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Adeno-associated virus (AAV) has shown great promise as a
viral vector for gene therapy in clinical applications. The present
work studied the effect of genome size on AAV production, pu-
rification, and thermostability by producing AAV2-GFP using
suspension-adapted HEK293 cells via triple transfection using
AAV plasmids containing the same GFP transgene with DNA
stuffers for variable-size AAV genomes consisting of 1.9, 3.4,
and 4.9 kb (ITR to ITR). Production was performed at the small
and large shakeflask scales and the results showed that the 4.9 kb
GFP genomehad significantly reduced encapsidation compared
to other genomes. The large shake flask productions were puri-
fied by AEX chromatography, and the results suggest that the
triple transfection condition significantly affects theAEX reten-
tion time and resolution between the full and empty capsid
peaks. Charge detection-mass spectrometry was performed on
all AEX full-capsid peak samples showing a wide distribution
of empty, partial, full length, and copackaged DNA in the cap-
sids. The AEX-purified samples were then analyzed by differen-
tial scanning fluorimetry, and the results suggest that sample
formulation may improve the thermostability of AAV genome
ejection melting temperature regardless of the packaged
genome content.

INTRODUCTION
According to the US Food and Drug Administration Cellular, Tissue,
and Gene Therapies Advisory Committee, adeno-associated virus
(AAV) production methods produce not only the therapeutic, full
AAV capsid, containing the genome of interest but also product-
related impurities consisting of capsids that are mispackaged with
truncated genome, residual plasmid, host cell DNA, or empty capsids,
containing no DNA at all.1 Purification methods of AAV consist of
anion exchange (AEX) chromatography, which is used to enrich
full AAV capsids by separating out empty capsids through exploita-
tion of surface charge differences.2 The current theory for charge-
based separation is that full AAV capsids have a lower isoelectric
point (pI �5.9) than the empty AAV capsids (pI �6.3) induced by
the presence of the negatively charged DNA packaged inside.3,4

AEX chromatography methods have been developed at both analyt-
ical and preparative scales for optimized full-capsid enrichment
across multiple AAV serotypes by evaluating multiple salts, buffer
excipients, pH conditions, and elution schemes.3,5–7 An AEX high-
performance liquid chromatography method achieving baseline
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separation of full and empty capsids across AAV6 samples with
unique genomes of different sizes ranging from 2.5 to 5.2 kb has
shown similar retention times across all of the samples tested (< 5%
relative SD), indicating that the method performance was indepen-
dent of the size of the encapsidated genome.6

It is not well understood what effect that AAV capsid heterogeneity
has on the charge-based separation by AEX chromatography. High-
resolution native mass spectrometry (MS) with spectral simulations
have demonstrated that AAV capsids assemble by random incorpo-
ration of viral protein (VP) subunits, resulting in widely heteroge-
neous capsids with varying VP stoichiometries. Even the most abun-
dant capsid composition represents less than 2.5% of the total capsid
population.8 Liquid chromatography-MS (LC-MS) analyses have
been used to characterize AAV posttranslational modifications
(PTMs), revealing a total of 52 PTMs with varying abundance de-
pending on the serotype.9 Two-dimensional gel electrophoresis has
been used to resolve pIs ranging from pH 6.3 to >7.0 for each VP.10

Both native and denaturing capillary isoelectric focusing methods
for AAV have shownmultiple pIs across samples when characterizing
charge heterogeneity.11,12 The presence of these isoforms suggests
that each VP has the potential to undergo multiple charge-altering
modifications.

The present work studied the effect of the genome size on AAV pro-
duction, purification, and thermostability by producing AAV2-GFP
using suspension-adapted HEK293 cells via triple transfection with
three different sizes of single-stranded AAV genome containing
GFP consisting of 1.9, 3.4, and 4.9 kb (inverted terminal repeat
[ITR] to ITR). A small-scale custom design of experiments (DoE)
was performed on the 125-mL shake flask scale evaluating 15 different
transfection conditions for each genome size followed by large shake
flask production to be purified by affinity capture chromatography.
Three transfection conditions for each of the AAV2-GFP productions
were then purified by AEX chromatography to evaluate the effect of
the genome size and transfection condition on the charge-based
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separation of the full and empty capsids and the resulting enrichment
of full capsids by orthogonal methods. The thermostability of the
AEX-purified samples were analyzed by differential scanning fluo-
rimetry (DSF) with SBYR gold dye to determine the genome ejection
melting temperature (Tm1) and capsid melting temperature (Tm2). In
this study, genome ejection melting temperature was defined as the
maximum absorbance change (dA/dT) in the fluorescence intensity
curve.

