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Abstract

The genome content of adeno-associated virus (AAV) vectors is critical to the safety and potency of AAV-based gene therapy
products. Empty capsids are considered a product-related impurity and a critical quality attribute (CQA) of the drug product,
thus requiring characterization throughout the production process to demonstrate they are controlled to acceptable levels in
the final drug product. Anion exchange chromatography has been used to achieve separation between empty and full capsids,
but requires method development and gradient optimization for different serotypes and formulations. Here, we describe an
alternative approach to quantitation that does not rely on achieving separation between empty and full capsids, but instead
uses the well-established relationship between absorbance at UV A,¢,/A,q, and relation to DNA/protein content, in combi-
nation with anion-exchange chromatography to allow one to calculate the relative proportion of empty and full capsids in
AAYV samples from a single peak. We call this approach ACUVRA: Anion-exchange Chromatography UV-Ratio Analysis,
and show the applicability of the method through a case study with recombinant AAV2 (rAAV?2) process intermediates and
drug substance. Method qualification and GMP validation in a quality control (QC) laboratory results show that ACUVRA
is a fit-for-purpose method for process development support and characterization, while also being a QC-friendly option for
GMP release testing at all stages of clinical development.
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Introduction

Recombinant adeno-associated virus (rAAV) vectors
have become the leading platform for in vivo delivery
of gene therapies for a diverse array of human diseases
(1). Advancements in manufacturing processes using
transient triple transfection of plasmid DNA into adher-
ent or suspension-adapted mammalian cell culture has
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enabled major improvements in scaling up production to
be suitable for clinical and commercial batches (1). The
gene of interest is packaged through the natural biologi-
cal mechanism in a viral protein capsid shell consisting
of ~ 60 subunits of viral protein VP1, VP2, and VP3 in
a ratio of ~1:1:10 (2). However, AAV production is an
imperfect process, creating empty capsids that are diffi-
cult to separate and similarly challenging to quantify (3).
Historically, density gradient centrifugation purification
was the most effective technique to separate empty cap-
sids, and is still commonly used for small-scale research
production, but is challenging to scale up for larger clini-
cal batch supply. This bottleneck has been increasingly
supplanted by more scalable removal methods involving a
chain of affinity and ion-exchange chromatography (IEC)
steps, with empty capsid removal rarely complete. Quanti-
tation of these empty capsids is necessary for both process
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characterization and dosing determination, due to the pos-
sibility of empty capsids limiting efficacy and producing
adverse immunogenic effects (4, 5).

Genome size may play a role in packaging efficiency and
ease of empty capsid separation. In designing a therapeutic
viral vector, it is necessary to consider the length of the
therapeutic component. Typical genome length for AAV
packaging is ~4.7 kb, but variability in packaging efficiency
can lead to overpacked or partially filled particles, where the
gene of interest is not packaged at exactly one copy per par-
ticle as intended (6). The length of the packaged genome or
its absence in the final AAV capsid particle contribute to dif-
ferences in isoelectric point (p/)—the key attribute leveraged
to remove empty capsids downstream using ion-exchange
chromatography.

Multiple methods have been used in attempt to separate
and quantify empty capsids. Analytical ultracentrifugation
(AUC) is able to accurately measure empty, partial, and full
capsid species, as well as aggregates and other impurities
(7). Currently, AUC is the only well-established technique
that can reliably resolve partials from full and empty capsids.
However, it has several limitations such as requiring large
sample volumes making it problematic when samples are
limited, as is the case with low yield processes and small
batches that are common in pre-clinical and early clinical
gene therapy manufacturing. In addition, the SedFit data
processing software is not 21 CFR Part 11 compliant, fur-
ther complicating the validation of AUC for routine GMP
testing (8). Charge detection mass spectrometry (CDMS) is
still in its infancy and carries the weight of validation chal-
lenges in GMP and QC environments (9, 10). Transmission
electron microscopy with negative staining (TEM) is also
commonly used to identify and count empty and full cap-
sids. However, its complex instrumentation requires signifi-
cant analyst expertise and quantitative count results can be
susceptible to analyst bias (11), making it less suitable for
QC routine use. Another common method combining gPCR
to measure genome titer with ELISA capsid titer has been
used to compare empty-to-full capsid ratio. However, these
results rely on the precision of both methods, resulting in an
estimation of the ratio that has been shown to be inaccurate
(12—-14). Imaged capillary isoelectric focusing (icIEF) has
been applied to the analysis of empty and full AAYV, although
the accuracy of the quantitation and reproducibility of the
profile has not yet been well established, and peaks cannot
be collected for orthogonal confirmation of identity (15).
More recently, SEC-UV-RI-MALS has been used for AAV
characterization and reporting of multiple attributes from a
single analysis, including the full and empty capsid content
(16). While this technique is well established for analysis
and characterization of biomolecules and polymers, the
complexity of the instrumentation and data analysis software
require substantial training and user expertise, which poses
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additional burdens on QC for validation and implementation
for routine use.

