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Faster andmore accurate analytical methods are needed to sup-
port the advancement of recombinant adeno-associated virus
(rAAV) production systems. Recently, biolayer interferometry
(BLI) has been developed for high-throughput AAV capsid
titer measurement by functionalizing the AAVX ligand onto
biosensor probes (AAVX-BLI). In this work, an AAVX-BLI
method was evaluated using Octet AAVX biosensors across
four rAAV serotypes (rAAV2, -5, -8, and -9) and applied in
an upstream and downstream processing context. AAVX-BLI
measured the capsid titer across a wide concentration range
(1 � 1010–1 � 1012 capsids/mL) for different rAAV serotypes
and sample backgrounds with reduced measurement variance
and error compared to an enzyme-linked immunosorbent
assay (ELISA) method. Biosensors were regenerated for
repeated use, with lysate samples showing reduced regenera-
tion capacity compared to purified and supernatant samples.
The AAVX-BLImethod was applied in a transfection optimiza-
tion study where direct capsid titer measurement of culture
supernatants generated a representative response surface for
the total vector genome (VG) titer. For rAAV purification,
AAVX-BLI was used to measure dynamic binding capacity
with POROS CaptureSelect AAVX affinity chromatography,
showing resin breakthrough dependence on the operating
flow rate. Measurement accuracy, serotype and sample back-
ground flexibility, and high sample throughput make AAVX-
BLI an attractive alternative to other capsid titer measurement
techniques.

INTRODUCTION
Recombinant viruses are used as gene therapy vectors because of their
efficiency in delivering genetic material to cells in vivo.1 Adeno-asso-
ciated virus (AAV) has been widely used as a viral vector for in vivo
gene therapies due to its ability to achieve long-lasting transgene
expression in multiple tissue types while maintaining good safety
and tolerance profiles.2 At least 13 naturally occurring AAV serotypes
have been identified, and additional serotypes have been engineered
with rational design approaches.3,4 Currently, there are 6 approved
recombinant AAV (rAAV) gene therapies globally and over 200
completed or ongoing clinical trials involving rAAV gene therapies
for the treatment of monogenic diseases.5 Despite significant clinical
success, low manufacturing capacities for rAAV products remain a
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barrier to widespread therapeutic availability.6 Central to the develop-
ment and characterization of improved manufacturing platforms is
the establishment of analytical techniques for measuring critical
quality attributes, such as the vector genome (VG) and capsid titer,
full-to-empty capsid ratio, product purity, and other product- and
process-related attributes.7,8 These analytical methods are crucial
for supporting design-of-experiment and other process development
activities for transfection and cell culture process parameter optimi-
zation and downstream product purification.

Measurement of the capsid titer is typically performed using a sero-
type-specific enzyme-linked immunosorbent assay (ELISA), which
is a labor-intensive process taking 2–5 h to complete with a typical
variance ranging from 10% to 20%.9 The commercial launch of the
AAVX single-domain antibody fragment, which binds all naturally
occurring and most synthetic AAV serotypes, has allowed for the
development of new purification and analytical techniques.10

Recently, the AAVX ligand has been applied for direct measurement
of the AAV capsid titer by immobilization onto biolayer interferom-
etry (BLI) biosensors. Label-free capsid concentration measurement
is achieved by detection of white light interference patterns resulting
from changes in the binding layer thickness at the tip of the
biosensor.11 In this work, we assessed the performance of AAVX-
BLI using Octet AAVX biosensors for measurement of the capsid titer
across four rAAV serotypes (rAAV2, -5, -8, and -9) and explored how
this technique can be applied in a cell culture and purification context.
Using internally produced rAAV reference material, we first tested
the ability of AAVX-BLI to measure different rAAV serotypes across
a wide range of concentrations (5.0� 109–1.0� 1012 capsids/mL) for
purified and crude samples. We then compared AAVX-BLI to an
ELISA method for capsid titer measurement, showing that AAVX-
BLI measures samples across a wider range of concentrations with
reduced variance, error, and active lab time. We demonstrated that
multiplate AAVX-BLI biosensor regeneration is possible and
biosensor regeneration capacity is primarily dependent on the sample
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Figure 1. Capsid titer measurements using Octet AAVX with lysate, supernatant, and Octet Sample Diluent backgrounds

Octet AAVX-measured capsid titers for rAAV2, -5, -8, and -9 samples diluted in control lysate (red), control supernatant (gray), and Octet Sample Diluent (blue) plotted against

the known concentration. The dashed gray lines indicate a line with a slope of m = 1, wheremeasured and known concentrations would be equal. Equations for lines of best fit

in log10 space and the goodness of fit, R2, are shown in the top left corner of each subplot. Error banding corresponds to the standard deviation of duplicate concentration

measurements. Sample readings for AAV2 at 5.00 � 109 and 1.00 � 1010 diluted in supernatant are not shown because they did not generate a signal.
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matrix. We determined that the capsid titer can be used as a rapid
readout in transfection optimization studies aiming to maximize
the VG titer, allowing for significantly decreased analysis time and
increased sample throughput. AAVX-BLI was then used to generate
dynamic binding capacity (DBC) breakthrough curves of POROS
CaptureSelect AAVX affinity resin, showing that DBC is dependent
on both AAV serotype and operating flow rate. AAVX-BLI is an
important new tool in the AAV analytics toolbox, offering serotype
and sample background flexibility, low measurement variance across
a wide capsid concentration range, and direct quantitation for high-
throughput capsid titer measurement.

