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Recombinant adeno-associated virus (rAAV) vectors are prominent vectors for in-vivo gene therapies. How-
ever, achieving consistent product quality is a major challenge due to the inherent complexity of their struc-
ture and the associated production process. During manufacturing and storage, virus particles are exposed to
a variety of stresses, which can have a direct impact on product attributes, thereby potentially also affecting
safety and efficacy. Current understanding of stress-induced degradation for rAAVs is still fragmented, both
on a mechanistic level and regarding the identification of the most appropriate analytical tools to detect the
underlying changes. To address these gaps, the impact of different stress conditions, namely freeze-thaw, ele-
vated temperature, high/low pH and light exposure, was tested on two different serotypes. For this, a com-
prehensive panel of orthogonal analytical methods was applied to identify significant changes in capsid and
genome titer, full-to-total ratio, content of aggregates, payload integrity and post-translational modifications.
By correlating this extensive dataset with potency results, this study provides detailed insights into the deg-
radation behavior of the employed rAAVs and the suitability of state-of-the-art analytical techniques to indi-
cate the stability of the product. Overall, substantial differences in stress responses were observed between
the two serotypes investigated, and changes in transduction efficiency were mostly represented inade-
quately at the structural or molecular level by the analytical methods employed. Based on these findings, this
study serves as a framework for refining the analytical control strategy of rAAV-based gene therapies and for
developing robust, stability-indicating assays.
© 2026 The Author(s). Published by Elsevier Inc. on behalf of American Pharmacists Association®. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

(ssDNA) carrying the gene of interest. rAAV-capsids comprise in total
60 copies of viral protein (VP) 1,2 and 3 with VP3 being the most

Recombinant adeno-associated virus (rAAV) vectors are fre-
quently used delivery vehicles for in-vivo gene therapies, as they
promise high tissue tropism and long-term gene expression with a
positive benefit-risk profile.! rAAVs are icosahedral, non-enveloped
viral particles belonging to the Parvoviridae family. The protein shell
is 18-25 nm in diameter and encapsulates single-stranded DNA
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abundant. Their assembly occurs in a stochastic manner, entailing
the formation of a highly heterogenous population of capsids. In this
regard, it has been estimated that the most abundant VP-assembly
represents less than 2.5% of the total rAAV population.” In addition,
the encapsulation process of the ssDNA payload is imperfect, often
yielding a mixture of empty capsids and particles containing trun-
cated or non-therapeutic genomes.> Due to their size and complexity,
analytical quality control and extended characterization of rAAVs is
highly demanding. Apart from the above-mentioned heterogeneity,
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rAAVs encounter a variety of different stresses during manufacturing,
formulation, storage and transport leading to chemical and physical
degradation, which in turn can affect their biological activity.*

It is therefore of paramount importance to (i) identify stress con-
ditions that can have a negative impact on the potency of rAAV vec-
tors and (ii) develop appropriate analytical methods that can reliably
detect these alterations at the structural or molecular level.

The importance of understanding and mitigating potential
stresses on rAAVs was highlighted in a variety of recent studies. In
this context, the most assessed factors were long-term storage and
temperature stability including multiple freeze-thaw (FT) cycles as
well as low pH conditions that occur during manufacturing and
endosomal trafficking.”~'° These studies report a broad spectrum of
findings, ranging from negligible or minimal effects to significant
degradation, depending on the specific conditions and factors
involved. Ultimately, the critical quality attribute considered most
relevant is biological activity, or potency, which is measuring the
product’s ability to produce the desired effect.'' However, direct
analysis of this CQA by means of potency assays is of limited practi-
cality due to the inherent variability of these techniques usually rely-
ing on the quantification of a specific cellular response in multi-step
protocols. In addition, these assays are generally restricted by their
low throughput, impeding the realization of extensive stress studies.
To address this bottleneck, the implementation of appropriate analyt-
ical methods that can resolve subtle structural or molecular changes
is crucial. Optimally, such biophysical and physicochemical assays
can serve as predictive surrogates for biological activity. By correlat-
ing these product attributes with potency, a structure-function rela-
tionship can be established, whose insights can then be used to
promote efficient process development and robust quality control.

Despite recent publications investigating the impact of stress con-
ditions on the integrity of rAAVs, the overall understanding of these
effects and the identification of the most appropriate analytical meth-
ods to resolve stress-induced alterations is still limited. This is partly
because most of the available studies focus on either one serotype or
a specific stressor, and apply only a narrow panel of analytical techni-
ques, thereby limiting the ability to draw comprehensive conclusions
or establish a universal framework. To address this gap, we con-
ducted a systematic assessment of multiple stress conditions, includ-
ing freeze-thaw, elevated temperature, low and high pH, as well as
mild and strong UV light, on two different AAV serotypes. For this,
the capsid and vector genome titer as well as the formation of aggre-
gates and fragments were analyzed with multiple complementary
methods. In addition, payload integrity, the occurrence of post-trans-
lational modifications (PTMs) and the presence of free ssDNA, as well
as additional product attributes when deemed helpful, were charac-
terized by applying state-of-the-art analytical techniques. By com-
paring this extensive dataset with in-vitro potency results, we were
able to identify the most critical degradation pathways and deter-
mine which analytical methods are most predictive of biological
activity, ultimately proposing clear guidelines for stability testing and
establishing a robust analytical strategy for quality control of rAAV
gene therapy products.

Material and methods

All samples were prepared and stored using Protein LoBind®
Tubes (Eppendorf SE, Hamburg, Germany) in sizes of 0.5, 1.5 and
15 mL.

Buffer 1 (neutral storage Buffer): 20 mM Tris, 200mM NaCl, TmM
MgCl,, 0.005% Poloxamer 188, pH 7.95;

Buffer 2 (high pH): 20 mM Tris, 200 mM NaCl, TmM MgCl,, 0.005%
Poloxamer, pH (before sample preparation) 10.58, target stress
pH9.2;

Buffer 3 (low pH):20 mM Citrate, 140 mM NaCl, ITmM MgCl,, 0.005%
Poloxamer, pH (before sample preparation) 2.88, target stress pH 3.0;

All buffer components were obtained from Merck (Merck KGaA,
Darmstadt, Germany). Buffers were 0.22um sterile filtrated and kept
refrigerated at 4°C until their usage.

Serotypes

Two AAV serotypes were used throughout the stress experiments:
wild-type AAV9 (WtAAV9) and an in-house produced AAV2-derived
(rAAV2der) capsid. Both serotypes carry the identical DNA payload
encoding the fluorescent protein mGreenLantern (mGL). The initial
stocks were produced through triple-plasmid transfection of HEK293
cells in 500 L large scale culture. After 72h, cell culture fluid was har-
vested, the cells were lysed and the material was concentrated using
UF/DF followed by affinity capture (rAAV2der) and subsequent ion-
exchange chromatography to enrich full capsids (wtAAV9). The
respective pools exhibited a full-to-total ratio (FTR) between 50% to
70%, ensuring that both empty and full capsids were represented suf-
ficiently. Stock solutions were buffer exchanged with neutral storage
buffer (Buffer 1) and concentrated to an initial concentration of
5 x 10" cp/mL, as determined by ELISA. Aliquots were prepared and
frozen at -80°C for subsequent use in stress experiments.

