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Abstract

More than 5000 orphan diseases are caused by a hereditary or acquired genetic defect. Contrary to
the common perception, orphan diseases are not that rare as approximately 10% of the world
population suffer from orphan diseases; the total number is more than the patients of cancer and
AIDS combined. Gene therapy in general and viral vector-based gene therapy medicines, in
particular, have emerged as a promising approach for a long-lasting treatment of these genetic
disorders. Of various viral vectors tested, the adeno-associated virus (AAV) has demonstrated
notable safety profile and therapeutic efficacy in the clinical studies leading to the regulatory
approval of three AAV-based gene therapy medicines by the European and U.S. regulatory
authorities in the last decade. Because of proven clinical success and increased confidence in
AAV-gene therapy candidates, there exists a massive demand for clinical-grade AAV material,
which is difficult to meet with the current AAV production capacity and productivity levels. As a
consequence, AAV gene therapy candidate pipelines are facing several years’ delay before they
reach the preclinical or clinical phase of the testing. The subject of this doctoral thesis aimed at
improving the overall yield of the AAV manufacturing process to generate high-quality AAV
vectors. This aim was achieved by finding answers to the challenges associated with three main
phases of AAV manufacturing: AAV production (upstream), AAV purification (downstream), and
AAV analyses and characterization.

To address the challenge related to the lower productivity of traditional transient transfection of
adherent or suspension-mammalian cell culture-based AAV production systems, we employed an
alternate well-established suspension cell culture-based scalable platform for AAV manufacturing,
the insect cell-baculovirus expression vector system (IC-BEVS). A recent and more simplified

version of IC-BEVS based on one baculovirus vector (One-Bac) was used for the production of



clinically relevant and evolutionary most divergent serotype, AAV5, as a model vector for our
studies. Extensive studies were conducted to understand the effect of various upstream process
parameters such as cell-density at infection, the multiplicity of infection of baculovirus, nutrient
supplementation strategies, and its effect on AAV protein expression and eventual yield.
Implementing process-intensification strategies, the optimized production process resulted in an
overall 47-fold increase in volumetric production of AAV5 in high cell density fed-batch
suspension culture of Sf9 insect cells. This scalable AAV production process demonstrated
excellent reproducibility at small scale and was further validated in controlled bioreactor runs.

Comparable with other insect cell and mammalian cell culture production systems, the AAV5
produced by the One-Bac consisted of empty capsids (EC) of AAVS5 in excess over the functional
genome-containing capsids (GC). These empty capsids, devoid of any direct therapeutic effect,
exhibit an immunogenic burden, and are considered AAV-related impurity in the clinical lots.
Aligned with the final goal of producing high-purity AAV vectors, efforts were directed to develop
a streamlined and scalable ion-exchange chromatographic approach (IEX) for the removal of
empty capsids and consequent enrichment of samples by genome containing functional AAV5
vectors. Moreover, this chromatography process was designed to be modular such that it can be
adapted to process other clinically relevant AAV serotypes as well to generate high-quality AAV
vectors rapidly without necessitating significant changes. Detailed studies were conducted to
understand the effect of various ionic species, chromatographic buffer composition, and processing
mode on overall charge characteristics of AAV EC and GC capsids. Divalent ionic species were
found to promote highly enriched preparations consisting of 80% of AAV5 GC under the selected
optimal step-gradient mode of operation with an overall enrichment factor as high as 8-fold. These

findings were further validated with serotypes AAV8, and AAV6 achieving highly enriched GC



vector preparations consisting of up to 95% of GC population and demonstrating the generic
characteristics of the proposed chromatographic process.

Finally, a readily accessible high-performance liquid chromatography (HPLC) assay was
developed for the detection and quantification of AAV5 EC and GC in the affinity-purified
preparations before the enrichment step. The native amino acid-fluorescence based detection
offered excellent linearity with a correlation coefficient of 0.9983 over two-log dilution of the
sample. The LOD and LOQ values associated with the total AAV5 capsid assay are 3.14x10° and
9.52x10°, respectively. A demonstrated orthogonality and comparability with other well-
established methods makes this HPLC assay a suitable choice to support AAV characterization
studies in academic labs and small-scale research organizations that do not have access to capital-
intensive equipment such the analytical ultracentrifuge.

Overall, as an integrated approach, this doctoral thesis provides practical and actionable solutions

to the challenges associated with the current AAV-manufacturing process.



Résumé

Plus de 5000 maladies rares sont causées par un défaut génétique héréditaire ou acquis.
Contrairement a la perception générale, les maladies rares ne sont pas si exceptionnelles qu'on le
croit, car environ 10 % de la population mondiale souffre de maladies rares; le nombre total de
patients est supérieur a celui du nombre de patients atteints de cancer et de sida réunis. La thérapie
génique en général et les thérapie génique exploitant les vecteurs viraux, en particulier, sont
apparues comme des approches prometteuses pour un traitement durable de ces maladies
génétiques. Parmi les différents vecteurs viraux testés, le virus adéno-associé (AAV) a démontré
un profil de sécurité et une efficacité thérapeutique remarquables dans les études cliniques qui ont
conduit a I'approbation réglementaire de trois médicaments de thérapie génique a base d'AAV par
les autorités réglementaires européennes et américaines au cours de la derniere décennie. En raison
des succes cliniques avérés et de la confiance accrue dans les thérapie génique utilisant les AAVS,
il existe une demande massive de matériel AAV de qualité clinique, a laquelle il est difficile de
répondre avec la faible productivité des AAVs et les capacités actuelles de production. En
conséquence, les pipelines de production de candidats de thérapie génique AAV sont confrontés a
un retard de plusieurs années avant d'atteindre la phase préclinique ou clinique des essais. Le sujet
de cette thése de doctorat visait a améliorer le rendement global du processus de fabrication des
AAYV afin de générer des vecteurs AAV de haute qualité. Cet objectif a été atteint en trouvant des
réponses aux défis associés aux trois principales phases de la fabrication des AAV : La production
de AAV (en amont), la purification de AAV (en aval), et les analyses et la caractérisation de AAV.
Pour relever le défi lié a la faible productivité des systemes de production d'AAV traditionnels par
transfection transitoire des cultures de cellules mammiféres adhérentes ou en suspension, nous