RESULTS
Octet AAVX measurement with different sample backgrounds

Measurements of rAAV2, -5, -8, and -9 diluted in human embryonic
kidney 293 (HEK293) control lysate, control supernatant, and Octet
Sample Diluent at 5.0 � 109–1.0 � 1012 capsids/mL were taken to
explore the dynamic range with different sample backgrounds. Sam-
ples measured for all serotypes show agreement between known and
measured sample concentrations in the Octet Sample Diluent matrix,
as indicated by the slopes of the best-fit lines being close to 1, which
corresponds to a perfect alignment between the known and measured
concentrations (Figure 1). Of the four serotypes tested, rAAV2 and
rAAV9 measurements deviated slightly from the known concentra-
tion only at 5� 109 capsids/mL. Results for samples diluted in control
supernatant were mixed. rAAV5 and rAAV8 were unaffected by the
supernatant matrix, with the slope being close to 1 for the best-fit
lines. rAAV9measurements showed that the supernatant background
matrix has an impact at 5 � 109 capsids/mL. rAAV2 measurements
were suppressed across the whole measured concentration range in
the supernatant matrix, and the low best-fit slope (m = 0.71) and
high y-intercept (b = 2.29) show deviations from the expected mea-
surements. Background interference was observed for samples
measured in the control lysate within the range of 1.0 � 1010–
2.5 � 1010 capsids/mL, indicated by a serotype-specific flattening of
measured concentrations in this testing range (Figure 1). Less lysate
background interference was observed for rAAV5 (m = 0.97) samples
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
compared to rAAV8 (m = 0.67) and rAAV9 (m = 0.65). Measure-
ments of rAAV2 were again significantly impacted by the sample
matrix across the entire tested concentration range, as indicated by
the low best-fit slope (m = 0.71) and high y-intercept (b = 3.02).

Octet AAVX biosensor regeneration capacity

To evaluate the regeneration lifetime of the AAVX-BLI probes in
different matrices, biosensor binding response loss was tracked across
different rAAV8 capsid concentrations and sample backgrounds over
four sample plates. Biosensor binding response loss was primarily
dependent on the sample background matrix, with slight impacts of
capsid concentration observed over 27 regeneration cycles (Fig-
ure 2A). For purified samples diluted in Octet Sample Diluent, bio-
sensors retained greater than 85% of the initial binding response
(nm/s) across all sample reads, with the highest sample concentration
(1.0� 1012 capsids/mL) showing the greatest binding response reten-
tion at 92.6% ± 2.0%. Samples diluted in control supernatant had
similar probe regeneration capacity to purified samples diluted in
Octet Sample Diluent, retaining greater than 83% of the initial bind-
ing response (nm/s) across all sample reads. For samples measured in
both Octet Sample Diluent and control supernatant backgrounds,
probe binding response loss appeared to be gradual across the regen-
eration cycle range evaluated. Notable binding response loss was seen
for samples diluted in control lysate background. The normalized
binding responses for samples diluted in the control lysate after the
final regeneration cycle measured at 0%, 6.1% ± 0.5%, and 27.6% ±

2.8% for 1.0 � 1011, 5.0 � 1011, and 1.0 � 1012 capsids/mL, respec-
tively. After observing poor regeneration capacity for measurements
in the control lysate background, an extended regeneration protocol
was tested to determine if probe regeneration was dependent on the
number of regeneration cycles or contact time with the low-pH regen-
eration buffer. Increasing the regeneration cycle number and cycle
time between sample reads and decreasing the sample read time for
the measurement of samples in the control lysate corresponded
with improved binding response retention across regeneration cycles
(Figure 2B). The extended regeneration protocol resulted in normal-
ized binding responses for lysate samples after the final regeneration
er 2024



Figure 2. Octet AAVX biosensor regeneration capacity in lysate, supernatant, and Octet Sample Diluent backgrounds

(A) Octet AAVX biosensor normalized binding response (b/b0) across 27 regeneration cycles for rAAV8 samples measured in control lysate (red triangles), control supernatant

(gray dots), and Octet Sample Diluent (blue squares). (B) An extended regeneration protocol was applied for measurement of samples in control lysate background (black

dots). Points are individual probe readings (n = 2), and lines represent the mean normalized binding response (b/b0) at each read. Vertical gray dashed lines show where new

sample plates were started. Data collected for measurements in control lysate with the initial regeneration protocol (red triangles) are plotted in both (A) and (B) for comparison.
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cycle of 40.9% ± 1.9%, 73.7% ± 0.5%, and 67.5% ± 1.5% for 1.0� 1011,
5.0 � 1011, and 1.0 � 1012, respectively. For both regeneration
methods, the normalized binding response decreased the most for
the lowest sample concentration (1.0 � 1011 capsids/mL).

Orthogonal method comparison: ELISA vs. Octet AAVX capsid

titer quantitation

Capsid titers measured using serotype-specific ELISA kits were
compared to those measured by Octet AAVX biosensors to test
the variability and limits of detection of the orthogonal methods.
The slopes of the best-fit lines for all Octet AAVX and ELISA mea-
surements for rAAV2 and rAAV5 were close to 1, indicating good
agreement with the known concentrations (Figure 3A). Serotype-
specific lower limits of detection for ELISA were observed for
rAAV8 and rAAV9, as evidenced by the best-fit line slopes being
less than 1 (mAAV8 = 0.75 and mAAV9 = 0.89, respectively) and y-in-
tercepts being above 0 (bAAV8 = 2.93 and bAAV9 = 1.41). The relative
standard deviation (RSD) for ELISA measurements was within
the range of 5%–25%, compared to approximately 2% or less for
the Octet AAVX method across all sample concentrations (Fig-
ure 3B). Measurements performed with the ELISA kits showed a
1-log range of capsid concentration, for which the error was
below 10% (1.0 � 1011–1.0 � 1012 capsids/mL pre-dilution), with
error increasing when measuring samples outside of this range (Fig-
ure 3C). Comparatively, the Octet AAVX method yielded a mea-
Molecular T
surement error of 5% or less across the 2-log concentration range
tested (Figure 3C).

