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Adeno-associated virus (AAV) vectors, which contain a DNA
transgene packaged into a protein capsid, have shown tremen-
dous therapeutic potential in recent years. An inherent charac-
teristic of the manufacturing process is production of empty
capsids that lack the transgene and are therefore unable to
provide the intended therapeutic benefit. The effect of empty
capsids on clinical outcomes is not well understood, but there
are immunogenicity and efficacy concerns, and these empty
capsids are considered a product-related impurity. Therefore,
empty capsids should be controlled during the manufacturing
process and monitored through analytical testing, but there
are limited techniques available that are capable of quantifying
capsid content and even fewer that are amenable to validation
and implementation as registered release tests in a regulated
environment. In addition, there is currently not a widely
accepted gold standard technique for quantifying capsid con-
tent, and the understanding of how the results compare between
different orthogonal technologies is limited. The current study
utilizes a comprehensive assessment to evaluate diverse analyt-
ical techniques for their ability to quantitate capsid content.

INTRODUCTION
Adeno-associated viruses (AAVs) have emerged as vectors of choice
for gene therapy clinical trials because of their long-term expression
and lack of pathogenicity in humans.1 As a testament to the increased
interest in and promise of AAV-based gene therapy products, the US
Food and Drug Administration (FDA) has received a surge in the
number of investigational new drug (IND) applications in recent
years. In December 2017, they approved the first gene therapy prod-
uct, Luxturna, for RPE-65-related inherited retinal diseases.2

Although there are different processes for manufacturing AAV vec-
tors, a common method is through plasmid DNA transfection of
human embryonic kidney 293 (HEK293) cells using a vector
construct plasmid containing the gene of interest and helper plas-
mid(s) containing the Ad5 genes and the AAV Rep and Cap genes.3

The expressed forms of the Rep gene are necessary for genome repli-
cation and packaging, and the Cap gene is required for expression of
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three viral capsid proteins (VP1, VP2, and VP3) that form the AAV
protein capsid. The AAV wild-type virus consists of a single-stranded
DNA genome up to 4.8 kb in size that is flanked by inverted terminal
repeats (ITRs), and this genome is encapsidated within a protein shell
that is assembled from 60 proteins at a molar VP1:VP2:VP3 ratio of
approximately 1:1:10.4

An inherent characteristic of the AAV manufacturing process is pro-
duction of capsids that are not packaged with the therapeutic trans-
gene and are therefore referred to as empty capsids. In general, up
to 95% of the capsids produced upstream in the cell culture may be
empty capsids, and this percentage has been shown to vary signifi-
cantly between independent vector preparations.5 In its natural life
cycle, wild-type AAVs have also been shown to produce a large pro-
portion of empty capsids.6 The clinical effect of these empty capsids is
not well understood, but it has been suggested that there could be
elevated immune responses to high concentrations of viral particles
and potential impairment of potency through receptor competition.
Empty capsids are unable to provide the intended therapeutic benefit
and are therefore considered to be a product-related impurity.7,8 In
addition to empty capsids, a heterogeneous population of partially-
filled (or intermediate) capsids may also be produced during the
manufacturing process, containing packaged process-related impu-
rities or truncated genomes.7,9 Therefore, it is essential to have analyt-
ical techniques that are capable of providing information regarding
the content distribution of AAV capsids, referred to here simply as
capsid content.

Several studies have evaluated analytical methods, individually or in
tandem, for their ability to assess capsid content. Sommer et al.10

demonstrated the ability to use ultraviolet (UV) absorbance, specif-
ically the A260/A280 ratio, which performs comparably to the ratio
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Figure 1. AUC Distribution plots for selected prepared spike ratio samples

(A) An overlay of AAV c(s) distribution plots from A260 and A280 Abs for empty, in-

termediate, and full capsids. (B) An overlay of AAV c(s) distribution plots from

interference data for selected spike ratios ranging from 0% empty to 100% empty

capsids. The profiles are color coded according to the key on the plot.
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obtained from the independent capsid titer and genome titer assays.
McIntosh et al.11 detailed the use of size exclusion chromatography
coupled to multiangle light scattering (SEC-MALS) to characterize
capsid content in addition to other quality attributes. Density-based
separation by analytical ultracentrifugation (AUC) has also been em-
ployed successfully to resolve empty, intermediate, and full capsids
and to quantitate the approximate levels of each population.12 Subra-
manian et al.13 utilized a 2D and 3D classification process to visually
identify and quantify empty, intermediate, and full capsids by cryoe-
lectron microscopy (cryo-EM) and correlated the results to AUC. Us-
ing a mass-based separation of single intact capsids, Pierson et al.14

successfully performed charge detection mass spectrometry
(CDMS) to discriminate between empty, intermediate, and full cap-
sids and generated data consistent with transmission electron micro-
scopy (TEM).14 Other laboratories have demonstrated the ability to
use charge-based chromatographic separation based on differences
in empty and full capsids to quantitate the empty-to-full capsid ra-
tio.15,16 In one instance, Fu et al.17 developed a charge-based chroma-
tography assay to quantify the empty-to-full capsid ratio and showed
good comparability with AUC and TEM. The current study provides
a controlled, comprehensive assessment of these orthogonal tech-
niques with the goals of establishing a gold standard technique for
capsid content quantification and developing a robust analytical con-
trol strategy for product release and characterization.
Molecular The
RESULTS
AUC-SV