Alternatively, cuvette-based UV measurements at 260
and 280 nm have shown to be a viable method to accurately
determine the amount of empty capsids in a given sample
(17). However, the method requires precise calculation of
both the genome and capsid extinction coefficients. This
calculation is theoretical in nature and does not take into
consideration anomalies such as capsid post-translational
modifications (18). Interference from DNA, protein, chro-
matin, other process contaminants, and excipients such as
histidine can bias results, requiring highly purified samples.
Moreover, this method requires denaturation of the AAV
capsid, preventing sample recovery for any further charac-
terization by orthogonal techniques. A more recent example
used SEC-UV and the ratio of 230 and 260 nm to establish
a linear relationship for empty and full quantitation (19).
However, SEC is isocratic and there is an upper limit on
sample injection volume, which limits the range of sample
concentrations that can be analyzed while minimizing band
broadening. In addition, SEC has limited ability to separate
out impurities with similar molecular weight or hydrody-
namic radius, which could make this approach unsuitable
for analysis of process intermediates.

Anion-exchange chromatography is now increasingly
used at the process development scale as a method for the
removal of empty capsids (1, 19, 20). More recently, it has
been used as an analytical tool as well, usually coupled with
UV, or fluorescence detection for improved sensitivity (21).
All these methods use peak area percentages as the basis for
quantitation of empty and full capsid percentage (21-23).
Theoretically, full capsids containing DNA have a more
negative surface potential and therefore bind more tightly
to a positively charged column in a high-pH, low-salt envi-
ronment. This causes empty capsids to elute first in a shallow
salt gradient. However, the difference in p/ between empty
and full capsids is small (~0.4 p/) and complete separation
is difficult to achieve, often requiring extensive column
screening and gradient optimization (21, 23). Such method
development efforts take time and require the availability of
representative material in sufficient quantities, which is often
not feasible in early stages of product development. In addi-
tion, the separation conditions are optimized for one specific
serotype of AAV and will likely require further optimization
for other serotypes (23). The assumption that full capsids
will always be more negatively charged than empty capsids
may be an oversimplification, as it does not take into consid-
eration capsid permeability, the presence of counterions in
the capsid interior (24, 25), or post-translational modifica-
tions (PTMs), such as phosphorylation, glycosylation, and
deamidation that may alter the p/ and affect column binding
(26). The type and extent of post-translational modifications
(PTMs) has been found to vary between different batches,
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even from the same production process (27). Differences in
formulation at various stages in the process can further com-
plicate this issue. In prior published methods, consistent sep-
aration of empty and full capsids with adequate resolution
is essential for a quantitation strategy based on peak area
percentages. For products in early stages of process devel-
opment, changes to the upstream process can lead to altered
post-translational modification profiles which can impact the
capsid p/ value, and thereby may require re-development of
the ion-exchange gradient to achieve separation.

The method we present here shifts the goal of anion-
exchange chromatography away from complete separation
of empty and full capsids. Instead, the intention is to contend
with the main limitations surrounding the UV absorbance
ratio measurement method (17), namely, the interference
from host cell DNA and proteins, or residuals in process
intermediates. In this method, which we refer to as ACU-
VRA: Anion-exchange Chromatography UV-Ratio Analysis,
we examine the ratio of absorbance at 260 and 280 nm from
the integrated area of the capsid peaks and construct a stand-
ard curve from a range of %Empty standards characterized by
an established orthogonal technique, in this case TEM, elimi-
nating the need to calculate precise extinction coefficients for
DNA and capsid. The finalized method was designed specifi-
cally to be “QC-friendly” (28): simple sample preparation,
widely available instrumentation, and performing all the
calculations within the 21 CFR part 11 compliant chroma-
tography data system (CDS), thus preserving data integrity.