Upstream process application: Transfection optimization for VG

and capsid titer

Across the design space tested, there was a trend of an increased VG
titer with increased DNAmass delivery and DNA:FectoVIR-AAV ra-
tio for both rAAV5 and rAAV8 (Figure 4A). This trend matched
closely with the total capsid titer data generated using the Octet
AAVX method, suggesting that the relative capsid titer is a reliable
indicator of the relative VG titer for this system (Figure 4B). A repre-
sentative surface response curvature was also generated from capsid
titer data measured only from the culture supernatants (Figure 4C).
This observation indicates that the capsid titer measured in the super-
natant only can also be used as a surrogate for the total VG titer.

Analyzing VG and capsid titer data yielded similar outputs for variable
significance and standardized effects of the two input variables on the
response variable (Figure S1). The DNA:FectoVIR-AAV ratio had the
strongest effect onVG, capsid, and supernatant capsid titers for both se-
rotypes evaluated. The two-way variable interaction between DNA
mass and DNA:FectoVIR-AAV ratio had statistically significant effects
on all measured titers for both serotypes (Figure S1). Relationships be-
tween the input transfection parameters, output titers, and additional
cell culture parameters were also explored (Figure 5). Increased DNA
herapy: Methods & Clinical Development Vol. 32 September 2024 3

http://www.moleculartherapy.org


Figure 3. Capsid concentration measurements using ELISA and AAVX Octet

(A) Measured capsid concentrations using serotype-specific ELISA kits (red dots) andOctet AAVX BLI (blue squares) plotted against known concentrations with error banding

corresponding to standard deviation (n = 3). The dashed gray lines indicate a line with a slope of m = 1, where measured and known concentrations would be equal.

Equations for lines of best fit in log10 space and the goodness of fit, R2, are shown in the top left corner of each subplot. (B) Relative standard deviation (RSD) and (C) error

relative to the known concentration were calculated in aggregate across all four serotypes and all technical triplicates for each method. Error banding in (B) and (C) represent

standard deviation of average concentration measurements (n = 3 technical replicates) of all rAAV serotypes (n = 4).
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mass delivery corresponded with reduced culture viability and viable
cell density at 72 h post-transfection for both serotypes. An increased
capsid titer also correspondedwith lower culture viability. A higher per-
centage of cells expressing enhanced green fluorescent protein (EGFP)
at 24 h post-transfection corresponded with increased capsid and VG
titers, and both titer values were positively correlated.

Downstream process application: DBC of POROS

CaptureSelect AAVX resin

rAAV5 and rAAV8 breakthrough curves were generated to determine
POROS CaptureSelect AAVX affinity chromatography DBC at
different flow rates (Figure 6). The breakthrough curves show a higher
DBC at 3min residence time (RT) vs. 1min RT for both serotypes. For
rAAV5, the DBC at 5% breakthrough was 3.6� 1014 capsids/mL resin
at 1min RT compared to 7.6� 1014 capsids/mL resin at 3min RT. For
rAAV8, theDBC at 5%breakthroughmeasured 6.8� 1014 capsids/mL
resin at 1 min RT and 8.5� 1014 capsids/mL resin at 3 min RT. Chro-
matograms showing ultraviolet (UV) absorbance at 280 nm vs. load
volume and where individual load flowthrough fractions were
collected during the process are shown in Figure S2.

DISCUSSION
The Octet AAVX method can measure a wide range of AAV capsid
concentrations, although the measurement range differed depending
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
on serotype and sample background. rAAV5 samples measured
closely to the known concentrations in all three sample backgrounds
down to 1.0� 1010 capsids/mL, as indicated by regression line slopes
for diluent, control supernatant, and control lysate backgrounds of
0.99, 1.03, and 0.97, respectively. rAAV8 and rAAV9 showed back-
ground interference preventing measurement below approximately
2.5 � 1010 capsids/mL in the control lysate background. Interest-
ingly, rAAV5 showed a more rapid binding layer thickness accumu-
lation compared to the other serotypes at the same capsid concentra-
tion, indicating a higher binding affinity for the AAVX ligand
(Figures S3 and S4). This observation may be attributed to the
AAV5 capsid structure, which is the most divergent AAV serotype,
sharing less than 75% viral protein sequence homology with all other
naturally occurring serotypes.12–14 Binding characterization for
AAV-specific affinity ligands has demonstrated serotype-specific
divergence in binding epitopes.15,16 Although rigorous binding
epitope characterization of different AAV serotypes with the
AAVX ligand has not been explored, Thermo Fisher Scientific has re-
ported epitope mapping using cryo-transmission electron micro-
scopy (cryo-TEM), which shows the capsid 5-fold axis binding to
AAVX and unique AAV-AAVX contact residues for serotypes 2, 5,
8, and 9.17 Variability in contact residues may impact capsid binding
affinity or the steric orientation of bound capsids, leading to differ-
ences in binding layer accumulation in a BLI context. The
er 2024