AUC sedimentation velocity (AUC-SV) can be used to analyze capsid
content through the difference in buoyant density between empty and
full capsids. Figure 1A shows a representative overlay of the c(s) dis-
tribution plots derived fromA260 and A280 absorbance scans as well as
the average sedimentation coefficients and A260/A280 ratios. Full cap-
sids have a greater buoyant density than empty capsids and, therefore,
sediment more quickly through solution. Full capsids have a sedimen-
tation coefficient c(s) of approximately 105 s, whereas empty capsids
have s values of approximately 66 s. Because the nucleic acid content
of the capsid has a profound influence on the A260 and A280 absor-
bance data, the resulting A260/A280 ratio for each species in the c(s)
plot of the absorbance data can be used to support the identification
of peaks in the c(s) plot. The A260/A280 ratio is obtained by integrating
the peak area of individual species in the c(s) plot at both wavelengths
and dividing the A260 measurement by the A280 measurement. As
shown in Figure 1A, full and empty capsids have ratios of 1.39 and
0.59, respectively. These data are consistent with the A260/A280 ratio
of the CsCl-enriched full and empty capsids determined spectropho-
tometrically and chromatographically, as illustrated in Table 1. An
additional population of partially full capsids appears as multiple spe-
cies with intermediate s values that range between 70–95 s and an
average intermediate A260/A280 ratio of 1.12 (Figure 1A).

Figure 1B shows select representative c(s) profiles from interference
data for several prepared spike samples with variable capsid content.
The interference data are used for quantitative analysis of the empty,
intermediate, and full capsid distribution because the refractive index
(RI) increment (dn/dc) is not significantly different between the
different capsid species. Empty capsids have a dn/dc value of about
0.185, and full capsids have a predicted dn/dc value of about 0.181.
The 2% difference in dn/dc value is within the typical variability of
the method. Results for the prepared spike ratio samples are provided
in Table 1. There is excellent agreement between the expected and the
measured percentages of empty capsids determined by AUC. These
results demonstrate that AUC is a powerful tool for direct quantita-
tion of capsid content with an additional advantage of resolving inter-
mediate capsids.
CDMS

CDMS can be used to analyze capsid content through the differences
in charge andmass between empty and full capsids. CDMS is a single-
capsid technique where the mass-to-charge ratio (m/z) and charge (z)
are measured simultaneously and then multiplied to yield the mass of
each ion.14,18–24 Measurements are performed for thousands of ions,
and the results are then binned to yield a mass spectrum. The
detection efficiency is proportional to (m/z)1/2 and so each ion is
weighted by (m/z)�1/2 to compensate when using CDMS for relative
quantitation.

Figure 2 shows CDMS spectra measured for selected spike ratio
samples ranging from 0%–100% empty capsids. There are two
rapy: Methods & Clinical Development Vol. 23 December 2021 255
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Table 1. Data summary of capsid content determined by all orthogonal techniques assessed in comparison with the theoretical percentage of empty

capsids in 11 prepared spike ratio samples across the empty-to-full capsid ratio range

Theoretical
% empty

% empty
by AUC

% empty
by CDMS

% empty by
cryo-EM

% empty by
titer ratio

% empty by
SEC-MALS

SEC
A260/A280

UV
A260/A280

100% 100% 100% 99% 100% 100% 0.58 0.58

91% 92% 91% 98% 93% 96% 0.76 0.75

83% 85% 84% 95% 87% 90% 0.87 0.86

80% 82% 79% 93% 88% 87% 0.91 0.90

75% 76% 78% 92% 85% 81% 0.97 0.95

67% 69% 68% 85% 76% 75% 1.06 1.03

50% 55% 49% 74% 64% 58% 1.17 1.16

33% 41% 38% 67% 47% 40% 1.27 1.26

20% 23% 18% 51% 36% 24% 1.32 1.32

9% 10% 8% 34% 25% 9% 1.36 1.36

0% 3% 0% 14% 15% 0% 1.39 1.39
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prominent peaks at around 3.8 MDa and 5.3 MDa that are attrib-
uted to empty and full capsids, respectively. Figure 2B shows
CDMS spectra for the 100% empty and 0% empty samples with
an expanded vertical scale. These data also confirm efficient
enrichment of capsids in the starting material, showing almost
entirely empty capsids in the 100% empty sample (black spectrum)
and undetectable levels of empty capsids in the 0% empty sample
(pink spectrum). For the 0% empty sample, there is significant in-
tensity at around 4.9 MDa, which is smaller than the expected
mass of the full capsid. This species is likely due to the presence
of intermediate capsids. There is virtually no intensity at interme-
diate masses for the 100% empty sample (black spectrum), suggest-
ing that the intermediate capsids are primarily co-purified with the
full capsids.

