
Original Article
Impact of DNase digestion on titer measurements
of engineered adeno-associated virus serotypes
Emilia A. Zin,1,3 Melissa Desrosiers,1,3 Tommaso Ocari,1 Guillaume Labernede,1 Camille Robert,1 Charlotte Izabella,2

Bruno Saubamea,2 Ulisse Ferrari,1 and Deniz Dalkara1

1Sorbonne Université, INSERM, CNRS, Institut de la Vision, 17 rue Moreau, F-75012 Paris, France; 2Université Paris Cité, Inserm, CNRS, P-MIM, PICMO, F-75006 Paris,

France
Received 1 October 2024; accepted 22 January 2025;
https://doi.org/10.1016/j.omtm.2025.101419.
3These authors contributed equally

Correspondence:Deniz Dalkara, Sorbonne Université, INSERM, CNRS, Institut de
la Vision, 17 Rue Moreau, Paris F 75012, France.
E-mail: deniz.dalkara@inserm.fr
Determining the concentration of recombinant adeno-associ-
ated virus (AAV) productions, also known as titering, is crucial
not only for quality control purposes but also for comparative
studies of preclinical and clinical gene therapy trials. Recently,
several AAVs were engineered by inserting seven amino acids
in a protruding loop of the AAV capsid structure: variable re-
gion VIII (VR-VIII) loop. These variants have demonstrated
increased transduction capabilities over naturally occurring
AAV serotypes in several studies. However, they have also
been shown to produce lower yields when titered using stan-
dard techniques, raising questions about their adequacy for
clinical development and use. Here, we investigated why pep-
tide insertion onto AAV capsids reduces their titer by exam-
ining viral stocks using electron microscopy and PCR-based ti-
tering. We reveal that the DNase digestion step, performed to
eliminate free-floating DNA prior to qPCR or ddPCR,
adversely impacts engineered capsid stability due to exposure
to heat, artificially lowering viral titers of engineered serotypes.
Titering without heating yields significantly higher titers for
these variants which have melting temperatures (Tm) close to
the DNase inactivation temperature, while titers for parental
serotypes with higher Tm remain unchanged. Our findings pro-
vide an important perspective for titering engineered variants
with lower thermostability, especially when comparing their
effectiveness with their parental serotypes.

INTRODUCTION
Currently, adeno-associated viruses (AAVs) are the viral vector of
choice for both experimental gene delivery and clinical gene therapy.1

AAVs are small non-enveloped parvoviruses, icosahedral, around
25 nm in size.2 There are 13 known serotypes, originally found in hu-
mans and non-human primates (NHPs), and hundreds of variants
identified and developed through different methods, such as bio-
mining, rational design, and directed evolution.3 All AAVs have the
same essential structure, where 60 proteins in total form the icosahe-
dral capsid. These capsid proteins are known as VP1, VP2, and VP3,
and form the capsid in a 1:1:10 ratio, respectively.3

The differences in amino acid sequences of the VPs dictate the
tropism of each AAV serotype or variant. For example, AAV9 shows
increased tropism for the central nervous system (CNS) and AAV2 is
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the serotype of choice for intravitreal delivery and transduction of in-
ner retinal cells.4,5 These differences in tropism are essential for cell
targeting and increased transgene expression for therapeutic pur-
poses. By altering or inserting specific sequences on the AAV capsid,
it is possible to also alter its tropism.6,7 Our group and others have
used directed evolution to create multiple AAV vectors with
enhanced tropism toward neural tissues such as the retina and the
CNS. Of particular interest, the AAV2-7m8, AAV9-7m8, and
AAV9-PHP.eB (PHP.eB) variants of AAV9 show enhanced tropism
and have been widely adopted both in basic research and clinical
gene therapy studies.8–10 All of these variants were evolved by insert-
ing seven randomized amino acids flanked by three linker amino
acids. AAV2-7m8 has a 10-amino acid insertion in the variable region
VIII loop of the AAV2 capsid, after amino acid position 587, whereas
PHP.eB and AAV9-7m8 have amino acid insertions after position
586 of the AAV9 Cap. AAV2-7m8 and AAV9-7m8 provide better
distribution of the transgene in retinal tissues, while PHP.eB is
capable of infecting CNS neurons after intravenous delivery.