RESULTS
Oversized GFP genome size decreases viral genome production

and encapsidation

Study 1 was a 6 factor, 3 to 4 level custom design DoE of 15 conditions
using 125 mL shake flasks, and 30 mL working volume for each of the
3 GFP genomes, for a total of 45 experiments. The DoE tested the
viable cell density (VCD) at transfection (2.00E+06, 2.50E+06,
3.00E+06, 4.00E+06 cells/mL); DNA amounts (1.0, 1.5, 2.0 mg/E+06
cells); pRep/Cap:pHelp:pGOI plasmid ratios (1–3:1–3:1-3, which
were then normalized relative to the pHelp plasmid ratio, making
the ratios 0.33–3.0:1:0.33–3.0), and polyethylenimine (PEI):DNA ra-
tios (0.75, 1.0, 1.25 mg/mg) as shown in Table S1. The viral genome
(vg) titer results for each GFP genome size (1.9, 3.4, and 4.9 kb) are
ordered by transfection condition tested in Figures S1–S3. The
average vg titer for GFP genomes 1.9, 3.4, and 4.9 kb are 1.73E+10,
1.47E+10, and 3.73E+09 vg/mL, respectively, and Figure 1A shows
that vg titer production of the 1.9 and 3.4 kb GFP genome sizes are
not significantly different from each other (p < 0.2599), but are
both significantly different from the 4.9 kb genome (p < 0.0001).

For study 2, 4 transfection conditions were chosen and scaled up to 3
L shake flask, 1 L working volume for each of the 3 GFP genome sizes
and then purified by affinity capture chromatography (Table S2).
Transfection condition 1 was based on the JMP software prediction
profiler as the optimal condition based on the results from study 1,
transfection condition 2 was the condition 13 from study 1 that
had the highest vg titer, transfection condition 3 was the same as
transfection condition 1 with the VCD set to 4.00E+06, and transfec-
tion condition 4 was the same as transfection condition 5 from study
1. The average purified vg yields for GFP genomes 1.9, 3.4, and 4.9 kb
are 6.43E+09, 7.37E+09, and 1.20E+09 vg/mL cell culture, respec-
tively (Figure S4). The average purified capsid (cp) yields are
2.40E+11, 3.25E+11, and 2.57E+11 cp/mL cell culture, respectively
(Figure S5). The average purified vg/cp ratio (%) for GFP genomes
1.9, 3.4, and 4.9 kb are 3.27%, 2.69%, and 0.75%, respectively (Fig-
ure S6). The results of the purified vg/cp ratio (%) by GFP genome
size for study 2 (Figure 1B) show that the 1.9 and 3.4 kb GFP genome
sizes are not significantly different from each other (p < 0.5133) but
are each significantly different from the 4.9 kb genome (p < 0.015
and p < 0.046, respectively).

AEX chromatography results

Three of the affinity capture chromatography–purified AAV2-GFP
conditions were purified by AEX chromatography using a linear
elution gradient (Table S3). The empty and full peak fractions
2 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
were collected based on their A280 and A260 absorbance spectra
of the chromatogram and tested for vg and cp titer. The AEX
chromatography mass balance results for each transfection condition
(1–3) and GFP genome size (1.9, 3.4, and 4.9 kb) are shown in Tables
S4–S9, showing high recovery and good orthogonality with the AEX
chromatograms shown in Figure 2. The conductivity (mS/cm) and
retention time (min) between the full and empty peaks for each
AEX experiment were measured based on the maxima of the A280
absorbance signal of the peaks (Tables S10 and S11). The change
in conductivity (Dconductivity) and retention time (Dt) and the
resolution between peaks (Rs) were calculated to be compared be-
tween the GFP genome size and the transfection condition per-
formed (Table 1). When comparing AEX Dt and Rs results across
multiple genome lengths (Figure S7), the triple transfection condi-
tion had a significant impact on the charge-based separation of the
full and empty capsid peak (p = 0.0007 and p < 0.0001, respectively)
compared to the GFP genome size (p = 0.9187 and 0.9997,
respectively).