avons utilisé une autre plate-forme évolutive bien établie basée sur la culture de cellules en
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suspension pour la fabrication d'AAV : le systeme d'expression utilisant les cellules d'insectes et
le baculovirus (IC-BEVS). Une version récente et plus simplifiée de IC-BEVS basée sur un vecteur
baculovirus (One-Bac) a été utilisée pour la production du sérotype AAV5 comme vecteur modele
pour nos études. AAV5 est le serotype le plus pertinent d’un point de vue clinique mais le plus
divergent du point de vue évolutif. Des études approfondies ont été menées pour comprendre I'effet
de divers parametres du processus en amont, tels que la densité cellulaire a I’infection, la
multiplicité des infections par le baculovirus, les stratégies de supplémentation en nutriments, et
leur effet sur I'expression des protéines AAV et le rendement final. En mettant en ceuvre des
stratégies d'intensification de procédeés , le procédés de production optimisé a permis de multiplier
par 47 la production volumétrique d’AAV5 dans une culture en suspension a haute densité
cellulaire de cellules d'insectes Sf9. Ce procédé de production d'/AAV évolutif a démontré une
excellente reproductibilité a petite échelle et a été validé dans des lots produits en bioréacteur
controlés.

Comparable a d'autres systemes de production de cellules d'insectes et de cultures de cellules de
mammiferes, I'AAV5 produit par le One-Bac était constitué de capsides vides (EC) d'AAV5 en
exces par rapport aux capsides contenant le génome fonctionnel (GC). Ces capsides vides,
dépourvues de tout effet thérapeutique direct, présentent une charge immunogene, et sont
considérées comme des impuretés liées aux AAV dans les lots cliniques. Conformément a
I'objectif final de produire des vecteurs AAV de haute pureté, des efforts ont été mis en ceuvre pour
développer une approche chromatographique d'échange d'ions (IEX) facilement modulable pour
I'élimination des capsides vides et I'enrichissement des preparations en AAV5 fonctionnels
contenant le génome viral. En outre, ce procédé de chromatographie a été congcu pour étre

modulaire, de sorte qu'il puisse étre appliqué a d'autres sérotypes d'/AAV cliniqguement pertinents
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et genérer rapidement des vecteurs AAV de haute qualité sans nécessiter de modifications
importantes. Des études détaillées ont été menées pour comprendre I'effet de diverses espéces
ioniques, de la composition des tampons chromatographiques et du mode de traitement sur les
caractéristiques de charge globale des AAV EC et GC capsidiques. Il a été constaté que les especes
ioniques divalentes offraient des préparations hautement enrichies constituées de 80 % de GC
AAV5 hautement enrichies dans le mode de fonctionnement optimal a gradient progressif
selectionné, avec un facteur d'enrichissement global pouvant atteindre 8 fois. Ces résultats ont
aussi été validés pour les sérotypes AAV8 et AAV6, en obtenant une préparation de vecteur GC
hautement enrichie comprenant jusqu'a 95 % de la population démontrant ainsi, les caractéristiques
géneériques du procédé chromatographique proposé.

Enfin, un essai de chromatographie liquide haute performance (HPLC) facilement accessible a été
mis au point pour la détection et la quantification de 'AAV5 EC et GC dans les préparations
purifiées par affinité avant I'étape d'enrichissement. La détection basée sur la fluorescence des
acides amines natifs offre une excellente linéarité avec un coefficient de corrélation de 0,9983 sur
une dilution de deux log de I'échantillon. Les valeurs LOD et LOQ associées au test de capside
AAVS total sont respectivement de 3.14x10° et 9.52x10°.La comparabilité a été démontrées avec
d'autres méthodes orthogonales bien établies qui fait de ce test HPLC un choix approprié pour
soutenir les études de caractérisation des AAV dans les laboratoires universitaires et les
organisations de recherche a petite échelle qui ne disposent pas d’équipements de caracterisation
nécessitant des investissements capitaux inportants tel que 1’ultra-centrifuge analytique.

De maniére générale, en tant qu'approche intégrée, les résultats de cette thése de doctorat apportent

des solutions pratiques et réalisables aux défis liés au procédés courants de fabrication des AAV.
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Contribution to original knowledge

The research work presented in this thesis expands all three aspects of the AAV manufacturing
process, addressing three-key problems, each pertinent to one individual phase. Following are the
findings, which are original in nature and scholarly contribution to the research field under study.
Chapter 3 (review paper manuscript) presents a comprehensive and critical review of the AAV
production in insect-cell baculovirus platform from the bioprocess developer’s standpoint.
Summary of the key findings provides readers a holistic and rational view behind the systemic
evolution of this platform. Our views on the future perspectives of this system are believed to offer
the scientific community a fresh approach to drive future developments.

Chapter 4 studied the suitability and applicability of the One-Bac system for AAV vector
production from the bioprocessing standpoint. A novel high-cell density infection, higher-MOI
(MOI 3) fedbatch production process, validated at small shaker flask and bioreactor scale, resulted
in an overall 47-fold higher yield than the control process and placed the One-Bac platform in the
league of one of the highest AAV producer systems. The findings reporting exponentially higher
yields of functional AAV particles at higher cell densities than the standard-low cell density
process, indicated the importance of nutrient availability in the post-infection phase to enable cells
to properly process the packaged capsids as they undergo the “capsid maturation” phase. This will
provide a foundation for further research on developing media and nutrient feed formulation to
offer AAV-specific enhancement properties to achieve an even higher yield of functional AAV
vectors when produced in insect cell systems.