For use in gene therapies, the wild-type AAV genome is substituted by
a transgene expression cassette. Genomic AAV titering using ITR (in-
verted terminal repeat) or transgene primers and probes involves
quantifying viral genome concentration through techniques like
quantitative PCR (qPCR) or digital droplet PCR (ddPCR).11,12

Initially, the sample is treated with DNase to remove non-encapsi-
dated DNA, ensuring only encapsidated viral genomes are measured.
Viral DNA is then extracted from the AAV particles. In qPCR, the
DNA is amplified and fluorescence is measured, with the Ct values
compared with a standard curve to determine the viral titer. In
ddPCR, the sample is partitioned into droplets, each subjected to
PCR, and the number of positive droplets is counted to directly calcu-
late the viral genome concentration. These PCR-based methods pro-
vide an indirect measure of AAV titers, essential for quality control
and comparative studies in gene therapy research.
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Figure 1. AAV titers of different productions for AAV2, AAV2-7m8, AAV9, and AAV9-7m8 over the years for the viral core at the Institut de la Vision

Black circles represent qPCR AAV titers by viral genomes per milliliter of individual productions (A) post DNaseI/Proteinase K AAV inactivation. AAV2 (B) and AAV2-7m8

(C) titers by qPCR and ddPCR. Box and whiskers plot (A), boxes show interquartile range (25%–75%), whiskers represent maximum and minimum values, horizontal lines

represent median values. AAV2 (n = 99), AAV2-7m8 (n = 100), AAV9 (n = 92), and AAV9-7m8 (n = 54), where n represents the qPCR titer value for a different, individual AAV

production. Black circles connected by lines represent the same viral production titered by either qPCR or ddPCR (B and C).
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Historically, a DNase step has been included to remove all unencap-
sidated viral DNA or leftover cellular and plasmid DNA, to avoid
contamination during the DNA amplification in the PCR reactions
that follow. It is important to note that the DNase enzyme used in
this step requires inactivation, which is done with a heat incubation
step between 65�C and 95�C for 10 to 20 min, with or without the
addition of EDTA.13 Next, the capsid is opened, releasing its DNA
cargo after incubation with a Proteinase K or through exposure to
the PCR polymerase hot start high temperature (95�C). These titering
methods have been conceived and optimized for the most frequently
used viral serotypes that are thermostable within 65 to 95�C, with
AAV2 being the least stable serotype. In PBS, its melting temperature
is around 66 to 70�C.14,15 Other frequently used AAV serotypes, such
as AAV8 and AAV9, are more stable in PBS, with melting tempera-
tures around 72�C and 77�C, respectively. Interestingly, engineered
capsids such as AAV2-7m8 and AAV9-7m8 have proven to be
more difficult to titer, with lower production yields when compared
with parental serotypes and variable titering results. In this study,
we hypothesized that the lower melting temperature of these engi-
neered variants compared with their parental serotypes may pose a
problem with the DNase inactivation step between 65�C and 95�C,
which could then denature the capsids while the DNase is still active,
yielding lower and variable results. Here, we show that inactivation
methods that do not require an intermediate heating step result in
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higher and more reliable results for variants such as AAV2-7m8,
AAV9-7m8, and PHP.eB.
RESULTS
Production titers of AAV9, AAV2, AAV9-7m8, and AAV2-7m8

show different profiles over time

The viral core at the Institut de la Vision has produced thousands of
AAV preparations over the years. Therefore, the historical viral titers
measured in viral genomes per milliliter (vg/mL) of AAV2, AAV2-
7m8, AAV9, and AAV9-7m8 can be and were compared (Figure 1A).
Titers were measured with AAV2 ITR primers and qPCR after viral
inactivation with traditional DNase/Proteinase K protocol, as
described in the materials and methods. AAV9 had the highest titer
median, at 1.80E+14 vg/mL. AAV2 had the second-highest, at
2.23E+13 vg/mL. Meanwhile, the engineered serotypes, AAV9-7m8
and AAV2-7m8, had their median titers at 6.43E+11 and 8.79E+12
vg/mL, respectively. The coefficients of variation for AAV9-7m8
and AAV2-7m8, reported in percentages, were 304% and 236%,
respectively, while only 187% and 91% for AAV2 and AAV9. The titer
medians of the engineered variants are 2.5 times (AAV2-7m8) and
279 times (AAV9-7m8) lower than the corresponding non-engi-
neered AAVs and is statistically significant (AAV2-7m8 p = 0.005,
AAV9-7m8 p < 0.001).
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Figure 2. Comparison between qPCR and ddPCR titers by viral genome per milliliter (vg/mL) for individual AAV productions, all containing the same DNA

cassette (scCAG-eGFP)