Figure 4. 2-factor surface response plots of total VG, total capsid, and supernatant capsid titers

rAAV5 (top row) and rAAV8 (bottom row) 2-factor surface response plots for VG (A, red), capsid (B, blue), and supernatant capsid (C, green) titers. Each titer was individually

analyzed as a separate response variable using Minitab statistical software.
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background interference observed when measuring rAAV8 and
rAAV9 samples in control lysate is likely due to non-specific binding
of host cell proteins (HCPs) to the AAVX ligand, which contributes
to binding layer thickness accumulation. This effect is also observed
when measuring rAAV9 in control supernatant below 1.0 � 1010

capsids/mL. rAAV9 displayed the most sensitivity to sample back-
ground interference at lower concentrations, which may be caused
by a weaker binding affinity for the AAVX ligand, indicated by the
slowest binding layer thickness accumulation of the serotypes evalu-
ated (Figures S3 and S4). rAAV2 measurements trended differently
when diluted in control lysate and control supernatant backgrounds
compared to the other serotypes tested, withmeasured values reading
lower than known concentrations. This trend may be attributed to
the unique properties of AAV2, which, in comparison to AAV5,
-8, and -9, is not highly secreted from HEK293 host cells during pro-
duction and is known to have high affinity for heparin sulfate.18,19

The presence of cell lysate and supernatant components may disrupt
AAV2-AAVX ligand interactions through competitive binding or by
promoting capsid aggregation. Overall, serotype-specific ranges of
detection appear to be dependent on the binding kinetics of the sero-
type being analyzed and how they may be impacted by matrix com-
ponents. While not assessed here, the transgene sequence and empty
capsid percentage of an rAAV preparation may also alter the binding
kinetics with AAVX. For these types of investigations, use of a refer-
ence standard that is representative of the test material by serotype,
transgene, and approximate empty capsid percentage would be
needed.

Biosensor regeneration capacity is an essential feature that impacts
ease of use and cost of the AAVX-BLI method vs. orthogonal ap-
Molecular T
proaches. Results show that Octet AAVX biosensor regeneration ca-
pacity is primarily dependent on the sample matrix, with additional
impacts from the AAV capsid concentration. Gradual binding
response loss for measurements in Octet Sample Diluent and con-
trol supernatant backgrounds was observed along with slight in-
creases to binding layer thickness accumulation during the baseline
step, indicating carryover and re-binding of impurities (Figure S5).
Binding response loss for samples measured in control lysate corre-
sponded with the higher retention of bound matrix components
through the regeneration process, as indicated by the increasing
baseline height across extended sample reads (Figure S5). Decreased
binding response loss across regeneration cycles with increased
capsid concentration in the control supernatant background was
observed. This decreased binding response loss may be due to a
shielding effect of AAV capsid binding compared to background
impurities, whereby capsids more readily dissociate from the
biosensor surface than HCPs, but further testing is required to
confirm this mechanism. Biosensor accumulation of bound matrix
components is reduced for repeated measurements of samples
diluted in control lysate with an extended regeneration protocol
(Figure S5). Further reduction in binding response loss is likely
possible but would require additional optimization of the regenera-
tion process, examining parameters such as the number of regener-
ation cycles, the regeneration time, and the regeneration buffer pH
and composition. Careful planning of plate maps for measurements
where binding response loss is consistent and predictable can be
used to mitigate the effects on matrix component accumulation.
For instance, reference standards matching the test samples can
be analyzed in parallel and used in the data analysis to correct for
reduced biosensor binding response.
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Figure 5. Regression plots of first-order relationships between transfection parameters and output titers

Regression plots showing first-order relationships with an input transfection parameter or an output titer for (A) DNA mass/106 cells, (B) the log10 of total capsids/mL, and

(C) the log10 of total VG/mL. The points and regression lines are blue dots for rAAV5 and red squares for rAAV8. The colored banding indicates the 95% confidence interval.
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Our ELISA data align with previously reported ranges for the RSD of
AAV capsid sandwich ELISAs of 10%–20% and a linear measurement
range of 1–2 orders of magnitude.9 Compared to the ELISA method
for capsid titer measurement, the Octet AAVX method was able to
measure samples across a wider concentration range with reduced
RSD and error. Based on the results, the Octet AAVX method can
likely be applied beyond the 2-log concentration range examined.
The reduced error and RSD for the Octet AAVX method can be
attributed to direct quantitation of the AAV capsid titer, compared
to the ELISA method, which requires multiple steps with the addition
of a sample, a secondary antibody, a streptavidin peroxidase conju-
gate, and a tetramethylbenzidine substrate. The Octet AAVX method
poses further benefits, as it required less than half the active lab time
to generate data (20 vs. 55 min) despite taking a slightly longer total
time (150 vs. 135 min) to run 16 samples in triplicate. Substitution of
the ELISA capsid titer method with the Octet AAVXmethod can also
allow for an improved estimation of the full-to-empty capsid ratio
when combining capsid titer data with a VG titer method due to
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
the Octet AAVX method’s precision. While techniques such as
analytical ultracentrifugation (AUC) or transmission electron micro-
scopy (TEM) can directly measure the full-to-empty capsid ratio,
making estimations with separate VG and capsid titer measurements
is attractive because it avoids the throughput limitations and instru-
ment requirements associated with TEM and AUC.

