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Table 1. DNA/RNA/Primer/Promoter

Reagent
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ssDNA ladder

PerkinElmer, Waltham, MA, USA

ITR forward primers

Hokkaido System Science

ITR forward primers

Hokkaido System Science

ITR probe

Hokkaido System Science

Table 2. Dyes

Reagent

Source; Identifier

SYBR Gold Nucleic Acid Gel staining

solution

Invitrogen, Thermo Fisher Scientific
(Eugene, OR, USA); S11495

Table 3. Antibodies

Reagent Source; Identifier
CaptureSelect Biotin Anti-AAVX Thermo Fisher Scientific
Conjugate (VHH) (Eugene, OR, USA); 7103522100

Goat anti-mouse IgG H&L (Alexa Fluor
647)

Abcam (Cambridge, UK); ab150115

Lyophilized mouse anti-AAVS§
monoclonal antibody (ADKS8)

Progen, (Heidelberg, Germany); 610160

Lyophilized mouse anti-AAV?2

monoclonal antibody (A20)

Progen, (Heidelberg, Germany); 61055

Table 4. Reagents

Reagent

Source; Identifier

BupH carbonate-bicarbonate buftfer

Thermo Fisher Scientific

packs (Eugene, OR, USA); 28382

Cesium chloride (CsCl) Nacalai Tesque (Kyoto, Japan)

Bovin Serum Albumin (BSA) Sigma Aldrich (St.Louis, MO, USA); A7030-10
DNase I Kit Takara (Shiga, Japan); ALG1425A

0.5M EDTA (pHS.0)

Nippongene (Tokyo, Japan); 311-90075

Poloxamer-188

BASF Japan (Japan, Tokyo)

Phosphate buffered saline (PBS)

Thermo Fisher Scientific(Waltham, MA, USA);
70011044

Poly-L-lysine solution

Sigma Aldrich (St.Louis, MO, USA); P4707




QuantStudio Absolute Q Isolation
Buffer

Thermo Fisher Scientific
(Waltham, MA, USA); A52730

Sodium chloride (NaCl)

FUJIFILM Wako Pure Chemical
(Osaka, Japan)

Stop solution (2M Sulfuric acid)

Thermo Fisher Scientific
(Waltham, MA, USA); N600

Tween 20

Sigma Aldrich (St.Louis, MO, USA); P7949

TE buffer pH8.0

Vitrogen; AM9849

Table 5. Instruments

Instrument

Source; Identifier

Analytical ultracentrifugation AUC)

Beckman Coulter (Indianapolis, IN, USA)

Band Sedimentation-analytical
ultracentrifugation (BS-AUC)

Beckman Coulter (Indianapolis, IN, USA)

AquaMax 4000: Microplate washer

Molecular Devices (Silicon Valley, LA, USA)

Clear Flat-Bottom Immuno Nonsterile
96-Well Plates

Thermo Fisher Scientific (Eugene, OR, USA);
442404

Nunc MaxiSorpTM flat-bottom 96-well
plate Black 96-Well Immuno Plates

Thermo Fisher Scientific (Eugene, OR, USA);
437111

Matrix ™ Reagent Reservoir

Thermo Fisher Scientific (Eugene, OR, USA);
8093

Microplates (96 well, 200 puL, Black,
Polypropylene (PP), Flat-Bottom,

Greiner Bio-One)

Sigma Aldrich (St.Louis, MO, USA);
M5811-40EA

Mass Photometry (TwoMP)

Refeyn Ltd,Oxford, UK

QuantStudio Absolute Q MAP16 Plate
Kit

Thermo Fisher Scientific (Eugene, OR, USA);
AS52688

Absolute Q Digital PCR Master Mix (5x)

Thermo Fisher Scientific (Eugene, OR, USA);
A52490

MicroAmp™Optical Adhesive Film

Thermo Fisher Scientific (Eugene, OR, USA);
4311971

Multi-channel precision pipettor

Eppendorf (Humburg, Germany)

Eppendorf ThermoMixer® C

Eppendorf (Humburg, Germany)

Micromixture E-36

TAITEC corporation (Saitama, Japan)

Spectramax® i3x

Molecular Devices (Silicon Valley, LA, USA)

UV-Vis Spectrophotometer (Biomate
160)

Thermo Fisher Scientific (Eugene, OR, USA);
9A5Y041036
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Abstract
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.
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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

12



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
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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,
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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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Chapter 1. General introduction

1. Gene therapy

Genetic diseases occur because of an alteration in our genetic material or DNA. The
discovery of DNA as the biomolecule of genetic inheritance and disease has opened up the
possibilities for therapies in which mutant or damaged genes could be altered for improving
the human health.! If these mutant genes could be completely fixed, the disease could be
treated at the molecular level, and in the best-case scenarios, potentially be cured. Recently,
researchers have been able to rapidly and cost-effectively examine specific mutations or
variations in DNA sequences that may cause disease.” They also investigate protein-coding
regions that affect protein function, regulatory elements (such as promoters, enhancers, and
silencers) that control gene expression, and non-coding regions (such as intronts) that help
regulate gene expression and maintain genomic stability.> This approach enables the
identification of disease-related genes and contributes to the development of targeted

therapies.*

Therefore, in recent years, gene therapy is the treatment of a genetic disease by the
introduction of specific cell function-altering genetic material into a patient, has been
attracting attention as a method of fundamentally treating such genetic diseases.’>”’ Gene
therapy is broadly categorized into two main types. The first one is in vivo gene therapy, in
which normal genes are delivered directly into the patient's body, typically using vectors,
which are carriers that transport the genetic material into the cells. These vectors are often
modified viruses that have been engineered to safely deliver the genes without causing
disease. Once inside the cells, the therapeutic genes can correct or compensate for genetic
defects, potentially leading to improved health outcome and ex vivo gene therapy, in which

normal genes are introduced into cells taken from the patient, modifying them with the
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therapeutic gene outside the patient’s body. The therapeutic genes are introduced into these
cells using vectors, which then alter the cell’s genetic modification. After the cells are
successfully modified, they are returned to the patient’s body (Figure 1A). In both types of
gene therapy, vectors are required to carry and deliver the genes and introduce them into the
cells.® In both in vivo and ex vivo gene therapy, vectors play a crucial role. These vectors are
responsible for delivering the therapeutic genes into the target cells. They are designed to
overcome various cellular barriers and ensure that the genetic material reaches the appropriate
location within the cell. The choice of vector and the method of delivery can vary depending
on the type of genetic disease, the specific therapeutic goal, and the characteristics of the target

cells (Figure 1A to Figure 1C).

2. Viral vectors for gene therapy

Recombinant viral vectors are often used as vectors in gene therapy. The recombinant viral
vectors are suitable as gene carriers because viruses originally have the ability to introduce
their own DNA or RNA into host cells. Non-viral vector-based gene therapies including the
lipid nanoparticles (LNPs), antisense oligonucleotides, siRNAs or cell-based CRISPR genome
editing are also being developed actively.! Compared to non-viral vectors, viral vectors are
characterized by a longer expression period of the transgene and a higher rate of gene delivery.
Thus, modern gene therapies predominantly employ viral vectors such as retroviruses,
lentivirus (LVs), adenoviruses (Ads), herpes simplex viruses (HSV), poxviruses, vaccina virus

or adeno-associated viruses (AAVs) vector”!? (Figure 1B and Figure 1C).

Nevertheless, gene therapy still requires for more functional full particles of AAV vectors,
especially when it comes to undergo of clinical trials testing, including in vivo performance
(Figure 1C) and avoidance of neutralizing antibodies, although it has a lower number of

clinical trials, and is one of the leading platforms for the development of gene therapy drugs.
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Figure 1. Viral vectors in gene therapy

(A) Schematic diagram of gene therapy using viral vector.
(B) Distribution of the different vector systems used in the gene therapy clinical trial.

(C) Major viral vectors system used in clinical trials in vivo.

3. Adeno-associated virus (AAV)

Adeno-associated virus (AAV) was originally discovered in 1960s, as contaminant of

adenovirus preparation, and it was later discovered to also be present in infection with other

such as adenovirus, human papilloma virus, vaccinia virus or HSV.! Due to its dependence
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on the other viruses for replication, AAV is classified as genus of Dependoparvovirusm, which
dependent on adenovirus or herpesvirus for helper-dependent replication, which is a non-

enveloped virus that belongs to the family of Parvoviridae.!

AAV is a small, approximately 26 nm in diameter,'> with an icosahedral capsid composed
of three viral proteins (VP1, VP2, VP3) in an estimated ratio of 5:5:50.!3 These viral proteins
assemble to form the T=I1 icosahedral capsid consisting of 60 VPs. Additionally, there is an
alternative open reading frame within the cap gene that expresses an assembly-activating

protein (AAP), which is essential for capsid assembly!'>!*"!7 (Figure 2A to Figure 2B).

AAV packages a single-stranded DNA (ssDNA) genome size of approximately 4.7 kilo
bases (kb)!%!415 The genome contains two open reading frames (ORF) for the rep gene and cap
gene between two 145 bp long inverted terminal repeat (ITR) sequences which form T-shaped
hairpin structure. The ITR sequences compose of an enhancer, a promoter, a gene of interest
sequence, and a polyA sequence and two ITR sequences are located at the 5’and 3’ ends termini

of the genome and assist in forming the genome structure by forming concatemer.!%1?

The Rep gene encodes the non-structural proteins Rep78, Rep68, Rep52, and Rep40, which
are responsible for viral genome replication, transcription regulation and packaging
12141521 The Cap gene transcribes mRNA via the p40 promoter, which is further spiced into
three viral proteins (VP1, VP2, and VP3).!2141321 VPIgpans the entire VP2 sequence in
addition to a ~ 130-amino-acid N-terminal region, and VP2 protein contains VP3 sequence in
addition to a ~ 60-amino-acid N-terminal region. Sixty copies of proteins at a ratio of
approximately 5:5:50 for VP 1-3 assemble into the characteristic icosahedral capsid.!>!41517

Specifically, the icosahedral capsid is assembled by the common region of VP3, while the N-

terminal extensions of VP1 and VP2 are essential for endosomal trafficking and escape, nuclear
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localization and genome release.!!

The three capsid protein subunits have a shared C-terminal sequence region of VP3. The
overlapping area of VP1 and VP2, which is absent in VP3, includes two basic regions
functioning as a nuclear localization signal (NLS) during AAV infection.!® Additionally, the
unique N-terminal region of VP1 (VP1lu) contains a phospholipase A2 (PLA2) domain
essential for the infection process. The assembly activating protein (AAP) is also expressed
from a frameshift of the cap gene'? (Figure 3A to Figure 3C). Previous reported have
known that AAP is essential for capsid assembly. However, its mechanistic roles in assembly
and how they might differ among AAV serotypes remain elusive.?? Recently, another open
reading frame (ORF) in the VP1/2 region of the cap gene, coding for a protein called
membrane-associated accessory protein (MAAP), has been discovered.?? MAAP localizes
to the plasma membrane, perinuclear membrane structures, the nuclear membrane, and it
has been reported to play a role in infectivity, replication, and egress from infected cells®*

(Figure 2C and Figure 3A to Figure 3C).

A B C

Capsid  wide-type AAV capsid ssDNA (~47 kb) p5 p19 p40

ITR ITR

[Repm B |
PS | Repes mmmmm———0

Viral vector Diameter: 26 nm
Reps2 — )
p19 |: Rep40
* Wide-type AAV replicates in the host cell. VP1 N
VP2 ~ 1+ :| Viral
e AAV vectors have become highly p40 VP3 A ~—— - capsid
effective tools in human gene therapy. AAP [ ]
MAAP —

Figure 2. Outline of AAV vector structure.

(A) AAV structures were prepared using PyMOL?
(B) Schematic diagram of wild-type AAV.
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(C) AAV2 genome organization including two inverted terminal repeats (ITR) flanking the rep and
cap genes, polyA (p5, p19, and p40).

(D) Transcriptional map of AAV structural (VP1, VP2, and VP3) and non-structural proteins (Rep78,
Rep68, Rep52, Rep40, AAP, and MAAP).

VP, viral protein; AAP, assembly-activating protein; MAAP, membrane-associated AAV protein;
wtAAV, wide-type AAV
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Figure 3. Recombinant AAVs are used for gene therapy

(A) Recombinant capsid of AAV particle with the AAV single-stranded genome (ssDNA).

(B) Schematic representation of each VP sequence encoded by the cap gene of AAVs.

AAV serotypes are conventionally classified according to differences in VP sequences, and the major
serotypes are AAV1 to AAVI12.

VP1 and VP2 were crucial role of infection while V3 is very important for capsid assembly.

VP, viral genome

4. Development of AAV vector for gene therapy

Recombinant AAV vectors have become widely utilized in human gene therapy.>?62” AAV
vector has emerged as the predominant vector due to many desirable attributes, including non-
pathogenicity, efficient infection of both dividing and non-dividing cells and sustained
maintenance of the viral genome, leading to the succession of the clinical stage for many
different genetic and acquired diseases.!>!%131720.21 AAV vector has multiple serotypes
showing different tissue tropisms. To date, 12 known serotypes and 100 variants of AAV vector

are known'>!%1317 each capable of variable binding to host cell glycoprotein receptors.?®2°
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Several AAV-based gene therapy treatments already approved by the European Medicines
Agency (EMA) and US Food and Drug Administration (FDA).!>:17:20.21.26 Notable examples
such as Glybera (uniQure) in 20121%:17:2130 jg the 1t AAV1 product for familial lipoprotein
lipase deficiency?!, Luxturna (Spark Therapeutics) in 2017 is an AAV2 product for retinal
dystrophy which treats patients with RPE65-associated Leber congenital amaurosis,
Zolgensma (Novartis) in 2019 is an AAV9 product for spinal muscular atrophy, Roctavian
(BioMarin) in 2023 is an AAVS product for severe hemophilia A, Elevidys (Sarepta
Therapeutic) in 2023 is an AAV9 product for duchenne muscular dystrophy (DMD), and
Beqvez (Pfizer) in 2024 is an AAVRhvar product for severe hemophilia B!>17202! (Figure
1D). In addition, more than 100 clinical trials and more than 4700 National Institute of

Health (NTH)-listed clinical trials are ongoing in the file of gene therapy (GT).!42!130:31

5. Challenging of using AAV vector
AAV vectors have become highly effective tools in human gene therapy primarily
because of the exceptional properties of AAV vector.’?*3 Other advantages of AAV vectors

3436 each with different tissue tropisms.!® Despite the

are that there are several serotypes,
advantages of using AAV vectors for therapeutic purposes, there are several challenges to
be overcome. Empty AAV vector particles (EPs), partial particles (PPs), which lack

37,38 and

therapeutic deoxyribonucleic acid (DNA) or only contain fragments of the genome,
extra filled particles (ExPs) (Figure 6), which contains higher numbers of DNA, are
generated in upstream production processes, as up to 95% of the capsid generated in the this
process,*” and complete removal of the particles in downstream processes is impractical
because of their physicochemical similarity to full particles (FPs), which contain therapeutic
DNA.#42 EPs and PPs are considered impurities that potentially trigger adverse

immunogenic reactions.>”*~# Furthermore, these impurities may compete with FPs for

binding to target cell receptors, potentially reducing their therapeutic efficacy.**® The
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clinical impact of EPs is not fully understood, but they are recognized to be significant obstacles

affecting FPs biodistribution and potentially provoking immune responses (Figure 4).

In the recent timeline, several analytical techniques to evaluate the purity of AAVs are
crucial for AAV vector development.*® At the same time, demonstrating robustness and
consistency across the various AAV vector contents examined to date, including differences in
AAV serotypes, genomic titer, full capsid ratio and genome lengths, those current techniques
must address the inherent limitations of each method.*® For example, some analytical methods
are available to assess the contents of FPs and EPs. Combination of genome quantitation by
quantitative polymerase chain reaction (qQPCR) and capsid quantitation by enzyme-linked
immunosorbent assay (ELISA) has been conventionally employed for the estimation of FP
ratio. Now, band sedimentation analytical ultracentrifugation (BS-AUC) is recognized as the
gold standard for the size distribution analysis of AAV vectors and can quantify FPs, EPs, PPs,
and ExPs with high precision.’®>! Charge-detection mass spectrometry and transmission
electron microscopy could be orthogonal methods for the size distribution analysis. They are

able to quantify FP ratio®%>23

and furthermore could provide aggregation, fragmentation, and
mass distribution of packaged DNA.>* Mass photometry (MP) is a method that measures the
mass of individual particles and provides the percentage of each kind of particle against total
counts (% counts).?>% Nonetheless, these analytical methods have limitations*®, especially in
the case of crude samples. For example, it is burdensome that prior purification is required
before using these analyses. A combination of ELISA and qPCR>7*® which do not require
purification before analysis has been used to quantify capsid and genome titers, respectively,
and to calculate FP ratios. Besides qPCR, digital or digital droplet PCR (dPCR or ddPCR) are
used for detecting the genomic titer of the viral vector.’*-*> 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 that use different mechanisms, and FPs and EPs
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must be quantified separately using non-identical samples.®6-%°
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Figure 4. Illustration of the particle distribution in an AAV vector sample, which is
specifically focused on the full and empty particles

Full particles (FPs), empty particles (EPs) and full particle (FP) ratio are particulary used as critical
quality attributes (CQAs) in quality control (QC) of gene therapy products.