Chapter 5 studied the effect of different types of salts of differing valency on the separation
efficiency of AAV empty and genome-containing capsids (GC). In contrast to conventional

monovalent salt-based chromatography systems, the selection of sulfate-based divalent salt, based
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on the systemic salt-screening study, provided better enrichment of GC capsids for a sample
containing EC impurity in several-fold in excess. Moreover, the study of different cationic
counterparts of the sulfate-salt (Na* and Mg?*) provided evidence on their variable interaction with
different AAV serotypes capsids and its consequent effect on separation efficiency. The overall
two-step process involving affinity- capture step and anion-exchange polishing step provides a
generic purification scheme for preparation GC-enriched vector preparation of multiple AAV
serotypes without requiring significant changes in the proposed process. Notably, this was a critical
finding and a step closer towards developing a more generic enrichment process.

Finally, the research work reported in chapter 6 focused on the development and validation of an
HPLC method for analysis and quantification of EC and GC capsids of AAV5 samples.
Importantly, exploring the high-resolution attributes of analytical chromatography systems, the
use of a trivalent phosphate buffer system offered baseline resolution between EC and GC capsid
populations. Differently from previously reported continuous gradient approaches, the proposed
step-gradient analytical HPLC approach provided an accurate and precise means of AAV5 capsids

quantification with better sensitivity of detection.
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initial chromatographic AAV purification runs on the AKTA FPLC system. She was also
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independent AKTA purification runs performed by me.
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Chapter 1 Introduction

In the 21 century, gene therapy has risen to fame as an emerging and promising approach for
hereditary or acquired genetic disorders with the potential to offer a life-long cure upon a one-time
administration of the gene therapy medicine!. Among various gene delivery systems, viral vectors
are emerging as a vehicle of choice for highly efficient in vivo gene transfer, enabling sustained
therapeutic gene expressions in the target tissue?. More specifically, because of exceptionally high
safety-profile and sustained transgene expression in both dividing and non-dividing cells, adeno-
associated virus (AAV)-based recombinant vectors are one of the preferred gene delivery systems
in clinical trials for monogenic diseases indications®. In the last decade, three AAV-based gene
therapy medicines have been granted regulatory approval via the European medicines agency
(EMA) and U.S. food and drug administration (USFDA) for the treatment of hereditary genetic
diseases®.

Despite progressive evolution, low production yield, and limited availabilities of clinical-grade
AAV material produced via traditional manufacturing platforms are among the major impediments
in the development of AAV gene therapies. Moreover, newer neurological and hematological
disease indications involving systemic administration require up to 10% viral genomic particles
(VG) per patient or up to 10*” VGs in total to conduct a phase-II/I1l clinical studies®. With the
current low-cell density manufacturing process, at an approximately 50% overall recovery, the
yield of up to 2-5x10' VG/L of purified AAV is achieved, indicating that it would require
approximately 100-250 L bioreactor scale production for one patient. Due to apparent higher
production cost and a lack of a sufficient number of AAV gene therapy manufacturing facilities
equipped with a large-scale production capacity, the resulting limited availability of AAV material

delays the transition of AAV-based gene therapy candidates from the lab to the clinics.
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At the upstream production stage, an excess of genome-less empty capsids, which is a major AAV
related impurity, are co-produced regardless of the production platform®. Due to their
immunogenic attributes and a lack of direct therapeutically beneficial effects in vivo, removing
empty capsids at the downstream purification stage and quality-control analysis in the final product
is crucial to ensure the potency and safety of the clinical-grade AAV material®. Current
ultracentrifugation (UC)-based protocols are effective in separating these empty capsids (EC) from
the functional genome-containing capsids (GC) of AAV!%2 Despite this, UC technology is not
widely adopted for large-scale AAV production due to the lack of availability of large-scale UC
equipment, operational complexity, and reservations against its integration in the current GMP
facilities. On the other hand, in recent times, chromatographic approaches have shown notable
success in generating empty-capsid free AAV preparations®3. Chromatography remains a platform
of choice due to linear scalability, robustness, and a history of successful commercial-scale
operations in therapeutic biologics. Advancement in these chromatographic approaches with
improved enrichment efficiency and operational simplicity to generate highly enriched
preparations of GC of multiple AAV serotypes is highly desirable.

Evaluation of AAV manufacturing process or qualification of final AAV preparations requires
detection and quantification of EC and GC via orthogonal analytical techniques such as
transmission electron microscopy (TEM)*, cryo-TEM®, analytical ultracentrifugation (AUC)*®
and charge-detection mass spectrometry (CD-MS)Y’. However, due to a complete lack or limited
availability of these advanced techniques, AAV-related research activities at academic or research
labs are often restricted. The availability of an easily accessible and comparable assay method
based on high-performance liquid chromatography (HPLC) offers a viable solution for such

analyses to support AAV related research.
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Three individual aims of the thesis specifically address each of these three research questions
pertinent to the AAV production process using serotype 5 as a model vector produced using an
advanced insect-cell baculovirus production system. Combinedly, these aims cover an entire
spectrum of the AAV production process providing practical and actionable solutions to the current

manufacturing challenges.

1.1 Main objective of the thesis
To improve overall AAV bioprocessing to generate high-yield, high-purity AAV gene delivery

vectors.

1.2 Specific aims

1. To achieve a higher volumetric yield of AAVS5 gene delivery vectors via process
intensification.

2. To develop a scalable, robust, and generic chromatographic process to generate AAV
vector preparations enriched in functional genome-containing capsids.

3. To develop a high-performance liquid chromatography (HPLC) assay for precise and
accurate determination of empty and genome-containing capsid content in purified

preparations of AAV serotype-5.

1.3 Thesis organization

Following the latest thesis preparation guidelines provided by McGill GPS, this thesis is organized
in a manuscript-based format. Each of the four manuscripts constitutes the main body of the thesis.

One manuscript (Chapter 4) has been already published, two manuscripts (Chapter 3 and Chapter
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5) are under review and one manuscript (Chapter 6) is submitted for peer-review. The formatting
of each chapter is in agreement with the guidelines of the original journal where the corresponding
manuscript is either published or submitted. The existing inconsistencies in citation style or other
aspects are cautious decision to abide by the guidelines pertinent to the manuscript-based thesis.
For commonality purposes, the font characteristics (type and size) are harmonized in all chapters
presented in this thesis.

The introduction chapter (Chapter 1) focuses on the rationale behind this doctoral thesis, main
objective, specific aims, and thesis organization.

