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Original Article
DNA contamination within recombinant
adeno-associated virus preparations correlates
with decreased CD34+ cell clonogenic potential
Christopher R. Luthers,1,2 Sung-Min Ha,3 AnnikaMittelhauser,2 MarcoMorselli,4 Joseph D. Long,2 Caroline Y. Kuo,2

Zulema Romero,2 and Donald B. Kohn2

1Molecular Biology Interdepartmental Program, University of California, Los Angeles (UCLA), Los Angeles, CA, USA; 2Department of Microbiology, Immunology, and

Molecular Genetics, UCLA, Los Angeles, Los Angeles, CA, USA; 3Department of Integrative Biology and Physiology, UCLA, Los Angeles, CA, USA; 4Department of

Molecular, Cell, and Developmental Biology, UCLA, Los Angeles, CA, USA
Recombinant adeno-associated viruses (rAAV) are promising
for applications in many genome editing techniques through
their effectiveness as carriers of DNA homologous donors into
primary hematopoietic stem and progenitor cells (HSPCs), but
they have many outstanding concerns. Specifically, their bio-
manufacturing and the variety of factors that influence the qual-
ity and consistency of rAAV preps are in question. During the
process of rAAV packaging, a cell line is transfected with several
DNAplasmids that collectively encode all the necessary informa-
tion to allow for viral packaging. Ideally, this process results in
the packaging of complete viral particles only containing rAAV
genomes; however, this is not the case. Through this study, we
were able to leverage single-stranded virus (SSV) sequencing, a
next-generation sequencing-based method to quantify all DNA
species present within rAAV preps. From this, it was determined
that much of the DNA within some rAAV preps is not vector-
genome derived, and there is wide variability in the contamina-
tion byDNAacross various preps. Furthermore, we demonstrate
that transducing CD34+ HSPCs with preps with higher contam-
inating DNA resulted in decreased clonogenic potential, altered
transcriptomic profiles, and decreased genomic editing. Collec-
tively, this study characterized the effects ofDNA contamination
within rAAV preps on CD34+ HSPC cellular potential.
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https://doi.org/10.1016/j.omtm.2024.101334.
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INTRODUCTION
Due to promising results in clinical trials, recombinant adeno-associ-
ated virus (rAAV) vectors have been used to treat genetic diseases by
gene therapy.1,2 One common application of rAAV is to provide ho-
mologous donor sequences for gene editing in hematopoietic stem
and progenitor cells (HSPCs). Despite the efficacy of rAAV vectors
as DNA donors, outstanding questions remain regarding the quality
of biomanufacturing of the rAAV preps.3 Specifically, variations in
intrinsic characteristics such as full versus empty capsid ratios, viral
titer, and purity of rAAV genomes within preps are not fully charac-
terized and are the focus of this study.4 Furthermore, the role of these
factors in the progenitor potential of transduced HSPCs remains
unanswered.
Molecular Therapy: Methods & Clin
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To generate recombinant AAV vector preps, a packaging cell line is
transfected with several DNA plasmids containing the information
for generation of the viral capsid, accessory proteins, and rAAV
genome containing the DNA of interest between the inverted-termi-
nal repeats.5 Ideally, this process allows for the production of only
complete vectors, with pure AAV genomes making up the entire
DNA compartment; however, this is not the case. Contaminating
DNA may come from the genome of the producer cells, helper and
packaging plasmids, or foreign exogenous DNA contamination,
and it has the potential to elicit direct toxicity to HSPCs.4 Transduc-
tion of HSPCs with preps containing high levels of DNA contamina-
tion has the potential to activate Toll-like receptors and induce
interferons (IFNs) and alternative intracellular DNA-response
signaling pathways.6 This activation can result in cellular-wide tran-
scriptomic variation and resultant decreases in transduced stem cell
potential.7 These resultant alterations can decrease not only rAAV
homology-directed repair (HDR)-mediated genomic editing via
alterations in cell-cycle status but also HSPC clonogenic potential, a
critical proxy for in vivo stem cell engraftment.8

In this study, we characterized significant differences in contami-
nating DNA among rAAV preparations from different sources and
correlated our findings with differences in transduced HSPC clono-
genic potential, acute cellular transcriptional responses, and genome
editing outcomes.We treated six previously studied rAAV preps from
three different manufacturers, with and without DNase treatment, to
allow for the quantification of contaminating DNA inside versus
outside of the viral capsid. Following DNase treatment (or not), total
DNA was isolated and analyzed by Illumina next-generation
sequencing (NGS). In parallel, CD34+ HSPCs were edited and trans-
duced with these rAAV preparations, followed by measurement of
ical Development Vol. 32 December 2024 ª 2024 The Author(s).
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Table 1. Vector prep demographics

Prep no. Locus Manufacturer no. Producer cell Packaging system Purification Titer, genome copies/mL Benzonase pretreatment?

1 CD40LG 1 HEK293T triple transfection ultra-centrifugation 1.20e+13 no

2 HBB 1 HEK293T triple transfection IDX 3.52e+13 no

3 CD40LG 2 Sf9 baculovirus CsCl 2.00e+13 yes

4 HBB 2 Sf9 baculovirus CsCl 2.11e+13 yes

5 CD40LG 1 HEK-293T triple transfection IDX 1.32 CD34+e+13 no

6 HBB 3 HEK293T triple transfection IDX 2.07e+12 no

BTK 1 mBtk 2 Sf9 baculovirus CsCl 2.00e+13 yes

BTK 2 mBtk 1 HEK293T triple transfection IDX 1.33e+13 no

BTK 3 mBtk 2 Sf9 baculovirus CsCl 2.00e+13 yes

BTK 4 mBtk 1 HEK293T triple transfection IDX 8.19e+13 no

Table of genomic locus, manufacturer, producer cell, packaging system, purification method, and titer of 10 rAAV6 vector preps characterized. Manufacturer 1, Vigene Biosciences;
manufacturer 2, Virovek Biosciences; manufacturer 3, University of North Carolina Vector Core.
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viability and the methylcellulose-based colony-forming unit (CFU)
assay to measure clonogenic potential. We also performed Reverse
Transcriptase quantitative PCR (RT-qPCR) analysis for changes in
expression of a panel of genes associated with cell cycle, acute im-
mune response, and apoptosis.

