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1 Introduction

Modern neuroscience increasingly depends on genetic tools to map, monitor, and
manipulate defined neuronal populations in vivo. Viral vectors enable stable expression
of reporters and actuators in targeted cells, supporting techniques such as activity
imaging, optogenetics, chemogenetics, circuit tracing, and gene editing. Among available
platforms, adeno-associated viruses (AAVs) are widely used, as they can be tailored for
brain delivery, achieve sustained expression, and are compatible with diverse
experimental approaches across a wide range of model species, from rodents to non-
human primates.

While transgenic mouse lines have been instrumental in defining neuronal populations,
they offer limited translational utility. In contrast, AAVs serve as a bridge between basic
and clinical science: they are the vehicle of choice for delivering exogenes — from
optogenetic actuators to CRISPR/Cas gene-editing systems — in both systems
neuroscience and human therapy. This allows researchers to dissect neural circuits and
validate therapeutic strategies using the exact same delivery platform intended for clinical
use.

In clinical contexts, the same properties that make AAV valuable for research have
already translated into therapeutic benefit, most notably for spinal muscular atrophy and
inherited retinal dystrophies. Parallel developments extend beyond the nervous system to
conditions such as hemophilia. Several AAV-based therapies have already gained
regulatory approval, and many more are in active clinical development across neurology,
ophthalmology, and systemic indications (1-4).

However, a major obstacle to the broader application of AAV-based therapies is the
presence of neutralizing antibodies (NAbs) targeting the viral capsid. These antibodies
compromise both safety and efficacy, presenting significant challenges for patients with
pre-existing immunity, those requiring repeat dosing, or individuals with heightened
immune sensitivity (5-8).

NAbs typically arise following natural infection with wild-type AAVs or through cross-
reactive immune responses triggered by other parvoviruses (9—12). Additionally, patients
previously treated with AAV-based gene therapy can develop robust anti-AAV

immunity, leading to rapid vector clearance upon re-administration (13,14).



Mechanistically, NAbs inhibit vector binding to target cell receptors, promote immune-
mediated opsonization, and activate complement pathways. Collectively, these processes
reduce or abrogate transduction and therapeutic efficacy (15,16). Even low NAD levels
can impair efficacy, underscoring the need for sensitive and reliable detection to support
patient eligibility, dose selection, and long-term treatment strategies.

Pre-existing immunity to AAV is widespread across populations and varies by serotype
and geography (6,17,18). Serological surveys at a 1:1 serum dilution report NAbs against
AAV1, AAVS, and AAV9 in 74.9%, 63.9%, and 57.8% of adults, respectively (5). These
prevalence data define eligibility thresholds and dosing/re-dosing strategies, while
driving capsid-engineering efforts to develop AAV variants with improved immune
evasion.

Animal models used for translational neuroscience exhibit similar or analogous immunity
to AAVs. Large animals frequently harbor neutralizing antibodies that can hamper vector
performance. Consequently, screening animals for pre-existing immunity is necessary to
avoid misinterpreting neutralization-mediated failure as lack of vector potency or
biological variability (7,9,19).

Various approaches have been explored to overcome the impact of pre-existing
neutralizing antibodies, including transient immunosuppression, capsid engineering for
epitope masking, exosome-enveloped AAV for immune evasion, and plasmapheresis to
deplete circulating IgG before therapy (20-30). However, regardless of the mitigation
strategy employed, therapeutic success depends on the ability to accurately quantify NAb
levels before and after intervention. Therefore, reliable neutralization assays remain a
foundation for clinical decision-making.

NAbs are typically measured using functional assays that quantify the ability of blood
serum to inhibit AAV transduction in vitro. For clinical application, these methods need
to be robust, well-documented, and standardized so that measured inhibition correlates
reliably with therapeutic outcomes. Currently, however, assays are developed
independently by individual laboratories and companies, leading to differences in design,
sensitivity, threshold definitions, and data interpretation. Consequently, cross-study
comparison, regulatory evaluation, and clinical decision-making are difficult. Recent

studies (31-34) have reported these discrepancies across neutralization assays, including



divergent cutoffs, detection limits, and cell-based formats, which in turn can contribute
to inconsistent trial outcomes.

This lack of harmonization, together with technical artifacts that obscure partial
neutralization, highlights the need for a unified method that combines an optimized
experimental design with a rigorous analytical strategy. In response, I developed the core
Transduction Inhibition Assay (coreTIA), a framework that integrates an optimized
constant serum concentration assay format with a Bayesian statistical analysis pipeline.
The constant serum concentration design stabilizes baseline transduction and reduces
matrix effects that confound conventional dilution protocols, thereby improving
sensitivity and revealing partial neutralization that might otherwise be missed. In parallel,
the Bayesian framework assigns credible intervals to each measurement estimate and
remains accurate even when dilution series are incomplete, a frequent limitation when
working with limited patient samples or unknown neutralization levels.

This combined experimental and statistical strategy was validated across multiple
serotypes, including AAV1, AAVS, and AAVO. It enabled the reclassification of sera
previously considered non-neutralizing and extended the detectable persistence of NAbs
in preclinical seroreversion models involving both feline and rhesus macaque samples.
By strengthening both the laboratory procedure and the statistical treatment, coreTIA
offers a harmonized basis for NAb quantification that improves comparability across

studies and enhances the reliability of patient stratification and trial outcomes.



2 Objectives

The primary aim of my thesis was to establish a harmonized method for quantifying AAV
neutralizing antibodies that integrates experimental optimization with robust data
analysis. By resolving current measurement discrepancies, the work sought to enhance
patient stratification for gene therapy and facilitate the reliable translation of safety and
efficacy data from essential preclinical models to clinical application.
1. Identification of key assay parameters and establishment of an optimized
protocol.
The first objective was to systematically assess existing assay variables to identify
which factors most significantly impact assay performance and reproducibility.
Based on this evaluation, the aim was to select optimal conditions and combine
them into a core Transduction Inhibition Assay designed to increase robustness

and sensitivity.

2. Implementation of a statistical framework for quantifying neutralizing
activity.
The second objective was to evaluate the limitations of conventional data analysis
methods. The goal was to develop and implement a statistical workflow that

provides reliable neutralization activity estimates and credible intervals.

3. Comparative validation of the optimized core assay across human and
animal models.
The third objective was to compare the performance of the newly developed core
assay against standard methodologies. The aim was to determine whether the
optimized design offers superior sensitivity for stratifying patient samples
compared to conventional protocols. Furthermore, the objective included
validating the assay’s cross-species utility by characterizing immune responses in

relevant preclinical models, ensuring it can support translational research.



3 Methods

3.1 Experimental Procedures

3.1.1 Bioluminescent assay reporters

To evaluate reporter sensitivity, I utilized plasmids encoding CAG-FLuciferase-WPRE-
SV40 and CAG-NLuc-3xFLAG-10His-WPRE-SV40. The pAAV-CAG-NLuc-3xFLAG-
10His-WPRE-SV40 plasmid was cloned by inserting the NLuc-3xFLAG-10His transgene
from pGWB70INL3FI10H (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:
Forward: 5' - GTGGATCCGCCACCATGGTCTTCACACTCGAAG
Reverse: 5'- GATGAATTCGAGCTCTCAGTGATGGTG
The pAAV-CAG-FLuciferase-WPRE-SV40 plasmid was constructed by replacing
tdTomato with Firefly luciferase from pBV-Luc (Addgene: 16539) using the same
backbone. The luciferase transgene was PCR-amplified with the following primers:
Forward: 5' - GTGGATCCGCCACCATGGAAGACGCC
Reverse: 5' - GATGAATTCCATCACCATCACCATCACCACGGCGATCTTT
CCGCCCTTC
These plasmids were subsequently used in AAV production to generate reporter vectors

for neutralization assays.
3.1.2 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 (PEI) and
the following plasmids: pAAV vector plasmid containing the gene of interest, pHelper
plasmid to provide adenoviral helper functions, and pRC plasmid containing rep and cap
genes (DNA:PEI ratio of 1:4). 72 hours 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

minutes at 16°C. The AAV-containing fraction was carefully extracted from the gradient.
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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 (qPCR). 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.
3.1.3 Variable Serum Concentration (VSC) Assay

Based on published protocols (9,35,36,18,37-40), I 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 1 x 10° cells in DMEM
supplemented with 1.25% FBS (total volume: 80 pL) 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 hours (Figure 1).

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 1 x 107 vg
per well (MOI 100). 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 hour, after which 20 pL was added to each well of the Cel/ Plate.
DMEM was used as the Antibody-free Control. The plate was incubated at 37 °C with
5% CO: for 2448 hours. 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 multimode reader (BioTek Instruments, Winooski, VT, USA).
3.1.4 coreTIA: The Constant Serum Concentration (CSC) 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
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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
(Figure 1). 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.