Following this is a separate chapter (Chapter 2) consisting of a comprehensive literature survey
of gene therapy and AAV viral vectors.

Chapter 3 which exclusively focuses on the development of insect-cell baculovirus expression
vector (IC-BEVS) platform for AAV production is a review paper manuscript. This manuscript
was relevant to the current AAV production scenario and pertinent to the main theme of the thesis
as the One-Bac system that has been primarily used for AAV production belongs to IC-BEVS
platform.

Chapter 4, 5, and 6 are the research paper manuscripts focusing on AAV production (upstream),
AAV purification and GC-enrichment (downstream), and AAV analytics aspect (HPLC analysis),
respectively. The supplemental information sections corresponding to chapters 4, 5 and 6 are
presented in the appendices (Chapter 9) in the same order of organization.

A comprehensive discussion (Chapter 7) covering critical aspects of all the findings is provided
which is followed by the conclusive summary and future perspective (Chapter 8).

Finally, a reference list covering all the references cited in chapters 1, 2, 7, and 8 is provided in

Chapter 10.
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Chapter 2 Literature review

2.1 Why gene therapy

The genes are an encrypted storage form of genetic information in all life forms. The human
genome consisting of approximately 25,000 genes, is responsible for the structural and functional
architecture of the human body*. These genes encode a wide variety of proteins, the building
blocks of various cellular organelles and tissues, which are also necessary for cellular homeostatic
and regulated functioning of the biological process®®. Over time, these genes undergo inevitable
changes such as mutations, disruptions, or deletions rendering them partially or completely
dysfunctional and can also be carried to the next generation?’. These dysfunctional genes produce
proteins with altered structures and functions, which in turn are often responsible for various types
of diseases or disorders?. According to Global Genes and Orphanet, non-profit advocacy
organizations for rare and genetic diseases, dysfunctional genes account for 80% of the 7,000 rare
and genetic diseases reported to date, 95% of which do not have a treatment available. Nearly 400
million people, more than the population of the United States, are suffering from the genetic and
rare diseases globally; unfortunately, half of them are children.

Substantial progress has been made in developing modern medicines representing the transition
from small-molecular drugs to complex therapeutic biologics, including protein-based drugs such
as a monoclonal antibody, transcription factors, and signaling proteins, gene editing enzymes,
growth factors, hormones, blood factors, and antigens?2. Although effective to a varying extent for
many complex diseases such as various forms of cancers, neurodegenerative, and autoimmune

diseases, the treatment is often symptomatic, temporary, and require lifelong interventions.
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Moreover, in general, these drugs are designed to modulate pre- or post-transcription pathways
and cellular functions, leaving a potential known genetic root-cause of a disease untouched.

Differently from these conventional forms of treatments, gene therapy aims at the genetic root-
cause of the disease. It features the introduction of a therapeutic gene into the target cells/tissue,
via viral or non-viral delivery means, to treat or prevent the disease by correcting (deletion or
mutation of incorrect gene sequences) or completing (supplementation of missing or dysfunctional
therapeutic gene) the underlying genetic cause?. Since this approach targets the natural genetic and
protein processing pathways associated with the etiology of a hereditary disease, it has been
envisaged as a potential one-time cure for many diseases and is currently being evaluated in clinics

on a large scale with many gene therapy medicines being approved in last five years?® (Table 1).

2.2 History of gene therapy

In 1928, Frederick Griffith, a British bacteriologist, first reported the bacterial transformation in
which the R form of type | pneumococcus transformed into the virulent form upon incubation with
the heat-inactivated S form of type Il pneumococcus bacteria?*. This work was also confirmed by
other researchers®? followed by the critical findings by Avery et al. in 1944, reporting that the
deoxyribonucleic acid (DNA) in the cell-free extract was responsible for bacterial
transformation?’. This was the first report of DNA mediated genetic changes in a prokaryotic cell.
In 1958, Joshua Landenberg received a Nobel prize for his ground-breaking work on bacterial
genetics and bacteriophage. He first coined the term transduction to describe the inter-bacterial
gene transfer through a virus-the bacteriophage, which resulted in a transformation of Salmonella

Typhimurium into a drug-resistant variant?®®. This ground-breaking discovery laid the foundation
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for the subsequent research on procaryotic and eventually eucaryotic viral gene delivery vectors,
which are currently dominating the gene therapy clinical trial landscape.

In 1962, Waclaw Szybalski reported the transformation of human D98S cells via cellular uptake
of the DNA?’. Around the same time, in 1961, Howard Temin discovered that the genetic
mutations resulting from a viral infection could be inherited in the chicken cells infected with the
Rous sarcoma virus, an RNA virus, stably integrating the viral-specific gene mutations®. This was
also the first demonstration of viral genome integration into the mammalian cells as well as the bi-
directional flow of genetic information, RNA¢>DNA, which was previously believed to be
exclusively unidirectional from DNA->RNA. It became apparent that viruses possessed properties
that could be explored for gene delivery into the target cells. The work on the virus-mediated gene
transfer by Rogers and Pfuderer utilized the tobacco mosaic virus as a vector to introduce a
polyadenylate stretch of viral RNA3!.

Building on the further advancement on the modes and vectors for viral gene transfer, in 1989,
Rosenberg conducted the first officially approved gene therapy clinical trials in humans aimed at
tracking the movements of tumor-infiltrating lymphocytes (TILs) blood cells via gene marking>?.
The encouraging results from this initial study led to the clinical trials in 1993, which were based
on administering ex vivo modified TILs carrying tumor necrosis factor at the tumor sites resulting
in localized tumor suppression at injection site*>. The first clinical trial based on therapeutic gene
delivery in a human was approved in 1990 for the treatment of adenosine-deaminase deficiency
(ADA-SCID)**. Two children suffering from this monogenic disease condition were administered
with ex vivo modified white blood cells, carrying the copy of the normal gene for producing
adenosine deaminase, collected from the same patient. From the late '80s until the late '90s, the

gene therapy field witnessed exponential growth. Several clinical trials were approved for a broad
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spectrum of hereditary disease indications utilizing diverse viral and non-viral gene delivery

platforms. However, in 1999, the tragic death of a patient as a result of an aggressive immune
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response against capsids protein of adenoviral vector during a clinical trial was a major setback

for gene therapy. Since then, a large number of studies have been dedicated to enriching the

understanding of the viral biology, transduction mechanism, and immune response against viral

components in in vitro cell culture and animal models®. In the last decade, gene therapy has seen

many clinical success stories, especially in virus-mediated gene delivery, resulting in the approval

of many gene therapy drugs for various types of cancers, metabolic disorders, and neurological

disease conditions (Figure 2.1).