The method has additional utility for analytical testing to
support process development. Our alternative approach to
quantitation allows for reduced time required for HPLC gra-
dient development and is more resilient to changes in charge
heterogeneity of the product that can arise during process
development. We show that the final method is suitable for
calculating the % Empty capsid in rAAV?2 process interme-
diates, while also being successfully validated for release
testing of drug substance in a GMP Quality Control setting.

Materials and Methods
rAAV2 Samples

The recombinant AAV (rAAV) used in this study is derived
from wild-type AAV?2 containing a single-stranded DNA
genome of approximately 4.2 kb. rAAV?2 samples were pro-
duced by Biogen. Briefly, cell culture harvest material was
clarified and processed by tangential-flow filtration (TFF),
iodixanol density gradient ultracentrifugation, and affinity
column chromatography. rAAV2%Empty calibration stand-
ards were prepared from materials that were further purified
using anion-exchange chromatography to generate enriched
Full and Empty samples.

Capsid Titer

AAV?2 capsid titer was performed using a PROGEN AAV?2
Titration ELISA kit (PROGEN Biotechnik GmbH). The
microtiter plate-based assay utilizes an A20 antibody to
identify the conformational epitope in assembled capsid pro-
teins based on the sandwich ELISA method. In brief, serial
dilutions are performed in assay buffer to bring samples into
appropriate concentration range. Samples are incubated with
the biotin-conjugated A20 antibody at 37°C, washed with
assay buffer, and then incubated with the streptavidin per-
oxidase conjugate at 37°C. Samples are then incubated with
tetramethylbenzidine substrate for 15 min at room tempera-
ture, causing a color reaction that is proportional to bound
AAV particles. The reaction is stopped using sulfuric acid,
and absorbance is read at 450 nm.

Calibration Standards

Calibration standards were prepared from in-house manu-
factured rAAV2 materials. The Full capsid enriched mate-
rial was prepared from cell culture harvest subject to a
tangential flow filtration (TFF) step, followed by purifi-
cation on a preparative-scale monolith anion exchange
column and collecting the Full peak. The Empty capsid
enriched material was prepared by collecting the Empty
peak from purification of the starting material via pre-
parative-scale anion exchange chromatography. The
Empty and Full collected fractions were determined by
negative stain TEM (TEM) to be approximately 100% and
5% Empty, respectively. Four calibration standards were
created by co-mixing proportions of the Empty and Full
standard materials to achieve the following approximate
%Empty designations: 51%, 30%, 17%, and 5%. Each co-
mixture was analyzed by TEM (duplicate grids prepared
and imaged on two different days) to assign the %Empty
value, then sub-aliquoted at a volume sufficient to use one
aliquot per assay. Aliquots of each calibrant were stored
at —80°C until immediately prior to use.

Anion-Exchange Chromatography

The anion-exchange method used in this study was devel-
oped on a Waters Alliance e2695 HPLC system equipped
with either a PDA detector (2996/2998; Waters) or a dual-
wavelength UV detector (2489; Waters); data were acquired
at 260 and 280 nm. A Protein-Pak Hi Res Q anion-exchange
column (5 um, 4.6 X 100 mm) (Waters Corporation, Mil-
ford, MA, USA) and a salt gradient was used to perform the
separation.

The mobile phases were (A) 20 mM Bis—Tris propane (BTP),
1 mM MgCl,, pH 9.5; and (B) 20 mM BTP, 1 mM MgCl,, 1| M
NaCl, pH 9.5, delivered at a flow rate of 0.3 mL/min.
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Finalized run conditions for analysis of rAAV?2 samples
started at initial conditions of 100 mM NaCl (10% B), then a
linear gradient from 100 to 300 mM NaCl (10-30% B) over
10 min, followed by a 1-M NaCl (100% B) wash for 6 min.
The column was equilibrated at initial conditions for 17 min
between each injection.

Sample Preparation

Drug substance (DS) samples and calibration standards were
prepared by diluting with mobile phase A to achieve a final
salt concentration of no more than 100 mM, to allow suf-
ficient binding to the column. Sample injections contained
approximately 8.0E + 10 total capsids, with varying injection
volumes up to 100 pL.