6. Objective of this study

In this dissertation, my objective is to develop a useful method that can be applicable to
the gene therapy developments. Importantly, it would be highly beneficial to quantify and
control the content of full and empty particles for successful AAV vector development with
high efficiency and safety. In my road trip 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 (Figure 14).

First, a novel method named dual fluorescence-linked immunosorbent assay (dFLISA)
was developed. This method is primarily based on ELISA,%%7° followed by genome staining

where two different fluorescent dyes are employed to quantify full and empty AAV vector
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particles and the FP ratio. After the addition of a secondary antibody conjugated to one
fluorescent dye, the plate is subjected to heat treatment to release the genome from the capsid
before the introduction of the second fluorescent dye. dFLISA allows the determination of the
FP ratio in a simple way with high precision, high accuracy, and high sensitivity. Analytical
conditions such as genome dectection condition were optimized in Chapter 2. In addition, the
developed method was validated, and precision, accuracy, limit of quantification (LOQ),
linearity and comparison with other orthogonal methods were also evaluated successfully in
Chapter 2. Since 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. Currently, no existing methods that can quantify the full particle ratio of AAV
vectors before purification in one assay.dFLISA method is one of the most essential for
accurately quantifying diverse AAV vectors in both purified and crude lysate samples.
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 as indicated in Chapter 3.

In Chapter 3, the applicability of 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 evaluated. 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.

In Chapter 4, | summarized the results obtained in Chapter 2 and Chapter 3 and discussed
the directions for the development of the method for quantifying AAV vectors in gene therapy.
This work represents an exploration and generation of a novel method with significant

implications for AAV vector quantification, offering substantial benefits for the advancement
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of AAV-based gene therapy in the future. The flow of this study is summarized in Figure 5. In
addition, I have also considered the future perspectives of dFLISA, such as its potential to
become an ideal solution for large-scale screening in pharmaceutical and clinical laboratories.
Beyond AAVs, the principles of dFLISA could be applied to other viral vectors, including
lentiviruses (LVs) and adenoviruses, thus broadening its applicability in gene therapy.
Furthermore, non-viral vectors like lipid nanoparticles (LNPs), which may present similar

challenges, could also be evaluated using dFLISA.
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Figure 5. Flow of this study

Gene therapy is the treatment of genetic diseases by introducing therapeutic genes into the body of
the patient, with AAV vectors being a leading platform due to their low immunogenicity and non-
pathogenicity. This dissertation focuses on developing a useful method named dual fluorescence-

linked immunosorbent assay (dFLISA) as an analytical method capable of simultaneously
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quantifying viral capsid and genomic titers in a single analysis. This method allows for the
straightforward measurement of total capsid, genomic titer, and the determination of the full particle
(FP) ratio in a simple way. The dFLISA method was initially validated, and its performance was
evaluated in terms of precision, accuracy, sensitivity, limit of quantification (LOQ) and linearity. It
was also compared with other orthogonal methods such as AUC, MP, dPCR/ELISA. Subsequently,
the applicability of dFLISA for the quantification of FP and EP in various AAV vectors, including
different serotypes and genome lengths, was evaluated. The method was also tested for spike recovery
using crude lysate samples. In addition, these results were discussed in the light of future perspectives
of dFLISA, including the potential for scaling up and applying it to both viral and non-viral vectors
in gene therapy.

AUC, analytical ultracentrifugation; dPCR, digital polymerase chain reaction; EP, empty particle;
ELISA, enzyme liked-immunosorbent assay; FP, full particle; MP, mass photometry

Chapter 2. Development, validation and comparison of dFLISA

1. Introduction

Dual florescence-linked immunosorbent assay (dFLISA), which has capability of
simultaneously quantifying viral capsid and genomic titers in a single analysis, was developed
in this chapter. The dual florescence-linked immunosorbent assay (dFLISA) is a developed
analytical method capable of simultaneously quantifying viral capsid and genomic titers in a
single analysis (Figure 14). dFLISA is primarily based on ELISA,®7° followed by genomic
staining where two different fluorescent dyes are employed to quantify full and empty AAV
vector particles and the FP ratio. First, after the addition of a secondary antibody conjugated
with red fluorescent dye, second, the micro well plate is subjected to heat treatment to release
the genome from the capsid before the introduction of the green, fluorescent dye. These
strategies make this method unique and distinguish it from other conventional methods such as
analytical ultracentrifugation (AUC), digital polymerase chain reaction (dPCR), Enzyme liked-
immunosorbent assay (ELISA), mass photometry (MP), and others. There are different
parameters for the assay development need to be discussed.

Determining the optimal conditions, including the appropriate antibodies for coating and
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detection, their concentrations, and the conditions for genome release, is required. Accordingly,
I evaluated the efficacy of the biotinylated anti-AAV VHH antibody in binding with the AAV
capsid, a comprehensive analysis involving techniques such as enzyme-linked immunosorbent
assay (ELISA) and biolayer interferometry (BLI) is necessary. In this Chapter 2, the screening
of the initial condition for method development were conducted. First, BLI was performed for
characterizing the binding kinetics and affinity of AAV vector with anti-AAV VHH antibody
fragment, which has been reported to bind to the near fivefold axis of AAV2 capsid.’”! Next, the
conditions for genome release at various times and temperatures during the heating of the AAV
capsid were evaluated. Furthermore, the development of dFLISA was assessed using the
standard derived from BS-AUC analysis. Additionally, this development process included
comparing the concentration of anti- AAV VHH antibody immobilized on the AAV capsid,
evaluating the detection wavelength for both the capsid and genome of AAV capsid, and
measuring the fluorescence intensity in black and clear microwell plates for the capsid and

genome.

Subsequently, after successfully developing the dFLISA, its validation is critically
conducted using parameters such as linearity, precision, accuracy, and limit of quantification
(LOQ). Additionally, I determined the full-to-empty ratio of AAV vector by dFLISA and
compared it with orthogonal methods such as BSA-AUC, MP, and the combination of dPCR

and ELISA to ensure its robustness and reliability.

To this end of this chapter, the dFLISA allows the determination of the FP/EP ratio in a
simple way with high precision, high accuracy, and high sensitivity. The capsid and genomic
titers, and full capsid ratios were comparable to the expected values. Moreover, the good linear
correlation between dFLISA and AUC was well observed regarding FP/EP ratio as well as other

orthogonal techniques.
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2. Experimental materials and methods

2-1. Recombinant AAV samples

Two recombinant adeno-associated virus serotype 2 were used: AAV2-LotA, which was
purchased from (VectorBuilder, Chicago, USA) (Table 6), AAV2-LotB, which was provided
by the Manufacturing Technology Association of Biologics (Tokyo, Japan) (Table 7). AAV2-
LotC, which was purchased from Virovek (Houston, USA) (Table 8). Samples were formulated

in PBS, 200 mM NacCl, 0.001% poloxamer-188 and stored at -80°C until use.

Other in-house three AAV8 vectors (Table 10) including AAV8-Lotl, AAV8-Lot2, and
AAV8-Lot3, were generated using triple-plasmid co-transfection. Briefly, pAAV-Rep&Cap
(Serotype 8), pAd helper, and transgene plasmids (CMV-EGFP or AAT-FIX) were co-
transfected into suspended HEK293T or VPC 2.0 (Thermo Fisher Scientific, Waltham, MA,
USA) cells. The transfected cells were cultured, and the medium and cell lysate were harvested
(it was collected as a crude sample). Thereafter, the samples were purified via affinity
chromatography using AAVX columns (Thermo Fisher Scientific). Bulk AAV samples were
purified using affinity chromatographic purification followed by a CsCl ultracentrifugation
(UC) or an anion exchange column to separate full and empty particles. Purified samples
(AAV8-Lotl and AAVS-Lot2) were centrifuged at 25,000 rpm in an Optima XE-90 (Beckman
Coulter, Inc., Brea, CA, USA) using a Beckman SW41Ti rotor at 20°C for 42 h. For AAV8-
Lot3, purified sample was centrifuged at 34,000 rpm at 20°C for 72 h. The virus bands
generated by UC were collected by using a piston fractionator (BioComp Instruments Ltd.,
Fredericton, Canada) equipped with a UV monitoring apparatus (Triax flow cell, BioComp
Instruments Ltd.). For the anion exchange chromatography, the samples were applied to a
CIMmultus QA column (Sartorius, Gottingen, Germany) and eluted with a linear gradient of
0-250 mM NacCl in bis-tris-propane buffer (pH 9.0). Then the virus fractions were dialyzed in

Slide-A-Lyzer 10K (Thermo Fisher Scientific). AAV vector samples were analyzed by BS-
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AUC prior to analysis (Figure 6). The representative sedimentation coefficient distributions
for AAV2 vector and AAVS vector in PBS/D20 + 0.001% poloxamer-188 determined by BS-
AUC, are also described in Figure 9 to Figure 11. Table 10 summarizes the information on

the in-house AAVS8 vectors used in this study.
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Figure 6. Therapeutic products and product-related impurities were quantified using AUC.
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Table 6. Summary of AAV vectors purchased from VectorBuilder used in BLI analysis

Number of nucleic
Sample name Serotype Promoter GOI y EP (10" cp/mL) Sample preparation
acids

AAV2-LotA 2 na na na 2.50 Sample

CMYV, cytomegalovirus promoter; cp, capsid particle; EP, empty particle; GOI, gene of interest

Table 7. Summary of AAV vectors purchased from Takara used in this study, as provided by the Manufacturing Technology Association
of Biologics (Tokyo, Japan)

Number of nucleic
Sample name Serotype Promoter GOI . FP (10! vg/mL) Sample preparation
acids

AAV2-LotB 2 CMV ZnGreen 2521 1.46 Standard

GOlI, gene of interest; CMV, cytomegalovirus promoter; FP, full particle; vg, viral genome

Table 8. Summary of AAV vectors purchased from Virovek used in this study

Number of nucleic
Sample name Serotype Promoter GOI y FP (10! vg/mL) Sample preparation
acids

AAV2-LotC 2 CMV ZnGreen 2521 7.03 Sample

CMYV, cytomegalovirus promoter; FP, full particle; vg, viral genome; GOI, gene of interest
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2-2. Screening the initial conditions for assay development

2-2-1. Binding kinetics and affinity of AAV2 vector with anti-AAV VHH antibody by BLI

Biolayer Interferometry (BLI) measurement®7?

was conducted for binding kinetics and
affinity of AAV2 vector with anti-AAV VHH antibody analysis. This assay was performed on
Octet HTX system (Sartorius, Goettingen, Germany). Octet SAX biosensors (Sartorius) were
hydrated by immersion in 1x PBS for at least 10 min prior to use. Biotinylated anti-AAV VHH
antibody (CaptureSelect™ Biotin Anti-AAVX Conjugate, Thermo Fisher Scientific) was
diluted to 0.01 pg/mL and immobilized on the SAX biosensors. AAV2 vector samples were
diluted in a 2-fold dilution series from 2.50 x 10!! vg/mL to 1.56 x 10'° vg/mL with Octet
sample diluent (Sartorius). After the baseline measurement using Octet sample diluent,
association and dissociation of AAV2-LotA with the anti-AAV VHH antibody were measured
at 30°C in an Octet 384-well tilted-bottom microplate (Sartorius) while shaking at 1000 rpm.

Octet Analysis Studio software (ver. 12.2) was used for data analysis. The interaction between

anti-AAV VHH antibody and AAV2 vector was analyzed by 1:1 fitting.

According to the manufacturer’s website of the 96-well plate, the maximum coating amount
is 650 ng/cm?. The bottom area of 96-well plates is approximately 0.33 ¢cm?, and the volume
of AAV vector solution was 100 microliters. Thus, the coated concentration of VHH, whose
molecular weight is 14 kDa, would be 150 nM. Using these values and the result of BLI, I

calculated the binding efficiency of AAV vector based on the following Equation 1 and

Equation 2:

— 2_
[Complex] = (Kp+[AAV]+[VHH]) -/ (KD+[2AAV]+[VHH]) 4[AAV][VHH] (Equation 1)
Binding efficiency = % X 100 (Equation 2)
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2-2-2. Comparison of the genome detection after release from AAV vector at different
times and temperatures

This experiment was conducted to monitor the condition for the genome release from the
AAV vector capsid. First, fluorescent dye, SYBR Gold Nucleic Acid Gel Stain solution was
diluted 500-fold with 1 x PBS (pH 7.4). The AAV2-LotB vector sample was diluted with 10-
fold, in 1 x PBS (pH 7.4). Diluted vector sample solution was loaded into microplates (96 well,
200 pL, black, polypropylene (PP), flat-bottom, (Greiner Bio-One) (Sigma Aldrich) for 100 pL.
per well. AAV2 samples were incubated at five different conditions from 10 min at 80°C, 15
min at 80°C, 15 min at 85°C, 10 min at 90°C, 30 min at 90°C and 30 min at 90°C for detecting
the genome after releasing from AAV2 capsid particles. Furthermore, the intensity of the green
fluorescence emanating from SYBR gold’>7* to detect the released genome using an excitation
wavelength of 495 nm and an emission wavelength of 540 nm were measured. A standard curve
was generated using a four-parameter curve-fitting algorithm with the SpectraMax i3x

microplate reader (Molecular Devices, CA, USA).

2-3. Development of dFLISA
2-3-1. Standards and samples quantification determined by BS-AUC

The standard of capsid and genomic titer of dFLISA were derived by the BS-AUC.
Experiments and analyses of band sedimentation analytical ultracentrifugation (BS-AUC) were
performed according to the previous study.” Briefly, a buffer or AAV vector sample at a volume
of 15 pL were loaded into a reference or sample reservoir well with a 12-mm band-forming
centerpiece (Spin Analytical, South Berwick, ME, USA) equipped with sapphire windows. A
volume of 250 uL of PBS/D>O containing 0.001% of poloxamer-188 was loaded into the
reference or sample sector, respectively. In-house AAV8-Lotl to AAV8-Lot3 and outsourced

(VectorBuilder, Chicago, USA) AAV2-Lotl to AAV2-Lot4 and AAV8-Lot5 to AAV8-Lot6
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were used. Data were collected at 20°C using Optima AUC (Beckman Coulter, Indianapolis,
IN, USA) at 20,000 rpm using a UV detection system, with the detection wavelength set at 280

nm. Data points were collected with a radial increment of 10 pm at an interval of 150 sec.

Sedimentation data were analyzed using the analytical zone centrifugation c(s) model of the
program SEDFIT (version 16.2b),”® in which parameters such as lamella width, frictional ratio,
meniscus, time-invariant noise, and radial-invariant noise were adjusted and a regularization
level of 0.68 was used. The s-value range of 0—175 S was evaluated with a resolution of 350.
The SEDNTERP program facilitated the calculation of buffer density and viscosity for the
solvent loaded in the sectors.”” The apparent sedimentation coefficient for FPs was converted
to the sedimentation coefficient in water at 20°C, (s20,w). This conversion used the partial
specific volume of the FPs, determined according to the procedure described in a previous

study,’®

in conjunction with the buffer density and buffer viscosity. Subsequently, figures
showing the c¢(s) distribution were generated using the program GUSSI (version 1.3.2).7°
Particle concentrations of were calculated by dividing the FP, EP and ExP peak areas by
respective molar extinction coefficient at the detection wavelength. The genomic titer was
calculated by the sum FPs and ExPs while the capsid titer was calculated by the sum of of FPs,
EPs, and ExPs. Therefore, the full particle ratio was calculated by dividing the sum of FPs and
ExPs by the sum of FPs, EPs, and ExPs. The mean sedimentation coefficient in water at 20°C,

(s20,w), full particle ratio, and standard deviation of each parameter were also calculated based

on the results obtained from the experiment.

