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Overcoming matrix effects in AAV neutralization assays with a
constant serum concentration approach

Beatrix Kovécs ('3, Viktoria Szabo (%, Domonkos Horvath

Zsuzsanna Szemlaky’, Aron Szepesi®®, Istvan Ulbert'*>?, Balazs Rozsa>® and Déniel Hillier

© The Author(s) 2025

3 Attila Balazs Dobos', Zoltan Zsolt Nagy*, Wim Vanduffel®,

1,2,5

Sensitive quantification of adeno-associated virus (AAV) neutralizing antibodies (NAbs) is essential for gene therapy success.
Conventional cell-based transduction inhibition assays often encounter matrix-induced artifacts resulting from variable serum
content across dilutions, which artificially inflate transduction baselines and mask partial neutralization. To address this challenge,
we developed the constant serum concentration (CSC) assay, which maintains constant serum levels across dilutions to stabilize
assay baselines and enhance NAb detection sensitivity. Using human sera across multiple AAV serotypes, we demonstrated that
CSC reclassified up to 21.7% of samples classified as non-neutralizing by a conventional variable serum concentration (VSC) assay
format. This improved sensitivity was validated using monoclonal antibody and multi-species serum test benchmarks and
enhanced the reliability of seronegative control pool selection. Importantly, CSC detected persistent seropositivity in preclinical
seroreversion models up to one year longer than a conventional VSC assay. Since even low-level neutralizing antibodies can
significantly impact gene therapy efficacy, these findings have direct implications for optimizing AAV redosing strategies and
refining patient stratification. By addressing fundamental limitations in NAb quantification while maintaining procedural simplicity,
the CSC assay provides crucial insights into antibody persistence with translational relevance across species and clinical settings.

Gene Therapy (2026) 33:37-47; https://doi.org/10.1038/541434-025-00567-0

INTRODUCTION

Adeno-associated virus (AAV) vectors have become a cornerstone
of modern gene therapy, with approved treatments transforming
the management of genetic disorders such as spinal muscular
atrophy, hemophilia, and retinal dystrophies [1-3]. However, pre-
existing neutralizing antibodies (NAbs) against AAV capsids
remain a major challenge, with prevalence rates ranging from
40% to 70% depending on serotype and geographic region [3-6].
These antibodies can impair therapeutic efficacy by blocking
vector transduction.

Various strategies have been explored to mitigate pre-existing
NAbs, including transient immunosuppressive regimens, capsid
engineering to evade NAbs, the use of exosome-enveloped AAV
for immune evasion, and plasmapheresis to remove circulating
antibodies prior to therapy [7-17]. While promising, these
approaches face logistical challenges, variable outcomes, and
risks associated with immunosuppression or invasive procedures.
Effective clinical implementation requires robust, well-documen-
ted, and standardized methods for quantifying NAbs and
correlating reductions in inhibition with therapeutic efficacy—a
task complicated by variability in assay designs and performance
across laboratories and studies.

Recent advances in in vitro assays for NAb measurement have
improved sensitivity through engineered reporter proteins that
enhance signal detection [18-20]. However, matrix effects—such
as interference from serum components—remain a challenge
despite these improvements [21, 22]. Conventional dilution-based
approaches (variable serum concentration (VSC) assays) inadver-
tently alter baseline transduction efficiency due to the progressive
reduction in total serum concentrations during serial dilution
[23-27].

To address these limitations, we developed the constant serum
concentration (CSC) assay. This approach maintains a fixed serum
concentration across all dilution steps by pre-incubating AAV
vectors with defined serum levels, balanced with a seronegative
serum-based diluent. By stabilizing transduction efficiency read-
outs, CSC improves sensitivity for detecting NAbs compared to
variable serum concentration (VSC) protocols, where total serum
content varies with dilution. Using this optimized method, we
reclassified a significant proportion of human sera classified as
non-neutralizing by the conventional VSC protocol. Additionally,
CSC demonstrated enhanced sensitivity in preclinical serorever-
sion models, with its utility in tracking antibody persistence
highlighted in feline seroreversion studies, complementing
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findings of improved performance across both feline and rhesus
macaque sera.

These findings highlight the clinical importance of accurate NAb
quantification for effective patient stratification and optimal
vector dosing in AAV gene therapy. By addressing key limitations
in conventional assays, CSC provides NAb quantification less
confounded by matrix-induced artifacts and variability, which may
improve therapeutic decision-making across preclinical and
clinical settings.

METHODS

Acquisition of serum samples

Blood samples were collected from subjects following standard proce-
dures. Whole blood was collected in red-top blood collection tubes, serum
separator tubes, or sterile Eppendorf tubes and allowed to clot at room
temperature for 30 min. Samples were then centrifuged at 2000 x g for
10min at 4°C to separate the serum. The supernatant (serum) was
carefully aspirated to avoid disturbing the clot and transferred into sterile
tubes. Serum was aliquoted into single-use volumes to prevent repeated
freeze-thaw cycles, ensuring sample integrity. Aliquots were stored at
—80 °C until use. Required aliquots were thawed on ice and mixed gently
to ensure homogeneity.

Serum samples were not heat-inactivated. This approach was chosen to
maintain assay sensitivity and avoid potential artifacts associated with heat
treatment, such as antibody degradation and aggregation, which can lead
to false-negative results in neutralization assays across various viral
systems [28]. Furthermore, recent comprehensive reviews of AAV antibody
detection methods indicate that heat inactivation is optional and typically
only necessary when complement-mediated interference is specifically
demonstrated [29, 30]. For HEK293T-based AAV assays, complement
activity has been reported to have minimal impact [21, 22]. Our internal
validation further confirmed that heat inactivation decreases assay
sensitivity, resulting in reduced apparent neutralizing potency (as detailed
in Fig. 4A of [31]). By preserving physiologically relevant matrix
interactions, our chosen method ensures robust and sensitive NAb
quantification.

Samples from 46 human donors were used in this study, collected at
Semmelweis University, Faculty of Medicine, Department of Ophthalmol-
ogy, and approved by the Institutional Scientific Research Ethics
Committee of Semmelweis University. All human participants provided
written informed consent before participation. Animal experiments
followed the guidelines set by Directive 2010/63/EU. Serum samples from
six (domestic short hair, mixed sex, 1-4 years old) cats were included in the
study. Four subjects had no AAV injections prior to sampling. One subject
was vaccinated with the feline CRP vaccine, which provides protection
against Calicivirus, Rhinotracheitis virus, and Panleucopenia virus. Feline
panleukopenia virus, a type of parvovirus, is known to cross-react with AAV
[23]. Another subject was injected with CAP-B22 [32]. All procedures were
approved by the Animal Care Committee of the HUN-REN Research Centre
for Natural Sciences and by the National Food Chain Safety Office of
Hungary. Macaques (Macaca mulatta, mixed sex, 9 and 21 years old)
received no AAV injections before sampling; their care and experimental
procedures complied with the National Institute of Health’s Guide for the
Care and Use of Laboratory Animals, the European legislation (Directive
2010/63/EV), and were approved by the Ethical Committee of KU Leuven.

AAV plasmids

For both the VSC and CSC assays, the pAAV-CAG-NLuc-3xFLAG-10His-
WPRE-SV40 plasmid encoding a bioluminescent reporter was used. This
plasmid was constructed by inserting the NLuc-3xFLAG-10His transgene
from pGWB701NL3F10H (Addgene #141288) into the tdTomato site of
PENN-AAV-CAG-tdTomato-WPRE-SV40 (Addgene #105554) using BamHI
and EcoRI restriction sites. The NLuc insert was amplified using the
following primers: 5'-GTGGATCCGCCACCATGGTCTTCACACTCGAAG and 5'-
GATGAATTCGAGCTCTCAGTGATGGTG.