Collectively, this study identifies the presence of contaminating DNA
within rAAV preps as a critical quality characteristic affecting HSPC
cellular potential that should be strongly considered when selecting a
manufacturing source for AAV vectors for HSPC editing.

RESULTS
Analysis of DNA contaminants in AAV preps

To characterize the role of contaminant DNA within AAV preps, six
rAAV preps were chosen from three distinct manufacturers produced
by different packaging and purification methods (Table 1). Preexist-
ing AAV preps were used for the analysis as it had been seen that these
preps targeting the exact same genomic locus resulted in differences
in viability, editing, and clonogenicity within given CD34+ HSPCs.
It was critical for the experimental design to have rAAV preps target-
ing different loci and using different AAV packaging strategies. Four
of the six preps (1, 2, 5, and 6) used standard triple transfection of
HEK293T cells for vector production, but AAV number 1 was pro-
duced in a different manufacturing facility. The two other preps,
AAV numbers 3 and 4, used baculovirus-mediated infection of Sf9 in-
sect cells to produce AAVs (Table 1). All listed titers are based on the
given titers from the product sheet shipped from the commercial
manufacturers. The range of manufacturers, production systems,
and genomic targets allowed for increased confidence in results and
the ability to compare multiple variables in one comprehensive study.

AAV vector preps (2� 1011) were treated with a combination of both
baseline-ZERO endonuclease and plasmid safe exonuclease (Bio-
search Technologies), to ensure complete digestion of DNA present
outside of the viral capsids. Following this, total DNA was isolated,
following a viral lysis using Qiagen cell lysis solution and the DNA
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
precipitation method, from all six rAAV preps treated with and
without DNase. All isolated DNA was then denatured, and single-
stranded DNA (ssDNA) was captured using the SRSLY Nanoplus
ssDNA/cDNA kit, followed by phosphorylation of template
DNA, adapter ligation, and unique molecular identifier (UMI) index-
ing adapter addition. The final library containing DNA from all six
preps (+/�DNase treatment) was then run using paired-end
NovaSeq next-generation DNA sequencing. Because the sequences
of all plasmids required for transfection of the cells to produce the
AAV as well as the entire genome of the human 293T and insect
Sf9 cells are known, each sequencing read was then mapped to all
known contaminants, and the percentages of each mapped read
were quantified9 (Tables 2 and 3).

In analyzing the percentages of each read being mapped to known se-
quences, any DNA present within the rAAV preps that is not from the
rAAV genome is considered “contaminant” DNA. It was striking to
see the high variation of the “purity” levels within the AAV genomes
as %rAAV genomes among all the DNA species in the analyzed preps
(Tables 2 and 3). For example, AAV number 1 only had 1% of rAAV
genome within its prep, whereas AAV number 4 had as high as 95%
pure AAV genomic DNA. Additionally, there were clear differences
in the purity of rAAV genomes depending on the manufacturer,
with manufacturer 2, who used Sf9 cells and a baculovirus system
clearly having the highest purity of preps as compared to manufac-
turers 1 and 3. This is likely due to the purification process and
methods that were conducted to purify the preps. For example,
AAV number 1 was a “crude” prep; the packaging cell line was
collected and subjected to differential centrifugation for purification
with no CsCl or iodixanol gradient ultracentrifugation (IDX) addi-
tion. Preps from manufacturer 2 underwent CsCl purification fol-
lowed by density gradient-mediated isolation of rAAV preps. Also
noteworthy, all rAAV preps had low levels of residual Escherichia
coli genomic DNA, likely indicating E. coli genomic DNA carryover
from nucleic acid plasmid preps required for the transfection of pack-
aging cell lines. Importantly, our read quality and depth were of
er 2024



Table 2. Percentages of DNA populations in rAAV preps obtained by NGS—HEK293T cell packaged AAVs

AAV no.

1 1 2 2 5 5 6 6

DNase – + – + – + – +

rAAV genome, % 1.08 1.18 45.02 83.91 69.26 84.15 68.22 88.11

Human genome, % 86.41 85.36 26.42 8.64 0.47 0.48 1.97 0.39

Helper plasmid, % 1.55 1.25 1.24 1.17 3.27 3.64 3.01 4.28

Plasmid backbone, % 0.21 0.21 0.65 0.83 0.47 0.52 2.77 3.94

Rep-Cap plasmid, % 0.33 0.35 0.24 0.16 0.17 0.18 0.16 0.25

E. coli genome, % 1.06 0.97 2.13 0.87 1.79 1.47 2.33 0.67

Unmapped DNA, % 9.56 10.38 24.40 4.43 24.58 9.57 21.54 2.36

Data represent percentages of individual DNA species that contribute to the total DNA analysis for rAAV6 preps, which were packaged using HEK293T cells. Unmapped DNA is DNA
sequences that did not map to any of the known DNA sequences listed above.
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sufficient levels (Tables S1–S3). Additionally, read coverage and accu-
racy was relatively well maintained throughout the entire rAAV
genome sequence (Figure S1).