AEX purified AAV2-GFP encapsidation results

All of the samples from the AEX experiments were concentrated us-
ing a 50-kDa molecular weight cutoff spin filter to perform UV/dy-
namic light scattering (DLS) and CD-MS quantitation. Each of the
full capsid peak samples were submitted for CD-MS to quantify the
mass distribution of empty, partial, full, and copackaged genomes.
An empty AAV2 sample with the average 5:5:50 composition of
VP1:2:3 is calculated to have a mass of approximately 3.75 MDa.
The expected mass of each GFP genome is 0.7, 1.19, and 1.68 MDa
for the 1.9, 3.4, and 4.9 kb GFP packaged genomes, respectively;
thus, the expected mass of a fully packaged AAV2-GFP sample
is known and compared to the mass distribution generated by
CD-MS. The CD-MS mass histogram results (Figure 3; Tables S12
and S20), and the charge versus mass scatterplot results (Figure S8)
show a wide distribution of empty, partial, full, and copackaged
AAV2 capsids, with the results summarized in Table 2. The samples
contained 2%–33% full-length genome, with the 4.9 kb GFP genome
productions containing more partial capsids than full capsids. The
average capsid aggregation (> 5.60MDa) was observed to increase be-
tween transfection conditions 1, 2, and 3 independent of GFP genome
size, with transfection condition 3 containing the most aggregation.
Based on the expanded CD-MS mass histogram (0–25 MDa) in Fig-
ure S9, the capsid aggregation was primarily attributed to empty
capsid dimer because the peak mass averaged 7.5 MDa since an
empty AAV2 capsid mass was 3.75 MDa. Aggregate masses indicated
negligible aggregation of the DNA-containing capsids. The full capsid
ratio (%) results by vg/cp titer ratio, UV/DLS, and CD-MS methods
of the AEX full peaks for each experiment are shown in Table 3.
The vg/cp full capsid ratio results are likely underreported when
compared to the UV/DLS and CD-MS results because the viral
genome titer measurement relies on targeting the GFP transgene,
which may be missing if there are significant truncations occurring
during genome packaging (which CD-MS is showing). The results
suggest that triple transfection of AAV2 with the 4.9 kb GFP
genome does not efficiently package the complete genome, with all
024



Figure 1. GFP genome size effect on AAV production and encapsidation

(A) One-way means and ANOVA analysis of the viral genome titer (vg/mL) by GFP genome size for study 1. A Student’s t test comparing each pair of GFP genome sizes is

shown at right. The vg titer production of the 1.9 and 3.4 kb genomes are not significantly different (p < 0.2599) but are both significantly different from the 4.9 kb genome (p <

0.0001). (B) One-waymeans and ANOVA analysis of the purified vg/cp ratio (%) by GFP genome size for study 2. A Student’s t test comparing each pair of GFP genome sizes

at right. The purified vg/cp ratio (%) of the 1.9 and 3.4 kb genomes are not significantly different from each other (p < 0.5133) but are each significantly different from the 4.9 kb

genome (p < 0.015 and p < 0.046 respectively).
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Figure 2. AEX chromatograms of AAV2-GFP purifications

(A) Transfection condition 1 AAV2-GFP 1.9 kb. (B) Transfection condition 1 AAV2-GFP 3.4 kb. (C) Transfection condition 1 AAV2-GFP 4.9 kb. (D) Transfection condition

2 AAV2-GFP 1.9 kb. (E) Transfection condition 2 AAV2-GFP 3.4 kb. (F) Transfection condition 2 AAV2-GFP 4.9 kb. (G) Transfection condition 3 AAV2-GFP 1.9 kb. (H)

Transfection condition 3 AAV2-GFP 3.4 kb. (I) Transfection condition 3 AAV2-GFP 4.9 kb.
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DNA-containing capsids having masses below that of a full 4.9 kb
genome (Figure S10). When evaluating different triple transfection
conditions for a single genome size, the AEX Rs trends with the
full capsid ratio by the orthogonal methods, but does not trend
when comparing different genome lengths with the same transfection
condition (Figure S11).

AEX peak CE-SDS-LIF capsid purity vs. transfection condition

The concentrated AAV2-GFP AEX full and empty capsid peak sam-
ples were tested by capillary electrophoresis with SDS using laser-
induced fluorescence (CE-SDS-LIF) for capsid protein purity (%) as
shown in Figure S12, with the results summarized in Tables 4 and
S21, respectively. CE-SDS-LIF reports any non-VP1/2/3 peaks as an
impurity, which may include low-molecular-weight degraded VP1/
2/3 proteins. The results suggest that the AEX empty capsid peak
has a higher capsid protein purity than the full capsid peak and
that the transfection condition affects the capsid protein purity of
the full capsid peak sample (Figure S13).