General setup of stress experiments
Sample preparation

For each experiment, a 1.1 mL stock aliquot was diluted with
4.4 mL of the designated stress buffer (Buffers 1, 2 or 3) to yield a final
volume of 5.5 mL of AAV solution with a target titer of 1 x 10' cp/
mL. Homogeneity was ensured by pulse vortexing for 1 to 2 seconds.
A negative effect of vortexing on sample stability for the investigated
serotypes was excluded during pre-experiments. The resulting solu-
tion was then aliquoted into five distinct 1.5 mL Eppendorf Protein
LoBind® tubes, each receiving 1.05 mL. Each tube represents one
sampling point.

Different stress conditions were applied as described in the subse-
quent paragraphs. After stress application, each sample was vortexed
briefly. Subsequently, 1 mL of the stressed sample was withdrawn,
gravimetrically diluted with storage buffer (Buffer 1) to a final
amount of 10 g, thus targeting a final titer of 1 x 10'® cp/mL), and
vortexed again. The sample was aliquoted into 50, 100, 200 and 500
L volumes for subsequent analysis and stored frozen at -80°C, add-
ing one freeze-thaw cycle to each analyzed sample.

Additional buffer exchange for pH stressed samples

To prevent any influence of the pH stress buffers after completing
the stress study, a buffer exchange was performed using 15 mL
Amicon® Ultra Centrifugal Filters (Merck) with a 50 kDa molecular
weight cut-off. 1 mL of the sample was pipetted into the filter tube
and mixed with 14 mL of neutral storage buffer (Buffer 1). The sample
was centrifuged for 30 minutes at 4°C and 2500 rpm. The retentate,
typically less than 1 mL, was collected using a pipette. The filter was
thoroughly washed twice with 2 mL of storage buffer to recover cap-
sids from the filter tube and finally stocked up to a final amount of
10 g before aliquoting as described above.

Specific stress conditions
Freeze-thaw

For each complete freeze-thaw cycle, samples were directly trans-
ferred and without a controlled rate between a -80°C freezer, where
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they were stored for at least 1 hour and an 8°C refrigerator, where
they were thawed for 1 hour. Samples were drawn immediately after
1, 2, 5 and 10 cycles and processed as described. An additional refer-
ence sample (cycley) was aliquoted for analysis prior to the F/T stress
and stored frozen at -80°C, representing a non-stressed control
sample.

Temperature

Temperature stress was applied by placing samples in an incuba-
tor at 37°C (with humidity and CO, control turned off). Sampling was
conducted after 2, 4, 8 and 14 days. A reference control sample (Ty)
was placed in a fridge at 4°C for 14 days. All samples were wrapped
in aluminum foil to avoid any exposure to light stress.

DH stress

In order to achieve the pH of 3.0 (low pH) and 9.2 (high pH), the
aliquoted AAV stocks were diluted by a factor of 4 in the respective
pH stress buffers (Buffers 2 and 3). Final pH was assessed and con-
firmed to be within the range of + 0.1 pH units of the targeted pH.
Four samples for each pH were placed in the fridge at 4°C. Two con-
trol samples were prepared by diluting the stock with neutral pH
storage buffer (Buffer 1). While one control sample was directly
buffer exchanged and aliquoted as described above (pHpeutral, start),
the second control sample was placed in the fridge to account
for potential sample alterations due to storage time in the fridge
(pHneutral, end)-

Light stress

To investigate the photostability of AAV vectors, two different
stress conditions (Mild Light and UV Light) were applied. Samples
were filled in 2 mL Crystal Zenith® (CZ) vials (DAIKYO, Tochigi,
Japan), stoppered and crimped before being placed horizontally in
the respective light chambers at 25°C. For both approaches, a dark
control sample (dc) was prepared by wrapping a CZ vial in aluminum
foil and placing it in the light chamber as well. A 2 cm distance was
kept between vials to ensure uniform and maximum light exposure.
To monitor stress induced by the elevated temperature of 25°C, an
additional control sample was aliquoted and frozen directly, repre-
senting a completely non-stressed sample without any application of
light and temperature stress (Lg). Notably, initial aliquots and final
samples were not vortexed during this experiment but mixed on a
tube roller for 5 minutes at a moderate rolling intensity. UV stress
was performed according to EMA guideline ICH Q1 by using a Suntest
XLS light chamber (Ametek, Berwyn,PA) and exposing samples to
250 Wh/m? over the course of 24 h. For mild light stress, the CZ vials
were placed in a Caron Photostability Chamber 6540 (Caron Scientific
& Services, Marietta, OH). Light exposure time was set to 50 h with
an irradiance of 0.1 W/m? UV light and 5 kix illuminance using a UV
filtered cool white light fluorescence lamp to reflect the expected
daylight irradiance and illuminance in a manufacturing area, adapt-
ing ICH Q1.

Table 1
Experimental setup for the performed stress studies.

A comprehensive overview of the different stress and sampling
conditions is summarized in Table 1.

Analytical assessment of quality attributes
Cell-based functional transduction assay

Potency was assessed by applying a cell-based in-vitro transduc-
tion assay. Human-derived cell lines were seeded into a tissue culture
96 well plate (Thermo Fisher Scientific, Waltham, MA) at a density of
50,000 cells/well in 200 L Dulbecco’s Modified Eagle Medium
(Thermo Fisher Scientific) medium supplemented with 10% Fetal
Bovine Serum. Cells were incubated at 37°C, 5% CO, and subse-
quently, the wells were transduced in nine distinct steps per sample
with a multiplicity of infection (MOI) in a range of 0.6 to 200,000
based on the mean vg titer of the unstressed control samples as
assessed by ddPCR. After 24 h incubation, the medium was aspirated
and cells were detached by adding trypsin. After transferring to a V-
bottom 96-well plate (Thermo Fisher Scientific), cells were centri-
fuged and washed with PBS twice prior to resuspending them in 150
uL of a buffer suitable for fluorescence activated cell counting (FACS).
Plates were then analyzed using a FACSLyric flow cytometry instru-
ment (BD Sciences, Franklin Lakes, N]J) detecting the intrinsic fluores-
cence of expressed mGL. Each sample was prepared in biological
duplicates and transduction efficiency was calculated from the sig-
moidal relationship between the MOI and the expression of the target
protein, using the linear portion of the curve to determine potency.

Capsid and/or payload quantification

Antibody-based immunoassay (ELISA)

A commercially available sandwich ELISA assay was obtained to
determine total capsid titer. Immobilized Capture Select™ biotiny-
lated anti-AAVX conjugate (Thermo Fisher Scientific) was used to
capture rAAV2der (respectively anti-AAV9 conjugate for wtAAV9).
Following a washing step, Capture Select™ HRP anti-AAVX or AAV9
conjugate (Thermo Fisher Scientific) were employed as detection
antibodies for capsid titer determination. Samples were diluted man-
ually to fit the dynamic range of the assay, ranging in between
1 x 10% to 5 x 10'° cp/mL, with reported limit of detection (LOD) at
5 x 10° cp/mL, and each sample was measured in triplicates.'*!*

Affinity-based high-performance liquid chromatography (HPLC)

POROS™ CaptureSelect™ AAVX or AAV9 resin (Thermo Fisher
Scientific) was packed in small analytical columns (2 x 20 mm) and
installed on an Agilent 1260 Infinity II OnlineLC system (Agilent,
Santa Clara, CA) containing a UV diode array detector (DAD, G7117B)
equipped with a 60 mm Max-Light Cartridge Cell (4 uL; G4212-
60007) and a 1260 Infinity fluorescence detector (FDL, G1321B).