Transient rAAVproductiondepends on the delivery of plasmids encod-
ing essential viral capsid proteins (VP1, VP2, VP3), replication proteins
(Rep40, Rep52, Rep68, Rep78), helper virus elements, and a gene of in-
terest flanked by inverted terminal repeat regions. Due to host cell cyto-
toxicity resulting from viral protein expression and possible cytotoxic
effects from transfection reagents, balancing the delivery of these ele-
ments is important for maximizing rAAV production and packaging.
Transfection optimization studies are crucial for maximizing the
dose-determining rAAV VG titer for transient production systems,
but performing the titer measurements can be labor and time inten-
sive.20–23 Measuring the VG titer requires one or more treatments to
er 2024



Figure 6. Load breakthrough curves for POROS CaptureSelect AAVX

affinity chromatography

POROS CaptureSelect AAVX affinity chromatography load breakthrough curves for

rAAV5 (left) and rAAV8 (right) at 1 and 3 min RT. Each point represents capsids

loaded per mL resin calculated based on mean Octet AAVX measurements (n = 2).

www.moleculartherapy.org
remove exogenous DNA, digest capsids, and quantify released VGs us-
ing a digital droplet PCR or quantitative real-time PCR (real-time
qPCR) method with transgene-specific primers and probe.24 Each
step requires manual sample manipulation, which can introduce errors
and take multiple days to perform depending on the number of culture
conditions.Our 2-factor surface response study results show that the to-
tal VG titer measured with real-time qPCR and the capsid titer
measured with the Octet AAVX method analyzed as separate output
variables give consistent standardized effect trends for statistically sig-
nificant transfection parameters (Figures 4 and S1). The trending of
the capsid titer with the VG titer has been observed previously, where,
for instance, Coplan et al. reported data for multivariate rAAV produc-
tion studies showing the correlation of VG and capsid titers as output
variables, with high VG titer conditions corresponding with a high
capsid titer.22Additionally, contour plots and standardized effect trends
for capsid titer measurements of culture supernatants show conserved
response curvature and statistically significant factors compared to total
capsid andVGtiters, indicating that culture performance for our system
can be screened directly from samples following cell removal with no
further treatment. Using the capsid titer as a surrogate for the expected
VG titer can be applied across large screening studies examiningmulti-
ple transfection parameters simultaneously, whereby a subset of condi-
tions can be further evaluated for the VG titer using a PCR-based
Molecular T
approach. This screening strategy can eliminate sample treatment steps,
save time, and increase the number of experimental conditions that can
be tested.

The 2-factor surface response study performed in this work was
intended to demonstrate the ability of the Octet AAVX method
to provide a rapid and high-throughput readout of the capsid titer
in an upstream processing context. Response curvatures and
optimal transfection conditions for rAAV production can vary
widely by culture system and due to additional process variables,
such as plasmid constructs, plasmid ratio, transfection reagent,
and complexation protocol. More extensive explorations of
transfection parameter design spaces have been performed for
maximizing rAAV production.22,23 Consistent with our findings,
a previously published multivariate study examining transfection
parameters for rAAV production identified the ratio of
DNA:FectoVIR-AAV as having the largest single-variable effect
on VG and capsid titers out of the factors examined.22 Interest-
ingly, this study also observed that applying the optimized
transfection process for rAAV8 to the production of different
rAAV serotypes showed statistically significant improvements in
the VG titer, which aligns with our finding of consistent response
curvatures for both rAAV5 and rAAV8.

The use of transient fluorescent protein expression as a proxy for
the transfection efficiency of rAAV production genes can also
simplify the analysis of screening studies using model vectors ex-
pressing fluorescent proteins. More efficient transport of plasmid
DNA complexes to cells results in increased viral protein expres-
sion, which also corresponds with higher EGFP expression. In
our system, the percentage of EGFP+ cells 24 h post-transfection
was correlated with increased total capsid and VG titers. However,
the balancing of increased delivery of viral elements with host
cell cytotoxicity can be seen with a trend of decreased culture
viability at 72 h post-transfection with higher DNA mass delivery
(Figure 5C).

As rAAV production systems continue to shift toward scalable sus-
pension culture formats with increasing titers, downstream processes
have adapted with volume-reducing filtration steps and more scalable
column chromatography methods for product capture and polish-
ing.10,25 Affinity column chromatography has emerged as a scalable
and robust method for primary capture of rAAV capsids.10 This
method indiscriminately isolates capsids regardless of packaging,
which allows process development to be performed through the
assessment of capsid load and recovery. We generated POROS Cap-
tureSelect AAVX affinity chromatography capsid breakthrough
curves for rAAV5 and rAAV8 with 2% load volume resolution using
the Octet AAVX method. The flow rate impacted DBC for both sero-
types, with earlier and steeper breakthrough occurring at 1 compared
to 3 min RT (Figure 6). The flow rate impacts were more apparent for
rAAV5 under the conditions evaluated. This method for capsid titer
can be applied to other downstream unit operations, such as anion-
exchange chromatography, where tracking capsid removal along
herapy: Methods & Clinical Development Vol. 32 September 2024 7
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with VG retention is desired. Due to the number of samples, trend
sensitivity, and requirement of measuring crude samples, producing
these data with other established capsid titer methods would be
challenging.