The relative increase in rAAV genomes upon DNase reduction of
contaminating human cellular DNA indicated that the majority of
contaminating DNA was outside of the AAV viral capsid, not con-
tained within the virion, allowing for a potential DNase-mediated
“cleanup” of AAV preps prior to transduction. In contrast to
contamination with human genomic DNA, the levels of the
contaminating helper plasmid, Rep-Cap, and plasmid backbone
DNA in the preps did not change much with DNase treatment,
suggesting that these species were primarily intra-virion. Addition-
ally, human genomic DNA contaminants did not disproportion-
ately map to any specific chromosome (Figure S2). Due to the
high percentage of unmapped reads in specific preps, lowQ
score and unmapped DNA sequences were analyzed via NCBI
BLAST. Interestingly, the DNA mapped to a wide variety of con-
taminants; however, a large percentage of unmapped reads
Table 3. Percentages of DNA populations in rAAV preps obtained by NGS—

Sf9 cell packaged AAVs

AAV no.

3 3 4 4

DNase treatment – + – +

rAAV genome, % 80.75 91.99 95.67 94.85

Sf9 cell genome, % 0.07 0.052 0.22 0.2

Baculovirus, % 0.2 0.15 0.29 0.42

Plasmid backbone, % 0.77 0.68 0.13 0.16

Rep-Cap plasmid, % 0.005 0.002 0.0052 0.0066

E. coli genome, % 0.73 0.61 0.83 0.47

Unmapped DNA, % 17.48 6.51 2.85 3.89

Data represent percentages of individual DNA species that contribute to the total DNA
analysis for rAAV6 preps, which were packaged using Sf9 cells. Unmapped DNA is
DNA sequences that did not map to any of the known DNA sequences listed above.
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partially aligned to the E. coli genome, indicating potentially
even higher levels of contaminant DNA carryover from bacterial
cloning and bacterial plasmid DNA preparations (Supplemental
file available upon request).

Collectively, this analysis showed that production method, manufac-
turer, purification method, and DNase treatment play critical roles in
the purity of a rAAV prep. Given this promising analysis, we sought
to further characterize the role of the purity of rAAV preps on clono-
genic potential, transcriptional response, and genome editing within
transduced CD34+ HSPCs.

Analysis of effects of AAV preps on human CD34+ HSPC activity

For autologous hematopoietic stem cell gene therapy, CD34+ HSPCs
are harvested from a patient, followed by ex vivo editing of the cells.
The patient then may receive myeloablative conditioning before
transplantation to facilitate engraftment of edited HSPCs. Due to
their critical role in populating the entire hematopoietic system,
autologous HSPCs must maintain their clonogenic and multi-lineage
differentiation potential as this allows for the regeneration of a fully
functional hematopoietic/immune system.10 Despite their wide-
spread use, it has been observed that rAAVs can directly negatively
impact CD34+ HSPC clonogenic potential upon transduction.11–13

While these studies examined various mechanisms causing the
adverse effects of AAV on HSPC, the role of contaminating DNA
in AAV preps in reducing HSPC clonogenic and engraftment poten-
tial has not been directly characterized.4

Knowing the purity of each of our preps, we transduced CD34+

HSPCs from healthy donors (HDs) with AAV preps numbered 2,
3, 4, and 5. These preps were chosen as they include AAV targets
for site-specific gene correction at two distinct genomic loci: b-globin
(HBB) and CD40-ligand (CD40LG). These genes are relevant to sickle
cell disease and X-linked hyper-IgM (immunoglobulin M) syndrome,
respectively, both of which are known gene therapy clinical tar-
gets.12,14,15 Additionally, these preps have very distinct profiles in
their rAAV genome purity, with AAV preps numbers 2 and 5 being
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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Figure 1. DNAse pretreatment of AAV6 increases CD34 clonogenic potential

HD CD34+ peripheral blood HSPCs were either untransduced (mock) or transduced with rAAV at an MOI of 1e�5 (preps numbers 3 and 5) or 5e�5 (preps numbers 2 and 4)

with or without RNP complex containing gRNA and Cas9 protein. CD34+ cells were plated at different concentrations of methylcellulose (STEMCELL Technologies, catalog

no. 04435), allowed to grow for 14 days, and individual colonies quantified and characterized. The data shown above are percentages of colonies grown in each plate per the

total amount of CD34+ cells plated. (A) Analysis of individual rAAV6 preps +/� DNase displays increases in colonies grown for all preps +DNase. (B) Data of %CFUs/plated

cells was plotted against the percentage of the rAAV genome for each given prep displaying a trendline of increased colonies grown as purity of rAAV6 genome increase.

(C–F) Data of percentage of colonies grown was plotted for each rAAV6 prep +/� DNase and +/� RNP complex. The charts below highlight the presence or absence of

AAV6, DNase, and RNP. (G and H) Data of percentage of colonies grown was plotted for all four preps versus mock control +/– DNAse treatment with AAV-only treatment.

Preps from this analysis did not receive RNP. (I and J) Percentage of erythroid versus myeloid progenitors analyzed was plotted for CD40L (I) and HBB (J) preps. N = 3

individual HSPC donors. Error bars represent standard deviation. *p < 0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001.

Molecular Therapy: Methods & Clinical Development
“dirtier” preps, in that DNase treatment significantly increased the
purity of the preps, and AAV preps numbers 3 and 4 being “cleaner”
preps, and DNase has a less profound impact on the purity of these
rAAV preps. HD CD34+ HSPCs were electroporated with and
without a ribonucleoprotein (RNP) complex containing a guide
RNA (gRNA) and recombinant Cas9 protein targeting the HBB or
CD40LG locus. After electroporation, the HSPCs were transduced
with rAAV preps containing a corrective copy of the gene endoge-
nous to the target locus, with or without prior DNase treatment of
the rAAV. This allowed determination of the role of the RNP trans-
fection, AAV transduction, and DNase treatment of rAAV preps on
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
HSPC clonogenic potential, both individually and in combination.
Following transduction of HD HSPCs with various combinations of
RNP, AAV, and DNase, edited cells were placed in methylcellulose
media and grown for 2 weeks, followed by a morphological analysis
of colonies.