For each measurement, 10 uL of sample were injected on to the
column followed by a short wash step to reduce sample impurities
before elution. Depending on the rAAV serotype, sample injection
volume and sensitivity settings of the fluorescence detector, the assay
can quantify capsid titers within a range of 6 x 10° to 1.5 x 10! cp/

Stress Condition Sampling Controls

Freeze-Thaw -80°C/8°C 0,1,2,5,10 cycles cycley

Temperature 37°C 2,4, 8, 14 days To

High pH pH9.2 at4°C 2,4, 8,14 days Shared controls: pHpeutral, starts PHneutral, end
Low pH pH3.0at4°C

Light Mild light 2 different conditions Lo, dCmild tight ACuv stress

UV light
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mL. Detection of the eluting peak was performed using UV absor-
bance (UV260 and UV280) and fluorescence detection (FLD), enabling
the determination of both FTR and capsid titer.'*!° Triplicates were
assessed for each sample.

Size exclusion chromatography — multi angle light scattering
(SEC-MALS)

SEC-MALS analysis was conducted using an Ultimate 3000
(Thermo Fisher Scientifc) HPLC equipped with Optilab ™ RI and
microDAWN ™ MALS (Wyatt Technology, Santa Barbara, CA) detec-
tion modules. Samples were separated on a 300mm SRT SEC-500 col-
umn (Sepax Technologies, Newark, DE) using a pH neutral potassium
chloride buffer. Samples were assessed as duplicates in separate
sequences and ASTRA 8.1.2 was used for acquiring and analyzing UV,
RI and MALS data. For dn/dc 0.185 mL/g and 0.170 mL/g were used
for protein and nucleic acid, respectively. The expected molecular
weight was calculated by the nucleic acid and protein sequences. As
the UV extinction coefficients of payload DNA and capsid protein dis-
play only slight variation across different serotypes, generic values,
as proposed by Wyatt, were applied.'® More detailed descriptions of
the method, including comprehensive insights into its physical prin-
ciples, have been published elsewhere, indicating a reported limit of
quantification (LOQ) of 2.5 x 10'? and respectively a LOD of 5 x 10!
cp /mL.17,18

Digital droplet polymerase chain reaction (ddPCR)

Initial free DNA was digested using a DNAse treatment, followed
by proteinase K (Thermo Fisher Scientific) digest of the capsid and
release of internal ssDNA payload. A short heat-treatment was
applied for inactivation of enzymatic activity. Since the ddPCR
method operates within a dynamic range of 5 x 10" to 6 x 10° cop-
ies/mL reaction volume, samples were diluted accordingly prior to
vector genome (vg) titer assessment, which was done in triplicates.
Droplets were generated using an AutoDG instrument (Bio-Rad Labo-
ratories, Hercules, CA) and placed in a QX200 ddPCR system (Bio-
Rad). Primers and fluorescence probes for the cytomegalovirus
(CMV) promoter region of the employed mGL payload were used for
PCR analysis. Evaluation using the Poisson distribution was applied
on retrieved data to calculate the concentration of vg copies in each
sample.'®

Mass photometry (MP)

Samples were diluted in PBS to approximately 5 x 10'! cp/mL to
ensure they fell within the reported linear detection range of
1 x 10" to 8 x 10!! cp/mL. The samples were pipetted one at a time
for each measurement into a 24-well cassette mounted upon a glass
slide, which was placed above the laser in the SamuxMP instrument
(Refeyn, Waltham, MA). 60-second videos of binding events were
recorded for each sample and evaluated, utilizing the linear relation
of mass and scattering signals, allowing the calculation of FTR as well
as an estimation of partially filled capsids. All measurements were
performed in triplicate with binding event counts between 500 to
6,000, ensuring at least 300 counts for either the empty or full capsid
peaks. The LOQ of MP was reported at 8.8 x 10'° cp/mL.2°~??

Fluorescent DNA staining

The Qubit™ ssDNA Assay-Kit (Thermo Fisher Scientific) was uti-
lized for quantitation of free single-stranded DNA (ssDNA). According
to the manufacturer, the assay has a calibration range of 1 to
1000 ng/mL and supports sample volumes of 1 to 20 uL, therefore
enabling the analysis of sample concentrations ranging from 10ng/
mL to 240 pg/mL. According to the instructions, 20 uL of each sample
were mixed with 180 L of reaction mix. After 2 minutes reaction
time, ssDNA titer was measured using the Qubit™ 4 Fluorometer
(Thermo Fisher Scientific).?>

All samples were prepared and analyzed in technical triplicate. To
additionally evaluate the total amount of ssDNA, samples underwent
thermal payload ejection by heating to 70°C for 30 minutes, followed
by sample dilution in a 1 to 12 ratio prior to measurement. The
amount of free ssDNA was calculated based on the relative ratio of
initial free ssSDNA to complete ejected ssDNA after heat treatment.
Heat-treated samples were analyzed in single measurements, while
the mean total ssDNA amount for each serotype was derived from all
tested samples.

Aggregation measurement

SEC-UV/FLD

SEC-UV/FLD runs were performed in duplicate as previously
described (see SEC-MALS), utilizing UV detection at 280 nm and fluo-
rescence detection (FLD) with excitation/emission wavelengths of
280/350 nm. The high sensitivity of fluorescence detection, combined
with the intrinsic fluorescence of rAAV capsid proteins, allows the
quantification of capsids down to a limit of 3.5 x 10!! cp/mL. By con-
trast, UV-based quantification is highly dependent on the proportion
of payload containing capsids, as the high absorbance of DNA at
260 nm strongly interferes with measurements at 280nm, resulting
inaLOQas low as 8 x 10'° vg/mL.>*

SEC-UV/FLD was primarily employed for the assessment of capsid
aggregation, where the relative amount of High Molecular Weight
species (HMWs), representing oligomeric aggregates, as well as Low
Molecular Weight species (LMWs), such as fragmented capsids and
free DNA, were determined based on the observed signals.?”

Dynamic light scattering (DLS)

DLS was used to evaluate the hydrodynamic radius (rH) and size
distribution of viral particles within the size ranges of 10-100 nm,
corresponding to individual capsids or smaller HMWs, and 100-
1000 nm, indicative of larger aggregates. For analysis, 30 uL of each
sample was pipetted in triplicate into a 384-well plate, centrifuged
for 1 minute at 400g to remove larger debris and placed into a
DynaPro Plate Reader IIl (Wyatt). The hydrodynamic radius and the
relative size distribution of capsids and aggregates were calculated
based on the obtained autocorrelation functions.?®’

Molecular and structural analysis

Post-translational modifications (PTMs) by liquid chromatography —
mass spectrometry (LC-MS)

Prior to analysis, capsids were denatured at 90°C for 20 min, fol-
lowed by enzymatic digestion adding trypsin and incubation at 37°C
for 20 h. A stop solution was added and samples were analyzed in
triplicate using a Vanquish™ Flex UHPLC System (Thermo Fisher Sci-
entific), equipped with a ACQUITY UPLC Peptide CSH C18 Column
(Waters Corporation, Milford, MA) and coupled to an Orbitrap
Exploris™ 240 mass spectrometer. MS1 data were evaluated using
Byonics (Protein Metrics, Boston, MA) to calculate the relative
amount of post-translational modifications (PTMs) at specific sites.
All reported PTM sites are labeled according to their position follow-
ing common VP1 nomenclature.