2-3-2. Comparison of VHH antibody immobilized with AAVS8 vector by dFLISA
Black, 96-well, flat-bottomed MaxiSorp surface-treated immunoplates (Thermo Fisher
Scientific) were used. These plates were coated with CaptureSelect Biotin Anti-AAVX

Conjugate, a 14-kDa recombinant single-domain antibody fragment (VHH affinity ligand). For
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15t and 2" experiment, the anti-AAV VHH antibody was diluted at two concentrations: 10
pg/mL (100-fold) and 20 pg/mL (50-fold), respectively, using BupH carbonate-bicarbonate
buffer. The plates were then incubated for 16 hours at 4°C. The plates were washed three times
with 0.05% Tween 20 in 1 x PBS (pH 7.4). Prior to sample addition, addition of 200 uL of 1%
BSA in 1 x PBS was performed for blocking. An AAV vector samples in a formulation
consisting of 1 x PBS, 200 mM NaCl, and 0.001% (w/v) poloxamer-188 was used as samples.
AAVS8-Lot5 (Table 11) with a 2521 base genome was used as a standard. AAV8-Lot6 (Table
11) was diluted to a concentration of 1.95 x 10! ¢cp/mL and 1.49 x 10! vg/mL in 0.05% Tween
20 in 1 x PBS and then serially diluted at a 1:2 ratio to generate a calibration curve.
Subsequently, 100 pL of that diluted sample solutions were added to each well of the plate. To
remove unbound components, the plate was subjected to a wash with 0.05% Tween 20 in 1 x
PBS. The lyophilized mouse monoclonal anti-AAV8 antibody, ADKS, was reconstituted with
1 mL of Milli-Q water. For 1% and 2" experiment, ADKS antibody was diluted was diluted at
two different concentrations:1 pg/mL (50-fold) and 10 pg/mL (5-fold), respectively, using 1 x
PBS buffer at pH 7.4 containing 0.09% sodium azide and 0.5% BSA, followed by incubation
at 37°C for 1 h, and three washes. The secondary antibody, goat anti-mouse IgG H&L (Alexa
Fluor 647), was diluted to a concentration of 4 pg/mL (500-fold) and added for labeling. The
plate was then sealed with adhesive foil and incubated for 1 h at 37°C with shaking at 300 rpm.
Following incubation, the plate was washed with wash buffer. Next, 100 pL of 1 x PBS was
added to each well, and plates were incubated at 85°C for 15 min. This process disrupted the
viral capsid structure and released the ssDNA. Afterward, samples were allowed to cool at
room temperature for 5 min. SYBR Gold Nucleic Acid Gel Stain solution was diluted 1000-
fold with 1 x PBS. Subsequently, 10 pL of the diluted SYBR Gold solution was added to
individual wells, followed by a 5 minutes incubation at room temperature. Finally, fluorescence
measurements were then performed. The intensity of the red fluorescence emanating from

second antibody conjugated with goat anti-mouse IgG H&L (Alexa Fluor 647) at a final
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concentration of 4 ug/mL was measured using an excitation wavelength of 652 nm and an
emission wavelength of 680 nm to quantify the capsid titer. Additionally, the intensity of the
green fluorescence emanating from SYBR gold was measured to quantify the released genome,
using an excitation wavelength of 495 nm and an emission wavelength of 530 nm. A standard
curve was generated using a four-parameter curve-fitting algorithm with the SpectraMax 13x

microplate reader (Molecular Devices, CA, USA).

Capsid and genomic titers of standards were calculated based on the results of BS-AUC
(Table 10). Because the concentrations of ExPs and PPs were lower than LOQ of BS-AUC,*
a sum of EPs and FPs, was considered as capsid titer, and FPs was considered as genomic titer.
FP ratio was then calculated by dividing genomic titer by capsid titer. The amount of capsid
protein (cp) and vector genome (vg) per milliliter were then determined using the standard
curve. Finally, the comparison of the signal-to-background noise ratio of both experiments was
determined. The signal background ratio was calculated by dividing the signal the lowest

florescence intensity (S) by the background noise (N), which was derived from the blank value

(Equation 3).
S/N ratio = % X 100 (Equation 3)

2-3-3. Comparison of detection wavelength for capsid and genome quantification of AAV2
vector by dFLISA

Black, 96-well, flat-bottomed MaxiSorp surface-treated immunoplates (Thermo Fisher
Scientific) were used. These plates were coated with CaptureSelect Biotin Anti-AAVX
Conjugate, a 14-kDa recombinant single-domain antibody fragment (VHH affinity ligand), at
a concentration of 10 pg/mL (100-fold dilution) with BupH carbonate-bicarbonate buffer and

the plates were incubated for 16 h at 4°C. The plates were washed three times with 0.05%

38



Tween 20 in 1 x PBS (pH 7.4). Prior to sample addition, addition of 200 pL of 1% BSA in 1 x
PBS was performed for blocking. An AAV2 vector samples in a formulation consisting of 1 x
PBS, 200 mM NaCl, and 0.001% (w/v) poloxamer-188 was used as samples. AAV2-LotC
(Table 8) with a 2521-bp genome was used as a standard. AAV2-LotC was diluted to a
concentration of 7.03 x 10'° vg/mL in 0.05% Tween 20 in 1 x PBS and then serially diluted at
a 1:2 ratio to generate a calibration curve. Subsequently, 100 uL of that diluted sample solutions
were added to each well of the plate. To remove unbound components, the plate was subjected
to a wash with 0.05% Tween 20 in 1 x PBS. The lyophilized monoclonal anti-AAV2 antibody,
A20, was reconstituted with 1 mL of Milli-Q water. A20 was diluted to a concentration of 1
png/mL (50-fold dilution) with 1 x PBS buffer at pH 7.4 containing 0.09% sodium azide and
0.5% BSA, followed by incubation at 37°C for 1 h, and three washes. The secondary antibody,
goat anti-mouse IgG H&L (Alexa Fluor 647), was diluted to a concentration of 4 pg/mL (500-
fold dilution) and added for labeling. The plate was then sealed with adhesive foil and incubated
for 1 h at 37°C with shaking at 300 rpm. Following incubation, the plate was washed with wash
buffer. Next, 100 pL of 1 x PBS was added to each well, and plates were incubated at 85°C for
15 min. This process disrupted the viral capsid structure and released the ssDNA. Afterward,
samples were allowed to cool at room temperature for 5 min. SYBR Gold Nucleic Acid Gel
Stain solution was diluted 1000-fold with 1 x PBS Subsequently, 10 uL of the diluted SYBR
Gold solution was added to individual wells, followed by a 5-min incubation at room
temperature. For the 1%t and 2" experiments, the wavelength detection of the capsid titer was
prepared at two different wavelengths: 652 nmgx/ 680 nmem and 662 nmgx/ 700 nmem,
respectively. For the 1% and 2"¢ experiments, the wavelength detection of the genomic titer was
prepared at two different wavelengths: 495 nmgx/ 500 nmem and 500 nmex/ 535 nmem,
respectively. In addition, a standard curve was generated using a four-parameter curve-fitting
algorithm with the SpectraMax 13x microplate reader (Molecular Devices).

Capsid and genomic titers of standards were calculated based on the results of BS-AUC
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(Table 10 and Table 11). The sum of EPs and FPs was considered as capsid titer, and FPs was
considered as genomic titer. FP ratio was then calculated by dividing genomic titer by capsid
titer. The amount of capsid protein (cp) and vector genome (vg) per milliliter were then
determined using the standard curve. Finally, the comparison of the signal-to-background ratio
of both experiments was determined. Equation 3 was employed to calculate the signal

background ratio (S/N) of low concentration sample.

2-3-4. dFLISA analysis

The dFLISA method was developed successfully, and the optimal standard curve with a
schematic illustrating of dFLISA was shown in Figure 14. Black, 96-well, flat-bottomed
MaxiSorp surface-treated immunoplates (Thermo Fisher Scientific) were used. These plates
were coated with CaptureSelect Biotin Anti-AAVX Conjugate, a 14-kDa recombinant single-
domain antibody fragment (VHH affinity ligand), at a concentration of 10 pg/mL (100-fold
dilution) with BupH carbonate-bicarbonate buffer and the plates were incubated for 16 h at 4°C.
The plates were washed three times with 0.05% Tween 20 in 1 x PBS (pH 7.4). Prior to sample
addition, addition of 200 puL of 1% BSA in 1 x PBS was performed for blocking. An AAV
vector samples (Table 10) in a formulation consisting of 1 x PBS, 200 mM NaCl, and 0.001%
(w/v) poloxamer-188 was used as samples. AAV8-Lotl with a 2521 base genome was used as
a standard. AAV8-Lotl was diluted to a concentration of 2.38 x 10'' ¢cp/mL and 2.18 x 10"
vg/mL in 0.05% Tween 20 in 1 x PBS and then serially diluted at a 1:2 ratio to generate a
calibration curve. Subsequently, 100 pL of sample and standard solutions were added to each
well of the plate. To remove unbound components, the plate was subjected to a wash with
0.05% Tween 20 in 1 x PBS. The lyophilized monoclonal anti-AAV8 antibody, ADKS8, was
reconstituted with 1 mL of Milli-Q water. ADK8 was diluted to a concentration of 1 pg/mL
(50-fold dilution) with 1 x PBS buffer at pH 7.4 containing 0.09% sodium azide and 0.5% BSA,

followed by incubation at 37°C for 1 h, and three washes. The secondary antibody, goat anti-
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mouse IgG H&L (Alexa Fluor 647), was diluted to a concentration of 4 pg/mL (500-fold
dilution) and added for labeling. The plate was then sealed with adhesive foil and incubated for
1 h at 37°C with shaking at 300 rpm. Following incubation, the plate was washed with wash
buffer. Next, 100 pL of 1 x PBS was added to each well, and plates were incubated at 85°C for
15 min. This process disrupted the viral capsid structure and released the ssDNA. Afterward,
samples were allowed to cool at room temperature for 5 min. SYBR Gold Nucleic Acid Gel
Stain solution was diluted 1000-fold with 1 x PBS. Subsequently, 10 pL of the diluted SYBR
Gold solution was added to individual wells, followed by a 5-min incubation at room
temperature. Finally, we measured the intensity of the red fluorescence emanating from the
proteins labeled with goat anti-mouse IgG H&L (Alexa Fluor 647) to quantify the capsid titers
using an excitation wavelength of 652 nm and an emission wavelength of 680 nm. Additionally,
we measured the intensity of the green fluorescence emanating from SYBR gold’*#! to quantify
the released genome using an excitation wavelength of 500 nm and an emission wavelength of
530 nm. A standard curve was generated using a four-parameter curve-fitting algorithm with
the SpectraMax i3x microplate reader from Molecular Devices (CA, USA). Capsid and
genomic titers of standards were calculated based on the results of BS-AUC. Because the
concentrations of PPs were lower than LOQ of BS-AUC,*° a sum of EPs, FPs, and ExPs was
considered as capsid titer, and a sum of FPs and ExPs was considered as genomic titer. FP ratio
was then calculated by dividing genomic titer by capsid titer. The amount of capsid protein (cp)
and vector genome (vg) per milliliter were then determined using the standard curve.
Correction of SYBR gold intensity was not performed if the % difference in genome length
between the standard and the sample was within +10%. The schematic illustration of dFLISA

as shown in Figure 15.
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2-4. Validation of dFLISA

2-4-1. Precision and accuracy and LOQ of dFLISA measurement

dFLISA was analyzed as above described in 2-3-4 of development step. Similarly, AAV8-
Lot2 with a 2712-base gene of interest (GOI) was diluted 400-fold to a concentration of 1.54
x 10" ¢p/mL and 1.39 x 10! vg/mL in 0.05% Tween 20 in 1 x PBS. Subsequently, serial
dilutions at a 1:2 ratio were carried out to ensure precision, accuracy, and LOQ calculations.
Measurements were conducted for three consecutive days (days 1-3) under identical operating
conditions at short intervals using the same sample conditions and without any freeze—thaw
cycles. The repeatability percentage was calculated by dividing the SD by the mean of three
independent dFLISA results obtained by the same operator over three days (Equation 4):

o CV = [Mean of SD]

m x 100 (Equatlon 4)
Accuracy was calculated by finding the percentage difference between the value of capsid and
genomic titer, as measured by dFLISA, and their expected values, as determined by BS-AUC.

Equation 5 was used with £10% of expected values as the recovery percentage criteria for this

calculation:

[Experimental value]

% of accuracy = x 100 (Equation 5)

[Expected value]

2-5. Comparison of full particle ratio determination of AAVS8 vector by orthogonal
methods
2-5-1. Determination full particle ratio of AAVS vector by dFLISA

Linearity of FP ratio is critical in dFLISA to achieve optimal assay performance. I
investigated precision, accuracy, linearity, and LOQ of FP ratio determined by dFLISA. The
representative dFLISA procedure described above was used. Specifically, AAV8-Lotl was
diluted 60-fold to obtain a concentration of 2.38 x 10! ¢p/mL and 2.18 x 10!! vg/mL with

0.05% Tween 20 in 1 x PBS. Further serial dilutions were performed at a 1:2 ratio to construct
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a calibration curve. AAV8-Lot2 and AAVS8-Lot3 were concentrated by ultrafiltration. I then
mixed these concentrated samples at various ratios containing the following expected
percentages of full capsids: 0%, 10.5%, 31.5%, 52.3%, 73.1%, and 90.1% of FPs. The mixed
sample was then diluted 320-fold with 0.05% Tween 20 in 1 x PBS. All samples were tested in
duplicate. Each well of the plate was filled with 100 pL of the prepared sample solutions. The
back-calculated concentrations of the calibration standards were maintained within + 25% of
the value at the LOQ and within + 20% at all other levels.®? The anchor calibrators (<LOQ) did

not require acceptance criteria because they were beyond the quantifiable range of the curve.

2-5-2. Determination of full particle ratio of AAVS vector by BS-AUC

Experiments and analyses of BS-AUC were performed according to our previous study.”
Briefly, a buffer or AAV sample at a volume of 15 pL were loaded into a reference or sample
reservoir well with a 12-mm band-forming centerpiece (Spin Analytical, South Berwick, ME,
USA) equipped with sapphire windows. A volume of 250 pL of PBS/D>0 containing 0.001%
of poloxamer-188 was loaded into the reference or sample sector, respectively. Mixed samples
(full particles in six prepared spike ratios, specifically, 90.1%, 73.1%, 52.1%, 31.5%, 10.5%,
and 0% FPs) of AAVS vectors were used. Data were collected at 20°C using Optima AUC
(Beckman Coulter) at 20,000 rpm using a UV detection system, with the detection wavelength
set at 280 nm. Data points were collected with a radial increment of 10 pm at an interval of

150 seconds.

Sedimentation data were analyzed using the analytical zone centrifugation c(s) model of the
program SEDFIT (version 16.2b),”® in which parameters such as lamella width, frictional ratio,
meniscus, time-invariant noise, and radial-invariant noise were adjusted and a regularization
level of 0.68 was used. The s-value range of 0—175 S was evaluated with a resolution of 350.

The SEDNTERP program facilitated the calculation of buffer density and viscosity for the
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solvent loaded in the sectors.”” The apparent sedimentation coefficient for FPs was converted
to the sedimentation coefficient in water at 20°C, (s20,w). This conversion used the partial
specific volume of the FPs, determined according to the procedure described in a previous

78

study,”” in conjunction with the buffer density and buffer viscosity. Subsequently, figures

showing the c(s) distribution were generated using the program GUSSI (version 1.3.2).7°

Particle concentrations were calculated by dividing the FP, EP and ExP peak areas by
respective molar extinction coefficient at the detection wavelength. The full particle ratio was
calculated by dividing the sum of FPs and ExPs by the sum of FPs, FPs, and ExPs. The mean
sedimentation coefficient in water at 20°C, (s20,w), full particle ratio, and standard deviation of

each parameter were calculated based on the results obtained from the triplicate experiments.