Process intermediate samples were buffer exchanged
using Amicon Ultra 30 K MWCO centrifugal filter units
(MilliporeSigma, Burlington, MA). Filter units were prewet-
ted with DS formulation buffer prior to buffer exchange. One
buffer exchange step constituted the addition of 400 L for-
mulation buffer followed by centrifugation at 14,000 X g for
10 min. Final retentate volumes of ~30 uL were recovered.

Data Processing

Calibration standards were run alongside testing samples,
and A,q/A g ratios attained were correlated with %Empty
values determined from TEM to construct a calibration
curve using a quadratic fit. All data processing for routine
use was performed with Empower 3 software (Waters Cor-
poration, Milford, MA). The capsid peaks from the 260-
nm channel are considered the main component, while the
peak in the 280-nm channel is defined as an internal stand-
ard. A mean smoothing factor of 21 was applied to both
data channels prior to integration of peaks. The smooth-
ing factor was chosen to improve consistency of automatic
integration and did not significantly change the calculated
ratio (data not shown).

TEM

rAAV2 samples were applied to copper electron micros-
copy grids (Electron Microscopy Sciences, Hatfield, PA),
rinsed with distilled water, negatively stained with 0.75%
(w/v) uranyl formate, and dried by vacuum. The grids were
imaged using a Philips CM10 transmission electron micro-
scope. VAS software (Vironova, Stockholm, Sweden) was
used for image processing. The software uses “support vec-
tor machines,” a supervised machine-learning method in
which the software is trained by a manually classified set
of images using predefined features such as shape, size, and
intensity profile to determine particle counts, empty, and
full particles. Empty particles take up the stain and appear
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dark in the center, making them distinguishable from full
particles. To ensure representative counts, a minimum of ten
images were taken at a magnification between 21,000 X and
52,000 %, with a target particle density of 100 particles per
image.

Results and Discussion
Anion-Exchange Chromatography UV-Ratio Analysis

Anion-exchange chromatography utilizes the difference in
surface charge, resulting in species separation. Theoretically,
empty capsids lacking the encapsulated DNA have a less
negative charge than full capsids, causing them to bind less
tightly to the anion-exchange column and elute first in shal-
low salt gradient conditions. There are many examples in
the literature of IEC separations developed and optimized
to exploit this net charge difference to achieve resolution
between full and empty capsids for a range of serotypes (21,
22). However, each of these published methods is only appli-
cable to the serotype it was developed for, and often required
extensive method development and gradient optimization to
achieve adequate resolution between empty and full capsids.
Moreover, none of the reported applications have shown
that the final optimized separation conditions were robust
to product charge heterogeneity changes that may arise from
batch-to-batch process variability and other product-related
related variants that are often encountered in gene therapy
early phase process development and scale-up.

We took a novel approach, where the goal was to develop
a method that could become a platform, which would enable
shortened method development timelines without sacrific-
ing the method performance that is necessary for successful
deployment and validation in a GMP QC setting. We use a
shallow salt gradient to first elute DNA and other process-
related impurities, followed by AAV capsids. Some empty/
full separation may occur, but is not the objective and does
not pose challenges to data interpretation, as integration of
all capsid-related peaks is used to determine the A,qy/A,g
ratio (Fig. 1).

Calibration Model for Accurate Determination
of %Empty Capsids

The A,4y/A,g, ratio has previously been used for esti-
mating vector genome titer in purified samples (17).
It is noted that the correlation between this ratio and
%Empty capsids in a sample is not linear due to chang-
ing DNA and protein contribution to UV absorbance as
the %Empty capsids changes. The ACUVRA calibra-
tion curve (Fig. 2) was created by creating mixtures
from mostly full and mostly empty rAAV2 material,
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Fig. 1 Overlays of 260 nm (a)
(solid) and 280 nm (dashed)
ACUVRA chromatograms for
a buffer blank, b rAAV2 5%
Empty capsid calibration stand-
ard, and ¢ rAAV2 51% Empty
capsid calibration standard.
Peaks in (a) labeled with * are
buffer-related or system peaks

observed in all standards and
samples. Integration window

for the capsid peak is denoted
in inset in (b) and (c¢). Repre-
sentative TEM images taken
at 39,000 X magnification for d

5% Empty calibration standard

and e 51% Empty calibration
standard. A representative
empty capsid (red circle) and
full capsid (green circle) are
shown in (d)