MATERIALS AND METHODS
Reference material generation: rAAV production

EXPI293 cells (Thermo Fisher Scientific) were exchanged into fresh
EXPI293 Expression Medium (Thermo Fisher Scientific) and seeded
into 1 L shake flasks (Corning) at 2.5 � 106 viable cells/mL and
200 mL working volume. The following plasmids were purchased
from Addgene: pAdDeltaF6 (pAdH, Addgene #112867), pAAV-
GFP (pEGFP, Addgene #32395),26 pAAV2/2 (pRep2/Cap2, Addgene
#104963), pAAV2/5 (pRep2/Cap5, Addgene #104964), pAAV2/8
(pRep2/Cap8, Addgene #112864), and pAAV2/9n (pRep2/Cap9,
Addgene #112865) (Table S1). For transfection of each 1 L flask,
1.57 mg total DNA/106 cells were diluted in Opti-Plex Complexation
Buffer (Thermo Fisher Scientific) to 10 mL (5% culture volume) at a
1.5:1:1 (rAAV5, -8, and -9) or 5:1:0.31 molar plasmid ratio (rAAV2)
of pRep2/CapX:pAdH:pEGFP. FectoVIR-AAV (Polyplus) transfec-
tion reagent was added to plasmid mixtures at a 1.35 mg DNA/mL
FectoVIR-AAV ratio, followed by brief mixing and a 30 min
complexation time. Complexed plasmid mixtures were added to cells
dropwise while gently swirling the flasks, and the flasks were placed
into a Multitron HT (Infors, 25 mm throw) incubator at 135 rpm,
37�C, 80% relative humidity (RH), and 5% CO2 prior to being har-
vested at 72 h post-transfection. An additional 2 � 1 L flask of
EXPI293 cells was transfected as described above but only included
the pEGFP plasmid. These cultures were processed in parallel with
the rAAV production cultures and used for the generation of control
lysate and control supernatant materials. 0.5 mL culture samples were
taken at 24, 48, and 72 h post-transfection for each culture and
measured for culture viability using a Vi-Cell XR (Beckman Coulter)
cell viability analyzer and for transient EGFP expression using an Ac-
curi C6 Plus flow cytometer (BD) equipped for detection of EGFP
(488 nm laser, 533/30 emission).

Reference material generation: Culture harvest, treatment, and

real-time qPCR

Cells were pelleted by centrifuging at 1,000 RCF using a 5920 R
benchtop centrifuge (Eppendorf) for 10 min. Supernatants were
decanted and cell pellets were resuspended in 25 mL of Mammalian
Lysis Buffer (50 mM TRIS-HCl, 150 mM NaCl, 2 mM MgCl2 [pH
8.5]), followed by 3 freeze-thaw cycles. Lysate mixtures were treated
with 25 U/mL Benzonase Nuclease (Sigma-Aldrich) for 60 min at
37�C. Cell debris was removed by centrifuging at 3,428 RCF using a
5920 R benchtop centrifuge (Eppendorf) followed by 0.2 mm vacuum
filtration (Fisher Scientific). Supernatants were treated with 2 M
MgCl2 to a concentration of 2 mM and 25 U/mL Benzonase Nuclease
(Sigma-Aldrich) for 60min at 37�C followed by 0.2 mmvacuum filtra-
tion (Fisher Scientific). All supernatant and lysate samples were then
treated with DNase I (New England Biolabs) for 60 min at 37�C
(2.5 mL sample, 2.5 mL DNase I, 2.5 mL DNase buffer, 17.5 mL molec-
ular biology water) and 2.5 mL of 20 mg/mL Proteinase K (Thermo
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
Fisher Scientific) at 56�C for 90 min, followed by Proteinase K inac-
tivation at 95�C for 30 min prior to real-time qPCR. Lysates and su-
pernatants (samples) were measured separately for VG titer against a
PvuII (New England Biolabs) linearized pEGFP plasmid standard
curve diluted in molecular biology water (Figure S6). Linearized
pEGFP plasmid was desalted with the QIAqiuck PCR Purification
Kit (Qiagen), and the concentration was quantified by UV absorbance
(A260) on a DS-11 FX+ (DeNovix) before serial dilution to generate a
7-point standard curve (109�103 copies per reaction). Samples were
10-fold diluted in molecular biology water after Proteinase K inacti-
vation, and real-time qPCR was performed on a CFX384 Touch
Real-Time PCR system (Bio Rad) using TaqMan Fast AdvancedMas-
ter Mix (Thermo Fisher Scientific) and 900 nM primers/250 nM
probe (IDT) targeting the EGFP transgene (Table S2). The VG titer
was calculated on the basis of VG/mL culture individually for lysate
and supernatant lots (Figure S7).

Reference material purification and capsid titer measurement

Lysate and supernatant material lots were combined pre-purification
for rAAV5, -8, and -9, respectively, while rAAV2 was purified only
from the lysate due to the low supernatant VG titer. Purifications
were performed using a TRICORN 10/100 (Cytiva) column packed
with 6 mL of fresh resin on an AKTA Avant (Cytiva) fast protein
liquid chromatography system. Capto AVB (Cytiva) resin was used
for rAAV2 and rAAV5, and POROS CaptureSelect AAVX (Thermo
Fisher Scientific) resin was used for rAAV8 and rAAV9 purification.
The following protocol was used: equilibration with 10 column vol-
umes (CVs) of equilibration buffer (20 mM Tris-HCl, 0.5 M NaCl
[pH 7.5]), product loading (lysate diluted 1:1 in equilibration buffer
for rAAV2 or pooled lysate and supernatant for rAAV5, -8, and
-9), washing with 15 CVs of equilibration buffer, and elution with 5
CVs of elution buffer (0.1 M glycine-HCl [pH 2.6]). Eluates were
collected in 50 mL conical tubes (Fisher Scientific) containing 3 mL
(10% v/v) 1 M Tris-HCl (pH 8.7) Neutralization Buffer. Chromato-
grams for reference material generation are shown in Figure S8.
Neutralized elution pools were measured for the capsid titer on an
Octet R8 (Sartorius) instrument as detailed below and quantified rela-
tive to reference vectors purchased from Addgene (Addgene 105530
for rAAV2, -5, -8, and -9) (Table S1). Internally produced, purified,
and measured vector lots are referred to, respectively, as rAAV2,
rAAV5, rAAV8, and rAAV9 or collectively as rAAV. HEK293 cul-
tures transfected only with pEGFP were harvested into lysate and su-
pernatant lots and processed in parallel with rAAV-producing
HEK293 cultures through Benzonase Nuclease treatment and
0.2 mm vacuum filtration as described above. The lysate material
was 3-fold diluted in 1� PBS to adjust for an increased cell density
at harvest for the pEGFP-transfected cultures compared to the
rAAV-producing cultures. Processed lysate (3-fold diluted) and su-
pernatant from pEGFP-transfected HEK293 cultures are referred to
as control lysate and control supernatant, respectively.