Negative-stain transmission electron microscopy (nsSTEM)

The integrity of temperature- and light-stressed samples was
evaluated by applying transmission electron microscopy (TEM) on
endpoint and control samples for virtual comparison. For this proce-
dure, 2 L of sample was pipetted onto a carbon grid and incubated
for 30 seconds followed by 15 seconds of uranyl acetate staining.
Images were taken with a 50,000x magnification on a JEM-1400Plus
(Jeol, Tokyo, Japan) electron microscope.
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Next generation sequencing (NGS)

The AAV payload was extracted using the QIAamp® MinElute®
Virus Spin Kit (Qiagen, Hilden, Germany). Double-strand synthesis,
followed by repair, A-tailing and adapter ligation using the
SMRTbell® prep kit 3.0 (PacBio) was performed according to the
manufacturer’s protocols with slight adjustments. The SMRTbell
library was sequenced on a Sequel Ile instrument (Pacific Biosciences,
Menlo Park, CA).

Capillary electrophoresis (CE)

CE-SDS analysis of viral protein capsid stoichiometry was con-
ducted using the BioPhase 8800 (SCIEX, Framingham, MA) system
equipped with a laser-induced fluorescence (LiF) detector. Separa-
tions were performed at 25°C using a 50 um fused silica capillary
(30 cm total length, 20 cm separation distance) under reverse polar-
ity at 15 kV, with sample injection at 5.0 kV for 30 s. The capillary
was pre-rinsed with NaOH, HCl, water, and SDS-MW matrix, and
data were analyzed using Chromeleon™ 7.3.2 (Thermo Fisher
Scientific).

Statistical evaluation

To assess the methods’ intermediate precision and robustness a
two-step statistical approach was applied. First, Analysis of Variance
(ANOVA) was performed to identify significant changes introduced
by the applied stress conditions across multiple replicates for each
experiment and method (p<0.05). Second, to highlight relevant sam-
ples showing a significant change in a product attribute, a 95% confi-
dence interval (CI) was specified. This involved comparing stressed
samples against their respective control, with the CI set at
+1.96 times the coefficient of variance (CV). For each method, the CV
was calculated globally across all replicate measurements of all
employed stresses and both serotypes, thereby taking into account
run-to-run and serotype-related variability. Importantly, all data
with regards to transduction efficiency, capsid titer and FTR were
normalized to the results of the control samples obtained by each
specific method, as there were considerable differences in absolute
readouts using different techniques. Further details on the statistical
data assessment, including the sample size, number of replicates, cal-
culated CI and critical F-values (F;) used for ANOVA are provided in
Table S1 in the supplemental information.

Table 2

Results and discussion

A systematic assessment of a broad panel of analytical methods
with regard to their ability to detect stress-induced degradation of
AAVs was conducted. For this, two AAV serotypes (rAAV2der and
wtAAV9) were subjected to different stress types (i.e. freeze-thaw,
thermal, low pH, high pH and light stress). The employed analytical
methods were intended to provide a holistic picture on all relevant
changes, including their structural integrity, payload stability and the
occurrence of post-translational modifications (PTMs), which were
correlated with the determined potency of these samples. Statistical
evaluation of the results for each method was applied to identify
stress-induced alterations that were statistically and practically sig-
nificant. Their determined experimental CVs alongside other method
characteristics are summarized in Table 2. Key observations for each
stress condition are described and discussed in the following, and a
compilation of all obtained data is provided in the supplemental
information (Table S2 -S6).

Impact of freeze-thaw stress on AAV stability

After subjecting rAAV2der and wtAAV9 material to 1, 2, 5 and 10
cycles of freeze-thaw stress, the samples were examined with the
standard set of analytical methods.

Most of the samples did not indicate any significant changes in the
product attributes assessed, while only a few showed slight trends,
mostly within the limits of their determined variability. Specifically,
the rAAV2der transduction assay hinted at an initial increase in
potency by 18% after the first freeze-thaw cycle compared to the con-
trol sample, while this effect reversed after 5 and 10 subsequent
cycles. The transient increase in potency can most likely be attributed
to method variability, since it showed no uniform trend to higher val-
ues and was not backed by any other analytical methods. This is also
underlined by the results for wtAAV9, which maintained consistent
potency throughout the freeze-thaw stress (Table 1). With regards to
size-variants, DLS results revealed a slight reduction of 11% in the
hydrodynamic radius (rH) for the size range from 10 to 100 nm
(Fig. 1B). Most notably, a significant increase in aggregation of about
3% over the course of 10 freeze-thaw cycles was observed for both
serotypes by SEC-UV analysis, accompanied with a decrease in mono-
mer content, while the LMW content remained in a constant range

Comparison of analytical methods for characterization of product attributes including precision, throughput, and sample material requirements.

Category Method Reported CV [%] Experimental CV [%] CI(=1.96 x Targeted product Estimated sample Sample amount per
V) attribute throughput/day low  acquisition low
(<11), medium, high  (<21uL), medium,
(>50) high (>100uL)
Statistically evalu- Potency 5-25%728 3.0 5.9 Transduction efficiency  low high
ated quantitative ~ ELISA 10-20'2%629 34 6.7 cp titer high medium
methods Affinity HPLC - 1.7 33 cp/vg titer, FTR high low
SEC-MALS 0-517:2526 0.6 1.1 cp/vg titer, FTR, low medium
aggregation
ddPCR 2-10'83021 6.1 11.9 vg titer medium medium
MP 0-31932 1.9 3.7 FTR medium low
Fluorescent DNA <5% 0.1 0.2 Free ssDNA medium low
staining
SEC-UV/FLD <3.5% <0.5 0.6 Aggregation, (free ss/ low low - medium
dsDNA)
DLS 10-100nm - 2.6 5.1 Aggregation medium medium
DLS 100-1000nm 29.8 (only for 58.0
rAAV2der)
Not statistically PTMS na. na. na. Post-translational pro- low medium
evaluated quanti- tein modification
tative methods NGS na. na. na. Detailed DNA analysis low medium
CE-SDS n.a. n.a. n.a. Capsid VP composition medium low - medium
Qualitative methods TEM na. na. na. Aggregation, capsid low Low

integrity, (FTR)
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Fig. 1. Results for selected analytical methods after applying freeze-thaw stress: (A) Transduction assay reporting relative potency; (B) Capsid aggregation assessment by dynamic
light scattering (DLS) displaying the average hydrodynamic radius in a range from 10 to 100 nm; (C) Relative content of monomer and aggregate content by size exclusion chroma-
tography coupled to UV detection (SEC-UV) (not showing a stable portion of fragments occurring in wtAAV9 samples); (D) Released payload ssDNA in relation to the total payload
DNA utilizing a fluorescent ssDNA staining. Results for rAAV2 der are depicted in blue, for wtAAV9 in orange. Scales in (A) and (B) are based on normalization relative to the
unstressed control sample (cycle0). The coefficient of variance (CV) for replicate measurements of each sample is indicated by error bars, while the confidence interval (CI) for each
method is marked as dotted lines. For better readability, the CI for free ssDNA staining as well as the CV and CI for SEC-UV analysis are not shown.

throughout the F/T study (Fig. 1C). Additionally, the affinity-based
HPLC method indicated a gradual loss of capsids up to approximately
5%, which is barely within the method’s confidence interval. Finally,
we were able to detect an increase in free ssDNA using a Qubit fluo-
rometer by 2% for each serotype throughout the stress study, result-
ing in relative amounts of 8% free ssDNA for rAAV2der and 4% for
WtAAV9, respectively (Fig. 1D).