AAV2-GFP AEX full and empty capsid peak sample

thermostability

AAV2-GFPAEXchromatography full and empty capsid peak samples
were analyzed byDSF to generate a genome ejectionmelting curve and
static light scattering (SLS) 473 curve for severe aggregation (Figure 4).
The average genome ejection melting temperatures (Tm1, avg. and
Tm2, avg.) and average aggregation temperature (Tagg., avg.) are reported
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in Tables S22–S26, respectively. The full capsid peak samples had two
transition points for genome ejection (Figure 4A), with Tm1, avg. being
the ejection of the genome because the capsid unfolds before
completely unfolding followed by Tm2, avg. where the capsid
completely unfolds, releasing the remainder of the genome. The
Tagg., avg. (Figure 4B) closelymatches the Tm2, avg. because severe aggre-
gation begins once the capsid proteins have completely unfolded,
releasing the packaged genome. Since the empty capsid samples had
such a low vg titer, the fluorescence intensity decreases over the course
of the thermal ramp until the capsid breaks apart, resulting in only one
Tm, avg. value (Figure 4C). Thismatches the Tagg., avg. value (Figure 4D).
The average genome ejection melting temperature of the AAV2 full
capsid peak samples tested in this work was Tm1, avg. = 59.16�C ±

1.37�C. The average capsid melting temperature and average capsid
aggregation temperature for all of the AAV2 full capsid peak samples
tested in this study were Tm2, avg. = 69.60�C ± 0.36�C and Tagg., avg. =
69.23�C ± 0.59�C; for the empty capsid peak samples, they were
Tm, avg. = 71.02�C ± 0.88�C and Tagg., avg. = 69.44�C ± 0.71�C,
respectively.

DISCUSSION
The genome packaging limit of AAV capsids has been reported to be
�5.2 kb, and previous literature has observed genome truncations
during packaging that increase in abundance as the genome exceeds
the capsid packaging limit.13–17 The AAV production literature has
shown that AAV yields varied depending on the capsid serotype,
024



Table 1. AEX chromatography DConductivity, Dt retention time, and Rs

results for empty and full capsid peaks

Transfection
condition

Genome
size, kb

DConductivity
peaks, mS/cm

Dt retention
time peaks Rs peaks

1 1.9 2.24 2.67 0.93

3.4 2.53 3.05 0.98

4.9 2.49 2.99 0.93

2 1.9 2.48 1.96 0.54

3.4 2.52 2.03 0.54

4.9 2.36 2.05 0.56

3 1.9 1.97 2.39 0.76

3.4 1.78 2.21 0.72

4.9 1.99 2.45 0.74

The conductivity measurement (mS/cm) and retention time (min) at the A280 maxima
of the AEX chromatography for the AEX empty and full capsid peak and the difference
in conductivity (mS/cm), retention time (min), and peak resolution (Rs) calculated.
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ITR-ITR configuration (single stranded or self-complementary),
triple transfection plasmid ratios, host cell VCD at transfection,
total DNA charge, and the ratio of transfection reagent to total
DNA.18–22 The viral genome production and encapsidation results
from this work show that the single-stranded 4.9 kb GFP genome
did not efficiently package into AAV2 capsids as shown by the CD-
MS profiles (Figure 3) resulting in decreased viral genome production
(vg/mL), likely due to packaged genome truncations missing the GFP
transgene region being targeted by the PCR method (Figure 1). Pre-
viously reported literature on AAV genome packaging capacity
used AAV samples prepared by cesium chloride–based ultracentrifu-
gation, which biased the AAV genome sizing results by removing
AAV capsids that were less dense than the full capsid band that
may have contained truncated genomes, providing insight into the
AAV packaging limit but not the AAV packaging efficiency.13–17

The AAV2 from this work was purified using affinity capture chro-
matography followed by AEX chromatography for charge-based
separation.

The AEX chromatography results suggest that charge-based separa-
tion of full and empty AAV capsids is not in all cases necessarily
driven by the packaged genome, but rather is highly driven by
upstream production conditions likely due to other product
quality attributes (Figure 2). The CD-MS data in this study showed
that although the collected full peak from AEX chromatography
contains almost all of the viral genome by mass balance calcula-
tions (Tables S4–S6), it contains a heterogeneous mixture of pre-
dominantly empty capsids, followed by partially packaged, full-
length, and co-packaged DNA in the capsids (Figure 3; Table 2).
Orthogonal methods for quantifying the relative distribution of
AAV encapsidation have been compared in previous literature
such as sedimentation velocity analytical ultracentrifugation (sv-
AUC), CD-MS, cryoelectron microscopy, titer ratio, size-exclusion
chromatography-multiangle light scattering, SEC A260/A280, and
UV A260/A280, with sv-AUC and CD-MS described as the gold
Molecu
standard methods for characterization due to their accuracy and
ability to resolve partial genome containing AAV species, respec-
tively, which other methods currently do not.23 Advances in sv-
AUC computational methods have resulted in correlations between
the sedimentation coefficient and the packaged genome size.24 One
limitation of sv-AUC has been that partial species often get
resolved as a single or dual peak, which are calculated as an average
density of the species to then be correlated to a packaged genome
size. This work relied primarily on CD-MS because this method
can quantify the total mass distribution of the AAV sample across
0–25 MDa to show the entire distribution of partial genome–
containing AAV capsids and identify the mass of the packaged
genome.