The peaks for the 0% empty and 100% empty samples in Figure 2A
have different amplitudes. This is partly due to the intermediate in-
tensity (which amounts to around 6% for the 0% empty sample)
and partly due to the inherent heterogeneity of the 0% empty
peak being slightly broader than the 100% empty peak. Additional
spike ratios are plotted in Figure 2A to demonstrate the feasibility
of using CDMS to quantify the fraction of empty capsids. To pro-
cess the data for relative quantitation, empty capsids were defined
by the mass range between 3.5 and 4.0 MDa, and full capsids
were defined by the mass range between 4.0 and 5.5 MDa (interme-
diate capsids are included with full capsids, as indicated in Fig-
ure 2B). Relative quantitation was performed by dividing the
integrated intensity of the empty capsids by the sum of the inte-
grated intensities of the full and empty capsids. Results for the 11
prepared spike ratio samples are shown in Table 1. There is excel-
lent agreement between the theoretical spike sample percentages
and the percentages of empty capsids detected by CDMS. These re-
sults indicate that CDMS is a valuable tool for quantitation of capsid
content, and it can also be used to gain information about the mass
population of intermediate capsids.
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Cryo-EM

Cryo-EM can be used to determine capsid content by distinguishing
empty and full capsids through image density analysis. Cryo-EM, as
opposed to negative-stain TEM, was included in this study because
it removes the variability introduced by inconsistent staining of cap-
sids across the grid as well as potential artifacts associated with the
precipitation of the stain. As shown in Figure 3A, full capsids display
an inner density with no distinct boundary between the shell and core
of the capsid, whereas empty capsids display a distinct outer shell and
minute internal density. Principal-component analysis of each AAV
capsid’s radial density profile reveals a separable clusters plot
corresponding to the level of packaging, with packaging statistics
(Figure 3B) showing the relative abundance of each distinct popula-
tion from multiple images of more than 1,000 total capsids. Results
for the 11 prepared spike ratio samples are shown in Table 1. There
is an overestimation of empty capsids in comparison with the ex-
pected percentage of empty capsids across the empty-to-full capsid
ratio range.

A260/A280 ratio

UV absorbance can distinguish between capsids containing packaged
DNA and empty capsids based on the intrinsic chromophore absorp-
tion characteristics of DNA and proteins. DNA has a maximum
absorbance at 260 nm because of the aromatic nitrogen rings in its
structure, and proteins have a maximum absorbance at 280 nm
because of the aromatic residues in the peptide sequence. Utilizing
these absorbance characteristics, a capsid content ratio can be calcu-
lated from the primary absorbance of the vector genome at 260 nm
and the capsid proteins at 280 nm. Because of the significant interfer-
ence absorbance of DNA at 280 nm, data acquired from direct mea-
surement techniques (i.e., AUC, CDMS) are required to appropriately
interpret the A260/A280 ratio.

The A260/A280 method can be performed spectrophotometrically
(UV A260/A280) and chromatographically (SEC A260/A280). Using a
ber 2021



Figure 2. Normalized CDMS spectra for selected

spike ratios

The spectra are plotted using 20-kDa bins. (A) CDMS

spectra measured for selected spike ratios ranging from

0% empty to 100% empty. The spectra are color coded

according to the key given on the right of the plot. (B)

CDMS spectra for the 100% empty capsid (black) and 0%

empty capsid (pink) with an expanded vertical scale. There

are capsids associated with the 0% empty capsid sample

that have masses between the peaks attributed to the

empty and full capsids.
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spectrophotometer, the UV A260/A280 ratio is calculated by subtract-
ing A320 from A260 and A280 as a scatter correction and then dividing
A260 by A280. Using SEC, AAV capsids elute as a single peak under
isocratic conditions regardless of capsid content. Chromatograms of
AAV capsids are collected at multiple wavelengths, and the peak
area ratio is determined by dividing the capsid peak area at 260 nm
by the capsid peak area at 280 nm. Both A260/A280 ratio methods
exhibit excellent agreement between each other across the empty-
to-full capsid ratio range (Table 1). The enriched empty sample has
a ratio of approximately 0.58, whereas the enriched full sample has
a ratio of approximately 1.39. These A260/A280 ratios demonstrate
excellent agreement with the A260/A280 ratios for empty and full cap-
sids determined by AUC, which are 0.59 and 1.39, respectively, in Fig-
ure 1A. UV A260/A280 ratio and SEC A260/A280 ratio measurements
for the 11 prepared spike ratio samples are shown in Table 1. Both
A260/A280 ratio curves are nonlinear, but a correlation plot between
the A260/A280 ratio and the percentage of empty capsids calculated
by a suitable direct measurement technique can be used to interpolate
a percent empty capsid result from the A260/A280 ratio value
(Figure 4).

