{9-produced full
vectors (Fig. SA). These larger ITRs exist at relatively low
percentages (6.54%, left ITR; and 8.86%, right ITR) and
are near absent in the pTx/HEK293-produced full vector
(<1%).

Among the pTx/HEK293-produced partial fraction
vectors, we observed an increase in the abundance of the
165-nt species at the left and right ITRs (16.74% and
28.69%, respectively). This observation coincides with the
increase in unresolved species found in this fraction
(Fig. 4C). In addition, an increase in the 187-nt species
were also detected in the partial fraction (Fig. 5B), sug-
gesting that pTx/HEK293-produced vectors can also har-
bor mutated ITRs.

Interestingly, the partial fraction of the rBV/Sf9-produced
vector contained a similar distribution of variable-length
ITRs as the full fraction. There was a slight decrease in
165-nt left ITRs (52.17-46.04%), but a 9% increase
among right ITRs. Since this study only utilized one vector
preparation from each production scheme, these differ-
ences cannot be utilized to establish significance. As with
the full fraction, the partial fraction of the rBV/S{9-
produced vector also contained 187-nt species at both the
left and right ITRs.

When analyzing the ITR compositions of empty frac-
tions for the vectors produced by either the pTx/HEK293
and rBV/Sf9 platforms, an overall decrease in the 145-nt
species was observed at both left and right ITRs (Fig. 5A).
At the same time, we observed an increase in the per-
centages of 165- and 187-nt species for both vectors. For
example, the empty fraction of the rBV/Sf9-produced
vector is composed of 39% and 28.76% 187-nt species at
the left and right ITRs, respectively. Altogether, these data
demonstrate that partial and empty fractions have a high
degree of ITRs with variable lengths. Shorter ITRs
(<145 nt) are also present in partial and empty fractions but
persist at low amounts (Fig. 5A).

These new findings support the hypothesis that ge-
nomes that fail to properly resolve can lead to genome
heterogeneity.

The distribution of ITR lengths revealed common ITR
configurations in each capsid fraction for pTx/HEK293-
and rBV/Sf9-produced vectors. We therefore aimed to
determine the structural compositions of these variable
ITRs from each production method and gradient fraction.
As mentioned before, wild-type AAVs and standard
rAAVs contain ITRs that take on either flip or flop ori-
entations, and these two configurations are equally distrib-
uted if replication of the vector genome goes unperturbed.
However, we have revealed that rBV/Sf9 vectors have a
high degree of variable ITRs (Fig. SA), even in full particle
fractions. Using clustering analysis, we were able to iden-
tify at least 13 common and unique configurations across
all the groups (Fig. 5B).

Full fractions of the pTx/HEK293-produced vector
harbored ITRs that were predominantly flip or flop. These
configurations were equally distributed at both the left and
right ITRs, as expected of wild-type structures. Impor-
tantly, the full fraction of the rBV/Sf9-produced vector
showed a low percentage of flip and flop (10.75% and
9.4%, respectively, at the left ITR; and 9.23% and 8.61%
at the right ITR). As predicted by the large abundance
of 165-nt ITRs (Fig. 5A), these vector genomes had
~50% unresolved ITRs (Fig. 5B).

Strikingly, the full fraction of the rBV/Sf9-produced
vector harbored ITRs with missing B or C arms (6.5% and
5.6%, respectively, at the left ITR; and 9.6% and 8.37% at
the right ITR) (Fig. 5B) or had trident configurations
where either the B or C arm was duplicated (6.81% at the
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Figure 5. Differences in ITR heterogeneity between capsid fractions and production methods. (A) Distribution of ITR lengths among full, partial, and empty
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categorized into the designated types.

left ITR and 8.99% at the right ITR). Additional truncated
configurations were also identified, but these made up
~2% of all classified ITR configurations, or less.

The ITRs of the partial fraction for pTx/HEK293-
produced vectors also exhibited a mixture of configura-

tions. At the left ITR, 35.27% were in the flip orientation
and 36.81% were in the flop orientation; at the right ITR,
29.71% were in the flip orientation and 26.27% were in the
flop orientation. Although the percentages of flip and flop
were comparatively lower than what was observed among



RBV/SF9-PRODUCED AAV VECTOR GENOME HETEROGENEITY 383

the full fractions, they still were detected at equal abun-
dances. This finding suggests that the partial fraction pTx/
HEK?293 vector genomes with intact ITRs were still able
to replicate accurately during production. For both the
left and right ITRs, the third most abundant configuration
was unresolved ITRs (17.5% and 29.5%, respectively).
Interestingly, the partial fraction also contained a small
percentage of trident-shaped ITRs, suggesting that this
configuration is not exclusive to the rBV/Sf9-produced
vector.