The theory for charge-based separation of full and empty AAV cap-
sids has been that full genome–containing AAV capsids have a lower
pI than the empty AAV capsids due to the presence of negatively
charged DNA packaged inside and that this small difference in sur-
face charge is exploited during AEX chromatography.3,4 Accordingly,
a new theory is derived for the phenomena of charge-based separation
of full and empty AAV capsids that the surface charge differences ex-
ploited during AEX chromatography can be a result of different
capsid structures generated during AAV production. The AEX Rs be-
tween the full and empty peaks is highly driven by the transfection
condition across the different genome sizes tested, and increased res-
olution did not in all of the cases indicate increased encapsidation
when comparing the same transfection condition and AAV serotype
across different genome sizes (Table 1). The triple transfection condi-
tion was shown to affect AAV aggregation (Figures S8 and S9) and
capsid protein purity (Table 4) of the AEX full capsid peak across
the GFP genome sizes tested. When evaluating different transfection
conditions for AAV production, the dynamic binding capacity of the
AEX column to the AAV should be reexamined since the charge pro-
file of the heterogeneous AAV pool may shift the AEX chromatog-
raphy profile.

The transfection condition of the AAV2-GFP samples did not signif-
icantly affect the capsid melting temperature (Tm, avg. or Tagg., avg) as
expected based on the previous literature, which has shown that the
capsid melting temperature for the same AAV serotype is indepen-
dent of the sample preparation and presence/lack of packaged
genome.25 In the present work, the average genome ejection melting
temperature of the full capsid peak samples was Tm1, total avg. =
59.16�C ± 1.37�C, whereas the average capsid melting temperature
was Tm2, avg. = 69.60�C ± 0.36�C and Tagg., avg. = 69.23�C ± 0.59�C.
The results show a 10�C difference between capsid genome ejection
and complete capsid disassembly for AAV2 in this formulation tested.
The capsid melting temperatures for both the full and empty capsid
peak samples are well aligned with previously reported AAV2 capsid
melting temperatures of Tm = 69.6�C ± 0.5�C and Tm = 68.2�C ±

0.6�C.26,27 The previous literature on AAV2 capsid thermostability
has shown that AAV2 is one of the least stable serotypes, with a
genome ejection melting temperature Tm1 = 49.6�C when using a
formulation of PBS with 0.001% Pluronic-F68.28 The Tm1, avg. of
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 5
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Figure 3. CD-MS mass histogram results for AAV2-GFP AEX chromatography full capsid peaks

(A) Transfection condition 1 AAV2-GFP 1.9 kb. (B) Transfection condition 1 AAV2-GFP 3.4 kb. (C) Transfection condition 1 AAV2-GFP 4.9 kb. (D) Transfection condition

2 AAV2-GFP 1.9 kb. (E) Transfection condition 2 AAV2-GFP 3.4 kb. (F) Transfection condition 2 AAV2-GFP 4.9 kb. (G) Transfection condition 3 AAV2-GFP 1.9 kb. (H)

Transfection condition 3 AAV2-GFP 3.4 kb. (I) Transfection condition 3 AAV2-GFP 4.9 kb.
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the AAV2 samples in this study were �10�C higher, which may be
due to the formulation containing surfactant. Previous studies exam-
ining AAV2 thermostability and genome ejection as a function of
packaged genome length showed an inverse relationship such that
larger genome sizes had less thermostability based on decreased
genome ejection melting temperature, Tm.

29 This previous study
used a formulation of only PBS buffer without any surfactants, which
are typically added in protein formulations for improved thermosta-
bility. This previous study also defined the genome ejection melting
temperature as the temperature at which 50% of the AAV genomes
have been ejected from the capsids based on the fluorescence signal;
thus, the genome ejection melting temperatures from this study could
not be compared since in this study genome ejection melting temper-
ature was defined as the maximum absorbance change (dA/dT) in the
fluorescence intensity curve, resulting in two melting temperatures
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
(Tm1 and Tm2). These data suggest that variable encapsidation in
the AAV samples, as determined by CD-MS, did not significantly
affect the genome ejection melting temperature (Tm1) under this
sample formulation containing surfactant. The Tm1 and Tm2 observed
in this study aligned with the kinetic model for genome uncoating
proposed by Bernaud et al. showing a two-step single-stranded
DNA (ssDNA) ejection behavior.30 In the proposed model, the first
step of genome ejection begins with a small length of the ssDNA ex-
iting the intact capsid, with the full ejection being hindered by an en-
ergetic barrier. Once this second energy barrier is overcome as the
temperature increases, then the complete ejection of the ssDNA oc-
curs. This aligns with Tm1 being the melting temperature of the
ssDNA ejection of the intact capsid since it occurs �10�C before
the capsid completely disassembles, as observed by the Tm2 and
Tagg. These results suggest that AAV sample formulation can be
024