SEC with UV, MALS and RI

SEC-MALS can be used to determine capsid content by distinguish-
ing the protein and nucleic acid contribution of the AAV capsid for
molar mass and eluted mass. The dn/dc values are well known for
the respective class of molecules, and the extinction coefficients
used for the AAV capsid and DNA at UV260 were provided by Wyatt
Technology based upon empirical determination for AAV samples.
These values are used in the ASTRA Protein Conjugate Analysis
module to calculate the contribution of each component with respect
to molar mass (MDa) and eluted mass (mg). Molar masses measured
from the 0% empty sample include total mass, protein capsid mass,
and DNA mass, calculated as 5.0 MDa, 3.7 MDa, and 1.3 MDa,
respectively. Molar masses measured from the 100% empty sample
include total mass (i.e., protein capsid mass), calculated as 3.8 MDa
(Figure 5). These calculated mass values agree with the theoretical
values based on the protein and DNA sequences and the structure
of the AAV capsid; the results also align with themass values obtained
by CDMS. The Protein Conjugate Analysis module can also combine
the eluted mass with molar mass to calculate quality attributes such as
capsid titer and capsid content.
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Total capsid concentration is determined using Equation 1:

CAAV = mP � NA

��
MCapsid � y

�
; (Equation 1)

where CAAV is the total capsid concentration, mP is the total eluted
protein mass, NA is Avogadro’s number,MCapsid is the capsid’s molar
mass, and y is the injected volume of the test sample. For the enriched
empty and full samples used in this study, the total capsid concentra-
tion values, as determined by SEC-MALS, are 4.89E13 capsids/mL
and 3.61E13 capsids/mL, respectively. The concentration of full
capsids is determined using Equation 2:

Cfull = mDNA � NA

�ðMFull � yÞ; (Equation 2)

where Cfull is the full capsid concentration, mDNA is the total eluted
DNA mass, NA is Avogadro’s number, MFull is the encapsidated
DNA’s molar mass, and y is the injected volume of the test sample.
After determining the total and full capsid concentrations, the con-
centration of empty capsids is determined using Equation 3,

Cempty = CAAV � Cfull: (Equation 3)

Capsid content is calculated using the CAAV and Cempty values, where
the percentage of empty capsids is determined using Equation 4:

% Empty = Cempty = CAAV x 100%: (Equation 4)

Results for the 11 prepared spike ratio samples are shown in Table 1.
There is good agreement between the theoretical spike sample per-
centages and the percentages of empty capsids quantified by SEC-
MALS. These results demonstrate that SEC-MALS is a promising
technique for determination of capsid content.
Capsid titer-to-genome titer ratio

The capsid titer-to-genome titer ratio method can be used to deter-
mine capsid content by distinguishing empty and full capsids through
independent capsid and genome titer measurements. Capsid titer is
quantified by SEC, and genome titer is determined by qPCR; the per-
centage of empty capsids for each test sample was calculated using the

equation 100 O Capsid titer
Genome titer . Results for the 11 prepared spike ratio

samples are shown in Table 1. There is an overestimation of empty
rapy: Methods & Clinical Development Vol. 23 December 2021 257
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Figure 3. Cryo-EM analysis of 50% empty spike sample

(A) Cryo-EM for the 50% empty AAV capsid sample shown at 38,000� magnifi-

cation, where the approximate capsid diameter is measured to be 22 nm. Repre-

sentative images are shown for “empty” and “full” capsids in the top left panel.

“Empty” capsids display a distinct outer shell and minute internal density, whereas

“full” capsids have an inner density with no distinct boundary between the shell and

core. (B) Packaging statistics for the sample imaged in Figure 3A, after images

undergo capsid detection and classification by internal density analysis. Radial

density profiles of sample capsids showed two major classes of capsid packaging.

Figure 4. Correlation plot between AUC-SV and SEC A260/A280 ratio for

spike ratios ranging from 0% empty to 100% empty capsids, which can be

used to interpolate a percent empty capsid result from the A260/A280 ratio

value
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capsids in comparison with the expected percentage of empty capsids
across most of the empty-to-full capsid ratio range.

DISCUSSION
In the current study, several analytical techniques were assessed for
their ability to quantitate capsid content using a well-controlled prep-
aration of spike ratio samples. Other analytical techniques have also
demonstrated this capability but were not included in this study.
For example, several publications have demonstrated the ability to
use charge-based chromatographic separation for determining capsid
content,15,16 but this approach appears to be serotype specific and
could not be applied in this study for the proprietary serotype (data
not shown). All of the techniques evaluated in the current study
were tested successfully across at least three unique AAV serotypes
(data not shown). It is important to note that the conclusions drawn
from the assessment of these techniques remain robust and consistent
across multiple materials tested to date, including variations in AAV
serotypes, genome lengths, and differential placement of the ampli-
con used for viral genome titration. With this knowledge, we find
258 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
these conclusions to be a reproducible assessment and not necessarily
affected by typical analytical variations, but careful consideration
should be given to each particular program when implementing a
particle content testing strategy. Although some methods performed
better than others, the experimental results from each analytical tech-
nique overall trended relatively well with the theoretical percentages
of empty capsids, as illustrated in Figure 6. The experimental results
for AUC, CDMS, SEC-MALS, and titer ratio were analyzed using a
linear best fit line; however, the SEC A260/A280 ratio, UV A260/A280

ratio, and cryo-EM results were best fit using a polynomial curve.