——260 nm
. 280 nm
buffer peaks
I T T T T T
0 5 15 20 25 30

Time (min)

as determined by TEM. While AUC is considered the
“gold standard,” the large volumes required precluded its
use in this instance. The small sample volumes required
for TEM allowed for analysis of multiple replicates on
multiple days, thus reducing the uncertainty in the final
reported %Empty results. In this study, we evaluated two
calibration models: a quadratic model, and a more com-
plex alternative model, derived from physical principles
(see Supplementary Information), which we call the “r3”
model. As demonstrated, both quadratic and r3 models
performed similarly within the range of the calibration

curve. The decision to use the quadratic model (Fig. 2)
for the final method was based on it being the simplest
to implement for routine QC testing with the ability to
perform all calculations within the validated Chroma-
tography Data System (CDS) software. However, the r3
model does have advantages in certain situations, which
is discussed further in the Supplementary Information.
Proteins have an absorbance maximum at 280 nm, but
DNA also contributes to absorbance at this wavelength.
This relationship is complicated by the effect of changing
the empty/full sample composition, making the conversion
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Fig.2 Calibration curve with quadratic fit. Calibration standards
were prepared by co-mixing of rAAV?2 materials to final levels of 5%,
17%, 31%, and 51% Empty capsids, as determined from TEM analy-
sis. The A,qy/A,g, response is the ratio of the integrated peak areas for
the rAAV2 capsid peaks in the 260- and 280-nm channels. The mean
of n=2 measurements is shown with each error bar constructed from
the min and max of the data

of the A,/Ayg ratio to a %Empty capsid result less straight-
forward. Recently, SEC-UV-RI-MALS has been applied for
analysis of AAV, combining the signals from each detector
to calculate the Empty and Full content, along with capsid
and genome titer (16). This approach also uses the A,¢,/Aq
ratio, but avoids the need for external calibration stand-
ards by using the RI signal to calculate the sample mass
in absolute terms. However, this calculation relies on sev-
eral assumptions: dn/dc of protein, dn/dc of DNA, extinc-
tion coefficient of protein, extinction coefficient of DNA,
1:1:10 ratio of VP proteins, and that AAV particles are
isotropic scatterers. While any one of these assumptions is
derived from established theory, the compound error of this
many assumptions could be sizable. The approach we take
here makes no assumptions except that TEM can measure
%Empty accurately. An additional drawback of SEC is its
being an isocratic separation, and there is an upper limit on
the volume of sample that can be injected while maintaining
good peak shape (29, 30). IEC has advantages when ana-
lyzing low concentration samples, as injection volume does
not impact the efficiency of the separation, and the sample
is effectively concentrated at the top of the column prior to
the gradient elution. Unfortunately, the increasing salt gradi-
ent poses a challenge for coupling with RI detection, thus
precluding UV-RI-MALS quantitation approach with this
mode of chromatography.

Our %Empty standard calibration curve approach
eliminates the necessity for assumptions surrounding
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extinction coefficient calculations or for the resolution of
empty and full capsid peaks to characterize the %Empty
capsids in a sample. This also helps control for any
instrument-to-instrument differences that could impact
the absorbance response, such as UV detector lamp age
and flow-cell dimensions.

It should be noted that the A,¢/A,g, ratio range which we
measured was small, with the 51% Empty calibrant meas-
uring ~ 1.2 and 5% Empty calibrant measuring ~ 1.45. This
narrow range requires that assay precision be given due
consideration, as small changes in these values can have
significant impact on results. Therefore, we took steps to
uniformly integrate all capsid peaks in the chromatograms
at each wavelength and found that application of a smooth-
ing factor greatly improved the consistency of the baseline
integrations. Precision was further controlled by performing
n=2 injections of the calibrants and samples and setting
sample acceptance criteria around the relative difference
of the A,q)/A,q, ratio between replicates. Calibrants were
not created for sample with more than 51% Empty cap-
sids because this is outside of the expected range for this
rAAV2’s process intermediates, drug substance, and drug
product samples. However, a wider range could be advanta-
geous, especially in research and academic settings, to allow
for analysis of a broader range of samples. As noted in pre-
vious studies, samples with compositions of predominantly
empty capsids have been modeled to show that precision of
the absorbance ratio decreases as the percentage of empty
capsids increases (17). In our work, we generated four cali-
bration levels. While additional levels may improve the fit-
ting of the calibration model, we demonstrate that four levels
are sufficient to achieve acceptable accuracy and precision
for quantitation of %Empty capsids in the range relevant for
our rAAV2 samples.