Table 2. Summarized CD-MS results of AAV2-GFP AEX full capsid peak samples

Transfection condition Genome size, kb Low MW, % Empty capsid, % Partial capsid, % Full capsid, % Copackaged capsid, % High MW, %

1 1.9 0.2 55.5 1.0 30.4 11.2 1.7

3.4 0.1 59.2 3.8 33.2 1.6 2.2

4.9 0.0 75.8 15.4 6.5 0.0 2.3

2 1.9 2.6 65.8 3.5 14.3 6.5 7.4

3.4 1.3 69.6 10.1 9.6 0.6 8.8

4.9 1.2 74.8 12.0 2.1 0.0 9.8

3 1.9 2.9 34.1 1.5 23.1 15.6 22.9

3.4 2.1 32.8 5.0 32.5 1.6 26.1

4.9 2.3 50.3 20.5 5.0 0.0 21.9

CD-MS results of the AAV2-GFP samples showing the distribution of low-molecular-weight (MW) species, empty capsid, partial capsid, full capsid, copackaged capsid, and high-
molecular-weight species.
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optimized to increase AAV thermostability regardless of the extent of
packaging.
MATERIALS AND METHODS
Plasmid constructs

A cytomegalovirus-GFP AAV genome plasmid (1.9 kb ITR-ITR
length) was obtained from Sarepta Therapeutics (Burlington, MA).
The parent genome plasmid was sent to ATUM (Newark, CA), which
generated two plasmid clones each with an �1.5 and 3.0 kb stuffer
added inside the ITR-ITR region, respectively. The three plasmids
were then sent to Aldevron (Fargo, ND) for plasmid production.
The AAV2 rep/cap plasmid (pRep/Cap) used was pALD-AAV2
and the helper plasmid (pHelp) used was pALD-X80 (both by Aldev-
ron). The ITR-ITR length of the plasmids are 1.9, 3.4, and 4.9 kb,
respectively. The three genome of interest plasmids (pGOI) were
analyzed by Aldevron and passed the quality control analysis for
DNA homogeneity (predominantly supercoiled), identity, purity
(based on A260/A280 absorbance ratio), residual host genomic
Table 3. Summarized full capsid ratio results from orthogonal methods for

AAV2-GFP AEX full capsid peak samples

Transfection condition Genome size, kb vg/cp, % UV/DLS, % CD-MS, %

1 1.9 11.57 27.04 30.40

3.4 12.28 22.86 33.20

4.9 3.76 5.49 6.50

2 1.9 5.69 12.88 14.30

3.4 6.15 8.61 9.60

4.9 1.64 2.87 2.10

3 1.9 10.12 22.60 23.10

3.4 9.34 16.35 32.50

4.9 1.35 4.05 5.00

The full capsid ratio (%) results for each AAV2-GFP AEX full capsid peak sample by
vg/cp, UV/DLS, and CD-MS (%).

Molecu
DNA, and restriction digestion matching the expected banding
pattern.

Transfection reagent

The transfection reagent and cell culture medium used for preparing
the transfection mix for all AAV2-GFP productions used procedures
similar to those described in the literature.19–22,31

Suspension adapted HEK293 cell culture

The first part of the study consisting of a DoE of 15 experiments for
each GFP genome was performed in Corning 125 mL polycarbonate
Erlenmeyer shake flasks (Corning Life Science, Tewksbury, MA) with
a 30 mL working volume. The second part of the study, consisting of 4
experiments for each GFP genome, was performed in Corning 3-L
polycarbonate Erlenmeyer shake flasks (Corning Life Science) with
a 1 L working volume. The cell culture followed standard conditions
of 37�C incubation with R 80% relative humidity and 8% CO2 on
an orbital shaker platform. The VCD measurements were taken
using the Vi-CELL XR Cell Viability Analyzer (Beckman Coulter,
Brea, CA).