These findings are generally in good accordance with observations
published for serotypes rAAV1, rAAV8 and rAAV9, indicating the
release of ssDNA as a result of freeze-thaw stress, as evidenced
through a slight increase in the HMW region during SEC-UV analysis
and the occurrence of free ssDNA in NGS and fluorimetry. By contrast,
the determination of capsid titer and transduction efficiency resulted
in no clear trends, which, however, is possibly related to the high
coefficients of variation (CVs) of the methods applied in these
studies.>”®?® For the analysis of size variants, the opposite effect was
observed: While the results from Wright et al. hinted at an increase
of aggregates for both DLS and SE-HPLC analysis®’, a slight reduction
of the rH in the size range from 10 to 100 nm was noticeable in our
study. These differences may be attributed to the respective AAV
serotype and the employed formulation components, such as surfac-
tants, ionic strength and cryoprotectants, which are acknowledged to
have a strong influence on AAV capsid stability and aggregational
behavior.>%?

Impact of thermal stress on AAV stability

Samples were subjected to thermal stress at 37°C for a total dura-
tion of 14 days, with samples drawn after 2, 4, 8 and 14 days. Subse-
quent potency analysis revealed a time-dependent, exponential
decay of transduction efficiency down to 40 and 20% for wtAAV9 and
rAAV2der, respectively (Fig. 2A). As expected, the thermal stress
resulted in considerably increased levels of PTMs for both serotypes,
especially deamidation at multiple positions. Most notably, rAAV2der
was highly susceptible to deamidation at the asparagine residue N57,
with an increase up to approximately 50%. By contrast, the deamida-
tion of wtAAV9 at position N57 already plateaued after 4 days of ther-
mal stress at a substantially lower level of ~25%. At site N94, a linear
increase in deamidation was observed for both serotypes ultimately
reaching values between 20 and 25% after 14 days (Fig. 2B). Further
asparagine residues of the AAV capsid proteins were less affected
with maximum values in a range between 2 and 3%.

Evaluation of the capsid titer by different analytical methods
revealed an overall decrease of intact viral particles, with the largest
drop of 15 to 20% for affinity-based HPLC followed by ELISA (~14%)
and SEC MALS with values between 4 and 10%. In addition, distinct
differences between both serotypes were observed for the FTR, when
applying MP and SEC-MALS. Based on MP results, wtAAV9 exhibited
arelative decrease of 7% in FTR over time (Fig. 2C), whereas rAAV2der
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showed no such effect. Conversely, SEC-MALS indicated a significant
decrease in relative FTR of almost 10% for rAAV2der, while only a
trend of 4% decrease was found for wtAAV9 (Fig. 2D).

With regards to size variants, SEC-UV revealed a pronounced
reduction in oligomers and a concurrent increase in the monomer
peak for both serotypes, while SEC-FLD showed no significant
changes in fluorescence response. By contrast, DLS demonstrated no
evidence of larger-scale aggregation. Fig. 3 provides TEM images of
the thermally stressed samples indicating a severe impact of temper-
ature on capsid integrity for both serotypes equally, leading to mis-
shaped and ruptured capsids. Finally, NGS results exposed a slight
increase in incomplete, fragmented reads of payload ssDNA (data not
shown).

The impact of temperature stress has been investigated in similar
experiments using several distinct serotypes, reporting consistent
findings with our results; a drastic decrease in potency concomitant
with considerably elevated levels of deamidation, but only a small
effect on capsid and vector genome titers.>°~>2 Of special note is the
strong linear correlation between N94 deamidation and the loss of
potency in our study (R? = 0.992 for rAAV2der and R? su 0.969 for
wtAAV9; supplemental Fig. S1), as well as the generally high deami-
dation levels observed at N57. The finding that asparagine deamida-
tion qualifies as a serotype-independent indicator of temperature-
induced degradation is in accordance with former studies, confirming
its role as potential critical quality attribute (CQA). As previously

reported, the associated changes in the surface charge profile could
be resolved for rAAV1 and rAAVS8 by analytical anion exchange chro-
matography (AEX) based on the observed peak shifts to the acidic
region.>>—>° Although not systematically evaluated in this work for
other stress studies, we conducted a choline-buffer based AEX
method>® for rAAV2der to assess if this serotype shows a similar
chromatographic behavior. Indeed, while achieving baseline-separa-
tion between full and empty capsids for the control sample, full cap-
sids were less retained on the column after temperature stress,
resulting in a partial co-elution with empty capsids and therefore
altering the readout for the FTR determination.

Impact of high pH stress on AAV stability

The effects of high pH stress (i.e. pH 9.2) on the two serotypes
were assessed over a 14-day period, with samples being collected
after 2, 4, 8, and 14 days, followed by buffer exchange prior to the
analysis. Their transduction efficiency remained largely unaffected
throughout the study ranging in between 95 and 108% (Fig. 4A) com-
pared to the unstressed control, which is, at first glance, in conflict
with the findings from PTMs, showing a moderate increase in deami-
dation at position N57 by up to 20%, while other investigated sites
did not display any significant increase in comparison to the control
sample (Fig. 4B). Deamidation at this site is of specific interest, as N57
is part of the unique sequence of VP1 (VP1u) bearing a phospholipase
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Fig. 3. 50,000x magnified negative-stain transmission electron microscopy (TEM) images of wtAAV9 (top) and rAAV2der (bottom) to detect non-intact and misshaped capsids
(exemplarily marked with arrows; right) after thermal stress at 37°C for two weeks in comparison to non-stressed controls (left).
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A2 (PLA2)-like motif that is linked to endosomal/lysosomal escape of
AAVs capsids during endocytosis.>’*® Previous studies regard this
PTM as a potential CQA, indicating loss in transfection efficiency.>%%°
By applying a lower temperature of 4°C during pH stress, our
approach aimed at isolating the effect of pH stress from that of tem-
perature-induced deamidation (or potential synergistic effects). In
this regard, the finding that the sole deamidation of N57 showed no
significant impact on potency, suggests the assumption that the
observed loss in transduction efficiency after thermal stress is a result
of the combination of several alterations on capsid and payload level.
However, additional investigation of other rAAV serotypes is required
to allow general applicability of our findings and to advance the iden-
tification of potential CQAs of rAAVs with regards to PTMs.