AAVX-BLI-Octet AAVX method and data analysis

Samples were analyzed with Octet AAVX biosensors (Sartorius) on
an Octet R8 (Sartorius) instrument with the following method
er 2024
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parameters: 160 s buffer baseline step with Octet Sample Diluent
(Sartorius), 600 s sample read step, 5 probe regeneration cycles, and
5 s probe regeneration cycle time with regeneration buffer (10 mM
glycine-HCl [pH 1.7]). 200 mL of sample or buffer was loaded into
black 96-well F-bottom microplates (Greiner) run at 30�C and
1,000 rpm shake speed. Probes were hydrated in Octet Sample
Diluent for 5 min prior to a run, and fresh rAAV reference standards
serially diluted in Octet Sample Diluent were used for each plate. Data
analysis was performed using Octet Analysis Studio software v.12.2.
“Dose Response – 4PL (Weighted Y)” was used to generate the stan-
dard curves. Curve fitting time windows were manually adjusted to
cover the linear range of each sample binding curve as needed to
obtain the most accurate fit for standards and samples. Binding curve
saturation is concentration dependent, meaning that curve fitting
time windows can be narrow (such as with the 5 � 1012 capsids/
mL sample shown in Figure S3) or span the entire read time (such
as with the 5 � 1010 capsids/mL sample shown in Figure S3).

AAVX Octet measurements with different sample backgrounds

rAAV2, -5, -8, and -9 vectors were serially diluted into three
different sample backgrounds: Octet Sample Diluent, control
lysate, and control supernatant. Each serotype was diluted to
1.00 � 1012, 5.00 � 1011, 2.50 � 1011, 1.00 � 1011, 5.00 � 1010,
and 1.00 � 1010 capsids/mL in each matrix and measured for
the capsid titer using the Octet AAVX method. Samples were
measured in duplicate, with each sample read performed using a
separate AAVX biosensor.

AAVX biosensor regeneration capacity

Octet AAVX biosensor regeneration capacity was investigated for
rAAV8 at three different capsid concentrations, 1.00 � 1012,
5.00 � 1011, and 1.00 � 1011 capsids/mL, and in three different sam-
ple backgrounds, Octet Sample Diluent, control lysate, and control
supernatant. Each concentration and sample background pairing
were measured in duplicate across 27 probe-regeneration cycles. To
gauge the binding response loss vs. regeneration cycle number, the
measured binding response (nm/s) at each sample read was normal-
ized to the initial binding response at the first read, termed “b0.” To
determine whether binding response loss is dependent onmethod pa-
rameters, an additional binding response study was performed for the
control lysate sample matrix with the regeneration parameters
adjusted to 10 cycles of 10 s with a 450 s sample read time. Doubling
of the regeneration cycle number and contact time for the extended
regeneration protocol was selected to allow for the increased exposure
of probes to the low-pH regeneration buffer while avoiding excessive
method runtime. The reduction of sample read time from 600 to 450 s
was selected to give a reduced binding of background impurities while
still allowing enough time for binding curves to sufficiently develop
for each sample read. 1.00 � 1012, 5.00 � 1011, and 1.00 � 1011

capsid/mL samples of rAAV8 in control lysate were measured across
27 regeneration cycles using the extended regeneration protocol. All
regeneration studies were performed in duplicate, with data across
the 27 regeneration cycles collected using separate probes for each
condition.
Molecular T
ELISA vs. Octet AAVX capsid titer quantitation

Test samples and reference standards were prepared by diluting the
internally produced rAAV for each serotype in Octet Sample Diluent.
Test samples were serially diluted to 1.00 � 1012, 5.00 � 1011,
2.50 � 1011, 1.25 � 1011, 6.25 � 1010, 3.13 � 1010, and 1.56 � 1010

capsids/mL. Reference standards were serially diluted to
1.20 � 1012, 6.00 � 1011, 3.00 � 1011, 1.50 � 1011, 7.50 � 1010,
3.75 � 1010, 1.88 � 1010, and 9.38 � 109 capsids/mL. Test samples
were measured using the AAVX Octet method and quantified vs. a
standard curve generated from the reference standards. ELISA
was performed for the same test sample sets using AAV2, AAV5,
AAV8, and AAV9 Xpress sandwich ELISA kits (Progen;
PRAAV2XP, PRAAV5XP, PRAAV8XP, PRAAV9XP) following the
manufacturer’s protocol except for standard curve preparation, which
used internally produced rAAV reference material to maintain align-
ment with the Octet AAVXmethod. Test samples and reference stan-
dards were further diluted using ELISA Assay Buffer (Progen) to be
within the range of detection as specified by the kit protocols. Absor-
bance wasmeasured between 450 and 470 nm using a SpectraMaxM5
plate reader (Molecular Devices), and readings were corrected by sub-
tracting the background absorbance read at 650 nm. Samples were
run in triplicate for both methods to allow for higher-confidence
comparisons between the methods. Triplicate sample reads for the
Octet AAVXmethod were performed using three separate biosensors.