AAV production protocol

Suspension HEK293 cells were seeded into shake flasks and trans-
fected once the target VCD at transfection was achieved within
24–48 h of cell growth. The transfection complex mix would be 5%
of the total working volume of the cell culture and would be prepared
by first adding the appropriate quantity of the three plasmids into the
medium, mixing the solution, and then adding the appropriate quan-
tity of transfection reagent; briefly vortexing the solution; and then
incubating the transfection mix at room temperature for 30 min at
rest. The transfection mix would then be added to the cell culture
while shaking the flask. The cell culture would be harvested 72 h post-
transfection and would be lysed by adding a chemical lysing solution
with incubation for 2 h and then spun down using a centrifuge at
4,500 rpm for 2 min. The supernatant would be sampled and the
cell pellet discarded. The mass quantity of each plasmid added was
calculated based on the plasmid molar ratios of the experiment, the
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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Table 4. The CE-SDS-LIF capsid purity results for the AAV2-GFP AEX full

capsid peak samples

Transfection
condition

Genome
size, kb VP1 area, % VP2 area, % VP3 area, %

Full capsid
purity, %

1 1.9 15 13 68 96.1

3.4 16 14 67 96.6

4.9 13 13 71 96.3

2 1.9 12 11 71 93.9

3.4 13 10 70 92.6

4.9 14 10 71 95.5

3 1.9 15 15 65 94.4

3.4 12 13 68 92.5

4.9 12 13 66 91.1

The area under the curve of the electropherogram of the VP1, VP2, and VP3 peaks were
added and the remaining low molecular peaks considered degraded VP impurities.
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molecular weight of each plasmid, the DNA concentration (mg DNA/
E+06 cells), and the VCD. The mass quantity of transfection reagent
was calculated based on the mass ratio of PEI:DNA (mg/mg) and the
total mass quantity of DNA being added for the transfection condi-
tion. This AAV production procedure was similar to those described
in the literature.19–22,31

Viral genome titer quantitation

The vg titer quantitation of centrifuged AAV cell culture supernatant
and affinity capture chromatography purified AAV samples was
tested by performing digital droplet PCR (ddPCR) following the
BIO-RAD Bulletin 7407 AAV ddPCR protocol and previously
described methods.32 The following probes and primers were used:
GFP probe sequence, 5’-HEX-CC TGA GCA A-ZEN-A GAC CCC
AAC GAG AA-3’-IABkFQ; GFP forward primer, 5’-GACAACCAC-
TACCTGAGCAC-3’; and GFP reverse primer, 5’-CAGGAC-
CATGTGATCGCG-3’. Negative controls were performed using
buffer blanks.

Capsid titer quantitation

The cp titer quantitation of affinity capture chromatography–
purified AAV samples was performed using the Sartorius Octet
system using biolayer interferometry following the Sartorius Octet
AAV2 Quantitation Application Note.33 The standard curve was
performed using the AAV2 reference standard by the American
Type Culture Collection (catalog no. VR-1616). Negative controls
were performed using buffer blanks. Cell culture supernatant
samples had matrix effects that did not allow for capsid octet
quantitation.

Affinity capture chromatography purified AAV2-GFP

AAV2-GFP was produced using suspension-adapted HEK293 cells
in a 3 L shake flask with 1 L working volume for each GFP genome
size (1.9, 3.4, and 4.9 kb) for 3 separate transfection conditions.
The frozen cell culture harvest was thawed, 0.45-mm bottle top
filtered using a vacuum, and then loaded onto a 5 mL AAVX
8 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
Pre-Packed column at a flow rate of 5 mL/min (1-min residence
time). All of the affinity capture chromatography experiments
used POROS GoPure AAVX Pre-Packed 5-mL columns (Thermo
Fisher Scientific, Bedford, MA). The affinity capture chromatog-
raphy experiments were performed using an AKTA Pure 25
system (Cytiva, Marlborough, MA) connected to a fraction collec-
tor. The affinity capture chromatography step would first be
a 5 column volume (CV) wash with equilibration buffer, followed
by loading, a 5 CV wash with equilibration buffer, and then elution
with 5 CV of elution buffer similar to those described in the liter-
ature.7 The eluate would then be titrated to pH 8 and sampled.

AEX

AEX chromatography column, buffers, and method were similar to
those described in the literature.3,5–7 All of the experiments were
performed using an AKTA Pure 25 system (Cytiva) connected to
a fraction collector. The affinity-purified AAV2-GFP samples
were prepared and loaded onto the AEX column at a capsid
load ranging from 4.6E+13 to 4.6E+14 cp/mL. The column
was then chased with 5 CV of equilibration buffer. The column
would then be washed with a linear gradient of equilibration buffer
and salt elution buffer for full to empty (F/E) AAV capsid separa-
tion. The column eluate was collected in 1 mL column fractions
using a 96 deep well plate and pooled based on the UV A260/
A280 ratios of the chromatogram, with the eluted empty capsids
having an absorbance peak with A260/A280 < 1 and the full-
genome–containing capsids having an absorbance peak with
A260/A280 > 1. All of the chromatography steps were performed
at 5 CV/min in the downflow direction at ambient temperature.
The conductivity values and elution times taken of the peaks
from each AEX experiment are the respective values at the A280
peak maxima value.