AAV production

For AAV production, 80%-100% confluent plates of HEK293T cells (ATCC,
CRL-3216, Manassas, VA, USA) were cultured in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin. The cells were cotransfected
using polyethylenimine (PEl) and the following plasmids: pAAV vector
plasmid containing the gene of interest, pHelper plasmid to provide
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adenoviral helper functions, and pRC plasmid containing rep and cap
genes (DNA:PEI ratio of 1:4). 72 h post-transfection, the cells were collected
and lysed by repeated freeze-thaw cycles to release the viral particles. The
AAV particles were purified using an iodixanol gradient ultracentrifugation
method. The supernatant was layered onto a pre-made iodixanol gradient
and centrifuged at 50,000 x g for 90 min at 16 °C. The AAV-containing
fraction was carefully extracted from the gradient. The extracted fraction
was then concentrated and buffer exchanged into PBS using an Amicon
Ultra-15 centrifugal filter unit.

The viral genome (vg) titer was determined using quantitative PCR
(gPCR). While the empty-to-full capsid ratio was not determined, potential
variability from this parameter was controlled by ensuring that each direct
comparison between assay methods utilized the same viral batch. The AAV
preparation was aliquoted and stored at -80 °C until use.

Variable serum concentration assay
Based on published protocols [23, 25, 26, 33-37], we implemented the
variable serum concentration assay as follows: HEK293T cells were
maintained in DMEM supplemented with 10% FBS and 1% Penicillin/
Streptomycin. On the day of transduction, the Cell Plate was prepared by
seeding 1x10° cells in DMEM supplemented with 1.25% FBS (total
volume: 80 L) into poly-L-lysine-coated black-wall, clear-bottom 96-well
plates. The plate was then incubated at 37 °C with 5% CO, for 2 h (Fig. S1).
To prepare the Transduction Mix, a two-fold serial dilution of blood
serum was prepared in DMEM. The AAV Mix was prepared in DMEM at a
constant viral input of 1x 107 vg per well (MOI 100). This standardization
by viral genome count is a consensus best practice [38] that ensures a
consistent antigenic load (i.e, capsid number) is presented to the
antibodies in each well. The AAV Mix was then combined with the diluted
serum in equal volumes, resulting in an additional two-fold dilution. The
Transduction Mix was incubated at 37 °C for 1 h, after which 20 uL was
added to each well of the Cell Plate. DMEM was used as the Antibody-free
Control. The plate was incubated at 37 °C with 5% CO, for 24-48 h. Exact
amounts of components used for a VSC assay run are detailed in Table S1.
For luminescence measurement, half of the medium was removed from
each well and replaced with Nano-Glo assay reagent (Promega, N1130,
Madison, WI, USA), prepared according to the manufacturer’s instructions.
Luminescence was measured using a Cytation 5 Multi-Mode Reader
(BioTek Instruments, Winooski, VT, USA).

Assay calibration with a monoclonal antibody

To calibrate the neutralization assay, a monoclonal anti-AAV9 antibody
(ADK9) (Progen, Cat. #690162, Heidelberg, Germany) was tested against
AAV9. Serial dilutions of the antibody were prepared to generate a
calibration curve. The tested concentration range per well was
3.125-0.05 ng/mL. For VSC, the monoclonal antibody was first diluted in
DMEM to achieve the desired concentration and total volume. Subse-
quently, a two-fold serial dilution series was performed in DMEM. For CSC,
the monoclonal antibody was initially diluted in FBS. The two-fold dilution
series was then carried out using FBS as the diluent.

Constant serum concentration assay

Unlike the variable serum concentration assay, where the total serum
concentration varies across dilutions, this method maintains a constant
total serum concentration by diluting the test serum in FBS. HEK293T cells
were seeded in DMEM without FBS into poly-L-lysine-coated black-wall,
clear-bottom 96-well plates. The Transduction Mix was prepared by diluting
blood serum in FBS, and FBS served as an Antibody-free Control (Fig. S1).
Exact amounts of components used for a CSC assay run are detailed in
Table S1. All other steps were identical to the variable serum
concentration assay.

Fetal bovine serum (FBS) used in this study was neither heat-inactivated
nor antibody-depleted. In cattle, the synepitheliochorial placental structure
forms a multi-layered barrier that effectively prevents the transplacental
transfer of maternal immunoglobulins [39]. Additionally, the serum is
collected via cardiac puncture from bovine fetuses prior to birth and
before any colostrum ingestion [40], thereby excluding the second major
source of maternal antibody acquisition. Published studies also indicate
that complement activity has minimal impact in HEK293T-based AAV
assays, providing further rationale for this approach [21, 22]. To control for
potential batch-to-batch variability in FBS composition [21, 41], the FBS lot
used in this study was validated by characterizing the neutralization curve
of the ADK9 monoclonal antibody against AAV9. Additionally, seronegative
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samples consistently produced flat neutralization curves across all dilutions
tested (Fig. 1B-D), further confirming the absence of non-specific
inhibitory artifacts in our assay matrix.

Systematic evaluation of serum content during pre-incubation
To generate data for the “Serum on cells” condition (Fig. 1E, F and Fig. S2),
HEK293T cells were seeded in DMEM supplemented with increasing
concentrations of FBS (0%, 1.25%, 6.25%, and 12.5%), while the AAV mix
was prepared in DMEM without FBS. The cells were incubated for 2 h at
37°C, and the AAV mix was incubated separately for 1 h at 37 °C before
being added to the wells.

For the “Serum on AAV mix" condition, instead of incubating the cells
with FBS, the AAV mix was pre-incubated with varying concentrations of
FBS (0%, 5%, 25%, and 50%) for 1h at 37°C before being added to
the cells.

In both conditions, 80 pL of cell suspension was seeded into each well,
followed by the addition of 20 pL of AAV mix, resulting in a final volume of
100 pL per well. The final FBS concentrations after mixing with the cells
were 0%, 1%, 5%, and 10%. Luminescence was measured 24 h post-
transduction.

In the experiment using seronegative human serum, all experimental
steps remained identical, except that human serum was used in place of
FBS. Transduction efficiency was calculated by normalizing the RLU values
to the 0% serum condition.

Data analysis

To assess the effect of applying serum in different conditions (Fig. 1F and
Fig. S2) or the effect size between VSC and CSC, we compared transduction
values normalized to either 0% FBS (Fig. 1F and Fig. S2) or to the Antibody-
free Control. To quantify effect size without assuming normality, we
calculated Cliff's delta, a non-parametric measure suitable for small sample
sizes. Cliff's delta measures the degree of overlap between two
distributions and ranges from —1 to +1, where 0 indicates complete
overlap (no effect), and absolute values of 0.11, 0.28, and 0.43 represent
small, medium, and large effects, respectively [42]. For each comparison,
we computed Cliff's delta as abs(greater - lesser)/total, where “greater”
counts the number of times a value from the first group exceeds a value
from the second group, “lesser” counts the reverse, and “total” is the
product of the two sample sizes. This approach provides a robust estimate
of effect size that complements the permutation test p-values.

To estimate ND50 values, raw luminescence data were first converted to
a percentage of inhibition relative to the serotype-matched, virus-only
control. This ratiometric analysis mathematically normalizes for baseline
differences in transduction efficiency between serotypes, ensuring the
resulting dose-response data provide a valid and comparable measure of
functional neutralizing activity.

To derive ND50 estimates from these normalized data, we employed
modeling strategies from our coreTIA framework [31] that were tailored to
the data quality produced by each assay format. For the ADK9 monoclonal
antibody experiments, which consistently yielded complete sigmoidal
dose-response data in both VSC and CSC formats, we used a four-
parameter Hill curve fitted via a Bayesian Markov Chain Monte Carlo
method. In contrast, VSC assays using complex biological sera often
produced incomplete or non-sigmoidal data, making a Hill curve fit
unreliable. Although our CSC format consistently restored a well-behaved
sigmoidal shape to these serum samples, a more robust linear model was
necessary for direct comparison. Therefore, to ensure a fair and direct
analytical comparison between the VSC and CSC methods, we consistently
applied this linear model to all datasets involving serum samples.

To evaluate if two samples have significantly different ND50 values, we
used the Bayesian Practical Equivalence Test [31]. We first log2-
transformed ND50 values to stabilize variance and improve comparability.
A Bayesian model was then implemented that assumed normally
distributed log-transformed values, with appropriate priors for the means
and standard deviations. The model calculated the difference between the
sample means and assessed, through posterior sampling, whether the
absolute difference exceeded a threshold of 0.3log,-units with a
confidence level greater than 95%, as described previously [31].