Transduction Mix Pre-incubated cells
Variable Serum
Concentration Q‘ Q:_
DMEM as Serum to AAV Mix in DMEM as cell culture medium,
diluent test DMEM supplemented with FBS

Constant Serum ) .
Concentration %‘ % RS
BN

FBS as Serum to AAV Mix in DMEM as cell culture medium,
diluent test DMEM without FBS

Figure 1. Schematic comparison of Variable Serum Concentration (VSC) and
Constant Serum Concentration (CSC) assays. The top panel depicts the Variable Serum
Concentration approach, where DMEM serves as the diluent for test serum, resulting in
varying total serum concentrations across dilutions. Pre-incubated HEK293T cells are
maintained in DMEM supplemented with FBS. The bottom panel shows the Constant
Serum Concentration approach, where test serum is diluted in FBS rather than DMEM,
maintaining consistent total serum concentration across all dilutions. For this method,
cells are cultured in DMEM without FBS supplementation. Both assays involve preparing
a transduction mix containing the test serum and AAV vectors, that is pre-incubated
before addition to cells, followed by measurement of transgene expression. Created with

BioRender.com

3.1.5 Assay calibration with 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. Subsequently, a
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twofold serial dilution series was performed in DMEM. For CSC, the monoclonal
antibody was initially diluted in FBS. The twofold dilution series was then carried out

using FBS as the diluent.
3.1.6 Systematic evaluation of serum content during pre-incubation

To generate data for the "Serum on cells" condition (Figure 3E and Figure S1), 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 hours at 37°C, and the AAV mix was incubated separately
for 1 hour at 37°C before being added to the wells.

For the "Serum on AAV" 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
1 hour 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 uL per well. The final
FBS concentration after mixing with the cells was 0%, 1%, 5%, and 10%. Luminescence
was measured 24 hours 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.
3.1.7 Acquisition of serum samples

Blood samples were collected from subjects following standard procedures. 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 minutes. Samples were
then centrifuged at 2,000 x g for 10 minutes 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.

Samples from 46 human donors were used in this study, collected at Semmelweis
University, Faculty of Medicine, Department of Ophthalmology, approved by the

Institutional Scientific Research Ethics Committee of Semmelweis University. All human
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participants provided written informed consent before participation. Animal experiments
followed the guidelines set by the Directive 2010/63/EU. Mouse experiments were
approved by the Animal Care Committee of the Research Centre for Natural Sciences of
the Hungarian Academy of Sciences and the National Food Chain Safety Office of
Hungary. Adult C57/Bl6 mice were parenchymally injected with AAV9 encoding a
fluorescent protein under the control of hsyn promoter (10° vp delivered). After one week,
blood was collected via cardiac puncture after euthanasia. 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 (Figure 3). One subject (Figure 4A-B)
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 (9). Another subject (Figure 4C-
F) was injected with CAP-B22 (41). 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, age
between 9-21 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/EU)
and were approved by the Ethical Committee of KU Leuven or with the Animal Welfare
Committee of the University of Pécs, permission issued by the Department of Animal
Health and Food Control of the County Government Offices of the Ministry of

Agriculture.
3.1.8 Heat-inactivation

To evaluate the effect of heat inactivation, blood serum and FBS were incubated at 56°C

for 30 minutes before use in the assay.
3.2 Statistical and Computational Framework

3.2.1 NDS5O0 definition

In this work, I define ND50 (Neutralizing Dose for 50% inhibition) as the dose —
expressed as a serum dilution or an antibody concentration — required to reduce

transduction by 50% relative to the Antibody-free Control.
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3.2.2 Synthetic data generation

In cell-based assays, variability arises from multiple sources, including biological,
technical, and instrumental factors. Biological variability — such as differences in cell
viability, transduction efficiency, and intracellular enzyme activity — tends to scale with
signal intensity, making log-normal (multiplicative) noise a suitable model (42). This
model aligns with empirical observations from luminescence-based assays, where
variability increases proportionally with signal intensity, rather than remaining constant.
Synthetic datasets generated using this noise model were used to evaluate the

performance of different ND50 estimation methods under controlled conditions.
3.2.3 Non-statistical 50% inhibition estimation

ND50 is defined as the first dilution at which the mean response is <50% of the Antibody-
free Control. While this approach offers simplicity and has been widely adopted in the

field, it does not provide measure of uncertainty for the ND50 estimate.
3.2.4 Linear-bootstrap 50% inhibition estimation

The Linear-bootstrap method focuses on the region of the dose-response curve where the
measured transduction crosses the 50% threshold. Specifically, it identifies the two
adjacent data points that bracket 50% transduction (one above and one below 50%) and
uses all possible combinations of technical replicates at those two points to perform a
simple linear interpolation. For each combination, the method solves for the x-value (dose
or dilution) at y=50%, generating a distribution of ND50 values. The mean of these
bootstrapped ND50 estimates provides a point estimate, while the spread of values
naturally yields a credible interval (e.g., 2.5th—97.5th percentiles). This computationally
simple method avoids fitting an entire dose-response curve while providing statistical
estimates of uncertainty but requires data points that bracket the 50% neutralization

threshold to perform interpolation.
3.2.5 Hill-MCMC 50% inhibition estimation

I implemented a Bayesian Markov Chain Monte Carlo (MCMC) approach to fit a Hill
curve to dose-response data. Measurement noise was accounted for using either empirical
standard deviations computed from replicate measurements, or a fixed noise assumption

when only single replicates are available (¢ = 0.05, based on typical assay variability).
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The probabilistic model included truncated normal priors for the slope (u =1, c = 0.05)
and ND50 (n = mean (tested dilution range), 6 = 0.15), and a half-normal prior (¢ = 0.5)
for the lower bound of the Hill curve. Log-transformed observed data were modeled using
a normal likelihood centered on the Hill function predictions. Posterior distributions were
sampled (n=2000 draws, 800 tuning steps, 0.95 target acceptance, R<1.01 convergence
threshold) via MCMC to infer their credible intervals for Hill parameters under

uncertainty or limited replicate conditions.
3.2.6 Two-Stage Interval Estimation Approach for NDS0 Uncertainty (CI-of-Cls)

I implemented a two-stage interval estimation approach to characterize the distribution of
uncertainty in ND50 estimation across different experimental designs. In the first stage,
each sampling of the noise-contaminated data yields a Bayesian credible interval (2.5th—
97.5th percentiles) for ND50. In the second stage, I aggregate those credible intervals
across all simulations to produce a single, composite uncertainty interval (confidence
interval of credible intervals, CI-of-CIs).

Rather than simply averaging intervals - which can underestimate variability - this meta-
analysis of credible intervals integrates both experimental noise and model-fitting
uncertainty, yielding a more conservative and robust measure of true uncertainty,
especially when technical replicates vary or the true ND50 lies outside the tested dilution

range.
3.2.7 Bayesian Threshold Test for Practical Equivalence of ND50 Estimates

To distinguish meaningful differences in ND50 from technical variability, I implemented
a Bayesian threshold test based on the absolute log2-difference between group means
exceeding a data-driven practical variability threshold. This approach models the log2-
transformed ND50 observations within each group as normally distributed around their
respective group mean (pi, p2) and standard deviation (o1, ©2) using a Bayesian
hierarchical framework. Priors were assigned to these parameters: normal distributions
centered on the sample mean of the log2-transformed data with a standard deviation of
0.5 were used for the group means (pu, p2), and half-normal distributions with a standard
deviation of 0.5 were used for the group standard deviations (o1, 62). The posterior
distribution for the difference between the group means, A = pu—p., was derived using

Markov Chain Monte Carlo sampling (2000 draws, 400 tuning steps, 0.95 target
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acceptance, R<1.01 convergence threshold). From the posterior samples of A, I calculated
the probability P(|A| > 0) as the proportion of samples where the absolute difference
exceeded a given threshold 0. I defined two tests based on this probability: the Bayesian
Difference Test uses 6 = 0 to assess any non-zero difference (Po = P(|A[>0)), and the
Bayesian Practical Equivalence Test uses 8 = 0.3 log2 units to assess differences
exceeding the practical threshold (Po.s = P(JA[>0.3)). I defined statistical significance if Po
> (.95 and practical significance (i.e., difference exceeding the technical threshold) if Po.s
>0.95. The 0.3 log2 threshold was chosen based on the 90th percentile of observed 95%
Hill-MCMC credible interval widths across diverse samples and reflecting the typical

intra-assay technical precision achieved with this method.
3.2.8 Data Analysis

The coreTIA data representation and documentation is built upon the Wellmap Python
package (43), which serves as the foundation for handling well-based assay data such as
those from neutralizing antibody assays. Implementing this formalized pipeline enhances
experimental documentation, traceability, and reproducibility.