UV/DLS AAV full/empty ratio quantitation

The Stunner instrument by Unchained Labs (Brighton, MA) quan-
tifies the F/E ratio of AAV samples by measuring UV-visible spec-
troscopy, DLS, and user inputs of the expected packaged genome
length and amino acid sequence of the specific AAV serotype of
the sample to calculate the vg titer, cp titer, and F/E ratio using
its AAV Quant software. Since the lower limits of detection
(LLOD) are 1E+12 vg/mL and 2E+12 cp/mL according to Yang
et al., the AAV2-GFP samples generated were concentrated using
Millipore Amicon 50 kDa molecular weight cutoff spin filters
(MilliporeSigma, Bedford, MA) to titers above the Stunner LLOD
to quantify the F/E ratio.34 Samples were then also submitted for
CD-MS to Megadalton Solutions for analysis.

CD-MS

All of the samples were stored at�80�C before analysis. AAV samples
were thawed on ice before buffer exchange into 200 mM ammonium
acetate (Invitrogen, AM9070G) using desalting spin columns
(Bio-Rad, 7326228). The exchanged samples were then stored at
4�C in a commercial Triversa Nanomate (Advion, A Chip) electro-
spray source. Samples were measured by a research-grade CD-MS
024



Figure 4. Genome ejection melting curves and SLS 473 intensity curve for AEX full and empty capsid peak samples

(A) The genome ejection melting curve (blue) based on fluorescent intensity of SYBR Gold bound to DNA for condition 1 AAV2-GFP AEX full capsid peak 1.9 kb sample. The

differential (red) is graphed as well to show the maxima, which would be the melting temperature, Tm. Tm1, avg. = 59.83�C and Tm2, avg. = 69.53�C. (B) The SLS 473 intensity

curve (blue) showing aggregation of the condition 1 AAV2-GFP AEX full capsid peak 1.9 kb sample. Tagg., avg. = 71.78�C. (C) The genome ejectionmelting curve (yellow) based

on fluorescent intensity of SYBR Gold bound to DNA for condition 1 AAV2-GFP AEX empty capsid peak 1.9 kb sample. The differential (red) is graphed as well to show the

maxima, which would be the melting temperature, Tm. Tm, avg. = 71.93�C. (D) The SLS473 intensity curve (yellow) showing aggregation of the condition 1 AAV2-GFP AEX

empty capsid peak 1.9-kb sample. Tagg., avg. = 69.99�C.

www.moleculartherapy.org
instrument with components described previously.35–37 The mass of
each AAV ion is determined by simultaneous measurement of m/z
and z to allow for a direct calculation of mass. All of the experiments
were measured with an ion energy of 100 eV/z and a trapping time of
100 ms to give a charge uncertainty of �1e. Each CD-MS mass spec-
trum was collected to have over 5,000 AAV capsid ions. Data were in-
terpreted by binning single ion measurements into histograms with
10,000-Da bins. All of the masses were assigned with Gaussian peak
fits in OriginPro.

Capsid protein purity quantitation

AAV capsid protein quantitation was performed using a CE-SDS-LIF
method with the PA800 Plus Biologics Analysis System by SCIEX
following the SCIEX Technical Note: Purity Analysis of AAV Capsid
Proteins using CE-LIF Technology.
Molecu
DoE study design, statistical analysis, and modeling

All of the statistical analyses were performed using JMP version
14.0.0. Experimental results were statistically analyzed by ANOVA
and fitting the data to a standard least squares model and calculating
the summary of fit and parameter estimates for significance with
p < 0.05. The factors in the custom DoE generated in the small shake
flask study were set discrete variables to keep the total number of
small-scale experiments to 45 runs due to material constraints. Using
a 6-factor response surface design DoE would require a minimum of
46 runs with a central composite design, which for each GFP genome
would total 138 runs.
DSF for AAV thermostability

DSF experiments were performed using the UNcle instrument (Un-
chained Labs) which is a multimodal thermostability platform with
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 9
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3 detection methods consisting of full-spectrum fluorescence, SLS,
and DLS to quickly profile viral thermostability using temperature
control (15�C–95�C). The application note by Unchained Labs de-
scribes the method to study the thermostability of an AAV sample
with a minimum vg titer of 5E+11 vg/mL using SYBR Gold dye–
based fluorescence.28
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