Glossary
Seronegative: for samples having a transduction curve, this condition is
defined operationally as no drop in luminescence within the tested
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dilution range. For Fig. 2, this condition is met for sera having transduction
readout above 90% of the FBS-only control.

RESULTS

Assay sensitivity strongly depends on pre-incubation
conditions

To assess serum neutralization, we initially implemented a
conventional variable serum concentration (VSC) assay format,
which integrates published protocols (“Methods” section). As a
first step, we validated the assay by testing a monoclonal
antibody, ADK9, against AAV9. The resulting neutralization curve
exhibited the expected sigmoidal shape (Fig. 1A), allowing us to
estimate the neutralizing dose yielding 50% transduction (ND50,
“Methods” section). The ND50 value surpassed the manufacturer's
specification, confirming that the assay effectively quantifies
neutralizing activity.

We next tested human serum samples against AAV9 using this
conventional VSC format to evaluate assay performance under
real-world conditions with complex biological matrices. Surpris-
ingly, most samples showed increasing transduction as the serum
concentration increased from 1/128 to 1/4 dilutions (Fig. 1B,
dashed curves). This observation differed from the typical
sigmoidal Hill curves for samples from individuals with pre-
existing immunity, or flat curves near 100% for seronegative
individuals. The observed increase in transduction suggested that
factors unrelated to antibody-mediated neutralization were
enhancing vector performance. This phenomenon was not limited
to AAVY; similar increases in transduction efficiency at higher
serum concentrations were observed with AAV1 and AAV5
serotypes (Fig. 1C, D, dashed curves), indicating that this
phenomenon may be a general property rather than serotype-
specific.

Given that the main procedural difference between these
experiments and our initial validation was replacing ADK9 with
human serum, we hypothesized that the added serum content
might be responsible for the unexpected transduction increase.
Additionally, our review of previously published protocols
(“Methods” section) indicated inconsistencies in how serum is
incorporated into cell culture assays. In some protocols, serum is
present in the cell culture medium from the start and later
complemented by the test sample itself, while in other protocols
concentration and timing of serum addition vary. These dis-
crepancies complicate comparisons across studies and obscure
how matrix effects influence transduction efficiency. To address
this, we systematically investigated how serum content and its
mode of application affect transduction efficiency.

We compared two experimental settings: “Serum on cells” and
“Serum on AAV” (Fig. 1E). We used fetal bovine serum (FBS) as a
seronegative human serum surrogate. In the “Serum on cells”
condition, increasing FBS concentrations led to decreased
transduction (Fig. 1F, dashed curve), consistent with prior findings
[21]. In contrast, in the “Serum on AAV” condition, transduction
increased with FBS concentration (Fig. 1F, solid curve), suggesting
that pre-incubation of AAV with FBS enhances transduction. This
observation aligns with prior studies showing that albumin and
other serum components promote AAV transduction by interact-
ing with viral capsids [21, 22]. Notably, at a final FBS concentration
of 10%, transduction was markedly higher when FBS was pre-
incubated with AAV prior to addition to cells, compared to when it
was added directly to the cell culture medium and AAV was added
without FBS pre-incubation.

This dual role of FBS—acting as an inhibitor when present in
cell culture medium but as an enhancer when pre-incubated with
AAV—was observed across multiple capsid types (Cliff's delta =
1.0 for all conditions above 0% serum level (“Methods” section);
Fig. S2A-D). These results suggest that FBS modulates AAV
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Fig. 1 Optimized pre-incubation conditions and constant serum concentration yield an improved AAV neutralization assay across
different serotypes. A Neutralization curve for an anti-AAV9 antibody (ADK9) tested against AAV9. Vertical error bars denote 95% credible
intervals, and the vertical dashed arrow pointing to the horizontal bar indicates the ND50 estimate and its uncertainty range (“Methods”
section). B-D Transduction curves for seven human sera tested against AAV9, AAV1, and AAV5. Each color represents a different donor; the
same color denotes the same donor across panels; the x-axis shows 2-fold serum dilutions, and the y-axis shows transduction efficiency
relative to an antibody-free control. Solid lines (Constant) stay near 100% for non-neutralizing samples, whereas dashed lines (Variable) can
exceed 100% due to changing total serum. The lavender, teal, and plum curves report neutralizing activity sufficient to reach the ND50 within
the tested dilution range. ND50 dilutions for neutralizing samples are marked by vertical dashed arrows pointing to horizontal bars indicating
95% credible intervals (“Methods” section). Throughout panels, Constant refers to the CSC method, where total serum remains fixed at 10%,
while Variable refers to the VSC method, where total serum concentration increases with less dilution. E Schematic overview of two pre-
incubation strategies under antibody-free serum conditions. Top: “Serum on AAV” denotes pre-incubation of AAV with different
concentrations of FBS while cells are pre-incubated in DMEM only. Bottom: “Serum on cells” denotes pre-incubation of cells with different
concentrations of FBS, while AAV is pre-incubated in DMEM only. F Effect of FBS content during pre-incubation on transduction efficiency,
normalized to the 0% FBS condition. Under “Serum on AAV’ luminescence increases sharply and plateaus near 5% FBS, whereas under “Serum
on cells,” luminescence decreases as FBS content increases. Vertical error bars indicate standard deviations from the mean. G, H Schematic
illustration of design differences between variable serum concentration (VSC, Variable in legends) versus constant serum concentration (CSC,
Constant in legends) assay formats. In VSC, total serum changes with each dilution step because test serum is added on top of a fixed FBS
level; in CSC, total serum is held at 10% throughout, differing only in the proportion of test serum to FBS. I-K Bar plots comparing
neutralization titers (ND50) for the neutralizing sera against AAV9, AAV1, and AAV5 (as shown on B-D). Constant (filled bars) yields significantly
higher titers than Variable (striped bars). Asterisks denote significant difference (“Methods” section). For samples exhibiting minimal
(ND50 < 1/4) or no neutralization, a 1/1 titer is used as a placeholder. L Sensitivity comparison of Constant vs. Variable using a dilution series of
ADK9 against AAV9. Constant shows significantly greater sensitivity (“Methods” section). (E) was created with BioRender.com.

transduction through distinct mechanisms depending on its mode
of application.

100%, compressing the assay’s dynamic range and flattening
neutralization curves. These artifacts can obscure partial neutra-
lization events and shift ND50 estimates, reducing assay

Observed matrix effects are consistent between FBS and
seronegative human serum

While using FBS as an antibody-free matrix offers practical
advantages due to its availability, it differs from human serum in
composition and may not fully replicate its effects on AAV
transduction. To determine whether our findings extend to human
serum, we repeated the experiments using seronegative human
serum instead of FBS. Similar trends were observed: higher
concentrations of human serum reduced transduction in the
“Serum on cells” condition but enhanced transduction when pre-
incubated with AAV (“Serum on AAV” condition; Fig. S2E-H). This
consistency between FBS and human serum supports the use of FBS
as a surrogate for seronegative controls during assay calibration.

Constant serum concentration stabilizes assay baseline

Conventional VSC assay formats involve increasing total serum
content across dilutions (Fig. 1G). While this approach is standard
practice, it can artificially elevate the transduction baseline above
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sensitivity.

To overcome these limitations, we developed a constant serum
concentration (CSC) assay format by maintaining equal total
serum content across all dilutions through balancing test serum
with a seronegative serum-based diluent (Fig. 1H). This design
minimizes matrix effects across dilutions while preserving the
ability to detect neutralizing activity.

When retesting human sera under CSC conditions, some
samples produced flat transduction curves near 100% across all
capsids (solid lines in Fig. 1B-D), consistent with expectations for
non-neutralizing donors. Importantly, a few samples that
appeared non-neutralizing in VSC assays (with transduction curves
remaining above 50% across all dilutions) exhibited clear
neutralization under CSC conditions, with transduction dropping
below the 50% neutralization threshold, indicating the presence of
NAbs previously masked by the VSC format (Fig. 11-K), indicating
the presence of NAbs previously masked by the VSC format. For
neutralizing samples, ND50 titers were significantly higher
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4 serum dilution are labeled as seronegative (teal dots), while sera below this threshold are labeled as ineligible for inclusion in a hypothetical
reference serum pool (red dots). The black dashed line represents the 90% transduction threshold. The CSC approach assigns more samples as
ineligible than the VSC format, reducing misclassification of borderline neutralizers. D-F Classification of the same sera into non-neutralizing
(teal dots) or neutralizing (red dots) categories using 50% transduction at a 1/4 dilution as a criterion. Samples above the black dashed line
(50% transduction threshold) are classified as non-neutralizing, whereas those below it are classified as neutralizing. Discordant samples—
those classified differently under CSC vs. VSC—are connected by gray lines. The proportion of discordant samples is indicated above each
plot, with p-values from McNemar tests reflecting the significance of classification differences across AAV serotypes.