For each AAV prep, DNase treatment improved progenitor clono-
genic potential as measured by a higher percentage of CFUs grown
per the number of CD34+ cells plated (Figure 1). Interestingly, the
AAV numbers 3 and 4, in which DNase treatment displayed a
much smaller increase in purity of AAV genome, showed a less
er 2024
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significant decrease in clonogenic potential as measured by CFUs,
compared to the “dirtier” preps AAV numbers 2 and 5 (p < 0.05 vs.
p < 0.01), correlating contaminating DNA and decreased clonogenic
potential (Figure 1A).

To determine whether there was a global correlation between clono-
genic potential and purity of AAV genomes for all preps analyzed,
the purity of AAV genome calculated from the NGS analysis as
%rAAV DNA among all DNA in a prep was plotted against the per-
centages of colonies grown for each of the preps, with and without
DNase treatment. A positive trendline highlights that as purity of
rAAV genomes increased within a given prep, so did the clonogenic
potential of transduced CD34+ cells (R2 = 0.2571, p = 3.23 � 10�13)
(Figure 1B).

Each AAV preparation was transfected/transduced into CD34+ cells
with a combination of RNP, rAAV6, and DNase to determine the
role of each of the editing reagents on clonogenic potential. CD34+

cells were again analyzed via CFU assay for all of the conditions
(Figures 1C–1F). Of the reagents, the RNP alone had minimal effects
on colony formation, whereas the rAAV6 preps without DNase
treatment alone clearly significantly decreased colony formation (Fig-
ure 1G), as has been characterized extensively.11–13 Also interestingly,
DNase pretreatment of rAAV6 preps prior to transduction consis-
tently improved the clonogenic potential of edited CD34+ cells.

By analyzing the HSPCs that were transduced with AAV, and given
no RNP, the trend became increasingly apparent: with no DNase
treatment, clonogenic potential was significantly lower than that of
the mock condition, with discernible differences between the preps
relative to the levels of contaminant DNA. CD34+ cells transduced
by preps numbers 2 and 5, which had higher levels of contaminant
DNA, have lower clonogenic potential relative to those transduced
by preps numbers 3 and 4, which have lower levels of contaminant
DNA (Figure 1G).When all preps were DNase treated, however, there
were significant increases in the numbers of colonies formed, with
more uniformity of the clonogenic potential across all four preps,
aligning with the decreases in contaminant DNA from all preps
with DNase treatment (Figure 1H). This further highlights the role
of contaminant DNA within rAAV preps and the decreasing clono-
genic potential of HSPCs.

Not only was it critical to quantify the effects of contaminant DNA on
total clonogenic potential of the HSPCs but also the role of contam-
inants in potential hematopoietic lineage production was character-
ized. From morphological analysis of HSPCs, the percentages of
myeloid and erythroid lineages from the CFU assay were quantified,
as were the percentages of total erythroid versus myeloid progenitors
(Figures 1I, 1J, and S3). RNP, rAAV6, and DNase treatment of HSPCs
had no significant effect on lineage potential and did not result in any
lineage skewing of edited cells, regardless of condition. Collectively,
there is a clear correlation between increased DNA contamination
within rAAV6 preps and decreased overall clonogenic potential,
with no effect on lineage production of progenitor cells.
Molecular T
Analysis of effects of AAV preps on CD34+ HSPC viability

After discovering novel and significant differences in the clonogenic
potential of HSPCs transduced with AAVs of various contaminant
levels, we sought to characterize how these differences affect cellular
health and genome editing outcomes. In analyzing the viability of
transduced HSPCs at days 1, 3, and 5 post-transduction, two trends
were evident. First, all AAV-transduced cell populations showed a
significant drop in viability 1 day post-transduction, compared to
control cells not treated with AAV. The second evident trend was
that DNase pretreatment resulted in a nonsignificant trend of
increased cell viability of transduced HSPCs with all preps. Cells
had a relatively higher viability of�70%with rAAV preps with higher
purity—AAV numbers 3 and 4 (Figures 2B and 2C)—compared to
cells exposed to the preps with lower purity and higher contaminant
DNA, AAV numbers 2 and 5 (Figures 2A and 2D), with viability
around 60%. Importantly, it was also confirmed that the DNase treat-
ment alone, with DNase added to the cells without AAV, did not
impact viability and conflate our results.

Analysis of effects of AAV preps on CD34+ HSPC gene editing

outcomes

We performed site-specific insertion of cDNA carried by AAV vec-
tors into CD34+ HSPCs using Cas9-mediated double-stranded
DNA (dsDNA) break and HDR. When analyzing the site-specific
genome editing of one of the genomic loci, CD40LG transduction
with AAV number 3, which has higher rAAV genome purity, dis-
played much higher levels of DNA editing (p < 0.001) as compared
to AAV number 5 (non-significant or ns) (Figure 3A). Additionally,
DNase pretreatment increased site-specific HDR efficiency with both
AAV numbers 3 and 5.

Investigating editing at the second genomic locus, HBB, DNase pre-
treatment of the AAV donors also increased HDR efficiency of both
preps numbers 2 and 4 (Figure 3B). The rate of increase was more
significant for prep number 2 (p < 0.02) when treated with DNase
than for number 4 (ns), which correlates with the more significant
increase in rAAV purity from DNase treatment of prep number 2
(Table 1). The beneficial effect of treating AAV donors with DNase
also held true in a different cell line (murine lineage-negative cells)
and genomic locus (Btk) with other sets of AAV vectors (Table 1),
providing additional evidence of DNase-mediated increases in site-
specific genome integration (Figure S4).

In summary, these data have shown a definitive role for contami-
nant DNA within rAAV preps on the acute viability and site-spe-
cific HDR-mediated genomic editing of HSPCs, with higher levels
of contaminant DNA resulting in increased acute cytotoxicity and
decreased levels of HDR, mostly alleviated by pre-treatment with
DNase.