2-5-3. Determination of capsid titers of AAVS vector by single ELISA

An AAVS titration kit (PROGEN) was used to determine capsid titers. The assay was
performed according to the manufacturer’s instructions. A series of 2-fold dilutions of the kit’s
standard viruses were made to generate a capsid standard curve ranging from 7.97 x 10° to 5.01
x 108 cp/mL. Mixed samples (full capsids in six prepared spike ratios, specifically, 90.1%,
73.1%, 52.3%, 31.5%, 10.5%, and 0% FPs) of AAVS vector were diluted with 0.05% Tween
20 in 1 x PBS. All measurements, including unknown samples and blanks, were performed in
duplicate at three different dilutions. The mean value was used to calculate AAVS titers. A
prepared 100 pL. sample was added to a microwell plate and incubated for 1 h at 37°C. The
microwell plate was then washed three times with wash buffer. The biotinylated anti-AAVS8
antibody (ADKS8) was then added to the microwell plate, and the plate was incubated for 1 h at
37°C. The washing step was repeated. Streptavidin-horse radish peroxidase conjugate was
added and incubated for 1 h at 37°C, followed by the washing and the addition of ready-to-use

tetramethylbenzidine (TMB) solution to the wells, which were then incubated for 15 min at
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room temperature. The color reaction was stopped by adding ready-to-use sulfuric acid solution.
Absorbance was then measured photometrically at 450 nm with a SpectraMax 3x microplate
reader. The readings of each sample were then averaged to determine the final titers using a
four-parameter logistic (4PL) curve-fitting model. The 4PL standard curve was generated in
Microsoft Excel by plotting the subtracted optical density measurements of the serially diluted

kit controls against the corresponding AAV vector concentrations.

2-5-4. Determination of genomic titers of mixed samples of AAVS8 vector using dPCR
AAV vector samples with various FP ratio (full capsids in six prepared ratios, specifically,
90.1%, 73.1%, 52.3%, 31.5%, 10.5%, and 0% FPs) were prepared as described above and then
treated with DNase I (Takara Co., Ltd, Japan). The samples were then incubated at 37°C for 30
min to digest any unpackaged DNA. Subsequently, a solution of 0.25 mM
ethylenediaminetetraacetic acid (EDTA) (Nippon Gene, Japan) was added. The mixture was
incubated at room temperature for 5 min. Afterward, the mixture was heated to 95°C for 15
min to inactivate the DNase I enzyme and denature the viral capsid. Dilution buffer was
prepared by adding poloxamer-188 to Tris-EDTA buffer to achieve a final concentration of
0.001%. This dilution buffer was used to dilute the test samples to the appropriate range for
analysis. Each dPCR reaction was set up to a final volume of 10 puL consisting of 1 pL of the
prepared sample solution, 2 pL of 5X dPCR QuantStudio Absolute Q Master Mix (Thermo
Fisher Scientific), 1.8 pL ITR primers (forward and reverse), and 0.25 pL ITP probe mix
(purchased from Hokkaido System Science); 9 uL of dPCR reaction mix were added to each
well of a QuantStudio Absolute Q MAP16 Plate Kit (Thermo Fisher Scientific). Afterwards,
15 pL of QuantStudio Absolute Q Isolation Buffer (Thermo Fisher Scientific) was carefully
added to each well on top of the reaction mix. The wells were sealed with QuantStudio Absolute
Q Strip Caps (Thermo Fisher Scientific) and centrifuged at 1200 rpm for 1 min on a swing-out

rotor. The assay was performed on a QuantStudio Absolute Q Digital PCR System (Thermo
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Fisher Scientific). Thermal cycling was performed as follows: (1) preheat at 96°C for 10 min,
then (2) 40 cycles consisting of denaturation at 94°C for 5 s followed by annealing/extension
at 54°C for 30 s. Data and global threshold were analyzed using QuantStudio Absolute Q digital
PCR software (Thermo Fisher Scientific). Sample dilutions were used to calculate AAV

genomic titers.

2-5-5. Determination of full and empty ratios of AAV8 vector by MP

MP measurements were conducted using TwoMP (Refeyn Ltd,Oxford, UK). For each
experiment, mixed samples (full capsids at six prepared sample ratios, specifically, 90.1%,
73.1%, 52.3%, 31.5%, 10.5%, and 0% FPs) of AAVS vector were pre-diluted in PBS (Gibco).
Precision cover glasses (ThorLabs, Tokyo, Japan) were meticulously cleaned by serial rinsing
with Milli-Q water and ethanol. To create the measurement chambers, I attached a pre-cut 2 x
3 well Culture Well silicone seal (3 mm diameter x 1 mm depth, Grace Bio-Labs, Bend, OR)
to the clean coverslips. The coverslips were then transferred to the MP instrument, and 18 uLb
of PBS buffer was added to each well. After focusing, 2 pL of each AAV vector solution was
added and mixed into the wells to achieve a total filling volume of 20 pL. Each measurement
was recorded for 60 s, and each sample was analyzed at least three times (n > 3). Data analysis
was performed using DiscoverMP version 2.5.1 (Refeyn Ltd, Oxford, UK). A Gaussian
distribution fit was applied to the histogram peaks. From these Gaussian fits, we extracted the

percentage of filled and empty AAV capsid.
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3. Results

3-1. Screening the initial condition for assay development

3-1-1. Binding kinetics and affinity of AAV2 vector with anti-AAV VHH antibody by BLI
To determine if efficiency of the biotinylated anti-AAV VHH antibody sufficiently binds

with AAV capsid, which can be first step for method development, I conducted initial Biolayer

interferometry (BLI) analysis.”> Since BLI is an optical technique, was employed molecular

interactions, which offers ease of use and delivers both kinetic and affinity data without the

necessity of labeling samples. These benefits position BLI as a promising method for the kinetic

characterization of interactions between AAV vector and their ligands, for anti-AAV VHH

antibody as well.

The dissociation constant (Kp) of anti-AAV VHH antibody for AAV2 vector was
determined as 27.3 pM using BLI. Using these values, I calculated the binding efficiency of
AAV based on Equation 1 and Equation 2. The calculation result shown that the binding
efficiency of VHH antibody and AAV2 vector was >99% over the entire range of the standard
curve. Although there is no information about the affinity of anti-AAV VHH antibody for
AAVS vector, the binding efficiency would be >98% even if Kp value of anti-AAV VHH

antibody for AAVS8 vector is 100 times larger than that for AAV2 vector.
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Figure 7. Binding kinetics and affinity of AAV2 with anti-AAV VHH antibody measured
by Biolayer Interferometry (BLI).
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BLI measurement was performed on Octet HTX system (Sartorius, Goettingen, Germany).

The BLI measurements is conducted in the following steps. First, baseline measurement using Octet
sample diluent. Next step is to load 0.01 pg/mL CaptureSelect™ Biotin Anti-AAV X immobilized on
the SAX biosensors. Subsequently, then baseline measurement using Octed sample diluent.
Furthermore, the associate of AAV2 vector with anti-AAV VHH antibody and the subsequent
dissociation of AAV2 from anti-AAV VHH antibody were measured at 30°C in an Octet 384-well
tilted-bottom microplate while shaking at 1000 rpm. The data were analyzed using Octet Analysis
Studio software (ver. 12.2). The interaction between anti-AAV VHH antibody and AAV2 vector was
analyzed by 1:1 fitting. Of note, for AAV2 vector samples were diluted in a 2-fold dilution series
from 2.50 x 10" vg/mL to 1.56 x 10'°vg/mL with Octet sample diluent and filled in the Octet® 384-
well tilted-bottom microplate.

Kb, kon and kosr are the kinetic values

Kp, dissociation constant; kon, association rate constant; ko, dissociation rate constant

3-1-2. Comparison of the genome detection after release from AAV vector at different
times and temperatures

To ensure that AAV2 vector genome could be released by heating and detected by
fluorescent dye, the preliminary experiment was performed using AAV2 vector. Previous
studied have been reported that the viral protein unfolds at between 70°C and 90°C,** while
other studied have also suggested that at the high temperatures, typically exceeding 50°C (with
variations depending on the serotype), can result in capsid rupture.’* For example, for AAVS
capsids, DNA is linearly ejected between 60°C and 70°C, with complete rupture occurring

above 75°C.% Thus, in this experiment, to ensure that AAV vector genome could be detected
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after being released from the AAV vector by heating, the sample solution was heated under
five different conditions, specifically, 10 min at 80°C, 15 min at 80°C, 15 min at 85°C,10 min
at 90°C, and 30 min at 90°C. After incubation, a fluorescent dye (SYBR Gold)’** was added
to the heated AAV?2 vector solutions, and resulting fluorescent intensity was measured (Figure
8). The dose-response curve was successfully obtained, indicating that the AAV2 genome can
be detected by heating and quantified using the fluorescent dye. By comparing these five
conditions, the dose-response for 15 min at 85°C was higher than 10 min at 80°C, 15 min at
80°C, 10 min at 90°C and 30 min at 90°C incubation (Table 9). This suggests that the AAV
genome can be fully released after heating at temperatures between 80°C and 90°C, with the
optimal condition for genome detection being 85°C for 15 min. Previous reports revealed that
by heating at 85°C for 20 min both AAV8 and AAV9 capsids are complexly ruptured and
appropriate temperature range for the disruption of AAV capsid particles from AAV1 to AAV8
was reported to be between 66.5°C and 89.5°C + 0.5°C, with the exception of AAVS vector,?>87.
Additionally, I used 85°C as the optimal temperature to genome detection of AAV after released

from the AV capsid (Figure 8).
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Figure 8. Result of testing the fluorescent/ temperature dye to detect genome after
release from AAV2 capsid

SYBR Gold Nucleic Acid Gel Stain solution was diluted 500-fold with 1x PBS. The AAV2-LotB
vector sample was diluted with 10-fold, in 1 x PBS. Diluted AAV vector sample was directly loaded
into microplates for 100 uL per well. AAV2 vector samples were incubated at five different conditions
from 10 min at 80°C (blue diamond), 15 min at 80°C (red circle), 15 min at 85°C (green circle), 10
min at 90°C (purple triangle), and 30 min at 90°C (black square) for disrupting the AAV 2 capsid
particles. The intensity of the green fluorescence emanating from SYBR gold to quantify the released
genome using an excitation wavelength of 495 nm and an emission wavelength of 540 nm. A standard
curve was generated using a four-parameter curve-fitting algorithm with the SpectraMax i3x
microplate reader. The resulting data were plotted on a graph, with the fluorescence intensity value
on the vertical axis and the viral concentration value on the horizontal axis. The sample was analyzed
in duplicate.

AU, arbitrary unit; vg, viral genome.
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Table 9. Result of genome detection after releasing from AAV capsid using fluorescent dye, as used in the screening the initial conditions

Sample Florescence intensity (AU)

Concentration 10 min at 80°C 15 min at 80°C 15 min at 85°C 10 min at 90°C 30 min at 90°C
Serial dilution

(10" cp/mL) (107 (107 (107 (107 (107
1:1 165 2.11 1.52 12.4 3.83 4.63
1:2 92.7 1.39 0.90 6.01 1.35 1.85
1:4 49.6 1.13 0.78 3.09 8.68 1.21
1:8 28.1 0.84 0.47 1.69 3.83 0.57
1:16 15.1 0.72 0.40 1.28 0.25 0.34
1:32 7.70 0.49 0.30 0.68 0.18 0.22
1:64 3.35 0.58 0.36 0.47 0.16 0.19

AU, arbitrary unit; cp, capsid particle
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3-2. Development of dFLISA

3-2-1. Standards and samples quantification determined by BS-AUC

As BS-AUC was recently recognized as the gold standard for the size distribution analysis
of AAV vectors and can quantify of partial, extra filled particles and aggregates with high
precision.”® BS-AUC experiments were conducted using different lots of AAV8-CMV- EGFP
(in-house AAV8-Lotl to AAV8-Lot3 and outsourced (VectorBuilder) AAV2-Lotl to AAV2-
Lot4, and AAV8-Lot5 to AAVS8-Lot6. The concentration of each component could be
determined in BS-AUC, and a high resolution could be obtained. The result shows the
representative profiles of the apparent sedimentation coefficient distribution (c(s) profiles) of
each sample are displayed in Figure 9 to Figure 11. For Tables 10 and Table 11 summarize

the results.

Since, AUC has potential to quantify EP, PP, FP and ExP, where the genome length of ExP
is longer than that of FP. In this study, because the amount of PP was lower than the limit of
quantification of AUC (6.3 x 10!! particles/mL)® the sum of particle concentration of EP, FP,
and ExP was considered as capsid titer. For simplicity, the sum of particle concentration of FP
and ExP was considered as genomic titer. FP ratio was calculated by dividing the genomic titer

by the capsid titer. Thus, the potential standard for our dFLISA was derived from this BS-AUC.

Except for AAVS-Lot5 and AAV8-Lot6 because the amount of PP and ExP was lower than
the limit of quantification of AUC. Therefore, the sum of particle concentration of EP and FP
was considered as capsid titer, while the sum of particle concentration of only FP was
considered as genomic titer. The FP ratio was calculated by dividing the genomic titer by the

capsid titer.
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Figure 9. Representative sedimentation coefficient distributions in PBS/D20 + 0.001%
poloxamer-188 for AAVS-Lotl to AAV8-Lot3 vector samples (see in Table 10)

(A) Sedimentation coefficient distribution of AAV8-Lot1 vector sample, which is used as the standard
for dFLISA analysis.

(B) Sedimentation coefficient distribution of AAV8-Lot2 vector sample, which is used as sample for
dFLISA analysis.

(C) Sedimentation coefficient distribution of AAV8-Lot3 vector sample, which is used as sample for
dFLISA analysis.

The observed peaks are assigned as empty particle (EP), full particle (FP), or extra filled (ExP).

It is important to note that the unknown peak was not counted as particle.

S20w, sedimentation coefficient in water at 20°C
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Figure 10. Representative sedimentation coefficient distributions in PBS/D20 +
0.001% poloxamer-188 for AAV2-Lot3 to AAV2-Lot4 and AAVS8-Lot5 to AAV8-Lot6
and vector samples (see in Table 11)

(A) Sedimentation coefficient distribution of AAV2-Lot3 vector sample, which is used as the standard
for dFLISA analysis.

(B) Sedimentation coefficient distribution of AAV2-Lot4 vector sample, which is used as the sample
for dFLISA analysis.

(C) Sedimentation coefficient distribution of AAV8-Lot5 vector sample, which is used as the standard
for dFLISA analysis.

(D) Sedimentation coefficient distribution of AAV8-Lot6 vector sample, which is used as the sample
for dFLISA analysis.

The observed peaks are assigned as empty particle (EP), full particle (FP), extra filled particle (ExP)
or partial particle (PP).

S20w, sedimentation coefficient in water at 20°C
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Figure 11. Representative sedimentation coefficient distributions in PBS/D20 + 0.001%
poloxamer-188 for AAV2-Lotl to AAV2- Lot2 vector samples (see in Table 11).

(A) Sedimentation coefficient distribution of AAV2-Lot1 vector sample, which is used as the standard
for dFLISA analysis. The observed peaks were identified as EP, PP, FP and PP dimer. PP is higher
than LOQ, and the PP dimer is lower than LOQ of BS-AUC.

(B) Sedimentation coefficient distribution of AAV2-Lot2 vector sample, which is used as standard
for dFLISA analysis. The observed peaks are assigned as empty particle (EP), full particle (FP),
partial particle (PP) as shown in the figures.