(indicating greater sensitivity) under CSC compared to VSC
formats (Bayesian Practical Equivalence Test, “Methods” section),
demonstrating improved sensitivity for detecting neutralization.

Finally, using a dilution series of ADK9 monoclonal antibody as a
benchmark further confirmed CSC's enhanced sensitivity compared
to VSC (Fig. 1L, Fig. S3). The CSC format detected neutralization at
significantly lower antibody concentrations, demonstrating
improved detection sensitivity for NAb quantification.

Increased sensitivity of the CSC assay offers robust
stratification of seronegative and seropositive samples
Several studies investigating anti-AAV NAb prevalence in human
populations have employed the VSC assay design [4, 33, 43-45]. Our
findings demonstrate that the CSC assay improves sensitivity and
stabilizes baseline transduction efficiency (Fig. 1). To evaluate how
these differences affect subject stratification, we tested a pool of 46
human serum samples across three AAV capsids (AAV1, AAV5, AAV9).
First, we aimed to identify seronegative sera as these are often
used as a background matrix or an antibody-free control in
neutralization assays [45-50]. Using a stringent threshold of >90%
transduction at a 1/4 serum dilution, samples yielding transduc-
tion above this threshold were labeled seronegative, while those
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below were considered “ineligible” for inclusion in a hypothetical
reference serum pool (Fig. 2A). This conservative threshold was
specifically chosen for reference pool creation to minimize the risk
of including samples with low NAb levels (false negatives),
consistent with clinical observations that even low-level neutraliz-
ing antibodies can significantly impact gene therapy efficacy [29].
Furthermore, this stringent cutoff aligns with practices in
pseudovirus neutralization assays that employ both 50% and
90% neutralization thresholds for complementary applications
[38, 511.

The CSC assay classified more samples as “ineligible” for a
seronedative pool compared to the VSC format across all capsids
tested (30.4%, 47.8%, and 41.3% discordant samples for AAV1,
AAV5, and AAVY9, respectively; p < 0.001 for all comparisons). This
suggests that VSC might fail to detect low levels of neutralizing
activity in some samples. Such classification differences in
reference pool selection could affect assay development, valida-
tion, and ultimately patient eligibility determinations.

Next, we categorized the same sera using the standard criterion
of 50% transduction at a 1/4 dilution to distinguish neutralizing
from non-neutralizing samples (Fig. 2B). Samples with less than
50% transduction were classified as neutralizing, while those
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Fig. 3 Performance gain of the CSC assay generalizes to preclinical model species. Throughout the figure, Constant refers to the CSC
method, where total serum remains fixed at 10%, while Variable refers to the VSC method, where total serum concentration increases with less
dilution. A-F Transduction curves for sera sampled from preclinical subjects tested against three AAV serotypes (AAV1, AAV5, AAV9). (A-C)
shows data from cats (n = 4), while (D-F) shows data from rhesus macaques (n = 2). Each color represents an individual subject within each
species; the same color denotes the same subject across panels. Solid curves indicate results from the Constant assay, while dashed curves
represent results from the Variable assay. Vertical error bars indicate standard deviations from the mean. The horizontal gray dashed line at
50% transduction efficiency indicates the neutralization threshold. For samples that cross below this threshold, ND50 dilutions are marked by
colored vertical dashed arrows pointing to horizontal bars that denote 95% credible intervals for the ND50 estimates. Samples without arrows
did not reach 50% neutralization within the tested dilution range. The x-axis represents 2-fold serum dilutions, while the y-axis shows

transduction efficiency as a percentage of antibody-free controls.

exceeding this threshold were categorized as non-neutralizing.
The CSC and VSC formats showed discordant classification in 4.3%,
15.2%, and 21.7% of samples for AAV1, AAV5, and AAV9,
respectively. The differences were statistically significant for
AAV5 (p =0.02) and AAV9 (p < 0.01) but not for AAV1 (p = 0.50).
The proportion of discordantly classified samples appeared
serotype-dependent, likely stemming from differential magni-
tudes of serum-induced transduction enhancement in VSC assays
across serotypes (Fig. S2).

These findings highlight CSC’s ability to minimize confounding
effects caused by variable serum content across dilutions. By
maintaining constant serum concentrations throughout the assay,
CSC reduces matrix-driven transduction enhancement that can
affect the detection of neutralizing activity. This approach
improves consistency in sample classification across AAV sero-
types and provides an enhanced methodology for stratification of
seronegative and seropositive samples in gene therapy
applications.

Improved performance of the CSC assay generalizes across
species

New therapies typically progress through a preclinical validation
pipeline, which includes both in vitro and in vivo models. Beyond
improving stratification of human sera, applying consistent assay
methodologies across preclinical species is essential for reliable
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cross-species comparisons [52]. To evaluate whether the stabilized
baseline and enhanced detection sensitivity observed with human
samples extend to preclinical species, we tested sera from cats
(n =4) and rhesus macaque monkeys (n = 2) using both CSC and
VSC formats (Fig. 3).

Across all tested AAV serotypes (AAV1, AAV5, AAV9), sera
analyzed with VSC showed elevated baseline transduction levels
compared to CSC in both species (dashed curves in Fig. 3). In
contrast, CSC maintained consistent baselines near 100% trans-
duction at high dilutions (solid curves). The magnitude of
difference between formats was substantial, with a Cliff's delta
of 1.0 (95% CI [1.0, 1.0]), indicating that CSC values were
consistently lower than VSC values across all dilutions, serotypes,
and species tested. Although sample availability from these
species is low, these results suggest that the baseline stabilization
observed with CSC in human samples extends to non-human
species used in preclinical research. This cross-species consistency
supports CSC's potential utility as a robust assay format for
translational studies comparing neutralizing antibody responses
from preclinical models to clinical applications.

Seroreversion models demonstrate the utility of the CSC assay
in determining neutralizing antibody persistence

Patients undergo seroreversion from a previously seropositive
stage acquired through natural exposure to AAVs or through prior
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AAV injections. Accurate stratification of serostatus is critical for
determining an appropriate time for a subsequent AAV injection.
To evaluate how neutralizing antibody persistence is differentially
detected by VSC and CSC assays, we tested two preclinical models
in cats: vaccination-induced immunity and immunity due to prior
AAV injection.

First, we modeled acquired immunity with AAV neutralization
occurring upon standard vaccination used in veterinary medicine
[23] (“Methods"” section, Fig. 4A-B). Serum samples were collected
from one cat at two weeks and four months after vaccination. At
both time points, VSC showed substantially elevated baseline
transduction levels compared to CSC, suggesting reduced sensitiv-
ity for detecting neutralizing activity. While VSC indicated minimal
neutralization at four months post-vaccination (ND50 < 1/4), CSC
continued to detect substantial neutralizing activity (ND50 ~ = 1/8),
illustrating the potential for premature classification of serorever-
sion using VSC methods.

Next, we examined the persistence of neutralizing antibodies
following direct AAV administration by testing serum samples
collected from one cat at one, two, and three years after
administration of CAP-B22 (Fig. 4C, D). When tested against the
same vector (CAP-B22), CSC detected neutralizing activity even
three years post-injection (ND50 ~ = 1/6), whereas VSC showed
markedly lower neutralization at year one and two and no
neutralization by year three. When these same serum samples
were tested against AAV9—the parental capsid of CAP-B22—both
assays detected an earlier decline in neutralizing activity (Fig. 4E,
F). However, CSC maintained detection of meaningful neutraliza-
tion at year two (ND50 ~ = 1/12) while VSC showed only minimal
neutralization at the highest serum concentration. This earlier
decline in cross-neutralization likely reflected epitope differences
between CAP-B22 and AAV9 [32].