To assess the effect of applying serum in different conditions (Figure 3 and Figure S1) or
the effect size between VSC and CSC, I compared transduction values normalized to
either 0% FBS (Figure 3 and Figure S1) or to the Antibody-free Control. To quantify
effect size without assuming normality, I 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 (44). For each comparison, I 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, Antibody-free 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.
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To derive ND50 estimates from these normalized data, I employed modeling strategies
detailed above, tailoring the approach to the specific 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, I 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 the 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, I consistently applied this

linear model to all datasets involving serum samples.
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4 Results

4.1 Identification of critical assay parameters and establishment of an

optimized protocol.

4.1.1 A major obstacle: Inflated transduction baselines and matrix effects in

conventional AAV NAD assays

Conventional cell-based adeno-associated virus (AAV) neutralization assays, widely
used in both research and clinical screening, typically employ a variable serum
concentration (VSC) protocol in which test sera are serially diluted in cell culture medium
(9,18,35-40). To validate this assay format, I first tested the monoclonal anti-AAV9
antibody (ADK9) against AAV9, which produced a sigmoidal dose-response curve where
transduction increased as the antibody concentration decreased by serial dilution. This
inhibitory response allowed for estimation of the Neutralizing Dose 50 (ND50), defined
as the serum dilution at which 50% inhibition of transduction is observed (Figure 2A).
This result confirms the assay’s capability to measure neutralizing activity under
controlled conditions.

However, when applied to complex biological samples, specifically human sera, a
different phenomenon emerged. Instead of the typical sigmoidal curve, most human
serum samples unexpectedly showed increasing transduction levels as the serum
concentration increased from 1/128 to 1/4 dilution (Figure 2B). This behavior deviates
markedly from the expected neutralization curve and from the flat profiles expected in
seronegative individuals. The elevated transduction baseline suggests the presence of
assay matrix effects that enhance rather than inhibit AAV transduction, masking true
neutralization activity.

This matrix effect is not limited to the AAV9 serotype. Similar transduction enhancement
at higher serum concentrations was observed for other AAV serotypes (AAV1 and
AAVYS) (Figure 2C-D), demonstrating that this is a more general phenomenon rather than
a serotype-specific artifact.

A closer examination of these curves reveals further complexity. In many cases,
transduction exceeds the nominal 100% set by the Antibody-free Control, compromising

the reliability of the standard reference and making it difficult to interpret results. Some
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donor samples showed a continuous increase in transduction efficiency across all
dilutions, while others peaked and then declined gradually as serum concentration rises.
Although this decline might hint at weak or partial neutralizing activity, transduction
almost always remains above the 50% threshold required for ND50 calculation, leaving
the potency of antibody-mediated inhibition unresolved. This methodological limitation

needs to be addressed to ensure reliable eligibility testing.
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Figure 2. Limitations of the conventional Variable Serum Concentration (VSC) assay.
(A) Neutralization curve for an anti-AAV9 antibody (ADKY) tested against AAV9 using
the VSC format, showing expected sigmoidal inhibition. 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). (B-D) Transduction curves for
seven human sera tested against AAVY, AAV1, and AAVS using the same VSC assay. Each
color represents a different donor, same color denotes 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.
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Taken together, these atypical curve shapes suggest that, in many human samples, the
readout is strongly influenced by factors other than antibody-mediated neutralization,
limiting the usefulness of the conventional VSC assay format for eligibility assessment.
Given that the main procedural difference between these experiments and the initial
ADKO validation was replacing a purified monoclonal antibody with human serum, I
hypothesized that the increasing serum content itself might be responsible for the
unexpected rise in transduction.

Serum is a complex matrix containing albumin, lipoproteins, complement and
coagulation factors, cytokines and other proteins that can, in principle, influence multiple
steps of the assay: viral attachment and entry, cell viability, and the cellular capacity to
produce the reporter protein (15,45). Thus, changes in serum concentration may modulate
the measured signal independently of AAV-specific neutralizing antibodies.

To test this hypothesis, I next examined how both the amount of serum and the way it is
introduced into the assay influence transduction efficiency. I compared two
configurations: a “Serum on cells” setting, where serum was present only in the cell
culture medium, and a “Serum on AAV” setting, where serum was first mixed with the
AAV before adding it to the cells (Figure 3A). As an antibody-free surrogate for human

serum, I used fetal bovine serum (FBS).

DMEM DMEM,
only 0-10% FBS

Serum on AAV Q @
Serum on cells Q

DMEM, DMEM 1009
0-10% FBS only A

—— Serum on AAV
- Serum on cells

Transduction Efficiency (%)

o 2 4 6 8 10
FBS Content (%)

Figure 3. Serum pre-incubation strategy influences AAV transduction efficiency.

(A) 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
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pre-incubated in DMEM only. (B) 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.

In the “Serum on cells” condition, increasing FBS concentrations progressively reduced
AAV transduction (Figure 3, dashed line), consistent with previous reports that high
serum levels can inhibit vector entry or cell viability (46). In contrast, in the “Serum on
AAV” condition, transduction showed a dose-dependent increase with increasing FBS
concentration (Figure 3, solid line), indicating that pre-incubation of AAV with FBS
promotes rather than suppresses transduction. This is in line with earlier studies showing
that albumin and other serum components can enhance AAV transduction by associating
with the capsid surface (46,47). At a final FBS concentration of 10%, the difference
between these two modes of application was pronounced: transduction was substantially
higher when FBS was pre-incubated with the vector than when the same amount of FBS
was present only in the cell culture medium.

This dual role of FBS — acting as an inhibitor when present only on cells, but as an
enhancer when pre-incubated with AAV — was consistently observed across multiple
capsid types (Cliff’s delta = 1.0 for all conditions above 0% serum; Methods, Figure S1A—
D), indicating that serum components can modulate AAV transduction through distinct
mechanisms depending on whether they act primarily on the cells or on the viral particles.
FBS provides a convenient antibody-free matrix for assay calibration due to its
availability, but its non-human origin means it may not fully represent the properties of
human serum. To assess whether the observed matrix effects extend to human samples, I
repeated the “Serum on cells” and “Serum on AAV” experiments using seronegative
human serum instead of FBS. The results closely mirrored the FBS data: higher
concentrations of human serum reduced transduction in the “Serum on cells” condition,
but enhanced transduction when pre-incubated with AAV in the “Serum on AAV”
condition (Figure S1E-H). This parallel effect indicates that the dual role of the serum
matrix is not specific to FBS and supports the use of FBS as a practical surrogate for

seronegative human serum during assay calibration.
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4.1.2 Stabilizing baseline transduction with constant serum concentration

The limitations of the conventional variable serum concentration (VSC) assay for AAV
neutralizing antibody detection highlighted the need for a method that could minimize
matrix-induced enhancement and provide a stable baseline for quantification.

To address this, I developed and validated the core Transduction Inhibition Assay
(coreTIA), a constant serum concentration (CSC)-based protocol. Unlike the VSC
format, where serum is diluted in cell culture medium, the coreTIA framework maintains
total serum content constant across all assay dilutions by mixing the test sample with
FBS, an antibody-free diluent. This design stabilizes transduction baselines and
minimizes confounding enhancement, enabling sensitive and quantitative measurement

of neutralizing activity.
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Figure 4. Optimized pre-incubation conditions and constant serum concentration yield
an improved AAV neutralization assay across different serotypes.

(A-C) Transduction curves for seven human sera tested against AAVY, AAV1, and AAVS.
Each color represents a different donor, same color denotes 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-
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neutralizing samples, whereas dashed lines (Variable) can exceed 100% due to changing
total serum. The blue, teal, and green 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). 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. (D) 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. (E-G) Bar plots comparing neutralization values (ND50) for the
neutralizing sera against AAVY, AAVI, and AAVS (as shown on B-D). Constant (filled
bars) yields significantly higher values than Variable (striped bars). Asterisks
denote significant difference (Methods). For samples exhibiting minimal (ND50 < 1/4)
or no neutralization, 1/1 dilution is used as placeholder. (H) Sensitivity comparison of
Constant vs. Variable using a dilution series of ADK9 against AAVY. Constant shows

significantly greater sensitivity.