2.3 Current status of gene therapy

Gene therapy has emerged as a new curative approach for several hereditary and acquired diseases.

To date, more than 4500 gene therapy clinical trials have been registered in the US government’s
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clinical trials database. These clinical studies aimed at a wide variety of diseases, including cancer,
neurological, metabolic, immunological, hematological, infectious diseases, muscular, cardiac,
ocular, and genetic diseases, of which, cancer has been the most sought-after target for gene
therapies in the clinics. Numerous gene delivery vehicles have been developed to deliver the
therapeutic gene or the gene of interest to the target tissues. These vehicles are broadly categorized
into two main classes: viral®® and non-viral®”. Non-viral delivery systems include but are not
limited to electroporation, liposomes, cationic polymers, dendrimers, cell-penetrating peptides,
and naked DNA, whereas the viral delivery systems are primarily based on adenovirus, adeno-
associated virus (AAV), herpes simplex virus, retrovirus, and lentivirus (Figure 2.2A).

Although non-viral delivery vehicles are effective in vitro and in a localized gene delivery in vivo,
their effectiveness and specificity are limited in vivo upon systemic administration. Conversely,
the viral gene delivery systems provide efficient and better tissue-specific transduction resulting
in persistent therapeutic gene expression?. Various improvements incorporated in next-generation
viral vectors were aimed at improving immunological safety profile and transduction efficiency.
Among other viral vectors, which exhibit equal or even higher transduction efficiency, AAV stands
apart from these viral vectors due to its ability of gene transfer in both dividing and non-dividing
cells with a low degree of genome integration. The latter is responsible for its excellent safety
profile®®. AAV has emerged as a vector of choice in clinical studies with a consistently increasing
number of clinical studies over the last decade (Figure 2.2C). AAV has demonstrated an excellent
safety profile in clinics, and three drugs have been approved for marketing authorization post-
phase-1l1l human clinical studies. The recombinant AAV (rAAV) vector exhibits unique
characteristics such as broad tissue tropism, non-pathogenicity, sustained transgene expression,

and ease of production®.
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2.4 Evolution of AAV-based gene delivery vectors
2.4.1 AAV biology

Adeno-associated virus (AAV) was serendipitously discovered by Atchison and colleagues as a
contaminant of simian adenovirus samples collected from the rhesus monkey cells and hence the
name adeno-associated virus®. In the electro-micrograph, AAV appeared as a nano-dimensional
(20-26 nm diameter), icosahedron capsids. When isolated from the larger adenovirus (~80 nm
diameter) via ultrafiltration, AAV failed to autonomously replicate in in vitro cell culture. Later,
AAYV was also found in human and monkey primary kidney cells in a latent state and reportedly
rescued from its latency upon adenovirus superinfection®®. AAV belongs to the Parvoviridae
family, and due to its replication-defective nature, it is classified in a Dependovirus genus. The
viral genome is a single-stranded DNA of around 4.7 kb with three overlapping open reading
frames encoding gene sequences for structural and regulatory viral protein expression flanked by
an inverted T-shaped hairpin-like structure at both ends*'. The four regulatory Rep proteins
(Rep78, Rep68, Rep52, and Rep40) responsible for viral genome replication, integration, and
rescue*>*® are transcribed from two left ORF, whereas three viral capsid proteins (VP1, 2, and 3)
and a viral capsid assembly activating protein are transcribed from a right ORF by alternative
MRNA splicing mechanism. To date, at least 12 natural serotypes and over 100 engineered variants
have been reported*. Naturally occurring serotypes were isolated from either human or monkey
tissues. These serotypes exhibit different capsid protein amino-acid composition and display broad
tissue tropism with a moderately high serotype dependent tissue specificity as a result of the
presence of complementing cell surface receptor binding domain on the capsid surface.

AAYV transduction pathway begins with a binding of the viral capsid with a primary cell-surface

receptor and secondary co-receptor followed by viral integration inside the cells via endocytosis,
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and clathrin-coated vesicles or other unknown mechanism#>, Once inside the cells, the virus
traverses through the endosomal pathway followed by a viral phospholipase-mediated escape from
the late endosome, releasing the virus in perinuclear space*’. The viral capsid enters into the
nucleus via nucleopores*#°, uncoats, and releases the viral ssDNA, which undergo second-strand
synthesis®®!, transcription and translational pathways resulting in viral protein synthesis and
capsids assembly (Figure 2.3). In the presence of viral Rep proteins, which are responsible for
viral genome integration, the viral genome undergoes partial genome integration at a specific site
in human chromosome 19 (AAVS1), acquiring latency, however with a very low frequency (3-5
genome copies per diploid cellular genome)®2. AAV serotype 2 (AAV?2) has been widely used as
a model in studies unveiling fundamental information on AAV biology, infection characteristics,

and immune response.
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Figure 2.2 AAV clinical trials data

(A) Prominence of different viral vectors in clinical trials. (B) Disease indications for which AAV has been
tested in clinical trials. (C) Growth of AAV vector-based gene therapy clinical trials. (D) Translation of AAV
clinical trials through different phases of clinical trials. (data were collected from
http://www.abedia.com/wiley/vectors.php)
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Figure 2.3 AAV-transduction pathway (adapted from Dan Wang et al.® and Chengwen Li et al.%,
and reproduced using biorender.com)

2.4.2 Recombinant-AAYV vectors in clinical studies

In the recombinant vectors for gene delivery, the entire genome of the wild-type AAV, except the
portion of the ITRs, is replaced with the gene of interest or a therapeutic gene in the recombinant
vector, which follows the same viral transduction pathway as the wild-type virus. ITRs are retained
as they are necessary for viral DNA replication, transcription, and viral genome packaging in the
preassembled capsid. However, in the absence of Rep proteins, the viral genome remains episomal
and provides persistent transgene expression®.

