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Chapter 1: General Introduction

Gene therapy is the treatment of a genetic disease by the introduction of specific cell function-altering
therapeutic gene into a patient’s body. Adeno-associated virus (AAV) vector is one of the most advanced
platforms for gene therapy because of its low immunogenicity, non-pathogenicity, and ability to substantiate
long-term gene expression in different tissues. The concentrations of both AAV vector empty particles (EPs),
which do not contain DNA and do not show any efficacy, and AAV vector full particles (FPs), which contain
DNA, are important quality attributes. During the upstream process, it is difficult to completely remove EPs by
purification because the physicochemical properties of EPs are only slightly different from those of FPs.

Analytical ultracentrifugation (AUC) is the gold standard for characterizing AAV vectors and can quantify
FPs, EPs and ExPs. Mass photometry (MP) is a method that measures the mass of individual particles and
provides the percentage of the particles against total counts (% counts). However, these analytical methods have
limitations, especially in the case of crude sample. For example, it is burdensome that prior purification is
required before using these analyses. A combination of enzyme-linked immunosorbent assay (ELISA) and
polymerase chain reaction (PCR), which do not require purification before analysis, is a conventional method to
quantify capsid and genome titers and to calculate FP ratios. However, the combination of ELISA and PCR is
subject to inherent drawbacks of error and variability because it relies on data from two independent
quantitative analyses which are based on different principles, and capsid and genomic titers must be
quantified separately using non-identical samples.

In my study, I aimed to establish a dual fluorescence-linked immunosorbent assay (dFLISA) as an
analytical method capable of simultaneously quantifying viral capsid and genomic titers in a single analysis
using the same 96-well plate. This method is primarily based on ELISA followed by genome staining where
two different fluorescent dyes are employed to quantify full and empty AAV vector particles and the FP ratio.
After the addition of fluorescent dye conjugated secondary antibody, the plate was subjected to heat treatment

to release the genome from the capsid before the introduction of the second fluorescent dye with.

Chapter 2: Development, validation, and comparison of dFLISA

In Chapter 2, a novel method named dual fluorescence-linked immunosorbent assay (dFLISA) was
developed. Analytical conditions, such as genome detection following release from the capsid and the detection
wavelength, were optimized. The dFLISA results for capsid titer, genomic titers and FP ratio were comparable
to the expected values. Therefore, dFLISA allows the determination of the FP ratio in a simple way with high
precision, high accuracy, and high sensitivity.

In addition, the developed method was validated successfully such as limitation of quantification (LOQ)
and linearity, as well as in comparison with orthogonal methods. These results demonstrated that the good
linear correlation between dFLISA and AUC was well observed with respect to FP ratio and other orthogonal
methods including AUC, MP, and rather than the combination of ELISA and dPCR. This validates the
robustness and reliability of the dFLISA method.

Chapter 3: Application of dFLISA

dFLISA was successfully developed, allowing the determination of capsid and genome titers as well as the




FP ratio in a simple way with high precision, high accuracy, high sensitivity and good linearity. The production
of AAV vectors is a complex process influenced by multiple factors such as cell line or plasmid ratios. It is not
only FPs that are generated, but also EPs, ExPs, and PPs. Remarkably, there is no existing methods that can
quantify the full particle ratio of AAV vectors before purification in one assay. Considering this complexity, it
is essential to apply the dFLISA method for the quantification of diverse AAV vectors in both purified and crude
lysate samples.

In this Chapter 3, I also investigated on the application of dFLISA to determine if dFLISA can be used to
quantify the FP ratio for different AAV serotypes. The results showed that dFLISA can be easily modified to
measure other AAV vector serotypes. Moreover, the fluorescence intensity of the AAV vector varies with
different genome lengths, and this factor is also relevant to dFLISA. I further performed the dFLISA analysis
to compare the fluorescence intensity between AAV vectors with different genome lengths.

Another application of dFLISA focused on the analysis of crude lysate samples; the recovery efficiency of
spiking levels was also evaluated to determine if dFLISA could be used to analyze crude samples without
purification, despite the presence of host cell DNA and proteins that could potentially interfere with
measurements. The results showed that dFLISA could accurately detect capsid and genome titers without
interference from the sample matrix, whether it was purified or crude lysate. Subsequently, I evaluated the
ability of dFLISA to quantify capsids/genomes in the presence of untreated crude lysate sample and compared
the results with other methods such as ELISA and dPCR. The results showed that dFLISA could assess both
capsid and genomic titers without purification. The capsid titer determined by dFLISA was comparable to that
determined by ELISA whereas the genomic titer results with dFLISA were higher than those from dPCR.
Therefore, dFLISA results are relatively unaffected by matrix interference or impurities from the crude lysate.

The applicability of dFLISA as the developed method for the quantification of FP and EP in AAV vector
samples, including other AAV vector serotypes and AAV vectors with different genome lengths, was
demonstrated. Notably, since a potential advantage of dFLISA is to be applicable for the crude samples, spike
recovery test was performed using crude lysate to evaluate the capability of dFLISA for capsid/genome
quantification without interference the impurities from crude lysate. Thus, the result shown that dFLISA
could accurately quantify the titer of crude samples, making it uniquely capable of directly quantifying the
genomic titer and FP ratio of crude sample. dFLISA could be easily modified for measuring other AAV vector
serotypes and AAV vectors with different genome lengths. These features made dFLISA a valuable tool for
the future development of AAV-based gene therapies.

Chapter 4: General conclusion and future perspective

Through the Chapter 2 and Chapter 3, the correlation between dFLISA and BS-AUC proved robustness
and the reliability of the dFLISA for both full and empty capsids. dFLISA results also corresponded with
those of other orthogonal techniques, including MP and a combination of ELISA and dPCR. Remarkably,
dFLISA showed significant potential for evaluating the capsid and genome titers of unpurified samples and
different AAV vector serotypes, making it a reliable analytical technique for AAV vector particle analysis.

In addition, I also viewed the future perspective with several promising directions for future developments
and applications of dFLISA. Firstly, dFLISA has the potential to significantly increase throughput, making it
an ideal solution for large-scale screening in pharmaceutical and clinical laboratories. Secondly, while this study
concentrated on AAVs, the principles of dFLISA could be applicable to other viral vectors, including lentiviruses
(LVs) and adenoviruses, thereby broadening its applicability in gene therapy research. Thirdly, non-viral vectors
such as lipid nanoparticles (LNPs), including liposomes or solid lipid nanoparticles, would encounter similar
challenges and could be evaluated using a method like dFLISA. Fourthly, the combination of dFLISA with
advanced imaging techniques or next-generation sequencing could provide comprehensive insights into viral
vector characteristics and improve the precision of quantification. In sum up, it is expected that this work
represents an exploration and generation of a novel method with significant implications for AAV quantification,

offering substantial benefits for the advancement of AAV-based gene therapy in the future.
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