S20w, sedimentation coefficient in water at 20°C
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Table 10. Summary of in-house AAVS vectors used in this study, as determined by BS-AUC in 3-2-1

Number FP EP ExP PP FP+ExP Total
FP EP ExP PP FP+ExP Sample
Sample name ~ Serotype  Promoter GOI ofnucleic (10" (10" (10" (10" (10" FP+ExP+EP
(%) (%) (%) (%) (%) preparation
acids vg/mL) cp/mL) vg/mL) vg/mL) vg/mL) (10" cp/mL)
AAV8-Lotl 8 CMV EGFP 2521 1.09 0.11 0.24 <LOQ 76.10 8.23 15.67 na 91.8 1.31 1.43 Standard
AAV8-Lot2 8 HCRhAAT FIX 2712 4.75 0.61 0.79 <LOQ 77.15 9.90 12.95 na 90.1 5.55 6.16 Sample
AAV8-Lot3 8 na na na na 7.37 na na na 100 na na na na 7.37 Sample

BS-AUC, band sedimentation analytical ultracentrifugation.
GOlI, gene of interest; CMV, cytomegalovirus promoter; HCRhAAT, hepatic control region and human al antitrypsin promoter; EGFP, enhanced green fluorescent protein; FIX, factor IX.

cp, capsid particle; vg, viral genome; EP, empty particle; ExP, extra filled particle; FP, full particle; PP, partial particle; LOQ, limit of quantification; na, not applicable

Table 11. Summary of AAVs vectors purchased from VectorBuilder used in this study, as determined by BS-AUC in 3-2-2

Number FP EP FP+ExP Total
ExP PP FP EP ExP PP FP+ExP Sample
Sample name  Serotype = Promoter ~ GOI of nucleic (10" (10" (10" FP+ExP+EP
(10%vg/mL) (10" vg/mL) %) (%) (%) %) (%) preparation
acids vg/mL)  cp/mL) vg/mL) (10" cp/mL)
AAV2-Lotl 2 CMV EGFP 2521 1.87 0.27 0.94 <LOQ 60.5 8.9 30.9 na 91.1 2.82 3.09 Sample
AAV2-Lot2 2 CMV EGFP 3681 3.33 0.40 <LOQ <LOQ 89.1 10.9 na na 89.1 3.33 3.73 Sample
AAV2-Lot3 2 CMV EGFP 2521 10.3 1.21 6.12 <LOQ 58.5 6.9 34.6 na 93.1 16.5 17.7 Standard
AAV2-Lot4 2 CMV EGFP 2521 6.12 0.75 2.76 <LOQ 63.6 7.8 28.6 na 92.2 8.88 9.63 Sample
AAVS8-Lot5 8 CMV EGFP 2521 7.43 2.34 <LOQ <LOQ 72.2 22.7 na na 77.3 7.95 10.3 Standard
AAV8-Lot6 8 CMV EGFP 2521 7.83 6.60 <LOQ <LOQ 53.6 45.1 na na 54.9 8.02 14.6 Sample

BS-AUC, band sedimentation analytical ultracentrifugation. GOI, gene of interest; CMV, cytomegalovirus promoter; EGFP, enhanced green fluorescent protein; cp, capsid particle; vg, viral

genome; EP, empty particle; ExP, extra filled particle; FP, full particle; LOQ, limit of quantification; PP, partial particle; na, not applicable
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3-2-2. Comparison of anti-AAV VHH antibody immobilized with AAV2 vector by dFLISA

The results of BLI measurements, using an in-house established method, analyzed the
binding affinity of the anti-AAV VHH antibody with AAV vectors. The findings demonstrated
that for AAV2 vector, the binding efficiency between anti-AAV VHH antibody and AAV2
vector was >99% over the entire range of the standard curve, while for the affinity of AAVS
vector, the binding efficiency would be >98% even if Kp value of anti-AAV VHH antibody for

AAVS vector is 100 times larger than that for AAV2 vector.

The objective of the dFLISA experiment was to determine the appropriate concentration of
VHH binding ligand for sufficient binding to the AAV capsid. To achieve this, two different
concentrations of the anti-AAV VHH antibody were applied. In the 1% and 2nd experiments,
the anti-AAV VHH antibody was prepared at concentrations of 10 pg/mL and 20 pg/mL,
respectively. The AAV8-Lot5 vector, with a genome length of 2521 bases, was used in this
study. The results showed that the capsid quantification fluorescence intensity was higher in
the 1t experiment than in the 2", Conversely, the genomic titer showed a lower fluorescence
intensity in the 1% experiment than in 2", However, in the 1% experiment, both the capsid and
genomic signal-to-noise of background ratios (S/N) were higher in the 1° than in the 2"
experiment. Since the higher S/N ratio is a criterion of dFLISA method, the concentrations of
the anti-AAV VHH antibody and anti-AAVS8 antibody (ADKS) were set at 10 ug/mL and 1

png/mL, respectively, for further experiments in this study (Figure 12).
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Figure 12. Optimization of antibody against AAVs by dFLISA

(A) Capsid titer quantification.

(B) Genomic titer quantification.

(C) S/N ratio of fluorescent intensity of capsid and genome of AAV vector.

Two experiments were conducted. For 1* experiment (anti-AAV VHH antibody:10 pg/mL and
anti-AAV8 antibody (ADKS):1 ug/mL) and for 2™ experiment (anti-AAV VHH antibody: 20
pg/mL and anti-AAVS antibody (ADKS): 10 pg/mL). In this quantitative analysis, only one in-house
sample of serotype 8, AAV2-Lot5, was used in this quantitative analysis. The sample was originally
formulated in 1 x PBS with 200 mM NaCl and 0.001% poloxamer-188. After a 100-fold dilution, the
final concentration of NaCl in the solution was 2 mM, with 0.001% poloxamer-188. The final
concentration of the AAV2-Lot5 sample was 7.30 x 10'® vg/mL in 0.05% Tween 20 in 1 x PBS.
Subsequently, this sample solution was serially diluted at a 1:2 ratio to generate a calibration curve.

The sample was analyzed in duplicate. AU, arbitrary unit
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3-2-3. Comparison of the detection wavelength for the capsid and genomic quantification
of AAV vector by dFLISA

After determining the appropriate concentrations of both the anti-AAV VHH antibody (10
pg/mL) and the anti-AAVS8 antibody (ADKS) (1 pg/mL) (Figure 12), I conducted two
additional experiments using an AAV8-LotB vector with a 2521bases-genome as a standard.
The AAVS8-LotB vector was diluted to a concentration of 7.30 x 10'° vg/mL in 0.05% Tween
20 in 1x PBS and then serially diluted at a 1:2 ratio to generate a calibration curve. The results
demonstrated that, in the 1% experiment, the S/N ratios of the capsid titer were not significantly
higher than in the 2" experiment. However, the S/N ratios of the genomic titer in the 1%

experiment were significantly higher than in the 2" experiment.

Since the higher S/N ratio is a criterion of dFLISA, the intensity of the red fluorescence
from proteins labeled with goat anti-mouse IgG H&L (Alexa Fluor 647) to quantify the capsid
titers, with an excitation wavelength of 652 nm and an emission wavelength of 680 nm, was
selected as the optimal wavelength in the 1% experiment. For the intensity of the green
fluorescence from SYBR Gold to quantify the released genome, an excitation wavelength of
500 nm and an emission wavelength of 535 nm in the 2" experiment were selected as the

optimal wavelengths for further experiments in our study (Figure 13).
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Figure 13. Comparison of detection wavelength for capsid and genome of AAV by
dFLISA

(A) Wavelength for capsid titer quantification.

(B) Wavelength for genomic titer quantification.

For 1* experiment, the wavelength utilized for the detection of the capsid and genomic titer were 652
nmey/ 680 nmeny (red bar) and 495 nmex/ 500 nmen, (gray bar), respectively. For 2nd experiment, the
wavelength utilized for the detection of the capsid and genomic titer were 662 nmg,/ 700 nmgnm (gray
bar) and 500 nmg,/ 535 nmgn, (green bar), respectively.

In this quantitative analysis of, only one sample of serotype 8, AAV2-LotC, was used in this
quantitative analysis. This sample was initially formulated in PBS, 200 mM NaCl, 0.001%
poloxamer-188, and then diluted to a concentration of 7.30 x 10" vg/mL in 0.05% Tween 20 in 1 x
PBS. Subsequently, it was serially diluted at a 1:2 ratio to generate a calibration curve. The sample
was analyzed in duplicate.

cp, capsid particle; Ex, excitation wavelength; Em, emission wavelength; vg, viral genome

3-2-4. dFLISA analysis

A 96-well plate was first coated with anti-AAV VHH antibody, followed by the addition of
bovine serum albumin (BSA) for blocking. Standards and samples were then added to the wells.
The binding efficiency of the anti-AAV VHH antibody for AAV2 vector and AAV8 vector were

estimated as >98% (Figure 7). Mouse anti-AAV antibody was added after removal of unbound
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AAVs. Then goat anti-mouse antibody conjugated to Alexa Fluor 647 was used to detect and
quantify the AAV capsid proteins. The plate was washed to remove excess goat antibody and
heated at 85°C for 15 min to disrupt the capsid and release the genome. SYBR gold solution
was then added to each well to detect DNA. Because SYBR gold is fluorescent only when it is
bound to DNA,% genomes can be quantified even when they are no longer immobilized on the
plate and without washing out the unbound SYBR gold dye. Standard curves were generated
using 4-parameter logistic regression to calculate the capsid and genome titers. The FP ratio
was calculated from these values-capsid and genome titers are considered to represent total and

full particle concentrations, respectively (Figure 14).
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Figure 14. Schematic illustration of dFLISA analysis

The soluble biotinylated anti-AAVX conjugate VHH affinity ligand, which exhibits high affinity for
AAVX, was immobilized directly onto a black 96-well plate and used as a capture protein.
Subsequently, 1% BSA was added, and the individual wells were loaded with vector stocks
comprising a variety of AAV samples. A mouse monoclonal antibody targeting intact AAV particles

was used as the primary antibody against AAV. To enable detection, I used a goat anti-mouse IgG
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Hé&L-labeled secondary antibody (Alexa Fluor 647). The viral capsid was disrupted, and ssDNA was
released by the addition of 1 x PBS to each well, followed by incubation at 85°C for 15 min.
Subsequently, I added diluted SYBR gold solution to each well and incubated the plate at room
temperature for 5 min. This technique allowed us to generate the calibration curve and thus measure
both red and green fluorescence, providing an assessment of the capsid and genomic titers, as well
as the FP ratio, through simultaneous dual-wavelength measurements.

AU, arbitrary unit; cp, capsid particle; vg, viral genome

3-3. Validation of dFLISA
3-3-1. Precision, accuracy and LOQ of dFLISA measurement

The precision and accuracy of capsid and genomic titer quantification by dFLISA were
evaluated by analyzing purified AAVS vector samples on three separate occasions over three
consecutive days (Figure 15A to Figure 15C). The capsid concentration of the original sample
solution was determined in advance as 1.54 x 10!! cp/mL by BS-AUC. These samples were
serially diluted at a 1:2 ratio, resulting in the series of dilutions shown in Table 12 and Table
13. For precision, the coefficient of variation (%CV) of the capsid titer was less than 15% for
all samples and less than 11% for Samples 1-4 (Table 12). The %CV of genomic titer
quantification was less than 7% for Samples 1-3, and the %CV of the genomic titer of Sample
4 was 22.6% (Table 13). Accuracy was evaluated based on the ratio of experimental/expected
values. The ratios of Samples 14 were consistently within the range 80—100% for both capsid
and genome titers. The ratios of experimental/expected values of Samples 5—7 was lower than

80% (Figure 15B, Figure 15C and Table 13).

According to the criteria for accuracy and precision described in the methods section, the
concentration of 1-3 should be within the quantification range of dFLISA, and sample 4 (1.61
x 10'° cp/mL, 1.47 x10'° vg/mL) met the criteria for the limit of quantification (LOQ). In
addition, the concentration was calculated from fluorescence intensities of blank + 10 standard
deviations (SD), which is also used to determine LOQ. The capsid titer for Sample 4 was higher

than that of blank intensity + 10 SD (Table 14), while the genome titer for Sample 4 was lower
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than that of blank intensity + 10 SD (Table 15). The higher values were determined as the LOQ

of dFLISA for capsid and genome titer quantification: 1.61 x 10'° cp/mL for capsid titer and

1.70 x 10! vg/mL for genomic titer.
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Figure 15. Quantification of capsid and genomic titers by dFLISA

(A) Capsid titer quantification.

(B) Genomic titer quantification.
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(C) Percentage of full particles determination.

In this quantitative analysis, two different samples of serotype 8, AAV8-Lotl and AAV8-Lot2, were
used. Each sample was initially formulated in PBS, 200 mM NacCl, 0.001% poloxamer-188. AAVS§-
Lotl was used to establish the reliability of the calibration curve and had a concentration of 1.43 x
10" cp/ml and 1.31 x 10" vg/mL, and then diluted 60-fold with 0.05% Tween 20 in 1 x PBS
AAVS-Lot2 was used as an unknown sample and had a concentration of 6.16 x 10'* cp/ml and 5.55
x 10" vg/ml, and then diluted 400-fold with 0.05% Tween 20 in 1 x PBS. Serial 2-fold dilutions were
performed daily to obtain seven samples while avoiding freeze—thaw cycles and maintaining
consistent operating conditions for a brief time. Both samples were prepared without undergoing
freeze—thaw cycles. The obtained responses were plotted using dFLISA data (experimental value)
and BS-AUC data (expected value). The mean values from experiments conducted over three days
are presented in the results. Each sample was analyzed in duplicate wells (n=2), and error bars
indicate the SD within each sample. Asterisks (*) are used to indicate cp/mL and vg/mL values that

were below the limit of quantitation. cp, capsid particle; vg, viral genome
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Table 12. Precision and accuracy of the dFLISA of capsid titer (cp/mL)

Expected value

Experimental value

Sample Concentration (10" cp/mL)

Concentration (10" cp/mL)

10
Day 1 Day2 Day3 Average titer SD (107 cp/mL) CvV ) Accuracy (%)

1 15.4 15.7 15.9 16.1 15.9 0.21 1.3 102.8

2 7.70 6.98 6.48 6.45 6.64 0.29 4.4 87.6

3 3.85 3.50 3.31 3.23 3.35 0.14 4.2 87.6

4 1.93 1.81 1.53 1.50 1.61 0.17 10.6 84.1

5 0.96 0.84 0.67 0.76 0.76 0.08 10.8 76.0

6 0.48 0.29 0.39 0.35 0.34 0.04 14.4 74.3

7 0.24 0 0 0.16 0 0 0 0

Results represent the mean values from 3-day experiments, in which each sample was analyzed in duplicate wells.

The samples were initially diluted 400-fold, followed by a 2-fold serial dilution.

CV, coefficient of variation; cp, capsid particle; SD, standard deviation

66



Table 13. Precision and accuracy of the dFLISA of genomic titer (vg/mL)

Expected value

Experimental value

Sample  Concentration (10" vg/mL) Concentration (10" vg/mL) Full capsid ratio
SD (10" vg/mL) CV (%) Accuracy (%)
Dayl Day2 Day3 Average titer (%)

1 13.9 13.7 14.0 13.3 13.7 85.8 0.31 2.3 98.4

2 6.94 6.60 6.58 6.37 6.52 98.2 0.12 1.9 93.9

3 3.47 3.27 3.10 2.89 3.09 92.2 0.18 6.1 89.0

4 1.73 1.80 1.47 1.14 1.47 91.3 0.33 22.6 84.7

5 0.86 0.69 0.35 0.31 0.45 60.1 0.21 46.1 52.7

6 0.43 0 0 0 0 0 0 0 0

7 0.21 0 0.54 0 0 0 0 0 0

Results represent the mean values from 3-day experiments, in which each sample was analyzed in duplicate wells.

The samples were initially diluted 400-fold, followed by a 2-fold serial dilution.

CV, coefficient of variation; SD, standard deviation; vg, viral genome
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Table 14. Determination LOQ of dFLISA for capsid titer detection

Blank Intensity (10%) Concentration calculated from
Day 1 Day 2 Day 3 Average intensity SD blank intensity + 10 SD (10'° cp/mL)
1.65 291 2.05 2.20 0.29 0.60

The limit of quantification (LOQ) of capsid quantification is estimated from fluorescence intensities of blank.

Results represent the mean results of 3-day experiments in which each sample was analyzed in duplicate wells.
cp, capsid particle; SD, standard deviation

Table 15. Determination LOQ of dFLISA for genomic titer detection

Blank Intensity (10%) Concentration calculated from
Day 1 Day 2 Day 3 Average intensity SD blank intensity + 10 SD (10'° vg/mL)
10.0 9.10 9.20 9.56 1.27 1.70

The limit of quantification (LOQ) of genome quantification is estimated from fluorescence intensities of blank.

Results represent the mean results of 3-day experiments in which each sample was analyzed in duplicate wells.
SD, standard deviation; vg, viral genome
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3-4. Comparison of full particle ratio determination of AAV vector by orthogonal methods
3-4-1. Linearity of AAVS full particle ratio in dFLISA analysis

I then investigated the linearity of the FP ratio calculated by dFLISA. Samples with different
FP ratios (0%, 10.5%, 31.5%, 52.3%, 73.1%, and 90.1% of FPs) were prepared by mixing two
samples: AAVS8-Lot2 (FP ratio was 90.1%) and AAVS8-Lot3 (FP ratio was 0%). Excellent
correlation and linearity in the FP ratio were observed, with an R? value of > 0.99, and the slope
of the plot against the expected values was 0.97. In addition, the %CV of the FP ratio was less
than 25%. These results indicate that dFLISA has sufficient precision, accuracy, and linearity

for FP ratio determination (Figure 18).