These longitudinal observations provide valuable insights into
antibody persistence and cross-reactivity patterns over an
extended period (up to three years post-injection). Although
sample numbers for such longitudinal studies were limited due to
the inherent challenges of maintaining large animal models for
such extended studies, the consistent pattern of enhanced
detection sensitivity with CSC compared to VSC suggests potential
clinical relevance. Therefore, further investigation in larger cohorts
is warranted to validate these observations and establish clinically
relevant seroreversion thresholds.

DISCUSSION

Improved sensitivity and reliability

Matrix effects in conventional VSC assays create a dilution-
dependent baseline inflation, with transduction efficiencies
substantially increasing towards higher serum concentrations
(Fig. 1B-D, dashed lines, Fig. S2). This inflation stems from the
dual behavior of serum components: they enhance AAV
transduction when pre-incubated with viral particles (“Serum on
AAV”, Fig. 1F, solid line) but inhibit transduction when applied
directly to cells (“Serum on cells”, Fig. 1F, dashed line). As VSC
protocols progress through dilution series, the increasing total
serum content amplifies this enhancement effect (Fig. 1G),
compressing dynamic range and masking partial neutralization
events.

The CSC assay addresses these limitations by maintaining
constant serum concentration across all dilutions (Fig. TH), which
provides stable baselines near 100% for non-neutralizing samples
(Fig. 1B-D, solid lines). This stabilization enables more sensitive
detection of neutralizing activity, as demonstrated by the
significantly higher ND50s observed in Fig. 11-K and the detection
of neutralization at lower ADK9 antibody concentrations (Fig. 1L).
The CSC assay’s improved performance derives from the
combined effects of maintaining constant serum levels (mitigating
baseline inflation due to variable total serum) and the
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standardized “Serum on AAV” pre-incubation protocol (ensuring
consistent conditions for potential serum-AAV interactions prior to
cell exposure). Importantly, these modifications maintain proce-
dural simplicity comparable to conventional assays. By substan-
tially reducing the confounding matrix effects that can obscure
true neutralization in VSC formats, CSC improves both the
sensitivity and reliability of AAV neutralizing antibody quantifica-
tion across multiple serotypes and species.

Clinical implications for patient stratification

The accurate assessment of NAb status and level is fundamental to
determining patient eligibility in gene therapy trials. Misclassifica-
tion of patient serostatus risks suboptimal therapeutic outcomes,
as even low-titer neutralizing antibodies can reduce transduction
efficacy and compromise long-term gene expression [15, 53]. For
example, using CSC, borderline samples near a clinical cutoff (e.g.,
ND50 of 1/5 or 1/10) may be reclassified from seronegative to
seropositive (Fig. 2), potentially indicating the need for adjusted
dosing or immune suppression strategies. This enhanced detec-
tion sensitivity reduces the risk of immune-mediated transduction
failure and may improve long-term gene expression outcomes.

Broader implications: epidemiology

The improved NAb detection capability of the CSC assay may
refine AAV seroprevalence estimates in future epidemiological
studies. Conventional assays used in large-scale epidemiological
research could have underestimated neutralizing activity pre-
valence by missing low-level antibodies that CSC can identify
(Fig. 2). Implementation of CSC assay methodology in population
studies could yield more comprehensive serological profiles,
potentially improving clinical trial design through more accurate
characterization of eligible subject pools.

Reliable detection of seroreversion

Subjects with pre-existing immunity against AAVs can undergo
seroreversion [54]. In the technical sense, seroreversion occurs
when blood antibody levels of a previously seropositive subject
fall below the detection limit of an assay. A more accurate and
reliable assessment of seroreversion kinetics is important for both
single-dose and multi-dose treatments (e.g., hemophilia B or
Duchenne muscular dystrophy) [55], as it informs the window for
potential re-administration. In our vaccination-induced immunity
model, CSC detected seropositivity up to four months post-
vaccination (Fig. 4A, B), while VSC reported seroreversion at four
months. Similarly, in the prior AAV injection model, CSC detected
persistent seropositivity even three years after CAP-B22 adminis-
tration (Fig. 4C, D), whereas VSC suggested seroreversion by year
two. These findings suggest that CSC assays may provide more
accurate timelines for determining when patients transition from
seropositive to seronegative status.

Evaluation of immune modulation kinetics

The enhanced sensitivity of the CSC assay led to a higher
detection rate of neutralizing activity in humans, emphasizing the
need for effective immune modulation strategies in AAV gene
therapy. Several promising approaches for overcoming pre-
existing immunity include capsid engineering [7], transient
immunosuppressive regimens [17], short insert peptides [8], and
endopeptidases designed to degrade antibodies [12]. In our study,
neutralization against CAP-B22 persisted beyond three years post-
injection but declined earlier against its parental capsid AAV9
(Fig. 4E, F). This suggests that capsid-specific immunity may
influence re-administration strategies.

Challenges and future directions

Variable therapeutic outcomes have been reported in animal
models with similar serostatus classification by conventional
assays, with several studies identifying inconsistent treatment

SPRINGER NATURE

43



B. Kovacs et al.

A
Seroreversion after CRP vaccine
Assay: B22
600 -
~N
P
- s
- s
ot s
- s
- s
I— ‘\
500 - ’ \
/ \
/ N
! AY
- J \
400 A \
@ / \
S / \,
2 / N
w / A
§ 300 AN
2 i e \\ Assay type:
S , / N
2 e , '\ —— Constant
s /’ 4 N ——- Variable
200 F/’/— \\
AN Post-injection:
N —— 2 weeks
N —— 4 months
100 AN
N
Ry
N
N
Mmoo
04— - - : : T =
1/256 1/128 1/64 1/32 1/16 1/8 1/4
Serum Dilution
C
Injected: B22, Assay: B22
600 e
%
-
-
I~<o e
/ ~~< ,
/ ~— ,
500 o Tl 154
/
_ /
g /
g /
T /
S 400 /
2 /
2 ’
E /
< /' Assay type:
£ 3004 J/ —_— CorTstant
2 o J- —== Variable
2 7 ST Post-injecti
H , B So ost-injection
=
200
100 A
0 N F T T T T - T
1/256 1/128 1/64 1/32 1/16 1/8 1/4
Serum Dilution
E
160 4 Injected: B22, Assay: AAV9 Assay type:
—— Constant
—== Variable
140 S———— Post-injection

Transduction Efficiency (%)

1204

100 A

80

60 4

40

204

— 1

0 T L—
1/256 1/128

H
1/64 1/32 1/16 1/8 1/4
Serum Dilution

responses [27, 34]. By incorporating the CSC assay into future
studies, previously undetected low-level neutralization (which CSC
is better equipped to identify) may emerge as a contributing
factor to this variability. Future work should validate these findings
through in vivo studies correlating ND50 shifts with transgene
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expression efficiency to better understand the clinical significance
of borderline neutralizing activity.

Beyond matrix effects, NAb assay standardization is also
impacted by the AAV vector preparation itself, specifically its
empty-to-full capsid ratio. As empty capsids act as effective
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Fig.4 Performance of CSC assay in preclinical seroreversion models. Throughout the figure, Constant refers to the CSC method, where total
serum remains fixed at 10%, while Variable refers to the VSC method, where total serum concentration increases with less dilution.
A, C, E Transduction curves for serum samples collected from preclinical subjects at various time points post-vaccination or post-injection.
Solid curves represent results from the Constant assay, dashed curves represent results from the Variable assay. Vertical error bars indicate
standard deviations from the mean. The horizontal gray dashed line at 50% transduction efficiency indicates the neutralization threshold.
ND50 dilutions are marked by colored vertical dashed arrows pointing to horizontal bars that denote 95% credible intervals for ND50
estimates. B, D, F Neutralization titers (ND50 estimates) derived from the transduction curves in (A, C, and E). ND50 values are shown for both
Constant (filled bars) and Variable (striped bars) assays at corresponding time points. Error bars represent 95% credible intervals. Asterisks
denote significant difference (“Methods” section). For samples exhibiting minimal (ND50 < 1/4) or no neutralization, a 1/1 titer is used as a
placeholder. A, B Serum samples collected from one cat two weeks and four months after vaccination with a feline CRP vaccine. Constant
detected persistent neutralizing activity at four months post-vaccination, while Variable reported seroreversion earlier. C, D Serum samples
collected from one cat one, two, and three years after injection with CAP-B22 capsid. Constant detected persistent seropositivity three years
post-injection, whereas Variable suggested seroreversion had occurred by year three. E, F Same serum samples as in (C, D) tested against the
parental capsid of CAP-B22, AAV9. Seroreversion occurred one year earlier with AAV9 compared to CAP-B22, likely due to limited cross-

reactivity between capsids.