Analysis of transcriptional effects in CD34+ HSPC from AAV

preps

Despite these promising results and the clear inverse correlation
between DNA contamination of AAV preps and colony-forming
herapy: Methods & Clinical Development Vol. 32 December 2024 5
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Figure 2. DNase treatment increases HSPC viability post-rAAV transduction

(A–D) CD34+ HSPCs were transduced with four rAAV6 vectors +/� DNAse treatment. Following transduction, viability was measured via trypan blue exclusion 1, 3, and

5 days post-transduction. AAV conditions received Cas9 RNP + AAV6. “RNP only” conditions received only Cas9 RNP. “DNAse only” condition received only equivalent

DNase concentration as “AAV + DNase condition.” Mock condition received no DNAse, RNP, or rAAV6. N = 3 individual HSPC donors. Error bars represent standard

deviation.

Molecular Therapy: Methods & Clinical Development
potential of transduced CD34+ HSPCs, the underlying mechanism
behind this correlation was still to be characterized. To study this
further, the transcriptional effects were analyzed. RNA was ex-
tracted from the same cell populations that were edited for Figure 3
at 24 h post-electroporation, followed by reverse transcription and
RT-qPCR analysis of a panel of genes that has been well character-
ized for its role in cellular alterations following electroporation:
dsDNA break formation, AAV transduction, and intracellular
foreign DNA recognition.16–19 Genes were also chosen that are asso-
ciated with known cellular processes that could directly affect HSPC
clonogenic potential: apoptosis, cell cycle, inflammation, and IFN
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
signaling.20–23 All RNA expression levels were normalized using
the DDCT method to a b-actin housekeeping gene, followed by
normalization to a mock sample that did not receive any editing
reagents.

Fold change increases in cellular expression levels of indicated tran-
scripts are displayed in a heatmap, with the highest increases in
expression levels shown in red (Figure 4A). Overall analysis of the
panel of genes showed large-scale alterations in transcriptional pat-
terns that were dependent on the editing reagents that were delivered
to HSPCs. Within the larger heatmap, specific bolded sections
er 2024
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Figure 3. DNase treatment increases rAAV-mediated site-specific editing post-transduction

(A and B) CD34+ HSPCs were transduced with four rAAV6 vectors +/� DNAse treatment. Following transduction: (A) 5 days post-editing, genomic DNA (gDNA) of HSPCs

was harvested, followed by ddPCR analysis of CD40LG site-specific editing analysis. Values indicate percentage of DNA sequences with successful insertion of corrective

CD40LG cDNA sequences. (B) Five days post-editing, gDNA of HSPCs was harvested, followed by MiSeq-PE NGS analysis of HDR and non-homologous end joining

(NHEJ). HDR rates represent rAAV6-mediated insertion of SCD mutation into the HBB locus of wild-type cells. N = 3 individual HSPC donors. Error bars represent standard

deviation. *p < 0.05; **p < 0.01.
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represent strikingly descriptive representations of the transcriptional
effects of DNase treatment on the CD34+ HSPC state. Interestingly,
pro-apoptotic gene FAS is downregulated in each condition upon
DNase treatment, providing a direct link between DNase treatment
and FAS gene regulation. As previously characterized, DNase treat-
ment slightly increases the viability of edited HSPCs (Figure 2), which
could be explained by a downregulation of FAS expression, a claim
that requires further study.

Theboldedfirst two columns to the left represent effects fromAAVprep
number 2, which had the largest increase in rAAV DNA when treated
with DNase (Table 1). In comparing the transcriptional signatures
induced by this rAAV+/�DNase, therewere global decreases in almost
every gene signature associated with cellular stress, cell-cycle arrest, and
apoptosis from the DNase-treated prep, indicating a direct role of
contaminant DNA on increased CD34+ cellular stress from AAV.

The bolded third horizontal row, indicating the gene expression of
FAS, a key regulator of programmed cell death,24 shows decreased
expression from cells treated with each of the four preps that had
been treated with DNase. This indicates that the removal of contam-
inant DNA within these preps resulted in a reduction in FAS expres-
sion. The bolded fourth horizontal row shows the relative expression
of CDKN1A, encoding p21Cip1, a regulator of cell-cycle arrest,25

known to be upregulated upon AAV transduction.12,13 Interestingly,
DNase treatment of the rAAV preps reduced CDKN1A expression in
most preps, indicating that contaminating DNA within rAAV preps
Molecular T
may contribute, at least partially, to the known p21 upregulation upon
rAAV transduction of HSPCs.

To further examine the key role of contaminating DNA within rAAV
preps on transcriptional signatures within CD34+ HSPCs, expression
data were extrapolated and displayed in individual graphs for two
genes: BAX and TNF-a. BAX is a proapoptotic executioner protein
capable of inducing apoptosis via mitochondrial interaction and cyto-
chrome c release.26 TNF-a (tumor necrosis factor a) is a key proin-
flammatory cytokine that is involved in immune cell recruitment
and inflammation.27

When analyzing both BAX and TNF-a gene expression in RNA from
HSPCs transduced with rAAV +/� DNase treatment, their mRNA
levels were upregulated by AAV numbers 2 and 5 (the two AAV preps
with high levels of contaminant DNA) when transduced without
DNase pretreatment (Figures 4B, 4E, 4F, and 4I). However, when
these AAV preps were treated with DNase, there was a significant
reduction in proapoptotic gene expression in transduced CD34+ cells.
Interestingly, when analyzing the two preps with much lower
contaminating DNA, AAV numbers 3 and 4, there was little to no sig-
nificant difference in the BAX or TNF-a gene expression, with or
without DNase pretreatment (Figures 4C, 4D, 4G, and 4H). This
further correlated the direct role of contaminant DNA and alterations
of HSPC inflammatory and apoptotic gene signatures. TNF-a gene
expression was slightly increased with AAV number 3 without DNase
treatment relative to with DNase treatment (Figure 4G), indicating
herapy: Methods & Clinical Development Vol. 32 December 2024 7
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Figure 4. Contamination within rAAV preps CD34+ cells results in increased apoptosis, inflammatory signaling transcripts