AUC and CDMS quantify the expected capsid content with high ac-
curacy relative to the theoretical spiked levels (Table 1; Figure 6)
and therefore are considered to be gold standard methods from a
characterization perspective. In addition to quantification of capsid
content, both techniques have additional utilities. For example,
AUC is able to report the A260/A280 ratios for individual species
across the sedimentation profile, which can provide orthogonal sup-
portive data to the spectrophotometric and chromatographic ratio
measurements as well as potentially provide insight regarding the
capsid content of the intermediate species. In our experience, the
A260/A280 ratios for enriched empty and full capsid samples ob-
tained by AUC match the expected A260/A280 ratios from the SEC
and UV A260/A280 methods for enriched empty and full capsids
(Table 1). CDMS, on the other hand, enables an analyst to obtain
the mass information for empty and full capsids, which can then
be used to identify the mass of the packaged DNA. Furthermore,
AUC (Figure 1) and CDMS (Figure 2) are able to resolve interme-
diate density and mass species, respectively. Although these tech-
niques are considered by us to be analytical gold standards for
capsid content characterization, they have several limitations that
prevent broader use, particularly in quality control (QC) labora-
tories that perform current good manufacturing practices (cGMP)
testing for product release (Table 2). These limitations include rela-
tively low throughput data acquisitions, non-cGMP compliance
concerns related to instrument-specific acquisition software, and
ber 2021



Figure 5. SEC-MALS analysis of 0% and 100% empty spike samples

(A) Molar masses measured from the 0% empty sample, showing total mass

(squares) of 5.0 MDa, protein capsid mass (+ symbols) of 3.8 MDa, and DNA mass

(x symbols) of 1.3 MDa overlaid with the light scattering chromatogram. (B) In

the 100% empty sample, the molar mass of an “empty” capsid is calculated to be

3.8 MDa.
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use of specialized equipment, particularly for CDMS, which is in
nascent stages of instrument commercialization.

Although use of cryo-EM for quantitation of capsid content was not
highly accurate across the spike range in our study, cryo-EM con-
tinues to be a very useful technique for characterization of AAV.
For example, Subramanian et al.13 found very good cross-correlation
of AUC and cryo-EM on sample sets that have a majority of capsids
classified as empty. Our study extends their work by examining the
correlation across a wider range of empty capsids and finds that the
correlation between AUC and cryo-EM is less optimal, with a greater
overestimation of percent empty in capsids when the overall capsid
population has a lower percentage of empty capsids (i.e., a higher per-
centage of full capsids). Furthermore, among the various techniques
that were assessed, cryo-EM is unique in that enables direct visualiza-
tion of the AAV capsid, which is useful in demonstrating the size and
shape of the assembled capsid. Overall, the results did trend as ex-
Molecular The
pected with increasing levels of empty capsids, but it appeared to
overestimate the percentage of empty capsids across most of the spike
range. It is possible that adjustments could be made to the software to
improve the capsid detection and classification algorithms and
thereby enhance the accuracy of the technique for quantifying capsid
content. As the technique stands currently, its ability to distinguish
intermediate capsids from empty and full capsids has not been
established.

AUC, CDMS, and cryo-EMare excellent characterization tools but are
less suitable for implementation in a cGMP laboratory environment in
comparison with other test options. As part of our orthogonal assess-
ment, other techniques were evaluated that utilize data acquisition
programs and instrumentation that are more appropriate for routine
testing as part of product release. These techniques include genome
titer-to-capsid titer ratio, UV A260/A280, SEC A260/A280, and SEC-
MALS. The titer ratio is determined by a simple calculation and can
be obtained without running any additional experiments because
the genome titer and capsid titer methods are generally deployed as
part of product release testing. In our study, the titer ratio results
demonstrate a linear correlation with the percentage of empty capsids,
but this approach appears to overestimate the percentage of empty
capsids across much of the spike range. In addition, a primary limita-
tionwith this technique stems from compounding variability resulting
from the reliance on two independent methods. The A260/A280 ratio
methods provide an indirect but high-throughput option for assessing
capsid content. As indicated earlier, the primary limitation with this
approach is that it requires correlative data from a directmeasurement
technique to interpret the A260/A280 ratio. Although both A260/A280

assays can be used tomonitor the overall consistency of the percentage
of empty capsids produced by themanufacturing process, they cannot
resolve intermediate capsids. SEC A260/A280 offers an advantage over
UV A260/A280 because of its ability to chromatographically resolve
intact AAV capsids from sample-related impurities. In addition,
SEC can be coupled to other detectors to assess multiple quality attri-
butes. For example, SEC-MALS can be used to determine capsid and
genome concentration, size distribution, capsid content, and capsid
molarmass.11 In our study, the percentage of empty capsids quantified
by SEC-MALS demonstrated great correlation to the theoretical
spiked levels across the empty-to-full ratio range; however, SEC-
MALS is not able resolve intermediate capsids. In conclusion, various
analytical techniques have been assessed for their ability to accurately
distinguish and quantitate full, intermediate, and empty capsids, but
the advantages and disadvantages, as described in Table 2, of each
method should be considered when choosing the most technique
most suitable for the objective. Appropriate utilization of these diverse
tools enables analysis of the capsid content across the manufacturing
process to improve process understanding and to monitor batch con-
sistency and quality between manufactures.