When the same donor samples were retested using the CSC-based coreTIA format,
transduction curves for truly non-neutralizing donors showed transduction efficiencies
consistently close to 100% across all capsids, reflecting the expected profiles in the
absence of neutralizing antibodies (Figure 4A-C). Importantly, several samples
previously classified as non-neutralizing by the VSC format (where transduction
remained elevated above 50%) revealed clear neutralization under the CSC conditions,
with transduction dropping below the 50% threshold. This result uncovered neutralizing
antibodies that were masked by matrix effects in the variable format. For samples with
neutralizing antibodies, ND50 values measured by coreTIA were significantly higher
than those derived from the VSC assays (Bayesian Practical Equivalence Test, Methods
section), indicating improved sensitivity.

A dilution series of the ADK9 monoclonal antibody used as an internal benchmark further

supported this conclusion: compared to the VSC, the CSC format detected neutralization
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at lower antibody concentrations (Figure 4H, Figure S2), confirming its improved

performance for NAb quantification.
4.1.3 Implementation of the High-Sensitivity NanoLuc Reporter System

The successful elimination of matrix effects via the CSC format provided a stable
baseline, yet the assay's sensitivity depends on the reporter system employed. While
Firefly luciferase (FLuc) remains a standard tool in the field, its limited dynamic range
can obscure low-level neutralizing activity. To overcome this, I integrated the NanoLuc
(NLuc) luciferase reporter, known for its superior brightness and stability (48—50), into
the coreTIA framework.

Direct head-to-head comparison in HEK293T cells confirmed the substantial difference
in performance between the two reporters. NLuc yielded signal intensities approximately
1000-fold higher than FLuc under identical conditions (Figure SA-C). Specifically, at a
multiplicity of infection (MOI) of 100, NLuc reliably generated luminescence in the range
of ~107 relative light units (RLU) — well above the noise threshold — whereas FLuc signals
remained near the limit of reliable quantification (~10> RLU). Beyond signal intensity,
NLuc demonstrated strong linearity, maintaining a proportional signal response across
AAV1, AAVS, and AAV9 over a broad viral load range (AAV1, AAV9: MOI 10-1,000;
AAV5: MOI 10-10,000). This cross-serotype consistency is essential for a modular assay
intended for broad clinical application.

Determining the optimal viral load required balancing analytical sensitivity with assay
robustness. To identify this balance point, I evaluated neutralizing activity in human sera
at MOIs of 10, 100, and 1000 (Figure 5D-E).

High viral input (MOI 1000) reduced sensitivity, due to the saturation of neutralizing
capacity by excess viral particles. Conversely, minimizing viral load to MOI 10
theoretically maximizes sensitivity. However, the data showed that this benefit was
inconsistent — significant only for AAVY, but negligible for AAV1 or AAVS (Figure 5E).
Furthermore, such low viral inputs introduce stochastic variation, where random
fluctuations in viral entry compromise signal reproducibility.

Considering these factors, I selected MOI 100 for the coreTIA protocol as it provides a
practical balance, delivering high sensitivity that performs consistently across multiple
serotypes. This choice prioritizes the development of a robust, broadly applicable assay

over maximizing sensitivity for a single serotype.
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Figure 5. NanoLuc at MOI 100 provides high sensitivity across AAV capsids.

(A) Schematic diagrams of plasmids encoding NanoLuc (NLuc) and Firefly luciferase
(FLuc) reporters. (B) Dynamic range of AAV9-FLuc versus AAV9-NLuc transduction
assays over a range of multiplicities of infection (MOIs). NLuc exhibits approximately
three orders of magnitude higher signal intensity than FLuc at equivalent MOIs. Error
bars represent standard deviation across replicates. (C) Broad utility of NLuc reporter
assays demonstrated across AAVI, AAVS, and AAV9 capsids. NLuc consistently
maintains robust signal output across varying MOIs, with serotype-specific patterns of
signal increase on the logarithmic scale. Error bars represent standard deviation across

replicates. (D) Neutralization curves from the coreTIA with human serum for AAVI,
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AAVS, and AAV9 capsids. Different colors represent MOI 10 (teal), MOI 100 (orange),
and MOI 1000 (purple). Horizontal dashed line denotes 50% transduction efficiency
level. Dashed vertical arrows pointing to horizontal bars indicate the ND50 estimates
(serum dilution at 50% inhibition) using Hill-MCMC. Vertical error bars on the data
points represent standard deviation of transduction efficiency measurements across
replicates. The legend in the left sub-panel applies to all three sub-panels. (E) Summary
of ND50 values across AAV capsids and MOIs. Statistical significance was determined
using Bayesian Practical Equivalence Test (Methods, ns = not significant, * = significant
difference exceeding practical threshold). Error bars represent 95% credible intervals
from Hill-MCMC model evaluations. (D, E) The y-axis label ("Serum Dilution") of the
left panel applies to middle and right panels.

4.1.4 Determining assay parameters that affect sensitivity

To further refine the coreTIA protocol, I evaluated specific assay parameters to explore
potential gains in implementation simplicity without compromising sensitivity.

First, I assessed the necessity of serum heat-inactivation, a common practice intended to
minimize complement interference (32). Contrary to expectations, heat-inactivation
(56°C, 30 min) of a neutralizing human serum sample significantly reduced the measured
ND50 from ~1/8 to ~1/4, indicating lower detected neutralizing activity (Figure 6A). This
loss of sensitivity aligns with findings that complement activation has minimal impact in
HEK293T-based AAV assays (35,51). Consequently, the coreTIA protocol omits heat-
inactivation to preserve optimal analytical sensitivity.

Next, I investigated the impact of temporal variables. Varying the incubation time of the
Transduction Mix (15, 30, and 60 minutes) yielded statistically equivalent ND50 levels
(Figure 6B), indicating that antibody binding reaches equilibrium rapidly. This flexibility
allows for efficient processing of multiple plates. Similarly, comparing post-transduction
readout times revealed that a 24-hour incubation is sufficient; ND50 values were
consistent with those obtained at 48 hours (Figure 6C), enabling a shorter experimental
timeline while maintaining data quality.

To complement human serum data with a controlled system, I assessed how in vivo
exposure to AAV9 influences neutralizing activity. Mice received local AAV9 injections

into the primary visual cortex at increasing doses (107, 108, 10° and 10'° genome copies).
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A clear dose-dependent response was observed (Figure 6D): the highest dose (10'° vg)
elicited a strong neutralizing response (ND50 > 1/8192). The 10° vg dose also produced
a high neutralizing response, with an ND50 between 1/4096 and 1/8192. In contrast, the
108 vg dose resulted in a markedly lower ND50 of approximately 1/20. The lowest dose
(107) failed to trigger a detectable response. These results demonstrate the ability of
coreTIA to capture a broad dynamic range of neutralizing activity under tightly controlled

conditions.
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Figure 6. Optimization of coreTIA components.
Example assay runs underlining the relative importance of assay parameters. (A) Heat
inactivation: ND50 values for a human serum sample tested against AAV9-NLuc (MOI
100) under untreated vs. heat-inactivated (56°C for 30 minutes) conditions. Heat
inactivation significantly reduces the measured ND50 (from ~1/8 to ~1/4), indicating
lower detected neutralizing activity. (B) Transduction Mix incubation: ND50 values for
a different human serum sample estimated after 15, 30, or 60 minutes of incubation at
37°C in a Transduction Mix containing the human serum, FBS, and AAV9-NLuc (MOI
100). (C) Post-transduction duration: ND50 values for the same serum sample as in panel
B measured against AAV9-NLuc (MOI 100) at 24 and 48 hours post-transduction. (D) In
vivo immunization: ND50 values determined one week after parenchymal administration
of escalating doses of AAV9-GFP (1E+10, 1E+9, 1E+S8, 1E+7 viral particles) in four
individual mice, measured against AAV9, demonstrating dose-dependent induction of
neutralizing antibody responses.
In all panels, bars represent ND50 estimates calculated using the Hill-MCMC method,

higher serum dilution values indicate greater neutralizing activity, reflecting higher
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assay senmsitivity. Error bars show 95% credible intervals from Hill-MCMC fits.
Statistical significance was determined using Bayesian Practical Equivalence Test with
the previously established practical equivalence threshold of 6 = 0.3 log2 units: "*"
indicates a difference above this threshold, while "ns" indicates no significant difference

(i.e., practical equivalence, Methods).

4.2 Implementation of a statistical framework for quantifying

neutralizing activity.
4.2.1 Statistical framework of coreTIA for robust ND50 estimation

Beyond stabilizing assay baselines, a key objective of my work was to obtain reliable and
quantitative estimates of neutralizing activity. Conventionally, neutralizing antibody
levels are determined by identifying the highest serum dilution that inhibits transduction
by more than 50% relative to the Antibody-free Control (31). While straightforward and
widely adopted, this threshold-based approach yields only a single point estimate,
providing no information about measurement confidence or precision. This fundamental
limitation becomes particularly acute when results fall near critical decision thresholds.
To address these constraints, I integrated the coreTIA framework with a Bayesian
statistical pipeline that estimates neutralizing potency using two complementary methods:
Linear-bootstrap estimation and Hill-MCMC modeling. Unlike the conventional method,
both approaches generate credible intervals, explicitly quantifying the uncertainty of each
measurement.