decoys for neutralizing antibodies, their prevalence can signifi-
cantly influence assay sensitivity and ND50 values [56-58]. This
ratio is recognized by regulatory agencies as a critical quality
attribute impacting product potency [59]. In this study, while the
capsid ratio was an uncharacterized variable, its potential
confounding effect was mitigated by ensuring that each direct
comparison between CSC and VSC methods utilized the same viral
batch for both assay formats. This experimental design ensures
that the observed improvements in sensitivity and baseline
stability are attributable to the CSC methodology rather than
the vector reagent. For future implementation and to enhance
inter-laboratory comparability, the full potential of the CSC assay
will be realized when it is combined with AAV vectors that have a
well-characterized capsid content ratio [60, 61].

While the principles used in CSC to determine AAV neutraliza-
tion deliver substantial gains in sensitivity, their generalizability to
other virus neutralization assays remains an open question. Serum
matrix effects are known to influence infectivity and antibody
binding across various viral systems [47]. Future studies should
explore whether minimizing matrix-induced variability using CSC-
like approaches could improve assay reliability for other viruses,
particularly in vaccine development and immune monitoring
applications.

Translational relevance of preclinical models

Beyond improvements of assay methodology, our experiments
contribute to enriching the spectrum of preclinical model species
useful for bridging the translational gap between rodents and
non-human primates. Companion animal models represent a
practical intermediate stage in therapy development, bridging
between rodents and non-human primates, the latter considered
highly predictive of humans but having limited availability and
high associated costs. While acknowledging the limited sample
sizes in our non-human species cohorts, our results demonstrate
consistent performance of the CSC methodology across species.
This suggests that CSC could enhance the reliability of NAb data
derived from physiologically relevant companion animal models,
which offer practical advantages and can bridge rodent studies
and NHP experiments [62-66].

In summary, the constant serum concentration assay provides
enhanced detection of neutralizing activity against AAV vectors by
minimizing matrix-induced artifacts inherent in VSC assays. These
improvements have significant implications for patient stratifica-
tion, seroreversion assessment, and monitoring immune modula-
tion strategies for gene therapy.

DATA AVAILABILITY

Research data generated from non-human subjects will be available from the
corresponding author upon reasonable request. Data involving human participants
are not publicly available due to privacy and ethical restrictions but may be available

Gene Therapy (2026) 33:37 -47

in de-identified format from the corresponding author, subject to appropriate data
sharing agreements and institutional approvals.

CODE AVAILABILITY

Code used to analyze data will be shared upon reasonable request.

REFERENCES

1. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW, et al.
Single-dose gene-replacement therapy for spinal muscular atrophy. N Engl J Med.
2017;377:1713-22.

2. Nathwani AC, Reiss UM, Tuddenham EGD, Rosales C, Chowdary P, McIntosh J,
et al. Long-term safety and efficacy of factor IX gene therapy in hemophilia B. N
Engl J Med. 2014;371:1994-2004.

3. Wang JH, Gessler DJ, Zhan W, Gallagher TL, Gao G. Adeno-associated virus as a
delivery vector for gene therapy of human diseases. Signal Transduct Target Ther.
2024;9:1-33.

4. Boutin S, Monteilhet V, Veron P, Leborgne C, Benveniste O, Montus MF, et al.
Prevalence of serum IgG and neutralizing factors against adeno-associated virus
(AAV) types 1, 2, 5, 6, 8, and 9 in the healthy population: implications for gene
therapy using AAV vectors. Hum Gene Ther. 2010;21:704-12.

5. Calcedo R, Wilson JM. Humoral immune response to AAV. Front Immunol
[Internet]. 2013 [cited 2025 Mar 20];4. Available from: https://www.frontiersin.org/
journals/immunology/articles/10.3389/fimmu.2013.00341/full.

6. Dhungel BP, Winburn |, Pereira CdaF, Huang K, Chhabra A, Rasko JEJ. Under-
standing AAV vector immunogenicity: from particle to patient. Theranostics.
2024;14:1260-88.

7. Bartel M, Schaffer D, Blining H. Enhancing the clinical potential of AAV vectors by
capsid engineering to evade pre-existing immunity. Front Microbiol. 2011;2:204.

8. Chan YK, Wang SK, Chu CJ, Copland DA, Letizia AJ, Costa Verdera H, et al.
Engineering adeno-associated viral vectors to evade innate immune and
inflammatory responses. Sci Transl Med. 2021;13:eabd3438.

9. Cheng M, Dietz L, Gong Y, Eichler F, Nammour J, Ng C, et al. Neutralizing antibody
evasion and transduction with purified extracellular vesicle-enveloped adeno-
associated virus vectors. Hum Gene Ther. 2021;32:1457-70.

10. Elmore ZC, Oh DK, Simon KE, Fanous MM, Asokan A. Rescuing AAV gene transfer
from neutralizing antibodies with an IgG-degrading enzyme. JCI Insight.
2020;5:e139881.

11. Gyorgy B, Fitzpatrick Z, Commentuijn MH, Mu D, Maguire CA. Naturally envel-
oped AAV vectors for shielding neutralizing antibodies and robust gene delivery
in vivo. Biomaterials. 2014;35:7598-609.

12. Leborgne C, Barbon E, Alexander JM, Hanby H, Delignat S, Cohen DM, et al. IgG-
cleaving endopeptidase enables in vivo gene therapy in the presence of anti-AAV
neutralizing antibodies. Nat Med. 2020;26:1096-101.

13. Li X, La Salvia S, Liang Y, Adamiak M, Kohlbrenner E, Jeong D, et al. Extracellular
vesicle-encapsulated adeno-associated viruses for therapeutic gene delivery to
the heart. Circulation. 2023;148:405-25.

14. Li X, Wei X, Lin J, Ou L. A versatile toolkit for overcoming AAV immunity. Front
Immunol [Internet]. 2022 [cited 2025 Mar 20];13. Available from: https://
www frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.991832/
full.

15. Mingozzi F, High KA. Immune responses to AAV vectors: overcoming barriers to
successful gene therapy. Blood. 2013;122:23-36.

16. Ros-Ganan I, Hommel M, Trigueros-Motos L, Tamarit B, Rodriguez-Garcia E, Salas
D, et al. Optimising the IgG-degrading enzyme treatment regimen for enhanced

SPRINGER NATURE

45


https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2013.00341/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2013.00341/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.991832/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.991832/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.991832/full

B. Kovacs et al.

46

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

adeno-associated virus transduction in the presence of neutralising antibodies.
Clin Transl Immunol. 2022;11:e1375.

. Vrellaku B, Sethw Hassan I, Howitt R, Webster CP, Harriss E, McBlane F, et al. A

systematic review of immunosuppressive protocols used in AAV gene therapy for
monogenic disorders. Mol Ther. 2024;32:3220-59.

. Baatartsogt N, Kashiwakura Y, Hayakawa M, Kamoshita N, Hiramoto T, Mizukami

H, et al. A sensitive and reproducible cell-based assay via secNanoLuc to detect
neutralizing antibody against adeno-associated virus vector capsid. Mol Ther
Methods Clin Dev. 2021;22:162-71.

. Kashiwakura Y, Baatartsogt N, Yamazaki S, Nagao A, Amano K, Suzuki N, et al. The

seroprevalence of neutralizing antibodies against the adeno-associated virus
capsids in Japanese hemophiliacs. Mol Ther Methods Clin Dev. 2022;27:404-14.
Pan Y, Rohde M, Zeitler J, Namburi SVS, Cao L, Hu J, et al. A sensitive AAV
transduction inhibition assay assists evaluation of critical factors for detection
and concordance of pre-existing antibodies. Mol Ther - Methods Clin Dev.
2023;31:101126.