As expected, the partial fraction of the rBV/Sf9-
produced vector revealed a similar distribution of unre-
solved genomes as the full fraction, where ~50% of the
ITRs detected were the 165-nt unresolved species.

There was a smaller percentage of ITRs with miss-
ing B and C arms, and a slight increase in truncated
ITRs that carry missing B and C arms. But as stated
above, because these data cover just a single vector, the
observed differences may not be substantial. Interest-
ingly, the empty capsid fractions of both vectors
showed a considerable increase in the percentage of
trident-shaped ITRs compared with other fractions. In
the case of the rBV/Sf9 empty fraction, 41.9% and 27%
of the left and right ITRs were respectively trident
shaped. The remaining ITRs were predominantly un-
resolved (Fig. 5B).

Altogether, our observations suggest that there is a
strong correlation between ITR integrity and vector
heterogeneity.

Trident-shaped, B arm-deleted,
and C arm-deleted ITRs are poorly resolved

We next aimed to address whether specific ITR con-
figurations can impact resolution. Working with the full
capsid fractions of both pTx/HEK293- and rBV/Sf9-
produced vectors, we segregated reads into six categories
defined by the most prominent ITR configurations iden-
tified: flip, flop, unresolved, trident, deleted B arm, and
deleted C arm ITRs. These reads were then mapped back
to the reference to observe their mapping behaviors
(Fig. 6). As expected, the flip and flop configurations of
pTx/HEK293 vectors led to the highest degree of ITR-to-
ITR spanning genomes.

We did observe a few reads that appeared to contain
unresolved genomes, but these may be due to mis-
clustered reads. Interestingly, rBV/Sf9-produced vector
genomes bearing flip and flop configurations exhibited
resolved ITRs, yet the majority of these genomes were
also truncated, demonstrating that despite isolating
reads harboring resolved ITRs, full-length genomes
were still not well enriched. As before, multiple reads
were found to have mapping behaviors indicative of
unresolved genomes, but these are likely due to mis-
clustering from the workflow and remain in the minority
of the reads. As expected, reads that contained unre-

solved ITRs revealed genomes with mapping behaviors
that indicated unresolved self-complementary genomes
(Fig. 6).

We next probed the mapping behaviors of the geno-
mes harboring trident-shaped ITRs found in both pTx/
HEK?293- and rBV/Sf9-produced vectors (Fig. 6). Sur-
prisingly, despite having intact B and C arms, and an
unchanged TRS sequence, the majority of reads from both
vectors demonstrated mapping behaviors that were indic-
ative of unresolved self-complementary genomes. This
finding suggests that ITR resolution not only relies on the
presence of sequence elements for recognition of Rep
and subsequent nicking of the strand on the TRS, but also
that secondary structure might be critical for resolution as
well. However, ITRs with B or C arm deletions had a
higher degree of resolved ITRs than the trident-shaped
counterparts among the pTx/HEK293-produced vectors.
Interestingly, the rBV/Sf9-produced vector failed to dem-
onstrate a strong capacity to resolve B or C arm-deleted
ITRs.

These data seem to suggest that the rBV/Sf9-production
system has a lower tolerance for resolving ITRs with de-
letions. Alternatively, rBV/Sf9 systems may be less effi-
cient at ITR resolution.

DISCUSSION

Our collective work has shown that not all rAAV geno-
mes within a preparation are made the same.’®?%2%%
Previously, we demonstrated that vector heterogeneity can
be influenced by the vector design. Now, we show that
production platforms can also impact genome structural
differences. Using AAV-GPseq, we discovered that com-
pared with pTx/HEK293-produced vectors, rBV/S{9-
produced vectors yielded a high degree of unresolved
genomes, which directly correlated with the generation of
truncated, self-complementary single ITR species. These
species were also present in the pTx/HEK293-produced
vector but were much more infrequent.

Due to the highly recombinogenic nature of AcCMNPV
replication and the inherent generation of defective inter-
fering (DI) baculoviral particles, rBV genomes are intrin-
sically instable throughout its amplification.’>® Large
deletions occur frequently in the AcMNPV genome.®!
Baculovirus replication is based on the recombination of
DNA fragments by either the annealing of homologous sin-
gle strands or through strand invasion.®? The inherent nature
of baculovirus replication may favor ITR mutation/deletion
forms. Therefore, a standing question following this inves-
tigation is whether mutations and/or deletions happen during
rBV propagation or during rAAYV rescue and replication.

Nevertheless, Sanger sequencing of the bacmid and
rBV used to produce the vector did not reveal any clear
ITR mutations (unpublished observations). Furthermore,
we found that the vectors investigated in our study had at
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least 13 unique ITR species shared among both vectors.
We concluded that these forms were either inherent to the
plasmid or rBV, or the mechanisms that drive their syn-
thesis are inherent to both platforms.