MATERIALS AND METHODS
Vector production, purification, and preparation for analysis

AAV vectors were produced through triple transfection of adherent
HEK293 cells. The intended product is a therapeutic transgene
rapy: Methods & Clinical Development Vol. 23 December 2021 259
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Figure 6. Data comparison of capsid content determined by orthogonal

techniques in comparison with the theoretical percentage of empty

capsids in 11 prepared spike ratio samples across the empty-to-full capsid

ratio range.
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sequence flanked by AAV2 ITRs encapsidated by an engineered viral
capsid with a proprietary protein sequence. The crude harvest mate-
rial was clarified by filtration and purified by ion exchange (IEX)
chromatography. Enriched empty and full samples were generated
via cesium chloride ultracentrifugation using a Beckman Coulter Op-
tima XPN-80 ultracentrifuge with a SW 40Ti swinging bucket rotor
run at 40,000 rpm for 44 h at 15�C. The IEX eluate was concentrated
approximately 2-fold and mixed directly with CsCl powder to
generate an AAV-containing 3M CsCl solution. Following centrifu-
gation, two distinct viral bands were visible: a low-density and
high-density band corresponding to empty and full capsids, respec-
tively. Each purified band was collected via side puncture and dialyzed
into a Tris/NaCl buffer. The capsid concentration of each bulk
enriched fraction was determined by SEC, followed by subsequent
dilution in a proprietary formulation buffer to a final capsid concen-
tration of 3.0E13 capsids/mL. The diluted enriched samples were then
mixed at various ratios to prepare test samples across the empty-to-
full range. The expected percentage of empty capsids for the prepared
spike ratio samples are as follows: 0% empty, 9% empty, 20% empty,
33% empty, 50% empty, 67% empty, 75% empty, 80% empty, 83%
empty, 91% empty, and 100% empty. All prepared spike ratio samples
were tested using each analytical technique described below.

AUC-SV

The test samples were diluted 1:3 into proprietary formulation buffer
and analyzed using a Beckman Coulter Optima analytical ultracentri-
fuge run at 15,000 rpm at 20�C. Absorbance data were collected at
wavelengths of 260 and 280 nm every minute for a total of 100 scans
for each wavelength. Interference data were collected everyminute for
a total of 200 interference scans. The resulting data were analyzed us-
ing Sedfit (v.15.01b) to generate c(s) size distribution plots for each of
260 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
the three data collection methods. Sednterp (v.1.09) was used to
determine the solvent viscosity (0.01023 Poise) and density
(1.00709 g/mL). An average partial specific volume of 0.7093 mL/g
for the AAV capsid was used for the analysis.
CDMS

The prototype CDMS instrument, methods,18–20 and data anal-
ysis21,22 have been described in detail elsewhere. Briefly, test samples
were buffer exchanged into a 100-mM ammonium acetate buffer
(pH 7.5) using Micro Bio-Spin columns (Bio-Rad). Ions were pro-
duced by a nano-electrospray source (Advion Biosciences), intro-
duced into the instrument through a heated metal capillary, and
passed through an ion funnel, a hexapole ion guide, and a quadru-
pole ion guide. They were then focused into a dual hemispherical
deflection energy analyzer (HDA), which transmits ions within a
narrow band of kinetic energies centered on 100 electronvolt
(eV)/z. The transmitted ions were focused into an electrostatic
linear ion trap with a cylindrical charge detector tube at its center.
Individual ions are trapped for 100 ms, during which the ion oscil-
lates back and forth through the detector tube, inducing a periodic
signal that is amplified, digitized, and transferred to a computer for
analysis. The digitized signals were analyzed by a Fortran program
using fast Fourier transforms. Results were only retained from trap-
ping events where a single ion was trapped for the full trapping
period; other trapping events were discarded.
Cryo-EM

The test samples were added neat to a continuous carbon grid that
had been glow discharged using a Pelco easiGlow. The coated grid
was frozen in liquid ethane and imaged using a Talos L120C micro-
scope (at 120 kV) and a Thermo Fisher Scientific Ceta 16M detector.
Images were collected at 38,000� and 57,000� times magnification.
Data analysis was performed using VAS analytical software (Viro-
nova, Stockholm, Sweden), which performed an internal density anal-
ysis to classify capsids as “empty,” “full,” and “uncertain” based on
capsid radial density profiles, followed by a principal-component
analysis to determine the relative abundance of each capsid
population.
qPCR