Rogers GL, Huang C, Clark RDE, Seclén E, Chen HY, Cannon PM. Optimization of
AAV6 transduction enhances site-specific genome editing of primary human
lymphocytes. Mol Ther Methods Clin Dev. 2021;23:198-209.

Wang M, Sun J, Crosby A, Woodard K, Hirsch ML, Samulski RJ, et al. Direct
interaction of human serum proteins with AAV virions to enhance AAV trans-
duction: immediate impact on clinical applications. Gene Ther. 2017;24:49-59.
Adachi K, Dissen GA, Lomniczi A, Xie Q, Ojeda SR, Nakai H. Adeno-associated
virus-binding antibodies detected in cats living in the Northeastern United States
lack neutralizing activity. Sci Rep. 2020;10:10073.

Desrosiers M, Dalkara D. Neutralizing antibodies against adeno-associated virus
(AAV): measurement and influence on retinal gene delivery. In: Boon CJF, Wijn-
holds J, editors. Retinal gene therapy [Internet]. Methods in Molecular Biology;
vol. 1715. New York, NY: Springer New York; 2018 [cited 2025 Jan 2]. pp. 225-38.
Available from: http://link.springer.com/10.1007/978-1-4939-7522-8_16.
Jungmann A, Miiller O, Rapti K. Cell-based measurement of neutralizing antibodies
against adeno-associated virus (AAV). Methods Mol Biol. 2017;1521:109-26.

Rapti K, Louis-Jeune V, Kohlbrenner E, Ishikawa K, Ladage D, Zolotukhin S, et al.
Neutralizing antibodies against AAV serotypes 1, 2, 6, and 9 in sera of commonly
used animal models. Mol Ther. 2012;20:73-83.

Wang L, Calcedo R, Bell P, Lin J, Grant RL, Siegel DL, et al. Impact of Pre-existing
immunity on gene transfer to nonhuman primate liver with adeno-associated
virus 8 vectors. Hum Gene Ther. 2011;22:1389.

Hu X, An T, Situ B, Hu Y, Ou Z, Li Q, et al. Heat inactivation of serum interferes with
the immunoanalysis of antibodies to SARS-CoV-2. J Clin Lab Anal.
2020;34:23411.

Schulz M, Levy DI, Petropoulos CJ, Bashirians G, Winburn I, Mahn M, et al. Binding
and neutralizing anti-AAV antibodies: detection and implications for rAAV-
mediated gene therapy. Mol Ther. 2023;31:616-30.

Yang TY, Braun M, Lembke W, McBlane F, Kamerud J, DeWall S, et al. Immuno-
genicity assessment of AAV-based gene therapies: an 1Q consortium industry
white paper. Mol Ther Methods Clin Dev. 2022;26:471-94.

Kovacs B, Somogyi F, Szabé V, Nagy ZZ, Hernadi |, Matyas F, et al. CoreTIA: a modular,
statistically robust transduction inhibition assay for AAV neutralization. Front Immunol
[Internet]. 2025 [cited 2025 July 30];16. Available from: https://www frontiersin.org/
journals/immunology/articles/10.3389/fimmu.2025.1623848/full.

Goertsen D, Flytzanis NC, Goeden N, Chuapoco MR, Cummins A, Chen Y, et al.
AAV capsid variants with brain-wide transgene expression and decreased liver
targeting after intravenous delivery in mouse and marmoset. Nat Neurosci.
2022;25:106-15.

Calcedo R, Vandenberghe LH, Gao G, Lin J, Wilson JM. Worldwide epidemiology of
neutralizing antibodies to adeno-associated viruses. J Infect Dis. 2009;199:381-90.
Ail D, Ren D, Brazhnikova E, Nouvel-Jaillard C, Bertin S, Mirashrafi SB, et al. Sys-
temic and local immune responses to intraocular AAV vector administration in
non-human primates. Mol Ther Methods Clin Dev. 2022;24:306-16.

Gardner MR, Mendes DE, Muniz CP, Martinez-Navio JM, Fuchs SP, Gao G, et al. High
concordance of ELISA and neutralization assays allows for the detection of anti-
bodies to individual AAV serotypes. Mol Ther Methods Clin Dev. 2022;24:199-206.
Kaplitt MG, Feigin A, Tang C, Fitzsimons HL, Mattis P, Lawlor PA, et al. Safety and
tolerability of gene therapy with an adeno-associated virus (AAV) borne GAD gene
for Parkinson'’s disease: an open label, phase | trial. Lancet. 2007;369:2097-105.
Zheng Z, Ye J, Leng M, Gan C, Tang N, Li W, et al. Enhanced sensitivity of
neutralizing antibody detection for different AAV serotypes using HeLa cells with
overexpressed AAVR. Front Pharm. 2023;14:1188290.

Gorovits B, Fiscella M, Havert M, Koren E, Long B, Milton M, et al. Recommen-
dations for the development of cell-based anti-viral vector neutralizing antibody
assays. AAPS J. 2020;22:24.

Borghesi J, Mario LC, Rodrigues MN, Favaron PO, Miglino MA. Immunoglobulin
transport during gestation in domestic animals and humans—a review. Open J
Anim Sci. 2014;4:323-36.

SPRINGER NATURE

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

Lee DY, Lee SY, Yun SH, Jeong JW, Kim JH, Kim HW, et al. Review of the current
research on fetal bovine serum and the development of cultured meat. Food Sci
Anim Resour. 2022;42:775-99.

Lebedev T, Mikheeva A, Gasca V, Spirin P, Prassolov V. Systematic comparison of
FBS and medium variation effect on key cellular processes using morphological
profiling. Cells. 2025;14:336.

Cliff N. Dominance statistics: ordinal analyses to answer ordinal questions.
1993;114:494-509.

Cao L, Ledeboer A, Pan Y, Lu Y, Meyer K. Clinical enroliment assay to detect
preexisting neutralizing antibodies to AAV6 with demonstrated transgene
expression in gene therapy trials. Gene Ther. 2023;30:150-9.

Konkle BA, Walsh CE, Escobar MA, Josephson NC, Young G, von Drygalski A, et al.
BAX 335 hemophilia B gene therapy clinical trial results: potential impact of CpG
sequences on gene expression. Blood. 2021;137:763-74.

Pabinger |, Ayash-Rashkovsky M, Escobar M, Konkle BA, Mingot-Castellano ME,
Mullins ES, et al. Multicenter assessment and longitudinal study of the prevalence
of antibodies and related adaptive immune responses to AAV in adult males with
hemophilia. Gene Ther. 2024;31:273-84.

Falese L, Sandza K, Yates B, Triffault S, Gangar S, Long B, et al. Strategy to detect
pre-existing immunity to AAV gene therapy. Gene Ther. 2017;24:768-78.
Gorovits B, Azadeh M, Buchlis G, Harrison T, Havert M, Jawa V, et al. Evaluation of
the humoral response to adeno-associated virus-based gene therapy modalities
using total antibody assays. AAPS J. 2021;23:108.

Kruzik A, Koppensteiner H, Fetahagic D, Hartlieb B, Dorn S, Romeder-Finger S,
et al. Detection of biologically relevant low-titer neutralizing antibodies against
adeno-associated virus require sensitive in vitro assays. Hum Gene Ther Methods.
2019;30:35-43.

Myler H, Pedras-Vasconcelos J, Lester T, Civoli F, Xu W, Wu B, et al. Neutralizing
antibody validation testing and reporting harmonization. AAPS J. 2023;25:69.
Kasprzyk T, Triffault S, Long BR, Zoog SJ, Vettermann C. Confirmatory detection of
neutralizing antibodies to AAV gene therapy using a cell-based transduction
inhibition assay. Mol Ther Methods Clin Dev. 2022;24:222-9.