With this investigation, we also demonstrated that
empty capsids are not in fact empty but can be packaged
with short DNA fragments. Although our report is not the
first to discover this phenomenon,so we were able to for-
mally characterize these DNA fragments by sequencing
analysis. Surprisingly, these sequences were chiefly ITR-
bearing reads, opening new questions for AAV biology
and vectorology. The capacity for rAAVs to trigger the
innate immune response through TLR9-mediated recog-
nition of unmethylated CpG dinucleotides™ raises an
interesting quagmire for production schemes that produce
high proportions of empty capsids. The fact that ITRs have
16 CpG motifs within its inverted repeat structure suggests
that vector preparations with a high percentage of empty
capsids are not only less effective but can also trigger
TLRO activation.

Additionally, our findings that empty capsids can con-
tain DNA may implicate an inherent issue with how vec-
tors titers are quantified. Since all contemporary rAAV
vectors designed for clinical application contain AAV?2
ITRs, many qPCR- or Droplet Digital (dd)PCR-based
quantification methods utilize sequences proximal to ITRs
as a standardized means for determining vector titers.
Since partial and empty fractions tend to harbor genomes
that are enriched with sequences that are most proximal to
ITRs, the functional titers based on these ‘‘ITR-probes’
are likely less accurate than probe/primer sets designed
against sequences set more central to the vector transgene.
Nonetheless, the removal of empty and partial capsids
seems imperative to determining accurate titers, as they
are essential for establishing dosing for clinical vectors.

We showed that mutated ITRs were more frequent in
partial and empty particles, shedding light on the possi-
bility that ITR integrity can influence vector heterogene-
ity, and may point toward an unexplored path for reducing
the abundance of empty capsids and improving vector
production. Unfortunately, the mechanisms underpinning
why and how heterogeneous ITRs are packaged are not
fully understood. One potential confounding element in
this investigation is that the vectors were produced outside
the context of natural AAV helper viruses. The pTx/
HEK?293 platform utilizes a helper plasmid and comple-
mentary cell line that expresses all the essential Ad genes.
In contrast, the baculovirus vector seems to contribute
helper function on its own.®

Requirements for additional auxiliary genes during
rAAV genome replication in Sf9 cells has not been fully
investigated. Insects are natural hosts for densoviruses
and autonomous parvoviruses with ssDNA genomes
that are also flanked by ITRs. Both AAV and insect den-
soviruses such as Junonia coenia densovirus belong to

the Parvoviridae family and demonstrate similar replica-
tion mechanisms.®* Therefore, an invertebrate host such as
Spodoptera frugiperda should be a suitable surrogate for
AAYV vector DNA replication.17 Nevertheless, the main-
tenance of intact ITRs by different parvoviruses and their
penchant to produce DI particles need to be reconsidered.

The relatively high frequency of genomes bearing
trident-shaped ITRs in partial and empty capsid fractions
is quite intriguing. In essence, they carry all the necessary
motifs required for resolution: the Rep binding site (RBS),
the RBS’ sequence at the tips of the B or C arms, and the
D sequence. Our findings suggest that ITR resolution also
depends on the secondary structure of the ITR, and not just
the sequence. In addition, the observation shows that ter-
minal resolution is not a prerequisite to packaging, which
has long been proven as such with the generation of
scAAVs via mutation of the ITR at the TRS.*>® Our data
suggest that other mutant ITR forms can also be used to
drive unresolved scAAV configurations, opening the door
to designing gene therapy vectors that depart from native
ITR sequences to further improve vector performance.

In conclusion, despite the differences observed in this
investigation between pTx/HEK293 and rBV/Sf9 pro-
duction methods, we have shown that heterogeneity of
ITRs is correlated with the diversity of vector genomes
independent of the production method. It is universally
accepted that ITR stability is critical for vector production,
owing to the multiple purposes that the ITR serves.>*” We
have now molecular evidence for how ITR diversity may
directly influence genome composition. One remaining
question regarding the presence of mutant ITRs in prep-
arations is how they impact transgene expression and
stability in the cell. ITRs have shown multiple postentry
roles (e.g., second strand synthesis, transcription, episome/
concatemer formation, integration).8

Therefore, additional work is needed to determine the
extent to which ITR heterogeneity impacts vector safety
and efficacy. Hybrid ITR vector designs have shown in-
creased directional intermolecular recombination,®® thus
implicating the importance of the ITR structure in forming
episomal species. Perhaps high ITR heterogeneity can
compromise therapeutic persistence. If the observations
shown in our report also hold true for other vector designs,
further exploration into platform-based differences in ITR
heterogeneity and their impacts is indeed warranted.
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