AAV1 to AAV9 serotypes-derived vectors have been studied in clinical trials for various diseases
(Figure 2.2B), where the suitable serotype is selected based on the tissue specificity®. For example,

AAV1 displays very strong transduction in muscle tissues and was used as a gene delivery vector

34



in Glybera® developed to treat lipoprotein lipase (LPL) deficiency®. The rAAV1 vector carried
the gene sequence for the LPL enzyme responsible for the metabolism of fatty acids in the patient
suffering from hereditary LPL deficiency. Similarly, AAV2 showed higher transduction in the
retina and was used in the development of Luxturna™, a gene therapy medicine for the treatment
of hereditary retinal dystrophy®. Since AAV9 can cross the blood-brain barrier and facilitate gene
delivery in neurons, it was used in the development of Zolgensma® for the treatment of spinal
muscular atrophy, a devastating condition characterized by diminished motor neuron
functionality®.

As mentioned earlier, AAV has seen extensive growth in clinical studies over the last decades and
has been a vector of choice in more than 240 clinical trials. These studies include cancer,
neurological, cardiac, ocular, and inflammatory diseases (Figure 2.2B). Of particular note is the
use of AAV as a vectored vaccine for infectious diseases such as HIV and Hepatitis C virus
infection. By far, monogenic disease indications are the most studied disease type under clinical
studies utilizing AAV as a gene delivery vector. It is interesting to note that even though AAV is
not the dominant viral gene delivery vector in clinical studies, it has been by far the most successful
with 24 drugs reaching the phase-lll clinical studies (Figure 2.2D) and three gene therapy
medicines approved for commercialization by regulatory authorities, including EMA and USFDA

indicating a great promise offered by rAAV vectors.

2.5 AAV vector manufacturing
2.5.1 AAV production (upstream processing)

Currently, recombinant adeno-associated viral vectors are produced in mammalian and insect cell-
based production platforms. Whereas the mammalian platform utilized various types of host cells

such as HEK?293%"%8 HelLa®®® and BHK®%?  the insect cell platform features Spodoptera
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frugiperda (Sf9) cells as a host for AAV production®°°, The traditional AAV production protocol
was based on the transient transfection of adherent HEK293(T) cells with the three plasmids
delivering the DNA sequences of packaging genes (pAAV-rep/cap), ITR-flanked transgene
(pPAAV-transgene), and the helper genes derived from adenovirus (p-Ad helper)®®. This original
platform evolved overtime to attain simplicity, scalability, and improvement in AAV production
yield resulting in three main systems based on transient transfection of suspension-adapted
HEK?293 cells®’, HeLa-derived stable cell lines®*® and suspension-adapted BHK cells involving
herpes simplex type-1 virus superinfection®™®’. In the insect cell platform, the necessary gene
sequences for AAV production (rep, cap, and ITR-transgene) are delivered via the ACMNPV
baculovirus vector under the transcriptional control of insect promoters. Here, the helper function
required for rescue and production of replication-deficient AAV is provided by the same
baculovirus vectors®,

While the most popular suspension-adapted HEK293 cell-based system is effective and scalable
for AAV production, it is limited by the inefficiency of transient transfection (TT) mode of gene
delivery at higher cell density, restricting the AAV production at up to 2 million cells/mL cell
concentration and limiting the overall volumetric yield®. In contrast, the insect cell has been
demonstrated to enable AAV production at a high-cell density of around 10-12 million cells/mL
in the fed-batch cultures®®®, In general, the AAV production yield in the suspension-adapted
HEK?293/TT process is in the range of 2-8x10% viral genomes (VG)/L%®7°, whereas in the high
cell density insect cell cultures, the AAV yield can reach as high as 3x10* VG/L®°. Since its first
report for AAV vector production in 2002, the insect cell platform has undergone significant
improvements to streamline the production process by reducing the baculovirus vectors and

producing AAV vectors of different serotypes with bioactivity similar to those produced in
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mammalian cells, the natural host of AAV®4%>71 A detailed discussion on this topic is provided in
Chapter 2, which is a review paper (accepted for publication) on the advancement of the insect-
cell baculovirus platform for AAV production.

Notably, during the recombinant AAV production, the host cells do not efficiently encapsidate the
vector genome in the pre-formed AAYV capsids resulting in the co-existence of empty capsids in
excess. The fractional content of these empty capsids is typically in the range of 50-90% in both
mammalian® 2 and insect cells®®"3, These empty capsids exhibit no direct therapeutic effect and
increase the immunogenic burden on the patient, and hence is considered an impurity in a clinical-

lot of AAV vector.

2.5.2 AAV purification (downstream processing)

In general, the AAV vectors produced in the host mammalian and insect cells are intracellularly
localized, and the primary recovery step requires the extraction of AAV via chemical or physical
means of cell-lysis in the harvested cell cultures*?™. The insoluble cell-debris and high cell-density
cellular components are removed via clarification step(s) involving high-speed centrifugation or
depth-filtration or a combination of both’™. Due to apparent co-extraction of other cellular
components, including organelles, host cell-genome, and host cell proteins, AAV purification
requires a multi-step process incorporating density-gradient ultracentrifugation or chromatography
unit operations alone or in combination followed via ultrafiltration/diafiltration®3.

More amenable to small-scale, the ultracentrifugation protocol developed for AAV purification is
based on either cesium chloride or iodixanol density gradient method'®'2. A typical
ultracentrifugation purification process involves two rounds of ultracentrifugation run. In the first

round, AAVs are separated from other cellular impurities, and the fraction collected consists of a
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mixture of empty capsids (EC) and genome-containing capsids (GC). This mixture is then
subjected to a second-cycle of ultracentrifugation where EC (density: ~1.33 g/mL) and GC (~1.38-
1.40 g/mL) are separated based on their minute differences in the buoyant densities'**2. The
resultant EC-free material is highly enriched in genome-encapsidating vector particles with purity
levels suitable for pre-clinical and clinical testing.