3-4-2. Determination of full particle ratios of AAV8 vector by MP

MP measurement was conducted using TwoMP. For each experiment, mixed samples (full
capsids at six prepared sample ratios, specifically, 90.1%, 73.1%, 52.3%, 31.5%, 10.5%, and
0% FPs). MP’s result shown that only two histogram peaks, observed Peakl with mass
corresponding to FP, while the observed peak 2 with mass corresponding to EP. Gaussian
distribution fit was applied to the histogram peaks (Figure 16). From these Gaussian fits, the
percentage of full and empty AAVS capsids were extracted. Then the observed percentage these

spike same compared with different orthogonal methods as shown in Figure 17 and Figure 18.
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Figure 16. Histogram from MP analysis of ssDNA packaged AAVS capsids obtained
from six mixed spike samples (90.1%, 73.1%, 52.3%, 31.5%, 10.5%, and 0% FPs).

(A) Constructed mass histograms of 90.1 % full capsid.
(B) Constructed mass histograms of 73.1 % full capsid.
(C) Constructed mass histograms of 52.3 % full capsid.
(D) Constructed mass histograms of 31.5 % full capsid.
(E) Constructed mass histograms of 10.5 % full capsid.
(F) Constructed mass histogram of 0 % full capsid.

Observed Peakl (red) with mass corresponding to FP, while the observed Peak 2 (blue) with mass

corresponding to EP. For each AAVS sample, a single representative mass histogram is displayed.
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Gaussian distribution fit was applied to the histogram peaks. From these Gaussian fits, the percentage
of full and empty AAVS capsids were extracted. EP, empty particle; FP; full particle; kDa, kilodalton;
MP, mass photometry

3-4-3. Linear correlation of total capsid titers and genomic titers of six mixed spike
samples by orthogonal methods

I have compared the capsid titers of six mixed spike samples analyzed by three techniques:

dFLISA, AUC, and ELISA (Table 16). Next, I also compared the genomic titers of six mixed

spike samples analyzed by three techniques: dFLISA, AUC, and dPCR (Table 17, Figure 17B).
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Figure 17. Linear correlation of total capsid titers (cp/mL) and genomic titer (vg/mL)
of six mixed spike samples by orthogonal method.

(A) Comparison of capsid titers (cp/mL) of six mixed spike samples analyzed by three techniques:
dFLISA, AUC, and ELISA. The capsid titer was adjusted to 6.16 x 10" cp/mL for the mixed samples
and to 6.09 x 10" cp/mL for 0% FPs sample. The expected capsid titers (black square) were plotted
on the horizontal axis, and the corresponding experimental capsid titer obtained by dFLISA (green
circle), AUC (light blue thombus) and ELISA (purple triangle) were plotted on the vertical axis.

(B) Comparison of genomic titers (vg/mL) of six mixed spike samples analyzed by three techniques:
dFLISA, AUC, and dPCR. The linear correlation of the expected genomic titers was plotted on the
horizontal axis and the corresponding experimental genomic titer obtained by dFLISA (green circle),

AUC (light blue rhombus) and dPCR (purple triangle) were plotted on the vertical axis.
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Table 16. Comparison of capsid titers (cp/mL) of six mixed spike samples using orthogonal techniques: dFLISA, BS-AUC, and ELISA

Expected value Experimental value
Sample AUC (10" cp/mL) dFLISA (10" cp/mL) AUC (10" cp/mL) ELISA (10" cp/mL)
90.1% full 6.16 6.36 6.09 7.60
73.1% full 6.15 7.10 532 4.99
52.3% full 6.13 7.7 8.11 8.63
31.5% full 6.12 717 6.60 5.77
10.5% full 6.10 6.46 4.82 6.26
0% full 737 5.71 737 9.75

AUC, analytical ultracentrifugation; dFLISA, dual fluorescence-linked immunosorbent assay; ELISA, enzyme-linked immunosorbent assay; cp, capsid
particle
Table 17. Comparison of genomic titers (vg/mL) of six mixed spike samples using orthogonal techniques: dFLISA, BS-AUC, and dPCR

Expected value Experimental value

Sample AUC (10" vg/mL) dFLISA (10" vg/mL) AUC (10" vg/mL) dPCR (10" vg/mL)
90.1% full 5.55 5.46 5.27 4.07

73.1% full 4.49 5.51 3.36 3.24

52.3% full 3.21 4.04 3.11 2.35

31.5% full 1.93 2.51 1.67 1.74

10.5% full 0.64 8.39 nd* 0.61

0% full 0 0 0 0

AUC, analytical ultracentrifugation; dFLISA, dual fluorescence-linked immunosorbent assay; dPCR, digital chain polymerase reaction

’nd, not detected; vg, viral genome
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3-3-5. Comparison of genomic titer by orthogonal methods using mixed samples

I evaluated the suitability of dFLISA for vector analysis by comparing it to various
particle-measuring techniques, including BS-AUC, MP, and the combined digital
(d)PCR/ELISA method.®**” As shown in Figure 18, dFLISA showed good correlation with
the orthogonal determination of the FP ratio. The results of the MP were in good agreement
with that of dFLISA, except for a 10% FP sample. BS-AUC showed lower FP values than
expected, and the digital PCR (dPCR)/ELISA results were in close agreement with the
expected values of 73.1%, 31.5%, and 10.5% FP. However, the dPCR/ELISA results for the

90.1% and 52.3% FP samples were very different because of variations in the PCR results.
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Figure 18. Determination of full-to-empty ratio by dFLISA and orthogonal method.

For the determination of the full to empty capsid ratio by dFLISA, capsid and genomic titer
quantification was repeated on three consecutive days (Days 1-3) by mixing two AAV8 samples, full
and empty titers, 6.16 x 10"* cp/mL and 7.37 x 10"* cp/mL, respectively, to obtain different FP ratios
ranging from 0% to 90.1% FPs. A good linear correlation was obtained between the dFLISA data
(experimental % full) shown on the vertical axis and the AUC data (expected % full) shown on the

horizontal axis. Results are the means of 3-day experiments in which each sample was analyzed in
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duplicate wells, with error bars corresponding to the SD of each population. As a comparison of
genomic titer by orthogonal methods using mixed samples, the graph shows the relationship between
the expected percentage of full capsids as determined by AUC (blue square) on the vertical axis and
the corresponding experimental percentage of full capsids on the horizontal axis. The graph includes
data points representing experimental results obtained by dFLISA (green circle) and different
orthogonal methods, specifically AUC (black rhombus), MP (red triangle), and dPCR/ELISA (purple

multiplication sign). All data are conducted in duplicate.

4. Discussion
4-1. Development of dFLISA

4-1-1. Screening the initial condition for assay development

The dFLISA method demonstrated successful binding efficiency, and genome release
conditions were found to be appropriate for the development of this assay. For BLI was
performed for efficiency of binding affinity between AAVs vector with anti-AAV VHH
antibody (Figure 7). The result of BLI showed that the binding efficiency of VHH antibody
and AAV2 was >99% over the entire range of the standard curve (Figure 7). It is suggested
that the binding efficiency of AAV8 would be >98% even if Kp value of VHH antibody for
AAVS is 100 times larger than that for AAV2. Even though the specific affinity of VHH
antibody with AAV8 vector was not available, the results indicate that the VHH coating
antibody is a suitable ligand for coating microtiter plates with various AAV vectors except
AAV9. In previous reports, the appropriate temperature range for AAV capsid particle
disruption was found to be between 66.5°C and 89.5°C + 0.5°C for AAV1 to AAVS vector,
excluding AAVS vector. Therefore, in dFLISA, I used 85°C as the optimal temperature to
disrupt the AAV capsid, which is the appropriate temperature range for the disruption of AAV

capsid particles (as shown in Figure 8).

4-1-2. Development of dFLISA

This study aimed to establish a simple and reliable method of measuring AAV vector titers
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and the ratio of FP. I developed dFLISA, which uses two fluorescent dyes to quantify capsid
and genome titers.®*6 The precision, accuracy, and quantification limits of dFLISA were

assessed.

Importantly, in dFLSIA, appropriate wavelength detection for genome and capsid
quantifications was evaluated. Additionally, both clear and black poly (styrence) microwell
plates can be employed the immunosorbent assay.”® My analysis revealed that the black well
plate exhibited higher fluorescence intensity, including the S/N ratio, compared to the clear
plate. This finding aligns with previous studies that suggest black polystyrene flat-bottom
microplates are well-suited for fluorescence-based assays due to their ability to minimize

well-to-well crosstalk and produce higher signal intensities.?2

4-2. Validation of dFLISA
4-2-1. Precision, accuracy and LOQ of dFLISA analysis

The dFLISA method consistently yielded precision values below 15% across all tested
samples while maintaining an accuracy of 80—-100% of the expected values for both capsid
and genomic titers in Samples 14, except in cases where the values approached or fell
below the LOQ, as with Samples 5—7 (Figure 15, Table 12 and Table 13). This indicated
the good precision and accuracy of my approach for obtaining capsid and genome titers, not
only outperforming the combined dPCR and ELISA but also showing a significant
improvement in error minimization. The relative concentrations of ExPs were relatively
similar between the standard (AAVS8-Lotl, 15.67%) and the sample (AAV8-Lot2, 12.95%)
(Table 10). Because the genomic titer determined by dFLISA was the sum of FPs and ExPs,
a difference in the relative concentrations of FPs and ExPs between standards and samples

could result in inaccuracy and imprecision. Although the PP concentrations of samples used
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were lower than the LOQ of BS-AUC?® and were ignored in this study, influence of PPs on the
capsid and genomic titers should be considered carefully. dFLISA can simply quantify capsid
and genomic titers; however, the inability to distinguish FPs from ExPs is the limitation of
dFLISA. For detailed characterization, analyses using orthogonal methods that can distinguish
between EPs, PPs, FPs, and ExPs are desired. I then calculated the LOQ, whose values for
dFLISA were determined based on assay precision, accuracy, and background noise. It is
remarkable that the LOQ values were close to those expected from the precision, accuracy, and
the standard curve. Even the LOQ of dFLISA was only slightly higher than the LOQ of the
ELISA. Nonetheless, it is sufficient to identify the capsid titers. Intermediate species cannot be
quantified. It also indicates that further studies are needed to improve the sensitivity of the

method for more accurate and precise detection and quantification of the analyte.

4-2-2. Linearity of AAV full to empty ratio in dFLISA analysis

dFLISA showed robust correlation and linearity in the FP ratio. The experimental ratio of
full AAV particles was 0-85.8%, with a precision of %CV 3.26% =+ 25% (Figure 18),
demonstrating good agreement with the expected FP ratio of 0-90.1%. In addition, linearity
experiments were performed using dFLISA over a range of ratios. Therefore, the reliable
performance of this technique highlights its ability to discriminate between the different ratios
of FPs. Furthermore, during the dFLISA demonstration, I improved the reliability and
robustness of the method over multiple runs by introducing AAV vector samples at different
concentrations and adjusting the FP ratio (Figure 17A and Figure 17B). This optimization not

only minimized the duration of each assay, but also ensured a high level of consistency.

4-3. Comparison of the linearity of dFLISA and orthogonal methods using mixed samples

The main approach for determining both capsid and genomic titers is to choose the most
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suitable analytical method for absolute quantification. BS-AUC is a standard technique used to
analyze capsid content and distinguish between empty and full capsids as well as other AAV
vector subspecies. 30888993 BS_AUC is based on the differential sedimentation velocities of
AAV vector subpopulations under strong centrifugal force due to differences in size, density,
weight, and shape. A combination of dPCR and ELISA is another standard method for the
determination of the FP ratio. MP has recently gained popularity for AAV vector
characterization because of its mass resolution, which allows operators to discriminate between

empty and genome-filled capsids.®®+9°

In this study, I conducted a comparative analysis of the %FP in identical recombinant AAV
samples via dFLISA, BS-AUC, MP, and dPCR/ELISA. The FP ratio determined by dFLISA
was closer to the expected values than that determined by BS-AUC, MP, and dPCR/ELISA
(Figure 18). The genomic titer determined by BS-AUC was lower than expected values
(Figure 17B), and the FP ratio determined by BS-AUC was lower than that of dFLISA (Figure
18). It should be noted that FP ratio was calculated by dividing the sum of FPs and ExPs by the
sum of EPs, FPs, and ExPs and different from a FP ratio calculated only from EPs and FPs.®
According to Maruno et al. (2023), the relative standard deviation (%RSD) of AUC for
quantification of particle concentration was less than 20%. Considering that %Full was
calculated from full and empty particles and variability comes from each concentration, the

results obtained in this study could be in the variability of AUC (Figure 18).

Two peaks with mass corresponding to empty and full particles were observed in MP
analysis, and ExP related peak was not observed (Figure 16). A Gaussian distribution fit was
applied to the two histogram peaks and full particle ratio was calculated based on the peak area.
The results of MP were consistent with that of dFLISA and both were as expected, with the

exception of one sample containing 10% FPs. MP did not detect any empty particles in the
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sample with 10% FPs, suggesting dFLISA has a higher sensitivity than MP. The advantages

and limitations of analytical methods used in this study were summarized in Table 19.

Previous studies have reported evidence showing that high-performance liquid
chromatography (HPLC) is a rapid and convenient method for analyzing the empty and full
capsid content of purified AAV samples.”®*” The sensitivity of HPLC was sufficient to quantify
the empty and full AAV vectors in samples with capsid concentrations as low as ~5 x 10'0
cp/mL,%” whereas dFLISA was able to quantify empty and full AAV vectors at concentrations
as low as 0.60 x 10'° cp/mL (Table 14). Notably, the sensitivity of dFLISA was higher than

that of HPLC although HPLC is a promising method to determine FP ratio.

For capsid titer quantification, dFLISA demonstrated consistency with the ELISA (Table
16), but the LOQ of dFLISA (Figure 17A) was higher than that of traditional ELISA. This was
probably due to differences in the detection method—the ELISA uses a horseradish-peroxidase
(HRP)-conjugated streptavidin enzyme®”*8 while dFLISA uses a second antibody conjugated
to red fluorescence for capsid titer quantification. For genomic titer measurement, dFLISA
showed higher titers than dPCR for samples with 10.5% to 90.1% FPs. This might be due to
the variability of dPCR,**1%° and considering that the FP ratio determined by dFLISA was close
to the expected values, genomic titer quantification by dFLISA should be more precise and
accurate than dPCR. Another possible reason why dPCR result was lower than dFLISA result
is that ExPs could contain genome without ITR, and thus dPCR could not quantify ExPs
because dPCR specifically quantifies genome with ITR. The specificity of dFLISA was only
for genome, not genome with ITR. The non-specificity is considered to be another limitation

of dFLISA.

The dFLISA results were comparable to those of ELISA and dPCR. Thus, I believe that the
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dFLISA is applicable for crude samples. Taking previous research and my routine
production of AAV into account, the titer at harvest step can be higher than LOQ of dFLISA
(1.61 x 10'° cp/mL, 1.70 x10'° vg/mL), and therefore sensitivity of dFLISA is high enough
to analyze crude samples whereas it would be difficult to use dFLISA for samples at the

beginning of upstream process such as just after the triple transfection treatment.

Comparing the methods from the perspective of the operator, it is important to note that BS-
AUC and MP require specialized equipment and high capsid titers.® Conversely, the reliability
of dFLISA as an alternative analytical method for the precise assessment of the FP ratio that
uses the same standard has been demonstrated. Thus, it is a crucial test for quantifying FP, EP,
and FP ratios. In FP ratio analysis by dPCR/ELISA, data from two independent analyses are
required. Therefore, the combination method generally has inherently higher variability.

Moreover, dPCR-based methods show higher variability than ELISA.!%!

5. Conclusion

In this study, several investigations were conducted, including the development of antibodies
to AAV capsids and the assessment of their binding efficiency. Optimal conditions for genome
release were established to ensure complete and effective release of AAV genomes without
degradation or loss. Wavelength detection was employed to maximize sensitivity and
specificity for both capsid and genomic titers. Additionally, the type of microwell plates used

for the assay was optimized.

One limitation of dFLISA is its inability to discriminate between full particle (FP),
extrafilled particles (ExPs), and partial particles (PPs). However, though the inability to
distinguish them is a limitation, the dFLISA results were shown as a ratio of full particle (FP)

and empty particle (EP) because they are usually used as quality attributes in quality control of
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gene therapy products. Furthermore, these limitations of dFLISA have been strictly
demonstrated and discussed in standards and sampled quantification by BS-AUC (Figure 9 to
Figure 11 and Table 10 to Table 11). I already discussed how PP and ExP affected on the
results of dFLISA based on the AUC results because AUC can quantify PP and ExP separately

from EP and FP.