AAV8 (A), AAV9 (B), AAV2 (C), PHP.eB (D), AAV9-7m8 (E), and AAV2-7m8 (F). Black circles represent different AAV productions, lines represent medians.
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However, when comparing the historical titers obtained for AAV2
and AAV2-7m8 by qPCR and ddPCR methods, the concentration
differences obtained between the former and latter methods were
similar (Figures 1B and 1C). A decrease of two logs was observed
for the ddPCR titer vs. that obtained through qPCR. These AAV pro-
ductions were packaged with different transgenes and varying cassette
lengths, and only their capsid serotypes were considered for
comparison.

Comparison between qPCR and ddPCR titers

To establish that the two-log difference between qPCR titers and
ddPCR titers was consistent between different serotypes, six different
capsid variants were packaged with the CAG promoter and green
fluorescent protein (GFP) as the transgene in a self-complementary
(sc) construct. Each cassette also contained a 21 base-pair (bp) bar-
code that identified the serotype in which it was packaged. These con-
structs were subsequently used in all experiments. Each production
was inactivated with DNase/Proteinase K and titered with both quan-
titative and droplet digital PCR methods—qPCR and ddPCR, respec-
tively (Figure 2). The differences between the median titer of each
method ranged between 1.2 and 2.2 logs (AAV8: 1.5; AAV9: 1.8;
AAV2: 1.6; PHP.eB: 1.2; AAV9-7m8: 2.2; AAV2-7m8: 1.9). While
Molec
the coefficient of variation was smaller for wild-type AAVs (AAV8,
AAV9, and AAV2, Figures 2A–2C), there was a larger difference be-
tween engineered variants (PHP.eB, AAV9-7m8 and AAV2-7m8,
Figures 2D–2F).

Thermal stability of engineered variants is lower than parental

serotypes’

Following the observations of coefficients of variation that were larger
for engineered variants than their parental serotypes, differential
scanning fluorimetry (DSF) was performed to assess their capsid
melting temperatures (Tm) (Figure 3). AAV Tm is the point at which
50% of the viral capsid proteins are unfolded and bound with fluores-
cent dye. The thermal profiles for AAV8, AAV9, and AAV2 follow
previously established results, where Tms were 73�C, 78�C, and
70�C, respectively (Figures 3A and 3B). Meanwhile, as hypothesized,
the Tms for engineered variants were lower than their parental sero-
types. AAV9-7m8, PHP.eB, and AAV2-7m8 had Tms of 62�C, 61�C,
and 66�C, respectively (Figures 3A and 3B). The thermal profile of the
six AAV variants were then recorded using the same DSF method af-
ter a 10-min incubation at 65�C, and results were plotted as areas un-
der the curve (AUCs) (Figure 3C). There is a reduction in AUC for all
AAV productions post-heat incubation, (Figure 3C).
ular Therapy: Methods & Clinical Development Vol. 33 June 2025 3
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Figure 3. Differential scanning fluorimetry (DSF) of AAV9, AAV8, AAV2, AAV2-7m8, AAV9-7m8, and PHP.eB

(A) Thermal profile (shown as normalized dF/dT) versus temperature, obtained by DSF. Example of a representative curve for each serotype. For each sample, the baseline is

removed, the curve is smoothened by the second order of magnitude with five neighbors, and the results are normalized between 0 and 100%. (B) Plot of melting tem-

peratures obtained from normalized dF/dT. Black circles represent melting temperatures (Tm) of individual AAV productions. Lines represent median values for each serotype.