Transfection optimization for VG and capsid titer

Total DNA mass delivery (0.2–1.8 mg/106 cells) and DNA:FectoVIR-
AAV ratio (0.5–1.5 mg DNA/mL FectoVIR-AAV) for transfection
were explored using a full factorial 2-factor central composite
response surface study (Table S3). 13 transfections were performed
in duplicate for cultures producing rAAV5 and rAAV8. EXPI293 cells
were exchanged into fresh EXPI293 Expression Medium and seeded
into 50 mL TPP vented bioreactor tubes (Sigma-Aldrich) at a viable
cell density of 2.5� 106 cells/mL in a 7.5 mL culture volume. Plasmid
DNAwas complexed together for duplicate conditions—pRep2/Cap5
or pRep2/Cap8, pAdH, and pEGFP plasmid DNA corresponding to
each test condition were diluted with Opti-Plex Complexation Buffer
(Thermo Fisher Scientific) to a volume of 1 mL in 1.5 mL microcen-
trifuge tubes (VWR). FectoVIR-AAV (Polyplus) was added to each
tube, tubes were vortexed briefly and incubated for 30 min, and
375 mL of complexation was added to each culture. Bioreactor tubes
were placed into a Multitron HT (Infors, 25 mm throw) incubator
at 200 rpm, 37�C, 80% RH, and 5% CO2 prior to being harvested at
72 h post-transfection. 0.5 mL culture samples were taken at 24, 48,
and 72 h post-transfection. Culture samples were measured for cell
density and viability on a Vi-Cell XR cell viability analyzer (Beckman
Coulter) and for EGFP expression using an Accuri C6 Plus flow cy-
tometer (BD) equipped for detection of EGFP (488 nm laser, 533/
30 emission). At harvest, each culture was separated into lysate and
supernatant lots by centrifuging at 1,000 RCF using a 5920 R bench-
top centrifuge (Eppendorf), decanting supernatants, and resuspend-
ing cell pellets in 2.5 mL Mammalian Lysis Buffer followed by Benzo-
nase Nuclease (Sigma-Aldrich) and DNase I (New England Biolabs)
treatment as previously described. VG titer measurement with
herapy: Methods & Clinical Development Vol. 32 September 2024 9
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real-time qPCR and capsid titer measurement with Octet AAVX were
performed for each lysate and supernatant lot as previously described.
Capsid titers were measured in duplicate using two separate AAVX
biosensors, and the average values for the duplicate reads were used
for statistical analyses. The VG titer and capsid titer were analyzed
as separate response variables vs. DNA mass and DNA:FectoVIR-
AAV ratio using Minitab statistical software v.21.1 with a 95% confi-
dence interval. An additional analysis was performed for the capsid
titer measured only in sample supernatants.
DBC of POROS CaptureSelect AAVX affinity chromatography

resin

DBC was evaluated for POROS CaptureSelect AAVX affinity chro-
matography resin using the Octet AAVX method for rAAV5 and
rAAV8 at 1 and 3 min RT. An additional 2 � 1 L shake flask of
rAAV5 and rAAV8 was produced and harvested as described previ-
ously. Lysates and supernatants for each serotype were pooled
together after harvest treatment and measured for the capsid titer us-
ing Octet AAVX with rAAV5 and rAAV8 standard curves. Material
pools were 0.2 mm vacuum filtered (Fisher Scientific) immediately
prior to chromatography loading. For each run, 0.25 mL of fresh
POROS CaptureSelect AAVX resin (Thermo Fisher Scientific) was
packed in a TRICORN 5/50 column (Cytiva) equipped with two
top adapters. Columns were equilibrated with 10 CVs of equilibration
buffer followed by loading of pooled lysate and supernatant (25 mL
for rAAV8 1 min RT, 25 mL for rAAV8 3 min RT, 25 mL for
rAAV5 1min RT, and 50mL for rAAV5 3min RT), with flowthrough
fractions collected every 2% of the load block into 96-deep well plates
(Greiner). Load flowthrough fractions were 10-fold diluted in Octet
Sample Diluent and measured for the capsid titer in duplicate using
Octet AAVX with rAAV5 and rAAV8 standard curves. Duplicate
samples were read using separate biosensors. Capsid breakthrough
was determined by plotting the average capsid concentration of
each fraction divided by capsid concentration of the load material
(c/c0) vs. capsid load amount (capsids/mL resin). DBC at 5% break-
through was determined by the calculated capsid load (capsids/mL
resin) at the first point where c/c0 exceeded 0.05.
Statistical analysis

Data were processed and figures generated using GraphPad (v.10.1.2),
Python (v.3.9.17), or Minitab (v.21.1). A p value of <0.05 was consid-
ered significant for data processed in Minitab. Flow cytometry data
analysis was performed using BD CSampler Plus Software v.1.0.27.1
and Python v.3.9.17 with FlowKit v.1.0.1.
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