Using synthetic data with a known ground-truth ND50 of 1/16, both statistical methods
produced estimates that were closer to the true value than the conventional non-statistical
approach (Figure 7). With n = 50 samples, the mean ND50 converged to the same value
while comparison of credible intervals revealed Hill-MCMC’s advantage in precision.
Paired t-tests for ND50 means showed no significant difference between the Linear-
bootstrap and Hill-MCMC methods (Figure 7B, n = 50, t = 0.36, p = 0.72), whereas
comparisons of Hill-MCMC vs Non-statistical (n = 50, t = 33.95, p < 0.0001) and
Linear-bootstrap vs Non-statistical (n = 50, t =33.95, p <0.0001) were highly significant.
In addition, the paired t-test of credible interval widths between Hill-MCMC and
Linear-bootstrap methods was significant (Figure 7B, n = 50, t = 3.67, p = 0.00006),

underscoring the distinction between accuracy and precision.
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When applied to experimental anti-AAV9 antibody data, the two statistical approaches
again gave similar central estimates that differed systematically from the non-statistical
values, confirming their consistency on real measurements (Figure 7C).

Statistical significance does not always imply biological relevance. To bridge this gap, |
analyzed the distribution of credible interval widths across a diverse set of serum samples
(Figure 7F). I found that 90% of Hill-MCMC intervals were narrower than 0.3 logz units
(~23% difference on the linear scale). I therefore adopted this value as a data-driven

practical equivalence threshold for ND50 comparisons.
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Figure 7. Statistical framework for estimating 50% inhibition.

(A-B) Estimating 50% inhibition from simulated AAV neutralization assay data
(coefficient of variation (CV) = 10%, true 50% inhibition set to 1/16). (A) Neutralization
curve with 50% inhibition estimated using three methods: Non-statistical (dilution below
50% mean response threshold), Linear-bootstrap, and Hill-MCMC. The dotted grey
curve represents the mean of raw samples, while the solid grey curve shows the Hill-fit
model. Vertical, dotted error bars indicate the 95% confidence interval for raw sample
means, and the vertical solid error bars indicate the 95% credible intervals for Hill-
MCMC fits. Dashed vertical arrows (teal, green, and orange) denote the ND50 estimates,

with horizontal bars representing the corresponding uncertainty for the Linear-bootstrap
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and Hill-MCMC methods. (B) Mean neutralization curves for 50 synthetic datasets (grey
dotted curves), each with random noise (true ND50 set to 1/16). Dashed vertical arrows
indicate the mean 50% inhibition estimates with each method. Horizontal bars represent
the 95% confidence intervals of ND50 credible interval estimates (Cl-of-Cls, Methods).
The width of the interval is significantly smaller when the Hill-MCMC method is used.
(C) Neutralization curve obtained using coreTIA with an ADK9 antibody dose series.
Visual elements represent the same concepts as on (A). (D-E) Comparison of 50%
inhibition estimates. Vertical error bars represent the credible intervals for the Linear-
bootstrap and Hill-MCMC methods. No error bar is shown for the Non-statistical method,
as it yields only a single point estimate. (D) corresponds to synthetic data with a known
true ND50, shown on (A). (E) corresponds to data shown on (C) with no known ground
truth. A Bayesian threshold test with 0 = 0 indicates strong evidence that the estimates
differ, with the Hill-MCMC estimate being closest to the true 50% inhibition level. Here,
6 = 0 tests whether the difference in ND50 estimates is zero vs. non-zero. A posterior
probability >0.95 that the difference is non-zero indicates they differ significantly.
(F) Distribution of credible interval widths (log2 units) for pooled assay runs (human,
n=33; macaque, n=35). Vertical dashed lines mark the 90th percentile thresholds for
Linear-bootstrap (brown, ~0.50 log2 units) and Hill-MCMC (pink, 8 = 0.3 log2 units).
For comparing ND50 estimates with Hill-MCMC, its 90th percentile (6 = 0.3 log2 units)
is adopted as the practical equivalence cutoff, meaning ND50 estimates differing by less
than this value are considered effectively equivalent. (G-H) Application of the practical
equivalence threshold (6 = 0.3 log?2 units) to ND50 comparisons from panels (4) and (C),
respectively. (G) ND50 estimates with Linear-bootstrap and Hill-MCMC methods remain
significantly different for synthetic data with CV=10%. (H) For ADK9 data (CV=0.027
at 0.2 ng/mL), ND50 estimates differ by less than the threshold (marked “ns” for not
significant), indicating practical equivalence despite statistical significance at 6 = 0.

Asterisks (“*”) denote differences exceeding the threshold.

Applying this threshold showed that, under typical conditions, both statistical methods
yielded ND50 estimates that differ from the conventional non-statistical estimates by
more than this practically relevant margin (Figure 7G). In contrast, for the low-variability

ADKD9 dataset, Hill-MCMC and Linear-bootstrap agreed within the 0.3 log> window
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despite formal statistical differences, indicating that in high-quality datasets the two
statistical approaches are practically interchangeable (Figure 7H).

Together, these results emphasize the importance of considering both statistical
significance and practical relevance when comparing ND50 estimates. While
Linear-bootstrap and Hill-MCMC perform similarly under optimal conditions, the
Hill-MCMC model offers improved precision and flexibility, particularly in scenarios
with noisier data or incomplete dilution series, which are addressed in the following

sections.
4.2.2 Robust ND50 estimation from incomplete dilution series

Designing a robust total inhibition assay requires choosing a dilution scheme that covers
the anticipated ND50 range, which can be broad due to pre-existing immunity (e.g. prior
AAYV exposure) and inter-individual variability in response. In practice, the number of
dilution points and technical replicates must be balanced against constraints on cost,
complexity and sample volume - particularly in settings where material is limited, such
as pediatric studies. Fewer dilution points increase the chance that the true ND50 falls
outside the tested range, whereas fewer technical replicates directly reduce the precision
and robustness of ND50 estimation, especially for non-model-based methods that are
more susceptible to noise (Figure 8). At the opposite extreme, using many dilutions and
replicates (e.g. N>2 at each dilution) improves coverage and precision but increases
serum consumption, workload and cost, raising practical and ethical concerns.

To systematically explore this trade-off, I examined whether a Hill-MCMC model could
still provide informative NDS50 estimates, with quantified uncertainty, when the
experimental dilutions do not fully bracket the 50% inhibition point. To this end, I
generated 90 noisy neutralization curves with a true ND50 of 1/32 but restricted the
sampled dilutions to 1/4, 1/8 and 1/16, deliberately excluding the true ND50. These
synthetic data were then grouped into virtual assay runs with three, two or one technical
replicate(s) per dilution (Figure 8A; teal = 1, green = 2, orange = 3 replicates), yielding

30 ND50 estimates for each condition.
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Figure 8. Hill-MCMC Estimation of ND50 with Uncertainty When Dilution Series Do
Not Bracket the 50% Inhibition Point.

(A) Precision of ND50 estimation during extrapolation using synthetic data. The dotted
gray curve represents the synthetic ground truth (ND50 = 1/32). Grey dots show
examples of noisy measurements (CV = 10%) sampled only at dilutions 1/4, 1/8, and 1/16.
The solid grey line represents the mean of all 90 noisy samples. Colored vertical dashed
arrows show the posterior mean ND50 estimates derived via Hill-MCMC using [ (teal),
2 (green), or 3 (orange) randomly chosen technical replicates from the 90 available noisy
curves (legend indicates grouping for one example estimate). Horizontal bars at the
bottom represent the composite 95% Cl-of-Cls intervals (Methods) across 30
independent simulations for each replicate condition, illustrating improved precision
(narrower intervals) with more replicates. (B) Hill-MCMC extrapolation applied to real
neutralization data. Curves show results from one mouse serum sample tested on different
days with different dilution ranges: Day 1 (D1, blue) and Day 2 (D2, teal) used dilutions
(1/64—1/4096) that did not bracket the 50% inhibition point, while Day 3 (D3, green) used
an adjusted range (1/1024—1/65536) that did. Points show technical replicate means;
solid lines show Hill-MCMC fits. Vertical dashed arrows indicate the posterior mean
ND50 estimates derived via Hill-MCMC, with horizontal bars representing the
corresponding 95% credible intervals. Note the extrapolation required for DI and D2.
(C) Comparison of posterior ND50 estimates across days. Bars represent the posterior
mean ND50 estimates derived via Hill-MCMC for Day 1 (DI1), Day 2 (D2), and Day 3
(D3). Error bars represent the 95% credible intervals. Numerical annotations indicate

the difference (in log2 units) between the posterior means for the indicated comparisons

(e.g., DI vs D3 = 0.19 log?2 units).
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Mean ND50 estimates were broadly comparable between three and two replicates (t = —
1.63,p=0.11) and between two and one replicate (t=—1.09, p=0.29), with only a modest
but significant shift between three and one replicate (t = —2.67, p = 0.01). More
importantly, the width of the composite uncertainty intervals (“Cl-of-ClIs”) differed
substantially across conditions: precision improved consistently as the number of
technical replicates increased. CI-of-Cls were narrowest with three replicates and
progressively wider with two replicates (t = 2.08, p = 0.046) and with a single replicate
(versus three replicates: t = —16.77, p < 0.0001; versus two replicates: t = —23.92, p <
0.0001). These CI-of-Cls therefore capture how both experimental noise and the
estimation procedure contribute to overall uncertainty when ND50 must be inferred from
limited replicate data.