Ultimately, dFLISA was successfully developed. I demonstrated that it provides the
determination of capsid and genome titers as well as the FP ratio in a simple way with high
precision, high accuracy, and high sensitivity by using the same 96-well plate. Furthermore,
the critical validation of dFLISA were evaluated such as precision, accuracy, LOQ and linearity.
The capsid and genomic titers, and full capsid ratios were comparable to the expected values.
For comparison with orthogonal method, the correlation between dFLISA and BS-AUC proved
not only robust, but also indicating the reliability of the dFLISA results for both full and empty
capsids as well. In addition, the dFLISA results also corresponded with those of other

orthogonal techniques, including MP and a combination of dPCR and ELISA.
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Chapter 3. Application of dFLISA
1. Introduction

In Chapter 2, 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. Since 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. 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 Chapter 3, I aim to broaden the application of dFLISA by exploring its utility in the
evaluation of AAV vector development. My study focuses on two essential applications of
dFLISA: the analysis of purified AAV vectors with high FP ratios and the evaluation of

crude lysate samples.

For the purified AAV vectors, I demonstrated the ability of this dFLISA for quantifying
the capsid and genomic titers for other AAV vector serotypes as each serotype exhibits
unique characteristics affecting tissue targeting, immune response, and transduction

efficiency.

Additionally, the fluorescence intensity of the AAV vector varies with different genome
lengths, and this factor is also relevant to dFLISA. All AAV vectors used in other
experiments had genome lengths almost identical to that of the standard AAV vector. I then
conducted the dFLISA analysis to compare fluorescence intensity between AAV vectors

with different genome lengths validated the value and reliability of dFLISA as a method for
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evaluating AAV vector genomes.

For crude lysate analysis, firstly, the recovery efficiency of spiking levels was also assessed
to see whether dFLISA can be used to analyze crude samples without purification, despite the
presence of host cell DNA and proteins that could potentially interfere with measurements.
Subsequently, I evaluated the ability of dFLISA for capsid/genome quantification in the
presence of impurities from crude lysate and compared the results with other methods such as

ELISA and dPCR.

2. Experimental materials and methods

2-1. AAV samples

Two rAAVS8 vectors, including AAV8-Lotl and AAVS-Lot2 (Table 10) were generated
using triple-plasmid co-transfection. Briefly, pAAV-Rep&Cap (Serotype 8), pAd helper, and
transgene plasmids (CMV-EGFP or AAT-FIX) were co-transfected into suspended HEK293T
or VPC 2.0 (Thermo Fisher Scientific, Waltham, MA, USA) cells. The transfected cells were
cultured, and the medium and cell lysate were harvested (it was collected as a crude sample).
Thereafter, the samples were purified via affinity chromatography using AAVX columns
(Thermo Fisher Scientific). Bulk AAV samples were purified using affinity chromatographic
purification followed by a CsCl ultracentrifugation (UC) or an anion exchange column to
separate full and empty particles. Purified samples (AAVS8-Lotl and AAV8-Lot2) were
centrifuged at 25,000 rpm in an Optima XE-90 (Beckman Coulter, Inc., Brea, CA, USA) using
a Beckman SW41Ti rotor at 20°C for 42 h. The virus bands generated by UC were collected
by using a piston fractionator (BioComp Instruments Ltd., Fredericton, Canada) equipped with
a UV monitoring apparatus (Triax flow cell, BioComp Instruments Ltd.). For the anion

exchange chromatography, the samples were applied to a CIMmultus QA column (Sartorius,
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Gottingen, Germany) and eluted with a linear gradient of 0250 mM NacCl in bis-tris-propane
buffer (pH 9.0). Then the virus fractions were dialyzed in Slide-A-Lyzer 10K (Thermo Fisher
Scientific). AAV vector samples were analyzed using BS-AUC to differentiate between
therapeutic products, including full particles (FPs), and product-related impurities such as
empty particles (EPs), partial particles (PPs), and extrafilled particles (ExPs) (see Figure 6).
The representative sedimentation coefficient distributions for AAV2 vector and AAVS vector
in PBS/D20 + 0.001% poloxamer-188 determined by BS-AUC, are also described in Figure
9A to Figure 9B. Table 10 summarizes the information on the in-house AAVS8 vectors used in

this study.

I also used other laboratory-grade AAV vectors, including AAV2-Lotl to AAV2-Lot4 and
AAVS8-Lot5 to AAVS8-Lot6 manufactured in HEK293T cells, which were procured from
VectorBuilder (Chicago, IL, USA). Tablell summarizes the information on the commercial

AAV2 vector and AAVS vector used in the dFLISA experiments.

2-2. Application of dFLISA
2-2-1. Application of dFLISA for purified AAV vector samples
2-2-1.1. Application of dFLISA for quantifying different AAV serotypes

The representative dFLISA method described above was used for this experiment. AAV2-
Lot3, which contained linear ssSDNA, was diluted 100-fold to reach concentrations of 1.77 x
10" ¢cp/mL and 1.65 x 10! vg/mL with 0.05% Tween 20 in 1 x PBS, then serially diluted 1:2
to generate a calibration curve. AAV2-Lot4 was also diluted 100-fold, resulting in final
concentrations 0f 9.63 x 10'° cp/mL and 8.88 x 10'° vg/mL, with 0.05% Tween 20 in 1 x PBS.
The AAV8-Lot5 sample containing linear ssDNA was diluted 50-fold to reach concentrations
0f2.06 x 10" cp/mL and 1.59 x 10! vg/mL with 0.05% Tween 20 in 1 x PBS, and then serially

diluted 1:2 to generate a calibration curve. AAV8-Lot6 was diluted 50-fold to achieve final
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concentrations of 2.92 x 10! ¢cp/mL and 1.60 x 10! vg/mL with 0.05% Tween 20 in 1 x PBS.

Test samples prepared without any freeze—thaw cycles.

2-2-1.2. Fluorescence intensity of SYBR gold with different genome lengths

A ssDNA 7K ladder (PerkinElmer, Waltham, MA, USA) containing ssDNA fragments
ranging from 1100 bases to 5100 bases was used. First, 2 pL. of EzApplyDNA (6x loading
buffer) was applied to Parafilm for each sample. Next, 10 pL of sample was added and
thoroughly mixed by pipetting, and 10 pL of the mixture was loaded onto a 1% agarose gel
(Funakoshi Co., Ltd, Japan). Agarose gel electrophoresis (AGE) at 70 V for 45 min, after which,
the gel was stained according to the manufacturer's instructions. SYBR Gold Nucleic Acid Gel
staining solution (Invitrogen, Thermo Fisher Scientific, Eugene, OR, USA) was used for gel
staining. Quantitative analysis of brightness density within the stained gel was performed using
an iBright 1500 instrument (Thermo Fisher Scientific) in conjunction with iBright Analysis
version 4.0 software (Thermo Fisher Scientific). Image brightness adjustments were made prior

to analysis.

Subsequently, the ssDNA ladder was analyzed by MP to determine the relative concentration
of each ssDNA in the ladder. Before conducting MP measurements, ssDNA ladder solutions
were diluted in buffer consisting of 5 mM Tris and 10 mM MgCl (pH 8). Each measurement
was recorded for 60 s, and every sample was examined a minimum of three times (n > 3). Data
analysis was conducted using DiscoverMP and an in-house Python program. Histogram peaks

were fitted with Gaussian distributions to extract the percentage of ssDNA ratio.

I used a DNA ladder sample consisting of a mixture of different DNA length in this
experiment. To separate and obtain fluorescence intensity of each DNA, AGE was performed,

and each band was dyed with SYBR gold and band intensities were measured. Because the

&5



concentration of each DNA was different between each other and was not provided by the

manufacturer, I used MP to determine relative number concertation of each DNA in the DNA

ladder.

Furthermore, the fluorescence intensities obtained by agarose gel electrophoresis (AGE)
with five different ssDNA ladder strands were divided by MP area (%) to obtain relative
fluorescence intensity per molecule. The relative fluorescence intensity was plotted against the
ssDNA ladder standard length. The expected fluorescence intensity ratio of the AAV vectors
with both self-complementary DNA (scDNA) (3681 bases) and single-stranded DNA (ssDNA)

(2521 bases) was also estimated from the curve.

The fluorescence intensity of AAV vector containing sScDNA were examined using dFLISA
and compared that of AAV vector containing ssDNA. AAV2-Lotl containing ssDNA was
diluted 100-fold to concentrations of 3.09 x 10'° cp/mL and 2.82 x 10'° vg/mL in 0.05% Tween
20 in 1 x PBS, and then serially diluted at a 1:2 ratio to generate a calibration curve. Similarly,
AAV2-Lot2 containing scDNA was diluted 50-fold to concentrations of 7.47 x 10'° ¢cp/mL and
6.66 x 10'° vg/mL in 0.05% Tween 20 in 1 x PBS and then serially diluted at a 1:2 ratio to
generate a calibration curve. The dFLISA analysis method as described earlier in the Methods
was used. The ratio of fluorescence intensities of ssDNA AAV8 vector and scDNA AAV2

vector were calculated.

2-2-2. Application of dFLISA for crude sample and other methods

2-2-2.1. Spike recovery test of dFLISA
A representative method for dFLISA is described above. In these experiments, AAV 8-

Lotl was used as standard as described above. For the spike sample, AAVS-Lot2 was
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concentrated by ultrafiltration to reach a final concentration of 6.16 x 103 cp/mL and 5.55 x
10" vg/mL. It was then diluted to three different spiking levels: high (Spike H) at 1.23 x 10!
cp/mL and 1.11 x 10! vg/mL, medium (Spike M) at 0.82 x 10! cp/mL and 0.74 x 10'° vg/mL,
and low (Spike L) at 0.61 x 10'! cp/mL and 0.55 x 10!'vg/mL, all in 0.05% Tween 20 in 1 x
PBS. A crude lysate sample of unknown concentration was mixed with each spike sample
solution at a 1:1 volume ratio and analyzed in duplicate. The following equations were used to
calculate the expected values for mixed spike samples:

Mixed spike (H—M) = 2 (crude + Spike H) — > (crude + Spike M) (Equation 6)

Mixed spike (H—L) = 3 (crude + Spike H) — > (crude + Spike L) (Equation 7)

The prepared spike sample solutions were then added to each well of the plate. The target

recovery percentage (%) was within + 25%.

2-2-2.2. Spike-recovery test of dPCR

A representative method for dPCR is described in 2-5-4 of Chapter 2. These experiments,
the spike-recovery test by dPCR was performed using AAV8-Lot2 as the spike samples, which
was concentrated by ultrafiltration to reach a final concentration of 6.16 x 10'3 ¢cp/mL and 5.55
x 10'% vg/mL. Subsequently, that was sample was spiked at three different spiking levels: high
(Spike H) at 1.23 x 10! ¢p/mL and 1.11 x 10'! vg/mL, medium (Spike M) at 0.82 x 10! cp/mL
and 0.74 x 10'° vg/mL, and low (Spike L) at 0.61 x 10'! cp/mL and 0.55 x 10''vg/mL, all in
0.05% Tween 20 in 1 x PBS. A crude lysate sample of unknown concentration was mixed with
each spike sample solution at a 1:1 volume ratio and analyzed in duplicate. The equations were
used to calculate the expected values for mixed spike samples were the same as equations above
(Equation 6 and Equation 7). The prepared spike sample solutions were then added to each

well of the dPCR.
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2-2-2.3. Quantification of capsid and genomic titers of crude samples by dFLISA

For this experiment, the representative dFLISA method described above was used. An AAVS
crude lysate sample of an unknown concentration was analyzed by dFLISA. The experiment,
as detailed in the preceding section. The analysis was performed in triplicate. The capsid and
genomic titers obtained by dFLISA were compared with ELISA and dPCR results by
independent samples t-test. For capsid quantification, the dFLISA results were consistent with
those of ELISA (p = 0.303), while the genomic titer measurements, dFLISA showed higher

titers than dPCR (p = 0.029).
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3. Results
3-1. Application of dFLISA
3-1-1. Application of dFLISA for purified AAV vector sample
3-1-1.1. Application of dFLISA analysis for divers AAVs

In this study, my next objective was to expand the applicability of the dFLISA. Specifically,
I aimed to demonstrate its effectiveness in quantifying capsid and genomic titers across
different AAV vector serotypes. My results clearly showed that dFLISA is not only suitable,
but also highly effective in quantifying these parameters across different serotypes of AAV

vectors.

Since VHH has been shown to bind to a broader range of serotypes (specifically, AAV1 to
AAVS and AAVrh10),!92-195 which is sufficient for the needs of current clinical research,'% I
further extended the applicability of the dFLISA method to facilitate the quantification of AAV
vector of different serotypes. In this approach, the primary antibody was replaced by an
antibody that specifically targets the serotype of interest. The capsid and genomic titers of
AAV2-Lot4 were quantified by dFLISA using AAV2-Lot3 as a reference standard of AAV2
vector containing ssDNA. Figure 19 shows that the experimental values were consistent and
comparable to the expected values (+ 25% of expected value). This suggests that the modified

dFLISA method is effective in quantifying AAV vector of different serotypes.
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Figure 19. Application of dFLISA for quantification of different AAV serotypes

(A) Capsid titer quantification.

(B) Quantification of genome titer.

(C) Detection of FP ratio.

dFLISA experiments were performed in duplicate for AAV2 and AAVS vector. Expected values
derived from BS-AUC (dark navy blue) were compared with actual values for three parameters,
specifically capsid titer (red), genomic titer (green), and FP ratio (light green). Results are the average

of duplicated wells.
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3-1-1.2. Fluorescence intensity with different genome lengths

Mass Photometry (MP) is a single particle analysis method and can measure the mass of
individual particles (technically, ratio metric contrast, which correlates with mass, is obtained
and converted to mass). Therefore, differentiate each component by the mass and provides
relative number concentration of each component (% counts) was successfully measured by
MP (Figure 20A). The result of 7200 base DNA was not used for Figure 20 because AAV

vector cannot package such a long DNA length.

I investigated the correlation between different AAV vector genome lengths and SYBR gold
fluorescence intensity. First, a DNA mixture was analyzed by agarose gel electrophoresis
(AGE) and dyed with SYBR gold. The intensity of each band was normalized to a relative
concentration determined by MP (Figure 20A) and plotted against DNA length. As shown in
Figure 20B, the fluorescence intensity correlated well with genome length. AAV2 capsids
containing different genome types, specifically self-complementary DNA (scDNA) (3681
bases) and single-stranded DNA (ssDNA) (2521 bases), were analyzed by dFLISA, and their
fluorescence intensities were compared (Table 18). The fluorescence intensity of the ssDNA
AAV2 vector was approximately 1.86 times lower than that of the scDNA AAV?2 vector (Table
18), while the fluorescence intensity of ssDNA estimated from the curve (Figure 20B) was

approximately 1.4 times lower than that of scDNA.
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Figure 20. Fluorescence intensity of SYBR gold with different genome lengths

(A). Histogram from MP analysis of the ssDNA ladder containing 1100, 2100, 3200, 4000, 5100 and
7200 base DNA.

MP can differentiate each component by the mass and provides relative number concentration of each
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component (% counts). This curve shows the relative fluorescence intensities were proportional to
the genome lengths. Gray lines show results of Gaussian distribution fitting.

(B) Comparison of fluorescence intensity of AAVs with different genome lengths.

During experiment shown in this figure, relative number concentration of DNAs in the DNA ladder
was obtained, and the y-axis of this figure is fluorescence intensity of ss DNAs of the DNA ladder
(the result of agarose gel electrophoresis (AGE) divided by relative number concentration obtained
by MP, which means relative fluorescence intensity per one molecule.

AGE, agarose gel electrophoresis; MP, mass photometry; scDNA, self-complementary DNA;
ssDNA, single-stranded DNA

93



Table 18. Comparison of fluorescence intensity of AAV2 with different genome lengths by dFLISA

Genomic titer

Fluorescence intensity (AU)®

(10" vg/mL) scDNA? (10%) ssDNAP (10%) Ratio (scDNA/ssDNA)  Average value SD
1.41 11.11 5.93 1.87

0.70 5.95 3.22 1.85 1.86 0.015
0.35 3.49 1.89 1.85

45cDNA (3681 bases), self-complementary DNA
bssDNA (2521 bases), single-stranded DNA

Calculated from standard curve of AAV vectors with scDNA and ssDNA.