Analysis of rAAV2 Process Intermediates and Drug
Substance

Two rAAV2 process intermediates and a drug substance
sample were analyzed using the above-described ACUVRA
method. Process intermediate 1 and process intermediate 2
represent different fractions recovered following the iodix-
anol density gradient ultracentrifugation step, which is the
first purification step in the downstream process. The pres-
ence of iodixanol in the process intermediates caused sig-
nificant interference in detection of the capsid peaks at both
260 and 280 nm, as shown in Fig. 3. However, we found
that buffer-exchanging six times was effective in remov-
ing this interference and enabled successful detection and
quantitation of the capsid peaks in these process interme-
diate samples. Drug substance samples with salt concen-
trations > 100 mM NaCl required only an initial dilution in
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Fig.3 a 260-nm and b 280-nm
chromatograms representative

—— AAV+lodixanol
—— AAV+lodixanol, after 6 buffer exchanges

of rAAV?2 process intermediates
from the post-iodixanol density
gradient ultracentrifugation

step showing overlaid profiles
before (red) and after (blue)
performing six buffer exchanges
into drug substance formulation
buffer. Enhanced view of capsid
peak at~7 min is shown in

iodixanol
/

tail of iodixanol peak

inset panels, showing effective
removal of iodixanol by buffer
exchanging to enable detection
and integration of the capsid

Time (min)

peak at both 260 and 280 nm.
Buffer-related peaks are denoted

15 20 25 30

with *

iodixanol 5
odix - 280 nm|
tail of iodixanol peak
34
=) *
< .
%] capsid
*
Dol
< WY
0 T T T T T T
/0 2 4 6 8 10 12
1 ' Time (min)
l /
(R e e e
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Time (min)

mobile phase A buffer prior to analysis to enable binding to
the anion-exchange resin.

Representative chromatograms and TEM images for
rAAV2 process intermediate 1, process intermediate 2, and
drug substance are shown in Fig. 4. A comparison of the
%Empty capsid results by ACUVRA to orthogonal TEM
analysis (Table I) demonstrates the good agreement between
the two methods and confirms that the calibration curve
quantitation approach is suitable for both process inter-
mediates and purified drug substance. While the accuracy
of 143% for process intermediate 1 is outside the typical
70-130% acceptable range per ICH Q2(R1) Validation of
Analytical Procedures guidance (31), the relative accuracy
requirements for our purposes are less stringent for sam-
ples from early process steps than for drug substance. The
ACUVRA results for process intermediates are suitable for
characterizing trends across the multiple downstream pro-
cess steps.

Method Qualification and Validation for rAAV2

The goal of this work was to develop a QC-friendly method
to measure %Empty capsids in the rAAV?2 drug substance
and drug product for batch release and stability studies.
Qualification experiments were conducted in accordance

with ICH Q2(R1) to assess Repeatability, Intermediate Pre-
cision, Accuracy, and Range. Method performance attrib-
utes are summarized in Table II, and show repeatability of
7.9% RSD, intermediate precision of 7.4% RSD, and accu-
racy (expressed as recovery to TEM results) of 112.9%.
The range of the method is defined by the low and high
level calibration standards, which in this instance is 5-51%
Empty capsids. The qualification results were used to set
the acceptance criteria for method validation in a qual-
ity control laboratory. Method validation results (Table II)
show consistent performance between the development and
QC laboratories, meeting all validation acceptance criteria,
thus demonstrating this as a viable QC-friendly approach
for %Empty capsid determination.

Additional Considerations

It should be mentioned that the established ACUVRA
approach is not able to distinguish between partially filled
and empty capsids. This is also a limitation of IEC meth-
ods that do separate the empty from full capsids, as well as
the SEC-UV-RI-MALS (16) and SEC-UV (19) approaches.
Currently, AUC is the only broadly available technique that
has the resolving power to separate the partially filled from
empty and full capsids (7, 23), although more recently iclEF
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Fig.4 Overlays of 260 nm
(solid) and 280 nm (dashed)
ACUVRA chromatograms for
rAAV2: a process intermediate
1, b process intermediate 2, and
¢ drug substance. Blue-shaded
region on the chromatograms
indicates the integration
window for the capsid peaks,
and buffer-related peaks are
labeled with *. Representative
TEM images for each sample (b)
are shown to the right of each 5
chromatogram, with a repre- mAU
sentative empty (red circle) and
full (green circle) capsid labeled
in each image. TEM images