The melting temperature is determined as the temperature where the normalized derivative reaches 100%. (C) Thermal profile plotted as area under the curve for each

serotype, pre- and post-heat incubation at 65�C for 10min. For the AUC, the dF/dT is normalized between 0% and 100% (as 100%was themaximum reached per serotype).
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Engineered serotypes aremore sensitive to temperature as seen

by electron microscopy

After establishing that engineered variants had lower thermal stability
profiles, capsids were imaged using transmission electron microscopy
(TEM) to visually assess AAV capsid characteristics pre- and post-
heat incubation (Figure 4). AAV8, AAV9, AAV2, AAV9-7m8,
PHP.eB, and AAV2-7m8 productions previously used for titering
comparisons (Figure 2) or melting temperature profiles (Figure 3)
were imaged directly (Figures 4A–4F), or were incubated at 65�C
for 10 min before imaging (Figures 4G–4L). AAV8, AAV9, and
AAV2 show a reduction in the overall number of visible AAV capsids
and an increase in the number of empty capsids. Interestingly, intact
or full capsids of engineered serotypes were no longer visible after
heat incubation.

Removal of intermediate heat-inactivation step in titering

protocol results in higher overall titers

To understand if heat inactivation of DNase might indeed play a
role in the final titer obtained, the same six AAV variants were ti-
tered with three different viral inactivation methods. The traditional
DNase/Proteinase K method was compared with two methods that
do not require heating steps. The first was Promega’s TruTiter kit,
4 Molecular Therapy: Methods & Clinical Development Vol. 33 June 202
where a proprietary molecule binds to free DNA and prevents poly-
merases from binding in downstream reactions, thus preventing any
unencapsidated DNA from interfering in titering PCRs. The second
was an inactivation protocol where DNase is only inactivated with
the heat-start temperature for the ddPCR polymerase, skipping
the Proteinase K step entirely, and called here the “No-Heat DNase”
method. The titers for AAV8, AAV9, and AAV2 are consistent
among all three methods, showing no significant differences
(Figures 5A–5C). However, titers obtained for the engineered
variants AAV2-7m8, PHP.eB, and AAV9-7m8 show a statistically
significant difference between methods that do not use the heat
inactivation of DNase as an intermediary step (Figures 5D–5F).
AAV2-7m8 has a median titer of 1.66E+10 vg/mL with the tradi-
tional method, while 6.72E+11 vg/mL and 1.09E+12 vg/mL with
TruTiter (p < 0.001) and the DNase-only methods (p < 0.001).
This represented a difference of 1.6 and 1.8 logs, respectively.
PHP.eB has a median titer of 5.7E+10 vg/mL with the traditional
method, while 1.23E+12 vg/mL and 2.71E+12 vg/mL with
TruTiter (p < 0.001) and the DNase-only (p < 0.001) methods.
AAV9-7m8 has a median titer of 2.51E+09 vg/mL with the tradi-
tional method, while 4.07E+11 vg/mL and 1.09E+12 vg/mL with
TruTiter (p < 0.001) and the DNase-only (p < 0.001) methods.
5



Figure 4. Transmission electron microscopy (TEM) images of six AAV productions with and without heat incubation

TEM images of AAV8, AAV9, AAV2, AAV9-7m8, PHP.eB, and AAV2.7m8 before heat incubation (A–F, respectively) and after incubation at 65oC for 10 min (G–L). AAV

capsids can be seen in all images except in representative images for AAV9-7m8, PHP.eB, and AAV2-7m8, where only ferritin is visible (J–L). Scale bar is equal to 200 nm.
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Barcoded AAV mixes based on TruTiter and no-heat DNase

titers have more reliable concentration ratios

AAV productions with a 21 bp barcode after the GFP transgene were
mixed with the aim of making a solution with the same quantities of
viral capsids of each serotype. The amounts were calculated based on
titers obtained and reported in Figures 5A–5F. The AAV mixes were
then inactivated and the barcodes were amplified for NGS
sequencing. As expected, TruTiter and no-heat DNase titering
methods display AAV ratios that are closer to the theoretical ideal
of 16.6% for each serotype. AAV variants mixed based on TruTiter
results yielded 6.6% to 25.2% parts of the 100% total (Figure 5H),
while variants mixed based on the no-heat DNase method yielded
8.7% to 31.6% (Figure 5I). The traditional inactivation method
yielded a mix that was highly biased toward very heat-sensitive vari-
ants, such as AAV9-7m8 and PHP.eB, which dominated the mix at
92.3% of the total (Figure 5G).