SD, standard deviation; AU, arbitrary unit
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3-2-2. Applicability of dFLISA for crude sample

3-2-2.1. Spike recovery analysis by dFLISA

The purified sample, AAV8-Lot2, was first concentrated to final concentrations of 6.16 x
10" cp/mL and 5.55 x 10" vg/mL, and then diluted to three different concentrations: high
(Spike H) at 1.23 x 10! ¢p/mL and 1.11 x 10'! vg/mL, medium (Spike M) at 0.82 x 10! cp/mL
and 0.74 x 10! vg/mL, and low (Spike L) at 0.61 x 10''¢cp/mL and 0.55 x 10'! vg/mL. The
purified samples and crude lysate were mixed at a 1:1 ratio. The recovery of the spiked purified
sample was evaluated as the difference between the high minus the middle (Spike H — M) and
the high minus the low (Spike H — L) concentrations because the crude lysate contained an
unknown amount of AAV particles. Recovered capsid titers of the Spike H — M and Spike H —
L were 1.25 x 10'° cp/mL and 2.06 x 10'° cp/mL, respectively (Figure 21A), and the recovered
genomic titers were Spike H—M and Spike H—L 0of 0.91 x 10!°vg /mL and 1.61 x 10'° vg/mL,
respectively (Figure 21B). The FP ratios of Spike H — M and Spike H — L were 73.0% and
77.9%, respectively (Figure 21C). Spike recovery was consistently achieved across all mixed
samples. Specifically, the capsid titer recovery rate was 122.1% + 133.8%, and the genome
recovery rate was 98.8% =+ 115.7%. The obtained results met the criteria written in the methods
section. The results suggest the impurities in crude lysate do not interfere with capsid/genome

quantification by dFLISA.
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Figure 21. Applicability of dFLISA for analyzing crude samples.

(A) Capsid titer quantification.

(B) Genomic titer quantification. (C) Percentage of full capsids.

The various dilution factors for spike recovery were assessed by comparing the experimental
values, as determined by the dFLISA method, with the expected values obtained by BS-AUC
analysis. The expected values derived from BS-AUC (blue) were compared with actual values for
three parameters: capsid titer (red), genomic titer (green), and FP ratio (light green). Reported
results represent the average measurements from duplicate wells. All data are presented as the mean
and standard deviation (n = 2).H, high concentration spike; M, middle concentration spike; L, low
concentration spike

All data are presented as the mean and standard deviation (n = 2). cp, capsid; vg, viral genome
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3-2-2.2. Spike-recovery test by dPCR

To determine whether the result of dFLISA was not affected by the interference of any
impurities, the spike test to recovery the genomic titer, which was then analyzed by dPCR. The
recovered genomic titers by dPCR were Spike H — M and Spike H — L of 0.63 x 10! vg /mL
and 0.57 x 10'° vg/mL, respectively (Figure 22). The result demonstrated that the spike-
recovery result of dPCR was lower than expected values (1.17 x 10'° vg/mL). This is suggested
the genomic titer results with dFLISA (Figure 21) were higher than those from dPCR.
Although there is a possibility that partial genome which could not be detected by dPCR
affected the dFLISA result, the high recovery rate in the spike-recovery experiment of dFLISA
indicates that dFLISA results should be reliable. Another possibility is that dPCR was affected

by the interference of impurities.®107
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Figure 22. Spike-recovery test of dPCR

Genomic titer quantification of crude samples by dPCR were evaluated by spike-recovery test. The
spike-recovery test was conducted as described in the method section 4-2-3: Quantification of crude
sample by dFLISA and other methods. The various dilution factors for spike recovery were assessed
by comparing the experimental values, as determined by the dPCR (dark green), with the expected
values obtained by dFLISA (dark blue). The standard deviation (SD) of each parameter was obtained
from the triplicated experiments. H, high concentration spike; M, middle concentration spike; L, low

concentration spike; vg, viral genome
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3-2-2.3. Quantification of capsid and genomic titers of crude samples by dFLISA

The results suggest the impurities in crude lysate do not interfere with capsid/genome
quantification by dFLISA. Subsequently, dFLISA was applied to the quantification of capsid
and genomic titers of a crude sample. A dFLISA analysis of crude AAV yielded capsid and
genome titers of 3.28 x 10'2 cp/mL and 7.77 x 10'! vg/mL, respectively (Figure 23). For
capsid quantification, the dFLISA results were consistent with those of ELISA (p = 0.303),
which is a well-established method.?%"" In the genomic titer measurements, dFLISA showed

higher titers than dPCR (p = 0.029) (Figure 23).
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Figure 23. Determination of dFLISA’s ability to quantify crude samples

AAVS vector content in crude samples was analyzed by three methods: dFLISA (red, green and
purple), ELISA (red) and dPCR (green). dFLISA was used to quantify both capsid and genomic titers
and the FP ratio of AAVS content in crude samples. ELISA was used to quantify capsid AAVS vector

98



content and used the SD calculated from independent duplicate measurements (n = 2). The dPCR
was used to determine the AAVS vector content in crude samples and used the SD derived from
independent triplicate measurements (n = 3). Therefore, dPCR/ELISA (purple) was used to compare
FP ratios. All data presented in these experiments are the averages used to compare dFLISA and
dPCR/ELISA methods’ ability to quantify crude samples. The standard deviation (SD) of each
parameter was obtained from the triplicated experiments.

cp, capsid particle, vg; viral genome

4. Discussion
4-1. Application of dFLISA for purified sample

4-1-1. Application of dFLISA for quantifying different AAV serotypes

dFLISA is the novel method can apply to quantifying the capsid and genomic titers for other
AAV vector serotypes. In the dFLISA analysis, we used 85°C as the optimal temperature to
disrupt the AAV capsid, and the appropriate temperature range for the disruption of AAV capsid
particles AAV1 to AAVS was between 66.5°C and 89.5°C £ 0.5°C, with the exception of
AAV5.37 As indicated in previous studies,®’ the specific temperature requirement for AAVS5
disruption was 90°C + 0.5°C. In addition, in our experiment, it was possible to use the AAV9
vector by simply modifying the ligand that coats the microtiter plate with the vector because

the binding affinity of the VHH coating antibody is limited to the AAV9 vector.

4-1-2. Fluorescence intensity of SYBR gold with different genome lengths

The fluorescence intensity of the AAV vector varies with different genome lengths, and this
factor is also relevant to dFLISA. All AAV vectors used in other experiments had genome
lengths almost identical to that of the standard AAV vector. Additionally, a comparison of
fluorescence intensity between AAV vectors with different genome lengths validated the value
and reliability of dFLISA as a method for evaluating AAV vector genomes. To begin with I

used a mixture of ssDNA to evaluate the correlation between fluorescence intensity and DNA
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length. As shown in Figure 20B, the relative fluorescence intensities were proportional to the
genome lengths. Furthermore, the differences in fluorescence intensities between two AAV
vectors with different genome lengths (2521 and 3681 bases) were evaluated. According to the
curve derived from the mixed DNA samples (Figure 20B), the ratio of fluorescence intensity
of the AAV vector with scDNA to that of the AAV vector with ssDNA was expected to be 1.40;
however, the experimental value was 1.86 (Table 18). Therefore, although the fluorescence
intensity of the ssDNA mixture was proportional to genome length, an interaction of DNA
released from an AAV vector with SYBR gold could be genome-dependent probably due to
the high temperature for capsid disruption and/or tertiary structure of DNA. If the length of an
AAYV genome is different from that of the standard AAV vector, I need to evaluate the difference

in SYBR gold intensity between the sample and the standard prior to dFLISA analysis.

4-2. Application of dFLSA for crude sample

4-2-1. Spike-recovery test by dFLISA

The recovery efficiency of spiking levels was also assessed to see whether dFLISA can be
used to analyze crude samples without purification. The recovery percentage was within +25%
of the expected values, which meets the criteria for acceptance (Figure 21). This suggests that
the results of dFLISA are not affected by the matrix interferences contained in crude
samples.®>198 This highlights the suitability of the dFLISA method as a way to evaluate AAV
samples that have not been purified, which offers a noteworthy advantage. Based on the results
obtained, it is reasonable to conclude that the dFLISA method is well suited to the
quantification of unpurified AAV vector samples. Therefore, dFLISA serves as a valuable
method that can be used to accurately quantify the titers of crude samples, making it uniquely

capable of directly quantifying the capsid and genomic titer and FP ratio of crude samples.
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4-2-2. Spike-recovery test of dPCR

The spike-recovery result of dPCR was lower than expected values (Figure 22). This result
also showed that the recovery percentage did not meet the acceptance criteria. Additionally,
previous studies demonstrated that dPCR can be affected by the interference of
impurities.?%10L107.109.110 Therefore, dFLISA is a more accurate method for determining the
concentration of AAV genomic material of crude samples compared with dPCR. This suggests
that dFLISA is a reliable alternative for detecting AAV vector capsids. For genomic titer
measurement, dFLISA produced better results than dPCR. This indicates that dFLISA may be
a more accurate method for determining the concentration of AAV vector genomic material in
a sample. It also suggests that dFLISA results are relatively unaffected by matrix interference
or impurities from the crude lysate, making it a reliable analytical technique for AAV vector
particle analysis. The optimization of dPCR method could provide better results, which is

nevertheless beyond the scope of this study.

4-2-3. Quantification of crude sample by dFLISA and other methods

Since AUC requires the purification of crude samples prior to analysis, the capsid and
genomic titers of untreated crude samples can be measured by dFLISA. The capsid titer
determined by dFLISA was comparable to that determined by ELISA. However, the genomic
titer results with dFLISA were higher than those from dPCR. Taking the high recovery rate in
the spike-recovery experiment into consideration, dFLISA results should be reliable.
Considering the LOQ of dFLISA (1.61 x 10'° cp/mL, 1.70 x 10'° vg/mL) and the concentration
of AAV at the end of upstream process (> 10'° vg/mL), sensitivity of dFLISA is high enough
to analyze crude samples although it would be difficult to analyse samples at the beginning of
upstream process. The dPCR/ELISA combination approach is time-consuming and exhibits
low accuracy,!!! with reported coefficients of up to 36%.!% In contrast, the entire dFLISA run

was completed in less than 5 hours. The simple data evaluation procedure contributes to the
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short duration, allowing for the analysis of more than 35 samples per day. Furthermore, the
dFLISA allows for the straightforward quantification of purified AAV vectors as well as
unpurified in-process samples. This is especially critical because there are no direct orthogonal
methods available for quantifying crude samples without any purification. dFLISA was
developed as a simple method to quantify full and empty particles for both purified and in-

process (unpurified) samples.

It is worth to note that the inability of dFLISA to distinguish FP, PP, and ExP is a limitation
of the method (Table 19), which may result in differences in titers from other methods such as
dPCR and AUC. The most crucial performance criteria of analytical methods in this study,

including the limitation of FLISA, are presented in Table 19.

S. Conclusion

In Chapter 3, I successfully explored the high-throughput capabilities of dFLISA and
demonstrated its application in analyzing various aspects of AAV vectors. I found that
dFLISA could not only determine the FP ratio for different AAV serotypes but also be easily
modified to measure various AAV vector serotypes and genome lengths. Despite the
presence of impurities such as host cell DNA and proteins in crude lysate samples, my
experiments evaluating the recovery efficiency of spiking levels showed that dFLISA can
effectively analyze crude samples without the need for purification. Regardless of whether
purified or crude lysate samples were used, dFLISA consistently detected capsid and
genome titers with high precision and without interference from the sample matrix. For the
genomic result of genomic titer results with dFLISA were higher than those from dPCR.
Although there is a possibility that partial genome which could not be detected by dPCR
affected the dFLISA result, another possibility is that dPCR was affected by the interference

of impurities. In addition, the result illustrated that dFLISA can quantify the genomic and
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capsid titers of crude samples. dFLISA can be easily modified for measuring other AAV vector
serotypes and AAV vectors with different genome lengths. These features make dFLISA a

valuable tool for the future development of AAV-based gene therapies.
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Chapter 4. General conclusion and future perspective

This study introduces a novel analytical technique that allows for the accurate and precise
measurement of the abundance of both full and empty AAV vector capsids, as well as the
full particle ratio. To initiate the dFLISA analysis, first, AAV samples, both purified and
unpurified samples, were prepared and diluted to appropriate concentrations within the
standard quantification range using a standardized buffer solution. Next, the samples were
subjected to the dFLISA protocol, which involved binding specific antibodies to the AAV
capsids and viral genome, followed by genome staining where two different fluorescent
dyes were used to quantify full and empty AAV vector particles and the FP ratio. After the
addition of a secondary antibody conjugated to one fluorescent dye, before the introduction
of the second fluorescent dye, the microwell plate was subjected to heat treatment to release
the genome from the capsid. Finally, dFLISA allows the determination of the FP ratio in a
simple way with high precision, high accuracy, high sensitivity and good linearity, and it

corresponds with the expected value.

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 dPCR and ELISA. Remarkably,

dFLISA showed significant potential for evaluating the capsid and genome titers of unpurified

samples and different AAV vector serotypes. It provides a straightforward method with high

precision, requiring minimal analytical expertise. Additionally, dFLISA can be performed

without specialized equipment, making it advantageous for in-process analysis. Furthermore,

this simplicity facilitates high-quality viral vector production and supports in-process analytical

testing, even the limitation of this dFLSA analysis is inability to distinguish full particles from

extrafilled and partial particles. However, these limitations have been strictly demonstrated and
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discussed in standards and sampled quantification by BS-AUC in this dissertation.

There are several promising directions for the further development and application of
dFLISA. First, dFLISA application could significantly increase throughput, making it suitable
for large-scale screening in pharmaceutical and clinical laboratories. Second, while this study
focused on AAV vectors, the principles of dFLISA could be applied to other viral vectors such
as lentiviruses (LVs) or adenoviruses, broadening its applicability in gene therapy research.
Third, non-viral vectors such as lipid nanoparticles (LNPs) such as liposomes or solid lipid
nanoparticles would have similar issues and could be analyzed by a method like dFLISA.
Fourth, 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 addition, the newly developed dFLISA described in this study has established itself as a
critical method for the simple, accurate and precise detection of AAV vector particles. In the
future, additional validation studies and clinical trials will be necessary to facilitate the
transition of dFLISA from research to clinical application. In pursuit of this goal, adaptation of
dFLISA protocols to specific viral targets or therapeutic proteins holds promise for enhancing
its applicability in personalized medicine. This advancement will have a significant impact on
gene therapy, viral diagnostics, and biopharmaceutical development, leading to improved

patient outcomes and further scientific understanding.
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Table 19. Most crucial performance criteria of analytical methods in this study

Target Purified | Turnaround Sample Sample o
Methods . , . Advantages Limitations
information sample (h)* volume (uL)| concentration
- Capable of quantifying - Requires specialized
Particle content 1x10"%—2 x10"  |partially filled capsids and | equipment
BS-AUC Yes 4-5 15-30 . o . .
& aggregate cp/mL aggregates - Purification is required prior
to analysis of crude samples.
dPCR Genomic titer No 2-3 2-5 10’-10"vg/mL |- Specific and fast - Low precision and accuracy
- High precision and - LOQ is slightly higher than
accuracy the LOQ of ELISA. However,
' 2x10'°-10" - Purification is not necessary| it is high enough to detect
dFLISA | Particle content No 4.5-5 100 ) . o
vg/mL prior to analysis of crude capsid titers.
samples - PPs and ExPs cannot be
distinguished from FPs.
ELISA | Capsid titer No 4.5-5 100 10°-10" cp/mL |- High specificity - Low accuracy and precision
- Capable of differentiating |- Requires specialized
each component by the mass | equipment
) 1 x 10"-1x10" |and providing relative - Purification is necessary prior|
MP Particle content Yes 0.33-0.5 1-10 ) )
vg/mL number concentration of each| to the analysis of crude

component (% counts).

- Low material requirements

samples

"Turnaround time includes sample preparation and data analysis; BS-AUC, band sedimentation analytical ultracentrifugation; dPCR, digital polymerase
chain reaction; dFLISA, dual fluorescence-linked immunosorbent assay; ELISA, enzyme-linked immunosorbent assay; MP, mass photometry; cp, capsid

particle; vg, viral genome; ExP, extra filled particle; FP, full particle; LOQ, limit of quantification; PP, partial particle
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