Determination of genome and capsid titer yielded some interest-
ing insights. Whereas the overall alterations were rather small and
mostly within the confidence intervals of the applied methods, MP
analysis exhibited for rAAV2der an increase in empty capsids by
roughly 6%, thereby lowering the FTR. Additionally, SEC-MALS analy-
sis of wtAAV9 hinted at an increase in capsid titer over the course of
the experiment, which however could also be observed in the control
sample. A potential cause for this counterintuitive behavior can be
derived from structural assessment using SEC-FLD and SEC-UV. Both
methods pointed to a shift toward higher monomer and lower
HMWs content with increased stress time, which was also observed
for the respective control samples that were incubated at standard
formulation conditions (Fig. 4C and D). Consequently, the observed
disaggregation of HMWs is likely rather an artifact of the initial stock
preparation than an effect of the high pH conditions applied. As the
performed buffer exchange led to a temporary increase in capsid con-
centration on the order of E15 cp/mL, we assume that this step has
induced the formation of reversible oligomeric aggregates.*' These
HMW variants dissociated again to the monomeric forms within
4 days after dilution to the target concentration range of 1E14 cp/mL.
By contrast, DLS results suggest an increase of larger, probably irre-
versible aggregates within the 100-1000 nm size range for rAAV2der
over the incubation time at elevated pH. While these results indicate
an additional aggregational behavior of rAAV2der, further investiga-
tion of this effect is required due to the high variability of the DLS
method in this size range and the potential impairment introduced
by reversible aggregation via the concentration step.

Impact of low pH stress on AAV stability

Prior to selecting the conditions for low pH stress we performed
an extensive literature review to identify potential gaps. Most studies
were performed at pH 4-6, representing the physiological conditions
during endosomal trafficking following the uptake of capsids into
cells. Structural X-Ray analysis of rAAV8 capsids within this pH range
suggests that reversible conformational changes in the N-terminal
region of the unique sequence of VP1 (VP1u) potentially lead to an
externalization of the PLA2-like domain.*>** In addition, a potency
loss was previously reported at pH 5-6 for rAAV9, coinciding with
increased thermostability of capsids.** Although DNA-protein inter-
action should be reduced at low pH, the authors observed no genome
ejection. Furthermore, it was shown for several serotypes that the pH
range causing changes in thermostability and transduction efficiency
is serotype-specific and the effects are temperature dependent. While
frozen or cooled samples at 4°C largely exhibited capsid stability
down to pH 4, samples kept at RT or elevated temperature of 37°C
and a pH of 2.5 displayed a drastic decrease in potency.'®*° Based on
these findings, we were especially interested in further investigating
the pH range between 2.5 and 4.0, which often is utilized as elution
condition for affinity purification during downstream processing.
Additionally, we targeted for a lowered temperature of 4°C to exclude
any temperature-induced effects and further extend the insights into
rAAV stability in the acidic pH range.

Low pH stress (pH 3.0) on the two investigated rAAV serotypes,
rAAV2der and wtAAV9, yielded contrasting outcomes. Transduction
efficiency for rAAV2der increased to approximately 140% after apply-
ing low pH stress for 14 days, while wtAAV9 exhibited a drop down
to approximately 75%, both showing a consistent linear trend over
the course of the stress (Fig. 5A). Determination of capsid titer and
vector genome titer for rAAV2der resulted in mixed results, with a
reduction of capsid titer of approximately 8% according to Affinity
HPLC data and at the same time a vg titer increase of nearly 20% as
per ddPCR results (Fig. 5B and C). The latter finding negates the
assumption that changes in vector genome titer are solely responsi-
ble for the observed increase in potency, suggesting that additional
product attributes (e.g., purity, capsid integrity and alteration, aggre-
gation) have an impact on the read-out of the applied transduction
assay. For wtAAV9, a slight increase in capsid titer of approximately
5% was observed for both stressed and unstressed samples using
SEC-MALS, consistent with the observations under high pH stress. By
contrast, neither Affinity HPLC nor ddPCR gave a hint towards the
loss of capsids or vector genomes for wtAAV9, which could explain
the loss in transduction efficiency.

In accordance with the results for high pH stress, disaggregation
of wtAAV9 oligomers was apparent under low pH conditions. This
was evidenced by SEC-UV results, showing a reduction in HMW
forms after 14 days from 6% to 2% and 3% for the stressed (low pH)
and the unstressed (control) samples, respectively. Similarly, SEC-
FLD data suggested a comparable trend, reducing the level of HMWs
from 5,5% to 4% for both stressed and unstressed samples. By con-
trast, rAAV2der exhibited only minimal changes in size variant pro-
files, with the emergence of a fragment peak in SEC-UV representing
up to 2% of the total peak area, indicating free, non-aggregated DNA
as the most noticeable alteration (Fig. 5D). While the relation of these
free DNA fragments on the observed increase in vg titer and trans-
duction efficiency remains elusive based on the present data, we
speculate that this behavior could point towards a serotype-specific
disaggregation of larger HMW forms resulting in the demasking of
potent capsids.>® As a result of the demasking, the accessibility of
potent capsids carrying the DNA payload during capsid digest
would be improved, leading to a higher functional vg titer as detected
by PCR.

Impact of light stress on AAV stability

The impact of light exposure on capsid and payload integrity was
assessed for rAAV2der and wtAAV9 under either mild light stress
conditions (i.e. filtered UV) for 50 h or harsh UV stress for 24 h, fulfill-
ing the requirements for Option 1 D65 light sources according to ICH
Q1B.%° Under mild stress, a slight reduction of the transduction effi-
ciency of approximately 10% was observed, which however did not
translate to any meaningful changes for the entire panel of applied
analytical methods. Therefore, the results presented below focus on
the effects of UV light exposure.

Bioactivity experiments indicated an almost complete loss of
transduction efficiency following UV stress for both serotypes relative
to the dark control (Fig. 6A). Capsid titers determined by ELISA
(Fig. 6B) and Affinity HPLC hinted at a decrease by 8 to 13% for both
serotypes. By contrast, SEC-MALS analysis was unable to resolve any
significant changes for rAAV2der but suggested a ~20% increase in
capsid titer for wtAAV9, while the obtained FTR decreased by 10%.

With regards to size variants, SEC-FLD indicated an increase in
oligomers for both serotypes by 2.5%, suggesting moderate capsid
aggregation which can serve as potential explanation for the afore-
mentioned loss in capsid titer. Using SEC-UV, no noticeable change
was obtained for rAAV2der, while wtAAV9 exhibited a loss of LMWs.

Payload analysis of rAAV2der applying NGS demonstrated pro-
nounced ssDNA fragmentation with a broad density distribution of
read lengths between 1 and 3500 bp and a maximum at ~1000 bp.
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For wtAAV9, a similar yet less severe fragmentation behavior was
observed, as evidenced by the peak at ~4000bp suggesting a remain-
ing population of intact payload DNA (Fig. 6C). Additionally, the num-
ber of total reads decreased by 75% for rAAV2der up to 90% for
wtAAV9. While ddPCR displayed a non-significant loss of about 10%
vg for both serotypes, further characterization of the observed ssDNA
fragmentation of the samples by capillary electrophoresis using the
5300 Fragment Analyzer System (Agilent) provided no indication of
fragmentation of the ssDNA backbone (data not shown).

Strong oxidation of the capsid was observed at position M203 and
less pronounced but significant at M434 and M436 for rAAV2der and
WtAAV9, respectively. When analyzing the capsid proteins by CE-
SDS, the UV light exposed samples exhibited a marked change in VP-
ratio with decreased portions of VP1 and VP2 (Fig. 6D). Furthermore,
an additional high molecular weight species emerged which was not
noticeable for any other stress conditions. Fluorimetry analysis
revealed a slight increase of free ssDNA in a range of 0.8 and 1.7% rel-
ative to total ssDNA. More interestingly, performing the same analy-
sis after enforced thermal ejection resulted in a considerable
decrease in the detectable amount of ssDNA compared to the control
samples, which might be attributed to an incomplete release of
ssDNA due to DNA-protein crosslinking. Consequently, our findings
indicate severe effects on both the DNA and capsid level, possibly
compromising the dsDNA synthesis and the repair step during NGS
library preparation, hence leading to unsuccessful reads of full-length
payload DNA while overestimating smaller DNA fragments.