HD CD34+ peripheral blood HSPCs were transfected with only RNP complex containing gRNA and Cas9 protein as control, or transduced with rAAV at an MOI of 1e�5

(preps numbers 3 and 5) or 5e�5 (preps numbers 2 and 4) with or without endonuclease treatment. At 24 h later, total RNA was isolated, cDNA was converted, and RNA

expression analysis was completed via RT-qPCR normalized via theDDCTmethod to b-actin gene andmock control. The data shown above are fold change in expression of

the gene in title relative to mock control. (A) Heatmap of all 11 genes analyzed across all AAV +/� DNAse conditions. Colors indicate differences in fold change expression:

red = upregulated, blue = downregulated. (B–E) BAX gene expression. (F–I) TNF-a gene expression. N = 3 individual donors. Error bars represent standard deviation.

*p < 0.05; **p < 0.001; ***p < 0.0005; ****p < 0.0001.
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either limitations of detection or intrinsic rAAV6-mediated TNF-a
transcriptional effects, independent of contaminating DNA. Collec-
tively, the RNA expression patterns from HSPCs transduced with
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
rAAV +/� DNase pretreatment highlights a critical role of contami-
nant DNA on the transcriptional signatures of these cells. Collec-
tively, we have been able to correlate the presence of contaminant
er 2024
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DNAwithin rAAV preps with the decreased viability and clonogenic-
ity of transduced CD34+ HSPCs.

DISCUSSION
AAV preps are made through a complex process combining
plasmid construction, transfection methods, and purification of viral
particles.28 Any alterations in this process will lead to inconsis-
tencies across a variety of characteristics, including the titer of the
virus, the number of particles that contain rAAV genomes, and,
of course, the purity of the DNA from a given viral prep. The
impetus for this study arose from our realization that different preps
either from unique manufacturers or even the same manufacturer
resulted in differences in HSPC viability, editing, and clonogenic po-
tential post-transduction, but the reason was unknown. There were
a variety of considerations that could impact these factors, one being
the manufacturing system. As seen in the different preps that were
used in this study, the packaging cell line and system can vary
greatly. While different protocols will result in the successful pro-
duction of virus, each of these processes will result in different
DNA particles interacting with packaging cells and different poten-
tial contaminants present in each prep.29 Another factor that must
be considered when deciding on a manufacturer is the purification
method. Purification typically involves ultracentrifugation and puri-
fication using a density gradient of either IDX or CsCl, both of
which result in differences in the collection efficiency and purity
of a given rAAV product.30 We observed major differences among
AAV6 preps between manufacturers regarding transcriptional sig-
natures, clonogenic potential, and the viability and genome editing
efficiency of CD34+ HSPCs. While each manufacturer uses a distinct
packaging and purification system, a future direction would be to
characterize whether it is the packaging system, purification
method, or a host of other factors that results in the major
differences observed in contaminant DNA across manufacturers
(Table 1).

Despite the focus of this study being DNase pretreatment to improve
the purity of rAAV preps, there are other strategies that could be used
either in addition to DNase treatment or on their own. To minimize
impurities, optimizing cell culture conditions and choosing properly
characterized packaging cells can greatly impact rAAV quality.4

Additionally, the optimization of purification strategies, including
with chromatography and filtration, can efficaciously remove exper-
iment-related impurities.4

While we have shown that the presence of contaminant DNA is a ma-
jor factor affecting HSPC clonogenic potential and gene expression
profile, it is important to acknowledge that it is not the only AAV-
intrinsic factor that likely impacts HSPCs. This can be seen in the
decrease in viability of all HSPCs when transduced with any rAAV
prep at 1 day post-transduction (Figures 2A–2D). A variety of other
factors could contribute to HSPC phenotypes, including the presence
(or lack of) full versus empty AAV capsids.31 Upon receiving a com-
mercial rAAV prep, the main quantification of that prep is the titer,
which is calculated by quantifying the amounts of rAAV genomes.
Molecular T
This titering method, however, does not account for potential AAV
capsids that do not contain rAAV genomes, and it has been shown
that the presence of the AAV capsid alone can be immunogenic
in vivo, independent of the cargo it contains.32–34 Another major
AAV-intrinsic factor is the presence of full rAAV genomes. During
AAV replication, the entire rAAV genome is often not replicated,
and incomplete vector genomes can be packaged within viral cap-
sids.35 Similar to empty capsids, incomplete vector genomes can
result in improper and inconsistent transduction methods for a given
prep and alterations in phenotypic readouts within a transduced cell
population. Additionally, there is the possibility that contaminating
RNA within AAV6 preps could also affect the characterized readouts
of this study. Parallel studies pretreating AAV preps with RNAse
instead of DNase could provide valuable insights into another AAV
intrinsic factor affecting HSPC cellular potential. Collectively consid-
ered, there are a variety of AAV-intrinsic factors that contribute to
variations in each prep. Future studies are required to determine
which of these factors have significant outcomes on HSPC health
and clonogenic potential and how these variations can be modified
to increase consistency across various preps.

Despite being thorough, we find various limitations to our findings
that can be addressed with further studies. First, one interesting ques-
tion is whether DNase treatment of vectors affects infectious titers of
AAV vectors. Although unlikely, future studies could be conducted to
address this question by simply treating AAV6 preps with DNase and
evaluating titers before and after treatment using any of the various
titering methods. Second, while the CFU assay serves as an effective
proxy for engraftment potential and long-term maintenance of
stem cell grafts, there are systems currently available to measure the
engraftment ability of edited HSPCs. There are several immunodefi-
cient humanized mouse models capable of engrafting human CD34+

HSPCs, including the NSG, NRG, and NBSGW mouse models.36

HSPCs edited with AAV +/�DNase could be transplanted into these
mouse models, followed by the measurement of engraftment levels as
a direct readout of the effect of contaminant DNA on engraftment ca-
pacity of these cells, although progenitor clonogenicity is an effective
surrogate measure of engraftment.