in panels (a) and (b) were
acquired at 21,000 X magnifica-
tion, while (c) was acquired at
39,000 X magnification

capsid
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(15) and mass photometry (32) have been shown to resolve
partially filled capsids in certain circumstances, while
CDMS has been used to characterize AAV genome packag-
ing (10). None of these techniques, including ACUVRA,
can identify if the capsid is packed with DNA from host
cells or other exogenous debris; however, this quality and
safety concern can be addressed with specifically designed
residual impurity assays. From a Chemistry, Manufactur-
ing, and Controls (CMC) and patient-safety perspective,
we classify as product-related impurities any capsids that
do not contain the complete target genome. In our method,
we report “%Empty capsids” and treat this as an impurity

Table | %Empty Capsid Results for rAAV2 Process Intermediates
(from Iodixanol Density Gradient Ultracentrifugation Step, Post-
Buffer-Exchange) and Drug Substance Analyzed by Anion-Exchange
Chromatography UV-Ratio Analysis (ACUVRA) in Comparison to
Orthogonal TEM Analysis

rAAV?2 sample ACUVRA TEM Accuracy*
(%Empty) (%Empty)

Process intermediate 1 6.3 4.4 143%

Process intermediate 2 46.6 41.0 114%

Drug substance 6.1 54 113%

ACUVRA anion-exchange chromatography UV-ratio analysis, TEM
transmission electron microscopy

*Accuracy is defined as percent recovery to TEM result: (ACU-
VRA +TEM) * 100%
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method, but one could also report results as “%Full capsids”
and consider it as an expression of product purity.

Conclusions

In this paper, we showed the suitability of an anion-exchange
HPLC assay using A,4,/A,g, absorbance ratio (ACUVRA)
for the determination of %Empty capsids in rAAV2 samples.
The standard curve approach provides a straightforward way
to translate the A,4(/A,g, ratio into a %Empty capsid result,
using equipment that is common in most QC laboratories
and does not require specialized training or additional data
processing software. Method performance assessed dur-
ing qualification and QC validation studies show ACU-
VRA to be an accurate and precise method for determining
%Empty capsid content in drug substance, while also being
suitable for analyzing process intermediates, overcoming
matrix interference that was a key limitation of previous
non-chromatographic methods relying on the UV-ratio for
quantitation (17). The ACUVRA chromatography gradient,
coupled with sample-appropriate %Empty capsid calibra-
tion standards, could potentially be adapted for other sero-
types without extensive gradient development to optimize
chromatographic separation of empty and full capsids. In
addition, there are advantages to being able to use the same
method for monitoring %Empty capsids throughout the pro-
cess, from characterization of process intermediates all the
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Table Il ACUVRA Method Performance Results from Method Qualification for rAAV2 Drug Substance Performed in the Analytical Develop-
ment Laboratory, and Method Validation for rAAV2 Drug Product Performed in the Quality Control Laboratory

Laboratory Method performance parameter Acceptance criteria  Result

(experiment details)

Method qualification Analytical develop- Repeatability n/a 7.9% RSD

ment (non-GMP) (n=6 in same run)

Intermediate precision n/a 7.4% RSD
(n=06/day, 3 days, 2 analysts, 2 instruments)
Accuracy n/a 112.9%
(recovery compared to true value from TEM)
Range n/a 4.9-51% empty capsids

Method validation Quality control (GMP) Repeatability RSD must be <20% <9% RSD
(5 samples of varying %Empty capsid content;

n=3/sample)

Intermediate Precision RSD must be<20% 12% RSD

(1 sample, n=12; 3 days, 2 analysts, 2 instru-

ments)
Accuracy

(measured vs expected %Empty)

Linearity

% difference <20%
across the linear
range

R? must be >0.98

<5% difference from
expected value

R>=0.9994

(measured vs expected %Empty)

No acceptance criteria were set for method qualification. Method qualification results were used to set the acceptance criteria for method validation

n/a not applicable, RSD relative standard deviation, GMP good manufacturing practices

way through to drug substance and drug product release and
stability testing, enabling an end-to-end analytical control
strategy for this important product-related impurity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1208/s12248-022-00768-0.
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