Taken together, these simulations show that Hill-MCMC can extrapolate ND50 beyond
the measured dilution range, but that the precision of such extrapolated estimates depends
on the number of technical replicates. From a practical assay-design perspective, the
results suggest that at least two technical replicates should be included whenever ND50
is likely to lie outside the tested dilutions.

To illustrate Hill-MCMC extrapolation in an experimental setting, I performed coreTIA
measurements on a mouse serum sample across three separate days (Figure 8B, C). This
design introduced typical inter-assay variability and did not rely on a shared reference
standard, reflecting typical experimental constraints. On days 1 and 2 (D1, D2), the
dilution range (1/64—1/4096) did not reach the 50% neutralization point (~1/8192),
whereas on day 3 (D3) an adjusted dilution scheme (1/1024-1/65536) fully bracketed
ND50. For D1 and D2, non-statistical and Linear-bootstrap methods could not report
ND50 because the 50% inhibition point lay outside the sampled range, but Hill-MCMC
still produced ND50 estimates with 95% credible intervals by extrapolation. The
differences between the extrapolated ND50 values (D1, D2) and the bracketed estimate
from D3 were ~0.19 and ~0.20 log: units, respectively, which fall within the 0.3 log:
practical equivalence threshold established earlier. The difference between D1 and D2
(0.39 log: units) likely reflects the combined effect of inter-assay variation and
extrapolation uncertainty.

By providing full posterior distributions and credible intervals rather than single point

estimates or failed fits, the Hill-MCMC approach allows researchers to explicitly assess
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the reliability of ND50 values derived from suboptimal dilution series. This capability
offers an advantage over methods that either cannot handle out-of-range neutralization or

return point estimates without any measure of reliability.

4.3 Comparative validation of the optimized core assay across human

and animal models.

4.3.1 Enhanced sample stratification with the CSC design

Building on the advances in assay sensitivity and quantitative analysis, I next examined
the practical consequences of coreTIA for stratification of seronegative and seropositive
samples. Since accurate discrimination of these sample types underpins both reference
pool construction and patient eligibility for AAV gene therapy, understanding how the
assay design influences classification outcomes is essential.

Several studies assessing anti-AAV NAD prevalence in human populations have relied on
the VSC assay design (17,18,52-54), where total serum content changes across the
dilution series. The results presented earlier demonstrate that the CSC-based coreTIA
stabilizes baseline transduction and enhances sensitivity compared with the conventional
design. To assess how these methodological improvements translate into subject
stratification, I analyzed a cohort of 46 human serum samples tested against three AAV
capsids (AAV1, AAVS, AAV9) using both VSC and CSC assay formats.

First, I aimed to identify truly seronegative sera suitable for use as an antibody-free
control or background matrix (32,54-58). For this purpose, I applied a stringent threshold
of >90% transduction at a 1/4 serum dilution. Samples yielding transduction above this
threshold were labeled seronegative, while those below were considered "ineligible" for
inclusion in a hypothetical reference serum pool (Figure 9A-C). This conservative cutoff
minimizes the risk of including low-level neutralizing antibodies (false negatives),
aligning with clinical evidence that even trace immunity can impact gene therapy efficacy
(33). Furthermore, this stringent cutoff aligns with practices in pseudovirus neutralization
assays that employ both 50% and 90% neutralization thresholds for complementary
applications (34,59).

The results revealed a striking difference in classification sensitivity. The CSC assay
identified significantly more samples as "ineligible" (i.e., containing low-level

antibodies) than the VSC format across all tested capsids. Specifically, discordant
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classification rates were 30.4% for AAV1, 47.8% for AAVS5, and 41.3% for AAV9 (p <
0.001 for all comparisons). These findings indicate that the conventional VSC assay
frequently fails to detect low-level neutralizing activity, potentially compromising the
quality of reference materials used for assay validation, and ultimately patient eligibility
determinations.

Next, I re-evaluated the same cohort using the standard clinical criterion: 50%
transduction at a 1/4 dilution to distinguish neutralizing from non-neutralizing samples
(Figure 9D-E). Under this less stringent threshold, the CSC format still reclassified a
substantial proportion of samples that were deemed non-neutralizing by the VSC assay.
The discordance was serotype-dependent: while minimal for AAV1 (4.3%, p = 0.50), it
was statistically significant for AAVS (15.2%, p = 0.02) and AAV9 (21.7%, p < 0.01).
This variation likely reflects the differential magnitude of serum-induced transduction
enhancement observed across serotypes (Figure S1).

These results demonstrate that the CSC-based coreTIA protocol minimizes the
confounding effects of variable serum content, preventing the masking of neutralizing
activity by matrix-driven enhancement. By providing a more accurate assessment of
serostatus, the CSC format improves the reliability of patient stratification, reducing the
risk of false-negative classifications that could compromise gene therapy safety and

efficacy.
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Figure 9. Constant serum concentration (CSC) assay provides more consistent subject
stratification than the variable serum concentration (VSC) assay format.

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) Identification of putative seronegative samples from a
cohort of 46 sera using CSC and VSC assays. Sera yielding above 90% transduction at a
1/4 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
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
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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.

4.3.2 Improved performance of the CSC design 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,
establishing a consistent methodology across species is essential for reliable translational
comparisons (31). To determine whether the baseline stabilization and enhanced
sensitivity of the CSC format extend beyond human samples, I tested sera from two key

preclinical species: domestic cats (n=4) and rhesus macaques (n=2) (Figure 10).
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Figure 10. Performance gain of 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. Transduction curves for sera sampled from preclinical
subjects tested against three AAV serotypes (AAVI, AAVS, AAV9). Panels (A-C) show
data from cats (n=4), while Panels (D-F) show data from rhesus macaques (n=2). Each

color represents an individual subject within each species; same color denotes same
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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.

Consistent with human data, sera analyzed with the conventional VSC protocol showed
elevated baseline transduction levels across all tested serotypes (AAV1, AAVS, AAV9)
in both species (Figure 10, dashed curves). This confirms that matrix-induced
enhancement is a cross-species phenomenon. In contrast, the CSC format stabilized
baselines near 100% transduction at high dilutions (solid curves), eliminating the
artifactual signal boost.

To quantify this improvement, I calculated the effect size between the two assay formats.
The difference was maximal, yielding a Cliff's delta of 1.0 (95% CI [1.0, 1.0]), indicating
that CSC transduction values were consistently lower (i.e., less inflated) than VSC values
across all dilutions, serotypes, and species.

Although sample availability was naturally limited, these results indicate that the benefits
of the coreTIA framework are not unique to human serum. The ability to mitigate matrix
effects in feline and non-human primate samples supports the utility of CSC-based
coreTIA as a robust, harmonized platform for translational research, facilitating more
accurate comparison of neutralizing antibody responses from preclinical development to

clinical application.

4.3.3 Seroreversion models demonstrate the utility of CSC design in determining

neutralizing antibody persistence

Patients often undergo seroreversion, transitioning from a seropositive to a seronegative
state following natural exposure to AAV or prior AAV injections (60). Determining this
status is a prerequisite for establishing the appropriate timing for re-administration. To

evaluate how assay sensitivity influences the detection of antibody persistence, I tested
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two preclinical feline models representing distinct immune scenarios: vaccination-
induced immunity and immunity acquired via direct AAV injection.

First, I modeled acquired immunity using a standard veterinary vaccination protocol
known to induce cross-reactive AAV neutralization (9) (Methods, Figure 11A-B). Serum
samples were collected from a subject at two weeks and four months post-vaccination.
At both time points, the VSC assay exhibited substantially elevated baseline transduction
levels compared to the CSC design, indicating a matrix-driven masking effect. Crucially,
while the VSC assay suggested near-complete loss of neutralizing activity by four months
(ND50 < 1/4), the CSC format continued to detect significant neutralization (ND50 =
1/8). This discrepancy illustrates that the conventional VSC method risks classifying
subjects as seroreverted prematurely, potentially leading to unsafe re-dosing decisions.
Next, I 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 (Figure 11C—F).