Lastly, our RT-qPCR panel measured only the expression levels of 11
hallmark genes associated with cellular status via four biological path-
ways. A complete analysis of the RNA transcriptome via RNA
sequencing would effectively both provide a more in-depth analysis
of the additional genes associated with the pathways analyzed in
this study and highlight novel alternative cellular pathways, giving a
more global insight into the status of edited cells. Lastly, the analysis
conducted used only 10 rAAV6 preps from three manufacturers,
leaving questions around whether other AAV serotypes and other
manufacturers of rAAV6 would lead to the same DNA contamina-
tion-mediated effects observed with our relatively small sample size.
Future studies testing alternative AAV serotypes and unique manu-
facturers would provide more in-depth understanding of the role of
intricacies within the rAAV production methods and their effect on
HSPC status and potential.
herapy: Methods & Clinical Development Vol. 32 December 2024 9
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We have been able to highlight a novel role of contaminant DNA
within rAAV6 vectors and HSPC potential, a direct link that had
yet to be uncovered. The findings from this study will allow for a
new quality control measure of rAAV6 selection for preclinical and
clinical studies, with DNase pretreatment being a consideration for
the improvement of general CD34+ HSPC transduction protocols.
More in-depth follow-up studies will be required for the confirmation
of the findings, as mentioned previously; however, this paper serves as
the first connection of this specific rAAV6 feature and HSPC cellular
status. Ideally, studies like this, combined with analyses of alternative
AAV-intrinsic characteristics, could form a framework for a compre-
hensive quality control of rAAV6 preps as manufacturers and preps
are selected for in vitro screens, in vivo experiments, and all studies
moving gene therapy candidate vectors toward the clinic.
MATERIALS AND METHODS
CFU assay

ACFU assay was performed usingMethocult H4435 enriched methy-
cellulose media (STEMCELL Technologies, Vancouver, BC, Canada).
A total of 5,400 mobilized peripheral blood HSPCs were resuspended
in Iscove’s modified Dulbecco’s medium + 2% fetal bovine serum, fol-
lowed by serial dilutions of the cell population to achieve cell counts of
900, 300, and 75 cells, each in a total volume of 600 mL. Because the
desired final cell counts were 300, 100, and 25 cells, 300 mL of each
serial dilution was added to 3 mL methylcellulose aliquot, vortexed,
and 1.1 mL of the total volume was plated onto a 35-mm dish with
a grid in duplicate for each experimental sample using a blunt-ended
needle. Dishes were then incubated at 37�C and 5% CO2 for 14 days.
Colony count and analysis were conducted using light microscopy for
identification and counts.
CD34+ HSPC prestimulation and electroporation

CD34+ HSPC prestimulation was performed as described by Romero
et al.12,14 Electroporation of cells with editing reagents was performed
as described by Romero et al. Briefly, CD34+ HSPCs were electropo-
rated with RNP complexes using BTX ECM830 SquareWave Electro-
porator (Harvard Apparatus) once at 250 V for 5 ms. After a 10-min
rest period, cells were resuspended in 400 mL X-Vivo 15 containing
cytokines and rAAV6 vector at an MOI of 1e�5 (preps numbers 3
and 5) or 5e�5 (preps numbers 2 and 4) based onmethods previously
optimized and described.12,14 Cells were then rested overnight in a
37�C 5% CO2 incubator before RNA harvest and viability analysis
via trypan blue exclusion.
RT-qPCR

At 18 h post-transduction, RNA was isolated from HSPCs using the
Qiagen RNeasy Plus Mini Kit (catalog no. 74136) employing manu-
facturer protocols, followed by quantification via nanodrop. A total
of 100 ng of RNA in 10 mL was added to a reverse transcription mas-
termix containing 1� first stand buffer (Thermo Fisher), 10 mM
DTT, 500 mM deoxynucleotide triphosphates (dNTPs), 150 ng/mL
random primers (Invitrogen), 2 U/mL RNAse-OUT (Invitrogen),
and 10 U/mLM-MLV reverse transcriptase (Thermo Fisher) in a total
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
volume of 10 mL. The 20-mL RT reaction was incubated in a thermal
cycler at 37�C for 60 min, 94�C for 10 min, and held at 4�C.

Following reverse transcription, an RT-qPCR reaction was conducted
using PowerUp SYBR Green Master Mix (Applied Biosystems) ac-
cording to the manufacturer’s protocol using the ViiA7 RT-PCR sys-
tem. Analysis was conducted using the standard DD method, with
samples being normalized to the b-actin housekeeping gene and a
mock control that received no electroporation or transduction.

ddPCR

Droplet digital PCR (ddPCR) analysis of site-specific CD40LG gene
integration was conducted using the exact primers, probes, protocol,
and assay as in Kuo et al.14 Briefly, 5 days post-transduction of
HSPCs, gDNA was harvested using the PureLink genomic DNA
extraction kit (Invitrogen). Approximately 50 ng gDNA was com-
bined in a 20-mL reaction containing in-out PCR primers to amplify
both the endogenous CD40LG genomic locus and integrated CD40LG
cDNA product, primers to amplify UC462 reference gene, FAM/HEX
probes binding to each amplicon, EcoRV restriction enzyme, and
ddPCR no dUTP ddPCR supermix (Bio-Rad).14 Following a 1-h in-
cubation, droplets were generated according to Bio-Rad protocols,
PCR amplification was conducted in thermal cyclers, along with
droplet analysis using Bio-Rad QuantaSoft ddPCR software.