Test samples were analyzed for genome titer using qPCR technology.
AAV samples were treated with DNase I (Invitrogen) at 37�C for 1 h
to digest non-packaged DNA followed by treatment with SDS/EDTA/
NaCl solution, heated to inactivate the DNase I enzyme, and denature
the viral capsid. Test samples were then diluted into the assay range
for analysis. A standard curve was prepared by serial dilution of line-
arized plasmid containing the transgene with a known copy number.
After addition to the reaction plate, qPCR Master Mix (Applied Bio-
systems) containing target-specific primers and a TaqMan probe were
added to each well. Samples were analyzed on an Applied Biosystems
7500 real-time PCR system, and the concentration of the target
sequence was interpolated from the standard curve and subsequently
converted to vector genomes (vgs) per milliliter.
ber 2021



T
a
b
le

2
.
S
u
m
m
a
ry

o
f
a
d
v
a
n
ta
g
e
s
a
n
d
d
is
a
d
v
a
n
ta
g
e
s
a
s
s
o
c
ia
te
d
w
it
h
e
a
c
h
te
c
h
n
iq
u
e
a
s
s
e
s
s
e
d
in

th
e
c
u
rr
e
n
t
s
tu
d
y

A
U
C
-S
V

C
D
M
S

C
ry
o-
E
M

U
V
A
26
0/
A
28
0

SE
C
A
26
0/
A
28
0

SE
C
-M

A
LS

T
it
er

ra
ti
o

A
dv
an
ta
ge
s

�
re
la
ti
ve

qu
an
ti
ta
ti
on

of
ca
ps
id

co
nt
en
t

�
re
so
lv
es

in
te
rm

ed
ia
te

de
ns
it
y
sp
ec
ie
s

�
pr
ov
id
es

A
26
0/
A
28
0
ra
ti
os

fo
r
in
di
vi
du

al
sp
ec
ie
s

�
re
la
ti
ve

qu
an
ti
ta
ti
on

of
ca
ps
id

co
nt
en
t

�
re
so
lv
es

in
te
rm

ed
ia
te

m
as
s
sp
ec
ie
s

�
pr
ov
id
es

m
as
s
an
d

ch
ar
ge

of
ca
ps
id

po
pu

la
ti
on

s
�
lo
w
m
at
er
ia
lr
eq
ui
re
m
en
ts

�
re
la
ti
ve

qu
an
ti
ta
ti
on

of
ca
ps
id

co
nt
en
t

�
lo
w
m
at
er
ia
l

re
qu

ir
em

en
ts

�
pr
ov
id
es

ca
ps
id

si
ze

an
d
sh
ap
e
th
ro
ug
h

di
re
ct

vi
su
al
iz
at
io
n

�
hi
gh

th
ro
ug
hp

ut
�
ea
si
ly
im

pl
em

en
te
d

te
ch
no

lo
gy

�
lo
w
m
at
er
ia
l

re
qu

ir
em

en
ts

�
im

pl
em

en
ta
bl
e
in

a
cG

M
P
en
vi
ro
nm

en
t

�
hi
gh

th
ro
ug
hp

ut
�
ea
si
ly
im

pl
em

en
te
d

te
ch
no

lo
gy

�
re
so
lv
es

ca
ps
id

fr
om

im
pu

ri
ti
es

�
lo
w
m
at
er
ia
l

re
qu

ir
em

en
ts

�
im

pl
em

en
ta
bl
e
in

a
cG

M
P
en
vi
ro
nm

en
t

�
hi
gh

th
ro
ug
hp

ut
�
ea
si
ly
im

pl
em

en
te
d

te
ch
no

lo
gy

�
lo
w
m
at
er
ia
l

re
qu

ir
em

en
ts

�
pr
ov
id
es

ca
ps
id

ag
gr
eg
at
e,

co
nc
en
tr
at
io
n,

m
ol
ar

m
as
s,
an
d
si
ze

�
im

pl
em

en
ta
bl
e
in

a
cG

M
P
en
vi
ro
nm

en
t

�
ea
si
ly
im

pl
em

en
te
d

te
ch
no

lo
gy

�
ut
ili
ze
s
ex
is
ti
ng

da
ta

fr
om

ro
ut
in
el
y
pe
rf
or
m
ed

as
sa
ys

�
im

pl
em

en
ta
bl
e
in

a
cG

M
P

en
vi
ro
nm

en
t

D
is
ad
va
nt
ag
es

�
re
la
ti
ve
ly
la
rg
e
m
at
er
ia
l

re
qu

ir
em

en
t

�
lo
w
th
ro
ug
hp

ut
�
re
qu

ir
es

sp
ec
ia
liz
ed

eq
ui
pm

en
t

�
ch
al
le
ng
in
g
to

im
pl
em

en
t

in
cG

M
P
en
vi
ro
nm

en
t

�
lo
w
th
ro
ug
hp

ut
�
re
qu

ir
es

sp
ec
ia
liz
ed

eq
ui
pm

en
t

�
ch
al
le
ng
in
g
to

im
pl
em

en
t

in
cG

M
P
en
vi
ro
nm

en
t

�
lo
w
th
ro
ug
hp

ut
�
in
te
rm

ed
ia
te

sp
ec
ie
s

no
t
qu

an
ti
fi
ed

�
re
qu

ir
es

sp
ec
ia
liz
ed

eq
ui
pm

en
t

�
ch
al
le
ng
in
g
to

im
pl
em

en
t

in
cG

M
P
en
vi
ro
nm

en
t

�
in
di
re
ct

m
ea
su
re
m
en
t

of
ca
ps
id

co
nt
en
t

�
po

te
nt
ia
li
nt
er
fe
re
nc
e

fr
om

im
pu

ri
ti
es

�
ca
nn

ot
re
so
lv
e

in
te
rm

ed
ia
te

sp
ec
ie
s

�
in
di
re
ct

m
ea
su
re
m
en
t

of
ca
ps
id

co
nt
en
t

�
ca
nn

ot
re
so
lv
e

in
te
rm

ed
ia
te

sp
ec
ie
s

�
ca
nn

ot
re
so
lv
e

in
te
rm

ed
ia
te

sp
ec
ie
s

�
as
su
m
es

10
0%

m
as
s

re
co
ve
ry

fr
om

SE
C

co
lu
m
n

�
as
su
m
es

us
e
of

ap
pr
op

ri
at