When tested against the injected vector (CAP-B22), the CSC assay detected neutralizing
activity even three years post-injection (ND50 ~ 1/6). In contrast, the VSC assay showed
markedly lower neutralization levels at years one and two, and failed to detect any
neutralization by year three. A similar pattern emerged when testing against AAVO (the
parental capsid). While both assays captured the expected decline in cross-neutralization
over time, the CSC format maintained detection of activity at year two (ND50 ~ 1/12),
whereas the VSC format showed only minimal inhibition. This earlier decline in cross-
neutralization likely reflected epitope differences between CAP-B22 and AAV9 (41).
These longitudinal observations provide insights into antibody persistence, revealing that
neutralizing activity can remain detectable for significantly longer periods than suggested
by conventional assays. Although the sample size was necessarily limited by the
challenges of long-term large animal studies, the consistent enhancement in sensitivity
achieved by the CSC format has direct clinical implications. By preventing the premature
declaration of seronegativity, the coreTIA framework supports safer and more accurate

determination of eligibility windows for AAV re-administration.
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Figure 11. 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
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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) ND50
estimates derived from the transduction curves in Panels 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). For samples exhibiting minimal (ND50 < 1/4) or no neutralization,
1/1 dilution is used as 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
vears after injection with CAP-B22 capsid. Constant detected persistent seropositivity
three years post-injection, whereas Variable suggested seroreversion had occurred by
vear 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.
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5 Discussion

Accurate quantification of pre-existing neutralizing antibodies is central for safe and
effective AAV gene therapy. Despite its importance, neutralization assays are not fully
standardized, which leading to discordant results across laboratories and complicating the
interpretation of clinical data. In this work, I addressed two key limitations of current
assays: the confounding influence of serum matrix effects and the lack of uncertainty
quantification. By developing the coreTIA framework — combining the Constant Serum
Concentration (CSC) assay design with a Bayesian statistical pipeline — I have established

a robust platform that enhances both the sensitivity and reliability of NAb testing.
5.1 Overcoming Matrix Effects for Enhanced Sensitivity

The systematic evaluation of assay parameters demonstrated that conventional Variable
Serum Concentration (VSC) assays are affected by a dilution-dependent artifact: baseline
transduction increases as serum is diluted. My data showed that serum components exert
a dual effect — enhancing transduction when pre-incubated with viral particles but
inhibiting it when applied directly to cells. In VSC protocols, as the serum is diluted out,
the total protein content drops, progressively altering the cellular environment and
amplifying this artifactual enhancement. This "baseline drift" compresses the assay’s
dynamic range and effectively masks partial neutralization, leading to false-negative
results.

The Constant Serum Concentration (CSC) format resolves this issue by maintaining a
constant serum environment across all dilution steps. By diluting the test serum with fetal
bovine serum (FBS), baseline transduction remained near 100% for non-neutralizing
samples. This reduced matrix-driven enhancement and revealed neutralizing activity that
would otherwise be missed, increasing ND50 estimates and improving detection at lower
antibody levels compared with VSC. These gains did not require additional procedural

complexity, making CSC suitable for higher-throughput screening.
5.2 The Necessity of Uncertainty Quantification

Beyond addressing shortcomings in assay biochemistry, this work highlights the
importance of statistical rigor in NAb assessment. Commonly used threshold-based

methods, which reduce complex dose-response data to a single point estimate, fail to
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convey the reliability of the measurement. This is particularly problematic in pediatric
studies or retrospective analyses where sample availability is limited, often precluding
extensive replication.

The Bayesian statistical framework integrated into coreTIA addresses this gap by
providing credible intervals for every ND50 estimate. My comparison of Linear-bootstrap
and Hill-MCMC methods revealed that while both improve upon non-statistical
approaches, the Hill-MCMC model provides greater precision and flexibility. A key
advantage of this model is its ability to extrapolate ND50 values with quantified
uncertainty even when the dilution series does not fully bracket the 50% inhibition point.
This capability prevents data loss and reduces the need for repeat testing, conserving
limited biological samples. Furthermore, by establishing a practical equivalence threshold
based on empirical assay variability, I provided a framework for distinguishing
meaningful biological differences from technical noise, preventing the over-interpretation

of minor fluctuations in NAb level.
5.3 Clinical Implications for Patient Stratification and Safety

The enhanced sensitivity and reliability of the coreTIA platform have direct implications
for patient safety. Misclassification of serostatus is a major risk in gene therapy; even low
antibody levels can compromise transduction efficacy and long-term gene expression
(14,28).

My analysis of human serum cohorts demonstrated that the CSC assay reclassified a
substantial proportion of samples — up to 21.7% for AAV9 — from "non-neutralizing" to
"neutralizing" compared to the VSC format. These borderline samples, which fall near
clinical cutoffs, represent patients who might be misclassified as eligible for treatment
using less sensitive assays, potentially placing them at risk of immune-mediated
therapeutic failure. By identifying these low-level responses, the CSC design supports
more accurate risk stratification and enables informed decisions regarding vector dosing

or prophylactic immune suppression in specific patient subgroups.
5.4 Insights into Antibody Persistence and Seroreversion

Accurate monitoring of immune responses over time is essential for determining the

window for potential re-administration. My longitudinal studies in feline models showed

44



that conventional assays may prematurely declare seroreversion (the loss of detectable
immunity).

In the vaccination-induced immunity model, the VSC assay indicated a loss of
neutralization by four months, whereas the CSC format continued to detect activity.
Similarly, in the AAV-injected model, the CSC assay detected persistent neutralization
against the capsid even three years post-administration — one year after the VSC assay
signal had faded. These findings suggest that patients may remain seropositive for
significantly longer periods than currently estimated. This has profound implications for
multi-dose therapies (e.g., for Duchenne muscular dystrophy) (2), where premature re-

dosing could lead to rapid vector clearance and adverse immune reactions.
5.5 Limitations and Future Directions

Beyond clinical applications, the coreTIA framework is particularly relevant for basic
neuroscience research utilizing non-human primate models. Given the high ethical and
financial cost of primate studies, accurate screening for pre-existing immunity against
CNS-targeting vectors is essential to prevent confounding by unrecognized immunity and
ensure efficient resource use. This is especially critical when testing novel synthetic
capsids designed for CNS delivery, where unexpected immune interactions can confound
experimental outcomes.

While coreTIA improves assay sensitivity and reliability, certain limitations warrant
further investigation. First, the empty-to-full capsid ratio of AAV preparations is a known
variable influencing assay sensitivity, as empty capsids can act as decoys for neutralizing
antibodies (61-63). Although I controlled for this by using shared viral batches for all
comparative experiments, future standardization efforts should incorporate well-
characterized vector reference standards to enhance inter-laboratory comparability (64).
Second, while the principles of the CSC design are broadly applicable, their
generalizability to other viral vectors remains to be empirically tested. Serum matrix
effects are known to influence infectivity and antibody binding across various viral
systems (56). Future studies should explore whether similar matrix-stabilization strategies
can improve the reliability of neutralization assays in vaccine development and immune
monitoring for other infectious diseases.

Finally, the ultimate validation of any in vitro assay lies in its predictive value for clinical

outcomes (31). Variable therapeutic outcomes have been reported in animal models
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classified as having similar serostatus by conventional assays, with several studies
identifying inconsistent treatment responses (37,65). This variability suggests that
conventional assays may fail to capture subtle but biologically significant differences in
neutralizing activity. Future work should therefore focus on correlating CSC-derived
ND50 values with in vivo transgene expression in large animal models or clinical trials.
Establishing such a correlation would confirm the utility of coreTIA not just as an
analytical tool, but as a predictive biomarker for therapeutic success, potentially resolving

the discrepancies observed in earlier preclinical studies.
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6 Conclusions

AAYV vectors have become indispensable tools in basic neuroscience, enabling precise
circuit mapping, optogenetic manipulation, and the treatment of neurological disorders.
However, the successful application of these tools — both in translational neuroscience
and clinical neurology — is often hindered by pre-existing immunity. The primary aim of
my work was to establish a harmonized method for quantifying AAV neutralizing
antibodies to improve the applicability of these interventions. By resolving critical
measurement discrepancies, my work enhances patient stratification for gene therapy and
supports translational research. The major scientific contributions and new results of my

thesis are summarized below:

Thesis I: Elimination of matrix effects via the Constant Serum Concentration (CSC)
design

- I demonstrated that conventional AAV neutralization assays suffer from a
systematic artifact — dilution-dependent baseline inflation — caused by variable
serum content.