Easily scalable and widely used chromatography protocols were also developed in parallel for
AAYV purification. The primary capture step was based on either an AAV-specific affinity
chromatography or a non-specific ion-exchange chromatography. Affinity chromatography
techniques were based on (1) host cell-receptor binding domain of AAV (heparin affinity’®"°,
cellufine sulfate®® affinity and mucin affinity chromatography®), (2) immuno-affinity ligands
raised against AAV capsids (AVB Sepharose®+®°, AAV8’2, AAV9'2 and AAVX chromatography)
and (3) engineered AAV capsids (immobilized metal-affinity®? and avidin-biotin affinity
chromatography®). Exploring the ionic charge characteristics of AAV capsids, both anion’®-and
cation-exchange’#®4 chromatography processes have been used for the AAV capture step. Due to
the non-specificity of ion-exchange chromatography, unlike affinity chromatography, the primary
capture step is often combined with a secondary purification step involving another
complementing ion-exchange step or hydrophobic chromatography step to attain purity levels
comparable to affinity-chromatography step'®”4. The purified AAV material generated after the
primary capture step(s) is also a mixture of EC and GC, free-from cellular impurities. Anion-
exchange chromatography has been reportedly used to separate genome-less empty capsids from
genome-containing capsids based on minute differences in net negative charge at a pH above
AAV’s isoelectric point (> 8)72848, This step is often combined as intermediate purification or

polishing step with one or more capture steps to generate AAV material enriched in genome-
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containing capsids. Finally, this material is subjected to ultrafiltration/diafiltration or size-
exclusion chromatography to remove remaining high or small molecular weight impurities and

buffer exchange in the formulation buffer.
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Abstract

Despite rapid progress in the field, scalable high-yield production of AAV is still one of the critical
bottlenecks the manufacturing sector is facing. The insect cell-baculovirus expression vector
system (IC-BEVS) has emerged as a mainstream platform for the scalable production of
recombinant proteins with clinically approved products for human use. In this review, we provide
a detailed overview of the advancements in IC-BEVS for rAAV production. Since the first report
of baculovirus-induced production of rAAV vector in insect cells in 2002, this platform has
undergone significant improvements, including enhanced stability of Bac-vector expression and a
reduced number of baculovirus-coinfections. The latter streamlining strategy led to the eventual
development of the Two-Bac, One-Bac, and Mono-Bac systems. The one baculovirus system
consisting of an inducible packaging insect cell line was further improved to enhance the AAV
vector quality and potency. In parallel, the implementation of advanced manufacturing approaches
and control of critical processing parameters have demonstrated promising results with process
validation in large-scale bioreactor runs. Moreover, optimization of the molecular design of
vectors to enable higher cell-specific yields of functional AAV particles combined with bioprocess
intensification strategies may also contribute to addressing current and future manufacturing

challenges.
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3.1 Introduction

Since the establishment of the first successful continuous insect cell line from Bombyx mori in
1959 !, sustained efforts have led to the establishment of insect cells as a workhorse for the
expression of recombinant proteins for research and clinical applications. The discovery and
isolation of Autographa californica multinuclear polyhedrosis virus (AcMNPV) in 1971 was
instrumental in positioning the insect cell-baculovirus expression vector system (IC-BEVS) for
heterologous protein expression 2. Over the following years, extensive studies related to the
biology of the baculovirus, infection kinetics, genome sequences, and structural variants were
undertaken 4. The first breakthrough was the discovery of the polyhedrin strong late promoter
(polh) by Smith et al. in 1983 °, which drives strong expression of the polyhdrin protein in the late
infection phase in wild-type baculovirus (BV); however, it is not an essential element for a
recombinant baculovirus vector. Smith et al. replaced the polyhedrin gene with that of human
interferon-beta (INF-) and interleukin-2 (IL-2), and demonstrated a polh-driven robust expression
of these proteins using IC-BEVS °%. A year later, another strong late promoter, p10, was
discovered and its functionality in protein expression studies was demonstrated ’.

The cell line derived from the fall armyworm, Spodoptera frugiperda (Sf21 and derived clone Sf9)
and the cabbage looper Trichoplusia ni (High Five™; Hi5) were established as continuous cell
lines and extensively used due to their susceptibility to baculovirus infection and favorable growth
characteristics in adherent, and thereafter, suspension cell cultures 82, Despite their routine use,
both cell lines showed notable differences. The Hi5 cells showed a comparatively higher yield of
secretory proteins $3-1° and the addition of alphal,3-fucose, a potentially immunogenic glycan
structure, to the expressed proteins, which were absent in the proteins produced in Sf9 cells 6. The
Sf9 cells showed higher baculovirus susceptibility ” and hence are often favored by researchers

as host cells for both baculovirus and recombinant protein production. Despite these differences,

43



both cell lines have been routinely used to produce therapeutic biologics with a history of
regulatory approval for human use 819,

In the early *90s, cell culture engineers took the lead in studying the insect cell growth kinetics
and metabolism in serum-supplemented and serum-free culture medium. Serum-free cell media
with shear protective properties were developed, enabling insect cell growth in suspension cell
cultures in shake flasks and bioreactors 2°-2%, demonstrating the scalability and robustness of the
IC-BEVS process for protein production.

Initially employed for the production of baculoviruses as biopesticides, IC-BEVS quickly gained
popularity for the expression of a broad spectrum of recombinant proteins, including enzymes,
glycoproteins, recombinant viruses, and vaccines 3?4, The IC-BEVS platform has been used for
the production of veterinary vaccines such as Porcilis pesti, Circumvent PCV, CircoFLEX %, and
human vaccines such as Cervarix® 828 and Flublok®!!. Regulatory approval of Cervarix®, a virus-
like particle-based vaccine against cervical cancer, was a critical milestone as it was the first
biologic produced in insect cells and approved for human use.