D'Apice L, Trovato M, Gramigna G, Colavita F, Francalancia M, Matusali G, et al. Com-
parative analysis of the neutralizing activity against SARS-CoV-2 Wuhan-Hu-1 strain and
variants of concern: performance evaluation of a pseudovirus-based neutralization assay.
Front Immunol [Internet]. 2022 [cited 2025 Apr 2];13. Available from: https;//
www frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.981693/full.
Braun M, Lange C, Schatz P, Long B, Stanta J, Gorovits B, et al. Preexisting
antibody assays for gene therapy: considerations on patient selection cutoffs and
companion diagnostic requirements. Mol Ther Methods Clin Dev [Internet]. 2024
[cited 2024 Nov 1];32. Available from: https://www.cell.com/molecular-therapy-
family/methods/abstract/$2329-0501(24)00033-0.

Kotterman MA, Yin L, Strazzeri JM, Flannery JG, Merigan WH, Schaffer DV. Anti-
body neutralization poses a barrier to intravitreal adeno-associated viral vector
gene delivery to non-human primates. Gene Ther. 2015;22:116-26.

van Olden RW, Bianco CL, Dilly KW, Savelieva M, Xu S, Tijsma A, et al. Adeno-
associated virus serotype 9 antibodies in neonates and young children: Ser-
oprevalence and kinetics. Mol Ther Methods Clin Dev [Internet]. 2024 [cited 2024
Nov 2];32. Available from: https://www.cell.com/molecular-therapy-family/
methods/abstract/$S2329-0501(24)00160-8.

Ling Q, Herstine JA, Bradbury A, Gray SJ. AAV-based in vivo gene therapy for
neurological disorders. Nat Rev Drug Discov. 2023;22:789-806.

Lock M, Alvira MR, Wilson JM. Analysis of particle content of recombinant adeno-
associated virus serotype 8 vectors by ion-exchange chromatography. Hum Gene
Ther Methods. 2012;23:56-64.

Mingozzi F, Anguela XM, Pavani G, Chen Y, Davidson RJ, Hui DJ, et al. Overcoming
preexisting humoral immunity to AAV using capsid decoys. Sci Transl Med.
2013;5:194ra92-194ra92.

Aronson SJ, Veron P, Collaud F, Hubert A, Delahais V, Honnet G, et al. Prevalence and
relevance of pre-existing anti-adeno-associated virus immunity in the context of
gene therapy for Crigler-Najjar syndrome. Hum Gene Ther. 2019;30:1297-305.
Wright JF. AAV empty capsids: for better or for worse?. Mol Ther. 2014;22:1-2.
McColl-Carboni A, Dollive S, Laughlin S, Lushi R, MacArthur M, Zhou S, et al.
Analytical characterization of full, intermediate, and empty AAV capsids. Gene
Ther. 2024;31:285-94.

Pei X, Earley LF, He Y, Chen X, Hall NE, Samulski RJ, et al. Efficient capsid antigen
presentation from adeno-associated virus empty virions in vivo. Front Immunol.
2018;9:844.

Kodippili K, Hakim CH, Pan X, Yang HT, Yue Y, Zhang Y, et al. Dual AAV gene
therapy for Duchenne muscular dystrophy with a 7-kb mini-dystrophin gene in
the canine model. Hum Gene Ther. 2018;29:299-311.

Maguire AS, Ta L, Gross AL, Osterhoudt DE, Cannon JS, Hall P, et al. Intravenous
gene therapy improves lifespan and clinical outcomes in feline Sandhoff Disease
[Preprint]. bioRxiv; 2024 [cited 2025 Mar 24]. p. 2024.11.15.623838. Available
from: https://www.biorxiv.org/content/10.1101/2024.11.15.623838v1.

Gene Therapy (2026) 33:37 -47


http://link.springer.com/10.1007/978-1-4939-7522-8_16
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1623848/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2025.1623848/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.981693/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2022.981693/full
https://www.cell.com/molecular-therapy-family/methods/abstract/S2329-0501(24)00033-0
https://www.cell.com/molecular-therapy-family/methods/abstract/S2329-0501(24)00033-0
https://www.cell.com/molecular-therapy-family/methods/abstract/S2329-0501(24)00160-8
https://www.cell.com/molecular-therapy-family/methods/abstract/S2329-0501(24)00160-8
https://www.biorxiv.org/content/10.1101/2024.11.15.623838v1

64. Partridge B, Rossmeisl JH. Companion animal models of neurological disease. J
Neurosci Methods. 2020;331:108484.

65. Vaden SL, Kendall AR, Foster JD, New HL, Eagleson JS, May JL, et al. Adeno-
associated virus-vectored erythropoietin gene therapy for anemia in cats with
chronic kidney disease. J Vet Intern Med. 2023;37:2200-10.

66. Vite CH, Passini MA, Haskins ME, Wolfe JH. Adeno-associated virus vector-
mediated transduction in the cat brain. Gene Ther. 2003;10:1874-81.

ACKNOWLEDGEMENTS

We thank Bence Gyoérgy for commenting on the manuscript. We thank Anett
Matuscsak, Judit Kovécs, Christophe Ulens, and Evelin Kiefer for assistance with
sample management. We are also grateful to our lab members and to Mirella Barboni
for their support and valuable discussions. We thank the Cell Biology Unit at the HUN-
REN Institute of Experimental Medicine for the use of the Cytation 5 Cell Imaging
Multi-Mode Reader.

AUTHOR CONTRIBUTIONS

BK conceived and contributed to the study design, performed the experiments, and
co-wrote the manuscript. VSz, ZsSz, and ZZsN provided human samples for the study.
DoH and ABD provided feline samples. WV contributed primate samples. ASz
provided general methodological support throughout the project. Ul and BR
acquired funding for the study. DaH conceived and designed the study, performed
data analysis, acquired funding, and wrote the manuscript. All authors reviewed and
approved the final version of the manuscript.

FUNDING

This work was supported by ELKH-POC-2021-026 grant, the Lendilet (“"Momentum”)
Programme of the Hungarian Academy of Sciences and the Excellence 151368 grant
from Ministry of Innovation and Technology of Hungary (NRDI fund), CELSA/24/020,
Doctoral Student Scholarship Program of the Co-operative Doctoral Program of the
Ministry of Innovation and Technology, financed by the National Research,
Development and Innovation Fund, for BK, KU Leuven C14/21/111, IDN/20/016, C3/
21/027, CELSA/24/020 for WV. Open access funding provided by HUN-REN Research
Centre for Natural Sciences.

COMPETING INTERESTS

The authors declare no competing interests.

Gene Therapy (2026) 33:37 -47

B. Kovacs et al.

ETHICAL APPROVAL

This study was conducted in accordance with the Declaration of Helsinki. Human
serum samples from 46 donors were collected at Semmelweis University, Faculty of
Medicine, Department of Ophthalmology, with approval from the Institutional
Scientific Research Ethics Committee of Semmelweis University. Written informed
consent was obtained from all participants. All animal experiments were conducted
in accordance with relevant guidelines and regulations, including the European
Directive 2010/63/EU. Procedures involving cats were approved by the Animal Care
Committee of the HUN-REN Research Centre for Natural Sciences and the National
Food Chain Safety Office of Hungary. Procedures involving macaques were approved
by the Ethical Committee of KU Leuven and adhered to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541434-025-00567-0.

Correspondence and requests for materials should be addressed to Daniel Hillier.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http:/
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE

47


https://doi.org/10.1038/s41434-025-00567-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Overcoming matrix effects in AAV neutralization assays with a constant serum concentration approach
	Introduction
	Methods
	Acquisition of serum samples
	AAV plasmids
	AAV production
	Variable serum concentration assay
	Assay calibration with a monoclonal antibody
	Constant serum concentration assay
	Systematic evaluation of serum content during pre-incubation
	Data analysis
	Glossary

	Results
	Assay sensitivity strongly depends on pre-incubation conditions
	Observed matrix effects are consistent between FBS and seronegative human serum
	Constant serum concentration stabilizes assay baseline
	Increased sensitivity of the CSC assay offers robust stratification of seronegative and seropositive samples
	Improved performance of the CSC assay generalizes across species
	Seroreversion models demonstrate the utility of the CSC assay in determining neutralizing antibody persistence

	Discussion
	Improved sensitivity and reliability
	Clinical implications for patient stratification
	Broader implications: epidemiology
	Reliable detection of seroreversion
	Evaluation of immune modulation kinetics
	Challenges and future directions
	Translational relevance of preclinical models

	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