To our knowledge, the understanding of light-induced stress on
the stability of rAAVs is still limited. Takino et al applied UV light
induced stress on rAAVs, resulting in similar observations. Besides an
increasing amount of atypical HMWs by Capillary Gel Electrophoresis
(CGE), the investigated rAAV6 capsid displayed increased oxidation
of M372 and M403. In addition, the formation of cyclobutane pyrimi-
din dimers (CPD) was observed, which reportedly affects the confor-
mational integrity of ssDNA.“C It is noteworthy that - in contrast to
the findings of this study - we only detected an insignificant decrease
in genomic titer when applying ddPCR. The apparent increase in cap-
sid titer for wtAAV9 via SEC-MALS is likely caused by changes in the
physicochemical properties of the stressed samples. We hypothesize
that the severe impact of UV stress, which did not only affect the
DNA payload but also the capsid integrity, resulted in a deviating
detection behavior that interferes with accurate determination of the
capsid titer by SEC-MALS. In this regard, the effect of light-induced
crosslinks, either on protein-protein or protein-DNA level, as well as
alterations of the payload sequence by depurination or dimerization,
should be assessed in future studies regarding potential implications
on the reliability of the employed analytical methods.

Systematic comparison of analytical methods applied throughout
different stresses

During this study, the standard set of analytical methods, covering
payload titer, size variant composition and transduction efficiency,
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was evaluated statistically applying a one-way ANOVA. Significant
changes in samples after stress application were identified relative to
unstressed controls, considering the coefficient of variation (CV) for
each method (shown in Table 2). This allowed a comparison of the
significance of the results, also with regard to previously published
findings. Despite this statistical approach to identify relevant stress-
induced sample alteration, it cannot be entirely excluded that single
samples show outlying behavior. To account for this, only observa-
tions were deemed meaningful that occurred across multiple sam-
pling points or showed an overall trend to higher or lower values. In
general, results demonstrated good agreement with the available
data for different stress conditions. Highly automated methods,
involving only limited manual preparation steps such as SEC-UV/FLD,
Affinity HPLC and MP, achieved high accuracy with CVs below 2%. By
contrast, analytical methods depending on multiple sample process-
ing steps, including the preparation of serial dilutions, as performed
for AAV ELISA, often showed increased CVs. Most severely, enzymatic
or cell-based assays resulted in the highest CVs ranging from 3.9% for
potency to 6.1% for ddPCR, which can be explained by the inherent
biological variability and complexity of these assays.

In line with established practices for in vitro potency assessment
of rAAVs, we employed a serial-dilution transduction assay in
HEK293 cells with a GFP expression readout by flow cytometry. Sam-
ples were evaluated by fitting the dose-response and comparing the
quasi-linear range relative to the respective non-stressed control
samples. Comparable transduction assays have been reported apply-
ing different analytical read-outs, such as imaging of fluorescent

reporters, immunocytochemistry with chromogenic detection, enzy-
matic activity, and flow cytometric quantification of reporter-positive
cells. 8102728313246 I contrast to single-point transduction designs
at fixed MOI (i.e. single dose response experiments) that are fre-
quently applied as simplified versions, our assay design provides
high reliability for determining the relative transduction, which is
considered essential when product attributes vary significantly
between samples due to stress exposure.”®!%3249 Gjven the inherent
biological complexity of transduction depending on multiple factors
such as rAAV uptake, cell state heterogeneity, second-strand synthe-
sis, promoter activity and reporter maturation kinetics, the herein
conducted assay merely reflects the functional endpoint and is hence
less suited for pinpointing the structural or biochemical changes to a
specific cellular process. For deeper mechanistic attribution, addi-
tional assays that explicitly resolve entry, trafficking, genome deliv-
ery, and payload function are recommended. This for example
includes two-color co-transduction by FACS to estimate co-delivery
and multi-hit probabilities consistent with Poisson loading, single-
cell ddPCR or viral barcoding to directly count vector genomes per
cell, and PCR of intracellular or nuclear genomes to resolve entry and
trafficking steps upstream of reporter expression.>”

For the evaluation of size variants, the capsid titer and the vector
genome, a broad panel of well-established analytical techniques was
employed in parallel for the different stress conditions. Utilizing this
extensive dataset allowed us to draw conclusions on the capabilities
of these methods to indicate stress-related alterations for the AAV
serotypes investigated. SEC coupled with UV or fluorescence
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detection is the method of choice for evaluating LMW and HMW
(including capsid dimers and oligomers) forms of AAVs. Combining
these two detection modes proved especially helpful to resolve
changes both on protein and DNA level. While SEC-FLD is aptly suited
to monitor the formation of (small) aggregates and capsid fragments,
the UV signal, relying on the A260/A280 ratio, can be exploited to
derive additional information on the DNA content of the obtained
species. In our study, SEC-UV analysis of thermally stressed samples
indicated a decrease of HMW species, while the proportion of the
monomer increased with longer stress time. By contrast, the relative
peak areas remained largely unchanged in the FLD traces, suggesting
an aggregation behavior at the DNA level. In addition, LMWs fractions
detected during low pH stress for rAAV2der in SEC-UV could be
attributed to DNA fragments, further highlighting the method’s abil-
ity to discriminate between protein- and DNA-caused degradation.
For the detection of higher-level aggregation, DLS is the most com-
mon technique used, particularly in the range between 100 and
1000 nm. Under basic pH as well as elevated temperature stress, DLS
results suggested a change in these aggregates, which however was
obscured by the high CV of this method. Overall, a relatively high sta-
bility against capsid aggregation was observed for the chosen formu-
lation throughout this study, despite the deliberate omission of
sucrose as stabilizing agent.

Enzyme-linked immunosorbent assays (ELISAs) are a widely used
technique for capsid determination of AAVs.'>'>*’ This is because of
its high throughput and the ability to analyze samples throughout
the entire bioprocess with low material requirements. However,
commercially available antibodies against AAVs bind reportedly also
to non-intact, fragmented or aggregated capsid proteins, potentially
leading to titer overestimation.’® Likewise, our recently introduced
Affinity HPLC method exploits the specific binding of the capsid pro-
teins on immobilized AAV antibodies enabling the determination of
the capsid titer in the eluting peak. Conceptualized as Process Analyt-
ical Technology (PAT) tool, this method allows for fast turnaround
times of less than 2 min/sample, which proves especially helpful for
processing a high number of samples or can even be directly coupled
to the process for online analytics.'*'>%° On the downside, this
method is also reliant on the availability of suitable antibodies against
the serotype of interest, might require method optimization for effec-
tive binding and elution of the rAAVs, and initial calibration using
orthogonal analytics is required. Besides these techniques relying on
AAV antibodies, SEC-MALS was applied as a third method to deter-
mine the capsid titer after different stresses. Since the MALS detec-
tion of the AAVs is preceded by chromatographic separation of
HMWs and LMWs, the effective titer of the desired AAV monomer
should in theory be determined more reliably than for AAV ELISA and
Affinity HPLC. Interestingly, antibody-based methods exhibited dur-
ing our study a higher sensitivity to detect stress-induced alterations
in the rAAV samples investigated, as can be concluded from the
increased loss of capsids during temperature and UV light stress. In
addition, the Affinity HPLC was also capable of hinting at a slight loss
of capsids during freeze-thaw stress. We suggest that the higher
capacities of AAV ELISA and, particularly, Affinity HPLC to report deg-
radation inflicted by stress conditions is due to their susceptibility to
(local) surface changes affecting the interaction of the AAV with the
employed antibodies. By contrast, SEC-MALS can only resolve the
overall integrity of rAAV capsids and is consequently insensitive to
subtle changes in surface topology that do not significantly alter the
capsids’ hydrodynamic radius.