DISCUSSION
For years, accurate, reliable, and consistent AAV titration has been
difficult to achieve in the gene therapy field. Although the AAV
gene therapy field is advancing quickly, vector analytics and the
harmonization of dosage units remain significant limitations for
vector comparisons in preclinical studies and comparing results be-
tween clinical trials and even commercialization of gene therapy
products. AAV reference standard materials (RSMs) have been
developed as an attempt to help ensure product safety by controlling
the consistency of assays used to characterize AAV stocks prepared
Molec
in different laboratories, but do not resolve all issues with AAV ti-
tering.16 The most widely utilized unit of vector dosing is based on
the encapsidated vector genome. Quantitative polymerase chain
reaction (qPCR) is now the most common method to titer vector
genomes (vgs); however, significant inter- and intralaboratory vari-
ations have been documented using this technique.12 This has been
especially true with AAV2, a “finicky” capsid understood to be less
stable than other natural serotypes.14 Moreover, with the develop-
ment of engineered AAV variants, containing modifications to orig-
inal AAV capsids like 7-mer insertions, reliable titering became even
more of a conundrum for meticulous and systematic studies of
AAVs. While the difficulty in reliably titering engineered variants
has not yet been reported, it is a recurrent subject of discussion be-
tween researchers in the field.

By quantifying the range and coefficient of variation of hundreds of
AAV productions, we were able to verify quantitatively that there is
indeed a larger titering variation between AAV2-7m8 and AAV9-
7m8 than between their parental serotypes (Figure 1A). While
this had been an anecdotal observation before, here we are able to
show that when considering hundreds of different productions,
the coefficient of variation for AAV9-7m8 and AAV2-7m8 was
304% and 236%, respectively, while only 187% and 91% for
AAV2 and AAV9. The question then became if the larger variation
for engineered variants was due to titering methods themselves,
potentially related to the inherent instability of the engineered
AAV variants.
ular Therapy: Methods & Clinical Development Vol. 33 June 2025 5
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While the historic database of AAV titers was all obtained with qPCR,
we decided for a PCR method that yielded more accurate results:
ddPCR. We continued to use primers and probes for ITRs due to
practicality: almost all recombinant AAV cassettes use AAV2 ITRs,
and therefore the primers and probes are universal regardless of the
gene of interest. Nevertheless, it is important to note that previous
studies have shown different titer yields depending on the primer
and probe selection, but we maintained the same AAV2 ITR
primer/probe set.17 Also, anecdotal observations indicated that this
method yielded titers one or two logs lower than qPCR reactions of
the same AAV production. Therefore, recent AAV productions that
had been previously titered with both methods were compared.
Indeed, for over 20 different productions of both AAV2 and
AAV2-7m8, titers were 1.5–1.8 logs lower when measured by ddPCR
reactions than by qPCR of the same viral inactivation (Figures 1B
and 1C).

Therefore, we set out to test three different naturally occurring AAV
serotypes, AAV8, AAV9, and AAV2, and three engineered sero-
types, AAV9-7m8, PHP.eB, and AAV2-7m8. AAV8 was chosen as
a serotype that is frequently used for retinal gene therapy studies,
as well as a serotype known to be more stable than AAV2 but
less stable than AAV9.14 AAV9 and AAV2 were chosen as the
parental serotypes of the engineered AAV9-7m8, PHP.eB, and
AAV2-7m8. AAV9-7m8 and AAV2-7m8 are both also frequently
used for retinal delivery of gene therapy cargos. Moreover, we
included PHP.eB, another 7-mer insert variant based on AAV9
and popular for CNS delivery.8–10 The six capsids (AAV8, AAV9,
AAV2, AAV9-7m8, PHP.eB, and AAV2-7m8) were packaged car-
rying the scCAG-eGFP barcoded transgene cassette for consistent
comparisons.