- I showed that maintaining a constant serum concentration (a central element of
the coreTIA protocol) stabilizes assay baselines and unmasks neutralizing activity
that is otherwise obscured by matrix effects.

- I showed that this optimized experimental design increases sensitivity without

compromising procedural simplicity.

Thesis II: Establishment of a Bayesian statistical framework for robust NAb
quantification
- lintegrated a statistical workflow into the coreTIA framework, implementing the
Linear-bootstrap and Bayesian Hill-MCMC approaches to quantify the
uncertainty of every ND50 estimate.
- I demonstrated that the Hill-MCMC model provides superior performance: it
yields narrower credible intervals than linear interpolation and allows for the
estimation of ND50 values even when the 50% inhibition point lies outside the

measured dilution range.
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- I established a data-driven "practical equivalence" threshold (0.3 log: units),
providing a quantitative criterion to distinguish meaningful biological differences

from technical assay variability.

Thesis I1I: Enhanced patient stratification and long-term immune monitoring

- I validated the clinical and translational utility of the coreTIA framework across
human and animal cohorts including feline and rhesus macaque subjects, which
are key models for translational neuroscience.

- I showed that coreTIA reclassifies a significant proportion of human samples as
seropositive that were deemed seronegative by conventional methods, thereby
reducing the risk of false-negative patient stratification.

- I found through longitudinal feline models that neutralizing antibodies persist for
longer periods (up to 3 years) than detected by conventional assays. This finding
provides important data for determining the timing of potential re-administration
and demonstrates coreTIA's improved performance in monitoring long-term

immune responses.

My thesis resolves a methodological bottleneck in neurological gene therapy. By enabling
reliable quantification of immunity against both standard serotypes and novel synthetic
capsids engineered for the nervous system, coreTIA supports the planning of translational

studies and improves the safety assessment of gene therapies for CNS disorders.
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7 Summary

Adeno-associated virus (AAV) vectors are currently the leading platform for in vivo gene
therapy. However, the widespread prevalence of pre-existing neutralizing antibodies
(NAbs) against the AAV capsid in the human population poses a barrier to safety and
efficacy. Consequently, sensitive and reliable screening of patients prior to treatment is
essential. Despite this need, the currently used neutralization assays lack standardization
and are often limited by two factors: the "serum matrix effect," where variable serum
components artificially enhance viral transduction and mask low-level antibodies; and the
lack of a consistent statistical framework, which often leads to subjective data
interpretation.

To address these limitations, my doctoral thesis introduces coreTIA (core Transduction
Inhibition Assay), a comprehensive framework that integrates an optimized experimental
protocol with a rigorous statistical pipeline.

The experimental foundation of coreTIA is the Constant Serum Concentration (CSC)
design, which maintains a constant serum environment across dilution points. This
approach stabilizes assay baselines and unmasks low-level neutralizing activity. The
optimization was validated across multiple AAV serotypes (AAV1, AAVS5, AAV9) and
species, including mice, cats, monkeys and humans.

Complementing the experimental workflow, I developed an open-source statistical
framework for objective data analysis. Utilizing a Bayesian probabilistic model, this
pipeline enables the precise estimation of 50% neutralizing dose (ND50) and quantifies
measurement uncertainty, offering an alternative to subjective manual evaluation.

The sensitivity of the coreTIA platform was demonstrated by identifying pre-existing
immunity in up to 21.7% of human samples that were classified as "seronegative" by
conventional testing. Furthermore, in preclinical seroreversion studies, the assay extended
the detection window of persisting antibodies by over a year. In conclusion, this
harmonized platform provides a reliable tool for patient stratification, minimizing the risk

of false-negative classification and immune-mediated treatment failure in gene therapy.
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11 Supplementary material

Supplementary Table S1. Dilution strategies in Variable Serum Concentration (VSC)
and Constant Serum Concentration (CSC) AAV neutralization assays. The tables detail
the dilution strategies employed in both assay methods. The upper section details the VSC
approach, where DMEM serves as the diluent for test serum, resulting in progressively
decreasing total serum concentrations across dilutions in the final mixture (from 6.25%
to 1.25%). The lower section illustrates the CSC method, where FBS serves as the diluent
instead of DMEM, maintaining a consistent 10% total serum concentration across all
dilution points in the final mixture. For each assay type, the table shows the precise
composition at three stages, using three technical replicates: initial serum dilution,
transduction mix preparation (combining diluted serum with AAV), and final
concentrations after adding the transduction mix to the cell plate. This approach with
matched dilution points (1/4 through 1/256, plus negative control) allows for direct

comparison between the two neutralization assay methodologies.

VsC Serum dilution Transduction Mix Cell Plate Final concentration

(serum dilution + AAV Mix) (Cell Plate + Transduction Mix)

Serumto test| DMEM as | Serum to Total DMEMas | Serum to Total FBSin | DMEM as | Serum to Total

dilution diluent test serum diluent test serum medium | diluent test serum
1/4 50.0% 50.0% 50.0% 25.0% 25.0% 25.0% 1.25% 5.00% 5.0% 6.25%
1/8 75.0% 25.0% 25.0% 37.5% 12.5% 12.5% 1.25% 7.50% 2.5% 3.75%
1/16 87.5% 12.5% 12.5% 43.8% 6.3% 6.3% 1.25% 8.75% 1.3% 2.50%
1/32 93.8% 6.3% 6.3% 46.9% 3.1% 3.1% 1.25% 9.38% 0.6% 1.88%
1/64 96.9% 3.1% 3.1% 48.4% 1.6% 1.6% 1.25% 9.69% 0.3% 1.56%
1/128 98.4% 1.6% 1.6% 49.2% 0.8% 0.8% 1.25% 9.84% 0.2% 1.41%
1/256 99.2% 0.8% 0.8% 49.6% 0.4% 0.4% 1.25% 9.92% 0.1% 1.33%
0 100.0% 0.0% 0.0% 50.0% 0.0% 0.0% 1.25%| 10.00% 0.0% 1.25%

I Transduction Mix Final concentration

ok sesumiltion (serum dilution + AAV Mix) celliplte (Cell Plate + Transduction Mix)

Serum to test FBSas Serum to Total FBSas | Serumto Total FBSin FBSas | Serumto Total

dilution diluent test serum diluent test serum medium | diluent test serum
1/4 50.0% 50.0% 100.0% 25.0% 25.0% 50.0% 0% 5.0% 5.0% 10.0%
1/8 75.0% 25.0% 100.0% 37.5% 12.5% 50.0% 0% 7.5% 2.5% 10.0%
1/16 87.5% 12.5% 100.0% 43.8% 6.3% 50.0% 0% 8.8% 1.3% 10.0%
1/32 93.8% 6.3% 100.0% 46.9% 3.1% 50.0% 0% 9.4% 0.6% 10.0%
1/64 96.9% 3.1% 100.0% 48.4% 1.6% 50.0% 0% 9.7% 0.3% 10.0%
1/128 98.4% 1.6% 100.0% 49.2% 0.8% 50.0% 0% 9.8% 0.2% 10.0%
1/256 99.2% 0.8% 100.0% 49.6% 0.4% 50.0% 0% 9.9% 0.1% 10.0%
0 100.0% 0.0% 100.0% 50.0% 0.0% 50.0% 0% 10.0% 0.0% 10.0%
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Supplementary Figure S1. Effect of serum content during pre-incubation on
transduction efficiency across AAV serotypes and strategies. Relates to Figure 3. Panels
A-D show the effect of fetal bovine serum (FBS) content on transduction efficiency during
pre-incubation for AAVI, AAVS5, AAVY, and B22 serotypes, respectively. Panels E—-H
show the effect of human serum content during pre-incubation for the same serotypes.
Transduction efficiency was measured 24 hours post-transduction and normalized to the
0% serum condition. The "Serum on AAV" strategy results in a sharp increase in
luminescence for both FBS and human serum conditions. In contrast, the "Serum on cells"
strategy results in decreased luminescence with increasing serum content across all

serotypes. Error bars represent standard deviations.
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Supplementary Figure S2. Improved sensitivity of ND50 estimation with Constant
Serum Concentration (CSC) assay. Relates to Figure 4H. Neutralization curves obtained
from testing ADKY antibody concentration series with AAVY, via the VSC assay (teal
curve) or the CSC assay (orange curve). Vertical error bars denote 95% credible
intervals (uncertainty ranges derived from Bayesian analysis), and vertical arrows

pointing to horizontal bars denote ND50 estimates along with their uncertainty ranges

(Methods).
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