e
ex
ti
nc
ti
on

co
ef
fi
ci
en
t

�
in
di
re
ct

m
ea
su
re
m
en
t

of
ca
ps
id

co
nt
en
t

�
co
m
po

un
di
ng

va
ri
ab
ili
ty

du
e
to

a
ra
ti
o
of

tw
o

in
de
pe
nd

en
t
m
et
ho

ds
�
ca
nn

ot
m
ea
su
re

in
te
rm

ed
ia
te

sp
ec
ie
s

www.moleculartherapy.org

Molecular The
SEC

The test samples were injected neat onto a TOSOH TSKgel col-
umn and separated by isocratic elution using a phosphate-buffered
mobile phase. The detection system was comprised of an Agilent
1200 series high performance liquid chromatography (HPLC) sys-
tem with a UV-visible (UV-vis) diode array detector collecting at
UV wavelengths of 214, 260, and 280 nm. The capsid titer (capsids
per milliliter) values of the enriched empty and full fractions and
prepared spike ratio samples were determined using relative peak
area quantitation at 214 nm against a calibration curve prepared
with an AAV standard of a predetermined concentration. SEC sep-
arates components by hydrodynamic volume, resulting in elution
of AAV capsids at a consistent retention time regardless of the
packaged content. This technique was also utilized to assess the
capsid content through a 260/280 peak area ratio calculation.
The chromatographic peak corresponding to the AAV monomer
was integrated at 260 nm and 280 nm, and the peak area ratio
(SEC A260/A280 ratio) was calculated for each sample.

UV spectroscopy

Test samples were measured neat in a quartz cuvette (Starna Cells)
at UV wavelengths of 260 nm, 280 nm, and 320 nm. A matching
formulation buffer blank was used to zero the instrument before
each sample measurement, and each wavelength was read for 0.5
s. A Cary 60 UV-vis spectrophotometer employs a light source
shining through a monochromator and a detector to determine
the absorbance (Abs) of a sample as a function of percent transmit-
tance (%T) at a specific wavelength. As the spectrophotometer emits
UV light, the monochromator selects the chosen wavelength to
allow it to pass through the sample. The detector quantifies the pho-
tons passing through the sample as percent transmittance, which is
calculated to Abs by the function Abs = 2 – log10(%T). A320 was
subtracted from A260 and A280 as a scatter correction, and then
the corrected A260 was divided by the corrected A280 to calculate
the UV A260/A280 ratio.

SEC with UV, MALS and RI

The test samples were injected neat onto a Wyatt WTC-050S5 col-
umn at a load of 5 mg and separated by isocratic elution using a phos-
phate-buffered mobile phase. The detection system was comprised of
an Agilent 1200 series HPLC system with a UV-vis diode array detec-
tor collecting at UV wavelengths of 260 and 280 nm, a Wyatt Dawn
Heleos II MALS detector, and an Optilab T-rEX dRI detector. The to-
tal and full capsid titers of the test samples were determined using the
Protein Conjugate Analysis feature of Wyatt’s ASTRA software. The
calculated values of these attributes were used to calculate capsid con-
tent. These calculations were performed using distinct dn/dc values
for protein and DNA of 0.185 and 0.170 mL/g, respectively, and
distinct UV extinction coefficients for protein capsid and DNA of
1.3 and 24 mL/mg$cm, respectively.

Capsid titer-to-genome titer ratio

Test samples were analyzed by qPCR to determine the genome
titer and SEC to determine the capsid titer. The percentage of
rapy: Methods & Clinical Development Vol. 23 December 2021 261
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empty capsids for each test sample was calculated using the
following equation:

100 O
Capsid titer
Genome titer

:
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