DNA isolation (viruses)

DNA isolation for NGS analysis was conducted according to Lecomte
et al.9 Following DNase incubation and inactivation, DNA isolation
was performed beginning by adding 300 mL of cell lysis solution (Qia-
gen [Qiagen cell lysis solution, RNAse A, and protein precipitation so-
lution can be purchased together in theQiagenGentra Puregene Tissue
Kit, catalog no. 158667]) to 220 mL rAAV+/�DNase reaction and vor-
texing for 10 s. Next, 20 mL proteinase K was added to all samples, in-
verted, and incubated at 55�C for 3 h, followed by the addition of 1.5 mL
RNAseA (Qiagen), inversion, and incubation at 37�C for 15min.Tubes
were then cooled on ice for 1min, added to 100mL protein precipitation
solution (Qiagen), and vortexed vigorously for 20 s. After 5 min of in-
cubationon ice, sampleswere centrifuged at 16,000� g for 5min at 4�C.
Supernatants were then transferred to new tubes, followed by an addi-
tional 300 mL isopropanol and 2 mL of 20 mg/mL glycogen (Thermo
Fisher). Tubes were then mixed by inversion and incubated overnight
at 20�C. Samples were then centrifuged at 25,000 � g for 45 min at
4�C, placed on ice for 5 min, and the supernatants carefully discarded.
Next, 300mL of 70%EtOHwas added to the pellets and thenwas centri-
fuged at 25,000� g for 10 min at 4�C. Supernatant was discarded, and
the pellets were air dried for 1 h at room temperature. Finally, the pellet
was resuspended in 20 L of distilled H2O, incubated at 65�C for 1 h to
resuspend the pellets, and incubated at room temperature for 1 h. Ex-
tracted DNA was then stored at 4�C until ready for second strand syn-
thesis, library preparation, and NGS analysis.

DNase treatment

DNase digestion for NGS analysis was conducted according to Le-
comte et al.9 The 1e�11 vector genome copies, 24.2 ng lambda phage
ber 2024



www.moleculartherapy.org
DNA, 20 mL baseline-ZERO 10� reaction buffer, 10 mL (10 units)
baseline-ZERO DNase, 8 mL of 25 mM ATP, and 4 mL (40 units)
plasmid safe DNase (Biosearch Technologies) were combined with
water up to a total of 200 mL. AAV +/� DNase mixture was then
incubated at 37�C for 2 h. To stop the reaction for subsuquent
DNA isolation, 20 mL baseline-ZERO 10� stop solution was added
and incubated at 75�C for 30 min. For rAAV used in downstream
transductions, reaction was stopped using the addition of 10x stop so-
lution with no 75�C incubation step. For the �DNase condition, the
reaction was the same, apart from substituting distilled H2O for the
baseline-ZERO and plasmid-safe DNases. For a negative control,
only 484 ng lambda phage DNA was added to the �DNase reaction
condition. For a DNase control, only 484 ng lambda phage DNA was
added to the +DNase reaction condition.

For DNase treatment of rAAV to be used in transduction as opposed
to NGS analysis, the reaction conditions used would need to be the
same, apart from the removal of the 75�C incubation step, as this
would likely denature the AAV. The sample sheet of DNase digestion
of rAAV preps can be seen in Table S4.

HBB NGS library prep

HBB NGS library generation was performed as described by Lomova
et al.37

Single-stranded virus sequencing NGS library prep

Purified DNA concentrations were quantified for each sample using
Qubit fluorometric quantification. Equal amounts of input DNA
were loaded into tubes and sheared to generate DNA fragments
around 300 bp in size using the Bioruptor Pico sonication system (Di-
agenode) according to the manufacturer’s instructions. Second-
strand synthesis and library preparation, including adapter ligation,
were performed using the SRSLY Nanoplus kit (Claret Bio) with
UMI-unique dual indexes for unique molecular indexing according
to the manufacturer’s protocol. Importantly, to account for the het-
erogeneous combination of ssDNA from the rAAV genome and dou-
ble-stranded contaminant DNA, this protocol, which is designed for
both ssDNA and dsDNA, involved an initial denaturation step of all
nucleic acid followed by second-strand synthesis and adapter ligation
of all DNA molecules.

Bioinformatics analysis

Reference sequences for the rAAV genome, vector plasmid backbone,
helper plasmid, and other pertinent elements were acquired in
FASTA and annotated GenBank formats. These reference sequences
were sourced from the public domain, where applicable.

Genome mapping utilized the ContaVect pipeline (version 0.2.1) for
each FASTQ file of raw data.10 The ContaVect pipeline incorporates a
quality control module, which includes adapter trimming with the
Smith-Waterman aligner (version 1.1), masking of overlapping areas
in reference sequences using BLAST (version 2.10.1), and read map-
ping via bwa-mem (version 0.7.0).38-40 To facilitate sample compari-
son regardless of sequencing depth, we computed a normalized
Molecular T
coverage depth. This normalization involved calculating the count
of reads aligned to each base (normalized per 1,000) within BAM files
and dividing by the total sum of coverage for all mapped bases across
the rAAV genome. We used SAMtools (version 0.1.17) to retrieve
mapped and unmapped read counts and coverage.41 SNPs were de-
tected using MiniCaller (version 2021.07.01), which analyzed SAM
files produced by the ContaVect pipeline.42 The distribution of read
density across chromosomes and mtDNA was established post-
normalization to the average read coverage per sample. The cumula-
tive percentage of alternative nucleotides (A, C, T, and G) relative to
the reference was evaluated for single-nucleotide variants (SNVs). In
instances where multiple variants occurred at the same nucleotide po-
sition, the variant contributions were combined. SNVs were only
illustrated in graphical formats if identified in a minimum of half of
all experimental samples. Unmapped reads were then targeted for
BLAST search against the GenBank database to further elucidate po-
tential contamination.43
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