Initially we established that the difference between qPCR and ddPCR
was persistent regardless of the serotype or variant tested (Figure 2).
As has been previously published, qPCR can yield an overestimation
or underestimation of AAV titers due to the nature of the standard
curve.18 At the Institut de la Vision’s viral core, the standard curve
is generated with linearized plasmids containing ITRs, a source that
has been shown to induce an overestimation of titers. We hypothesize
that ddPCR titers are closer to the real AAV production titer, but it is
difficult to conclude this hypothesis with the results presented in this
study.

We hypothesized that the variation in titers might come from the
thermal stability of capsids. As has already been shown, AAV2 has
the lowest melting temperature among the wild-type serotypes, where
50% of capsids have broken apart at 70�C in PBS. Meanwhile, AAV9
Figure 5. Comparison between traditional DNase/Proteinase K inactivation (Tr

heat DNase) by ddPCR quantification

AAV8 (A), AAV9 (B), AAV2 (C), PHP.eB (D), AAV9-7m8 (E) and AAV2-7m8 (F). Black circle

with Geisser-Greenhouse’s correction performed for titration comparisons in (A–F), PH

Equal concentration mixes were made based on these titers, and barcodes were readth

concentration based on titers from traditional (G), TruTiter (H), or no-heat DNase (I) ina
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is known for its relative stability, with a melting temperature at 77�C.
Considering the 65�C inactivation step of DNase during the tradi-
tional inactivation protocol of AAVs, the larger coefficient of varia-
tion for AAV2 could potentially be explained by the proximity of
its Tm (70�C) and the 65�C inactivation temperature for DNase.
Moreover, the thermal stability of engineered variants such as
AAV9-7m8, PHP.eB, and AAV2-7m8 had not yet been reported.
Therefore, through differential scanning fluorimetry (DSF), we not
only reproduced previously shown Tm values for wild-type serotypes
AAV8, AAV9, and AAV2 (73�C, 77�C, and 70�C, respectively,
Figures 3A and 3B), but we also showed that the Tm for engineered
variants is lower than the parental serotypes with a striking 15�C dif-
ference for AAV9 peptide insertions (AAV9-7m8 [62�C], PHP.eB
[60�C], and AAV2-7m8 [66�C]). Alarmingly, the Tm for all three en-
gineered variants oscillated around the lowest possible DNase I dena-
turation temperature of 65�C. Consequently, we hypothesized that
this incubation step was the bottleneck step that yielded lower and
more variable titers for engineered variants.

To see the effects of a 65�C incubation for 10 min on AAV capsids, all
viral productions were imaged with TEM pre- and post-incubation
(Figure 4). While all AAV preparations looked as expected prior to
heat incubation (Figures 4A–4F), post-incubation natural serotypes
had more empty capsids (Figures 4G–4I). Surprisingly, all engineered
capsids disappeared from TEM images, with only ferritin remaining
on the EM grids (Figures 4H–4J). We did not observe any aggregates
containing broken capsids or denatured capsid proteins in these TEM
samples, and further experiments would be necessary to understand if
this is an artifact of our imaging method or if they are not present.
Nevertheless, these TEM results corroborate the hypothesis that the
65�C incubation is damaging the AAV capsids, especially the variants
that have been engineered to contain peptide insertions. To confirm
these surprising results, we used the same heated sample and
compared them with their non-heated counterparts with the DSF
method. It was previously established that the amplitude of the curve
in DSF and the number of particles in the solution are correlated.15

The area under the curve post heating confirmed the results seen
with the electronic microscopy; a treatment of 65�C for 10 min
reduced the number of intact particles of the parental serotype, but
left no intact particles of the engineered variants (Figure 3C). It is
likely that similar observations would hold true for other types of en-
gineered variants having point mutations or loop swaps, as it has been
shown that even single amino acid modifications alter thermal stabil-
ity of AAV capsids.