In addition to determining the capsid titer, SEC-MALS has
emerged as a powerful tool for calculating the FTR based on the
molecular properties of the capsid. A key advantage is that the analy-
sis can be performed in a single, calibration-free measurement.!”-18->0
However, data interpretation can be challenging due to the heteroge-
neous nature of AAV samples. This complexity, combined with typical
run times of 20 to 40 minutes, makes the technique less suitable for

high-throughput applications, as for example required during pro-
cess development. Due to these limitations, the combination of cap-
sid titer determination by ELISA and vector genome quantification by
(dd)PCR is commonly applied as an alternative approach for obtain-
ing the FTR. On the downside, this two-method solution is inherently
prone to error. Both individual assays already exhibit considerable
methodological variability. By combining them, their respective coef-
ficients of variation (CVs) are compounded, which significantly
increases the potential for inaccuracy in the final FIR result. In addi-
tion, our employed ddPCR setup was not able to detect the degrada-
tion of the DNA payload after UV light stress, which resulted in
complete loss of transduction efficiency and severe DNA fragmenta-
tion as evidenced by NGS. This highlights the importance of properly
designing the primers/probes and their position to reliably detect
truncated or fragmented genomes.”'

Overall, the currently prevailing absence of comprehensive ana-
lytical methods to reliably detect changes in product attributes of
rAAVs, mandates a combined approach covering a broad panel of dif-
ferent techniques for early method and process development. Only
through such a strategy, can a reasonable understanding of the prod-
uct and the associated process be achieved.

In this study, we applied this approach to identify the most appro-
priate analytical method for a given product attribute and stress con-
dition as well as revealing potential inconsistencies between
orthogonal techniques. The key findings of this study are shown in
Table 3, summarizing the most sensitive methods for detecting
changes in relevant product attributes according to the stress factor
investigated. The use of orthogonal methods proved critical to reli-
ably detect stress-induced alterations that might otherwise be insuf-
ficiently recognized or entirely overlooked by employing a single
assay, thereby taking into account the different assay principles.

For instance, we observed that capsid titer alterations in some
stressed samples were more pronounced when applying affinity-
based methods (e.g., ELISA or Affinity LC). By contrast, SEC-MALS,
despite its higher accuracy and lower CV, turned out to be less sensi-
tive in these cases. This discrepancy suggests that the observed
changes were primarily triggered by the level of interactions between
the rAAV and the employed antibodies rather than structural changes
at the capsid level. Similarly, determination of FTR utilizing SEC-
MALS, ELISA/ddPCR and MP varied considerably for the investigated
samples. Particularly under thermal stress conditions, SEC-MALS and
MP provided ambiguous readouts, rendering interpretation challeng-
ing due to the lack of confirmatory data from a well-characterized
method. This example, along with other observations made through-
out this study, underscores the need for focusing on the development
of stability-indicating methods as part of a robust analytical control
strategy. For this, established analytical workflows need to be care-
fully evaluated regarding their technical limitations, especially for
new capsid-payload combinations and after adapting the process
conditions.

Insights into rAAV sample handling

During this study, sample handling proved critical for ensuring
reliability of the obtained analytical results. For example, pre-experi-
ments showed that freeze-thawing steps can result in marked sample
heterogeneity, which in turn can significantly affect the assessment
of capsid titer and other product attributes. In this regard, the forma-
tion of concentrated patches following freeze-thaw stress led to sam-
ple heterogeneity and subsequent capsid titer variations of up to 20%
(data not shown). To mitigate this effect for the samples evaluated
throughout this study, short vortexing (<5s) proved practical to
ensure homogeneity without inducing artifacts, such as aggregates. It
is important to note that the impact of vortexing on sample stability
was only assessed for the serotypes investigated throughout this
study and that these findings cannot necessarily translated to other
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DLS
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ddPCR

Lead method
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Bioassay

DLS

Hydrodynamic radius (100-1000 nm)
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Potency
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Potency

Genome release
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FTR
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Genome titer
Impurities

Capsid titer
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Capsid titer
Aggregation
Capsid titer

Stress factor (Detailed table in supplement)
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Thermal (37°C) (Table S3)
High pH (9.2) (Table S4)
Low pH (3.0) (Table S5)

Summary of the key responses of analytical methods.
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serotypes. For larger volumes (>10 mL), we recommend extensive
sample rolling. Short-term storage (up to three weeks) of rAAV sam-
ples at neutral pH and 4°C had no impact on sample homogeneity
and titer stability, although slight molecular changes, including
increased deamidation levels, were observed, which should be con-
sidered for subsequent analyses.

For performing pH stresses, centrifugal concentration using ultra
centrifugal filters was effective for buffer exchange of formulated
rAAV samples and yielded a recovery between 95-100%. On the
downside, the herein applied protocol resulted due to a strong con-
centration effect of the AAV samples during the filtration process in
the formation of aggregates. While these aggregates proved to be
largely reversible within a timeframe of a few days and did not
impair the overall capsid stability, this effect interfered with reliable
HMW analysis by SEC for high/low pH stress. This finding emphasizes
the need for standardized handling protocols to eliminate confound-
ing factors affecting consistent analytical outcomes.

Massive fragmentation; -90 % of total reads

+1.7%
8%(-8%)

+2.4%

Conclusion

Two distinct rAAV serotypes were exposed to different stresses
and analyzed by applying a broad range of common analytical tools
to investigate both the sensitivity of methods towards stress related
sample alteration as well as the influence of the applied stress on cap-
sids and payload. Results from transduction efficiency testing dis-
played considerable differences of stress response indicating almost
complete attrition of rAAVs through harsh UV light stress and expo-
sure to elevated temperatures, whereas no significant changes for
high pH, freeze-thaw cycles and mild light stress were observed and
in parts even an increase of potency after low pH exposure.

Except for the UV light stress, where the reduction of transduction
efficiency correlated with the fragmentation of the payload as deter-
mined by NGS, for other kinds of stresses no clear correlation could
be established, suggesting a complex interplay between different
product attributes that cannot be resolved by existing analytical
methods. The investigation of root causes leading to changes in
potency was furthermore restricted by technical limitations of these
assays stemming from low analyte titers in combination with an
inherently higher complexity compared to other therapeutic modali-
ties. In addition, our findings indicate considerable differences in
AAV behavior upon stress conditions depending on the employed
rAAV serotype, underlining the necessity of serotype-specific devel-
opment of analytical control strategies.

Overall, the outcome of our study signifies a strong need for
developing stability-indicating analytical methods tailored for quality
control and characterization of rAAV-based gene therapies to ensure
consistent quality and streamline their development.
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