We tested two AAV inactivation methods that did not require either
DNase or DNase inactivation to prove indeed that the DNase
aditional), Promega’s TruTiter and protocol lacking DNase inactivation (no-

s represent different productions, lines represent medians (n = 3). One-way ANOVA

P.eB p = 0.048 (D), AAV9-7m8 p = 0.005 (E), all other results were not significant.

rough next generation sequencing. Pie charts represent in percentages the resulting

ctivation.
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inactivation step was the cause of variation and lower titers. First, we
tested the TruTiter kit, a molecule that sequesters free-floating and
unencapsidated DNA, as well as viral DNA inside broken capsids.
It does not require high temperatures for inactivation. The second
method tested has already been reported, where DNase is not inacti-
vated with heat incubation.12 Instead, a stabilizing buffer is added to
dilute the enzyme concentration and hence reduce its activity, and the
preparation is taken directly to the ddPCR reaction, where the heat-
start step of the polymerase at 95�C opens up the capsids and dena-
tures the enzyme. Similarly, with TruTiter, the capsids are also
opened with the heat-start step of the ddPCR polymerase. Each
ddPCR droplet contained one AAV capsid for methods where Pro-
teinase K was not used. Previous studies have shown that AAV aggre-
gates can be included in one ddPCR droplet, yielding one positive
droplet that represents one viral genome instead of registering all
AAVs present in the aggregate.17 Our study does not address this
issue, but our group would recommend a final incubation of the
DNase-treated AAVs at 95�C for 10 min before ddPCR. The incuba-
tion step will denature capsids and eliminate any issues of aggregates
within ddPCR droplets.

While there were no statistically significant differences in titers
for any of the naturally occurring serotypes (Figures 5A–5C),
all engineered variants showed higher titers for both TruTiter
and the no DNase inactivation protocol (Figures 5D–5F). More-
over, these titers are more consistent with the range of natural
serotype titers.

Finally, to try to corroborate these observations, we mixed all six
AAVs according to their titers and sequenced their barcodes in order
to quantify them using NGS. Massively parallel sequencing in NGS
provides a more reliable and efficient method for quantifying viral
genome copies compared with PCR-based approaches. NGS enables
the simultaneous analysis across several samples in a single run, offer-
ing a comprehensive and unbiased measure with a broad dynamic
range. This high-throughput capability allows for accurate and
detailed relative quantification of barcoded genome copies, whereas
PCR-based methods analyze one sample at a time and can suffer
from limitations such as user-dependent variability. The parallel na-
ture of NGS allowed us to objectively compare quantities of each sam-
ple mixed in hypothetical equimolar ratios. Three AAV mixes were
made based on sample dilutions taking into account titers based on
traditional, TruTiter or no-heat DNase titering methods. Due the
unique 21 bp barcodes that corresponded to the capsid in which
they were packaged, it was possible to trace the concentrations of
each AAV with deep sequencing. As expected, the mix originating
from the traditional titering results yielded a skewed ratio of AAVs,
where the thermally unstable AAV9-7m8 and PHP.eB dominated
the mix due to their underestimated titers comprising up to 92.3%
of the total mix (Figure 5G). Meanwhile, the mixtures based on
TruTiter and the no-heat DNase protocol showed a much more
balanced profile (Figures 5H and 5I). These results not only show
that the titers obtained with traditional methods were unreliable,
but they also indicate that any experiments performed to compare
8 Molecular Therapy: Methods & Clinical Development Vol. 33 June 202
the AAV infectivity profiles in such a mixture would be extremely
biased. In a similar fashion, it is possible that the underestimated titers
lead to misinterpretations of the effective doses of engineered AAVs
in previous studies.9

Therefore, our study indicates that the thermal stability profile of en-
gineered variants must be taken into consideration when titering. En-
gineered variants titered with traditional AAV inactivation protocols
may have their titers underestimated, which has many undesirable
ramifications for their downstream use. Here, we propose that tradi-
tional inactivation protocols no longer be used to titer engineered
AAV variants and in studies where different AAVs need to be
compared to one another. Heat inactivation is a confounding step
that is best to avoid in all titering involving comparisons of AAVs
with different thermostability.

MATERIALS AND METHODS
AAV production

Recombinant AAV vectors were produced by the triple-transfection
method as previously described.19 AAV was purified through Iodix-
anol gradient and ultra-centrifugation. AAV was concentrated and
resuspended in PBS with 0.01% Pluronic after buffer exchange with
Amicon Ultra-50 centrifugal filter units.

AAV inactivation

AAV was inactivated by three different methods. The traditional and
previously described protocol used DNase I (Sigma-Aldrich, Mis-
souri, USA) and Proteinase K (Sigma-Aldrich). Five microliters of
AAV was added to 44 mL of DNase I Buffer, followed by 1 mL of
DNase I. The mixture was incubated at 37�C for 30 min, then heat-
inactivated at 65�C for 10 min; 0.5 mL of Proteinase K was added to
the mixture, and incubated at 50�C for 60 min, followed by heat inac-
tivation at 95�C for 20 min. The second inactivation method was with
the TruTiter kit (Promega, Wisconsin, USA), where 5 mL of the AAV
production was diluted in 45 mL of PBS-0.01% pluronic, then added to
50 mL of the diluted reaction buffer provided. The AAV is incubated
for 15 min at 37�C, then 1 mL of the inactivation buffer is added and
the solution is then incubated for 5 min at 20�C and 5 min at 95�C.
Finally, the no-heat DNase inactivation method was based on a
method previously published.12 Five microliters of AAV was added
to 44 mL of DNase I Buffer, followed by 1 mL of DNase I. The mixture
was incubated at 37�C for 30 min, and 50 mL of 2� concentrated
Tween20-TE buffer (Tris 10 mM, EDTA 1 mM, and Tween
20 10%) was then added.

AAV titering with qPCR and ddPCR

AAV2 ITRs were quantified with 50-GGAACCCCTAGTGATG
GAGTT-30 forward and 50-CGGCCTCAGTGAGCGA-30 reverse
primers from Aurnhammer et al. and SYBR Green (Thermo Fischer
Scientific, Massachusetts, USA), using a Thermo Fisher Scientific
QuantStudio 5 thermocycler and a linearized plasmid standard
curve.11 The same AAV2 ITR primers were used for ddPCR
along with an FAM-labeled probe 50-CACTCCCTCTCTGCGCGCT
CG-30 with the QX200 Bio-rad Laboratories’ droplet digital system
5
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(Bio-Rad Laboratories, California, USA) and ddPCR supermix for
probe (Bio-Rad Laboratories, California, USA).

Differential scanning fluorimetry

The protocol was adapted from Pacouret et al.15 Five microliters of
diluted SYPROOrange dye (S6651, Thermo Fisher Scientific, Califor-
nia, USA) was added to 45 mL of AAV in PBS-0.001% pluronic. The
reactions were run in a Thermo Fisher Scientific QuantStudio 5 ther-
mocycler, with experiment type as “melt curve” and melt curve opti-
cal settings fixed as 470 nm for excitation and 586 nm for emission.
The melt curve started with 2 min at 25�C and then rose from
25�C to 95�C at 0.05�C/second. All samples were run in triplicates
and averaged. Averaged data were used to calculate the derivative
of the fluorescence over the derivative of the temperature (dF/dT).
A peak is defined as reaching at least 20% on the y axis and 10 adjacent
points on the x axis, so the number of peaks per curve is limited to 1.
The AUC is then computed by the Prism software.

Transmission electron microscopy

Viruses were examined by electron microscopy after negative stain-
ing. Glow discharged Carbon/Formvar copper grids (Agar Scientific,
Stansted, United Kingdom) were inverted on a drop of AAV sample
for 1 min, blotted, incubated in 2% aqueous uranyl acetate for 1 min,
blotted, and air dried. Grids were then examined in a Jeol 1400 trans-
mission electron microscope (Jeol, Croissy-sur-Seine, France) oper-
ated at 120 keV and equipped with a 4k � 4k RIO CMOS camera
(Ametek SAS, Elancourt, France).

Next generation sequencing

AAV was inactivated using the no-heat DNase method, followed by a
95�C incubation for 15 min. The 21-bp barcodes were amplified with
50-GGGATCACTCTCGGCATGG-30 forward and 50-CTGATCAG
CGAGCTCTAGGAA-30 reverse primers and PrimeSTAR GXL
DNA polymerase (Takara Bio, Shiga, Japan). They were then
sequenced with NextSeq 500 1 � 150 (Illumina, California, USA).

Statistical analysis

GraphPad Prism 10.2 software (GraphPad, San Diego, CA, USA) was
used to plot all graphs. Python package Scipy was used to perform all
the statistical analysis. The Alexander Govern test was performed in
both Figures 1 and 5. Results are considered statistically significant
when p < 0.05.
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