The adeno-associated virus (AAV) is currently gaining widespread popularity in gene therapy
applications for the correction of monogenic disease conditions. In the last decades, there has been
a steady growth in AAV-based gene therapy clinical studies, which have been supported by the
accelerated development of IC-BEVS scalable production systems for AAV manufacturing. In
addition to the approval of Glybera® by the European Medicines Agency in 2012 %', from a
regulatory perspective, a more recent and significant milestone was the breakthrough designation
by the USFDA of BioMarin’s Hemophilia A gene therapy candidate, a recombinant adeno-

associated virus 5 (rAAV5) gene delivery vector produced in insect cells using BEVS 28, This
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event further contributed to aligning the IC-BEVS manufacturing process of AAV with the current
standard of Good Manufacturing Practice (GMP).

In this review, focusing exclusively on the advancements of the IC-BEVS as a platform for AAV
production, we provide insights into the evolution of molecular designs of baculovirus vectors and
their key features. AAV manufacturing technologies using IC-BEVS are discussed from a process
developer’s standpoint. It is foreseeable that further vector optimizations combined with
innovative process intensifications may significantly contribute to addressing current and future
manufacturing challenges, enabling higher cell-specific and total yields of functional AAV gene

delivery vectors of different serotypes.

3.2 AAV taxonomy and genome organization

AAYV s a single-stranded DNA virus that belongs to the family Parvoviridae and the genus
Dependovirus because of its replication-deficient nature. Members of this family have evolved
over the years, expanding their spectrum of hosts, which includes mammals and insects 2°.
Although mammalian cells are the natural host of AAV, based on the common ancestral
relationship (Figure 3.1A) and given that insect cells are the natural hosts of viruses belonging to
the Densovirinae subfamily, they should facilitate the rescue and replication of AAV genes and
support AAV protein expression. Ruffing et al. in 1992 reported baculovirus-mediated AAV gene
delivery, AAV VP proteins expression and AAV capsids assembly in insect cells %. However, the
first report of AAV Rep expression, Rep-mediated rescue of ITR-flanked transgene and
production of functional AAV vector in insect-cell was published a decade later by Urabe et al. 3.

Both reports confirmed functionality of insect cells as a suitable host for AAV production. The
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wild-type AAV (WtAAV) genome is a linear, single-stranded DNA with a size of approximately

(A)
‘ Family Paroviridae
Subfamily Densovirinae Parovirinae
Genus Dependovirus ' Parvovirus Six more
1 : genera
‘ AAV |
Infect invertebrate Infect mammalian
host host
(B)
p5:256 p19:843 p40:1822
Pﬁi:Q‘I 82 PA:4|120
| | I l ] | l I L
470 940 1410 1880 2350 2820 3290 3760 4230
Rep78
Rep68 —m
Rep52 —$
Rep40 — —
UG
VP1 —v‘A
VP2 — Pres =
VP3 —— Al

Figure 3.1 AAV family tree and wtAAV2 genome map and expression profile

(A) AAV family tree. The Dependovirus AAV mainly infects mammalian hosts and replicates in the presence
of a helper virus. Though evolutionary distant yet related to the Densovirinae subfamily, it shares common
structural and functional features with viruses from this subfamily, which mainly infect invertebrates hosts such
as insects. (B) wtAAV2 genome map and protein expression profile. The AAV genome schematic illustrated is
based on a previous publication . The numbers represent the nucleotide position. The viral genome is flanked
by two ITRs, one at each end. Two promoters in the Left ORF drive the expression of four regulatory Rep
proteins, whereas a single promoter in the right ORF drives the expression of three capsid protein subunits (VP1,
VP2, and VP3) from a single mRNA transcript. Intron splicing generates four Rep proteins of different sizes
from two mRNA transcripts, whereas the leaky scanning of weak translational codons results in the production
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of three VP proteins in a stochastic ratio of 1:1:10. The diamond shape represents the N-terminal of the peptide.
Two polyadenylation (PA) signal sequences are shown via the orange line.

4.7 Kb *2, Major coding regions consist of the genes responsible for the expression of non-
structural regulatory Rep proteins and structural capsid proteins (Cap or VP). This coding region
is flanked at both ends by an inverted terminal repeat (ITR) sequence, which acquires a T-shaped
hairpin-like structure formed via complementary base pairing of palindromic sequences.

The wild-type AAV (WtAAV) genome is a linear, single-stranded DNA with a size of
approximately 4.7 Kb 32, Major coding regions consist of the genes responsible for the expression
of non-structural regulatory Rep proteins and structural capsid proteins (Cap or VVP). This coding
region is flanked at both ends by an inverted terminal repeat (ITR) sequence, which acquiresa T-
shaped hairpin-like structure formed via complementary base pairing of palindromic sequences.
Figure 3.1B represents the genomic map of wtAAV2 and its transcriptional and translational
profile *2. The recombinant AAV (rAAV) vector retains only the ITR from the wild-type virus, the
element essential for vector genome encapsidation, whereas the rep/cap genes are replaced by an
expression cassette consisting of a gene of interest flanked by ITR. The rep/cap genes essential for
rAAV production are supplied in trans via a suitable vector, such as baculovirus vector in case of

insect cells-based production system.

3.3 Molecular design of baculovirus expression vectors and cell lines for production of
rAAV

Since insect cells are the heterologous host of AAV, substantial efforts have been made in the last
two decades in applying molecular engineering approaches to achieve efficient AAV production

employing the IC-BEVS platform. Building upon the intrinsic advantages of the IC-BEVS
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platform, efforts have been directed towards achieving higher expression stability, improved AAV
yield, and streamlining manufacturing processes. Below, we summarize the progressive
development of various strategies and highlight features that might be of consideration when using

IC-BEVS for AAV production. The bioprocessing features are discussed separately in Section 4.

3.3.1 First generation IC-BEVS: Three-Bac

The production of functional rAAV2 vectors in insect cells was first reported in 2002 by Urabe et
al. 3. This system required co-infection of Spodoptera frugiperda (Sf9) cells with three
baculovirus expression vectors (BEVs), each delivering one of the three essential genes (rep: Bac-
Rep, cap: Bac-Cap, and ITR-flanked gene of interest: Bac-ITR-GOI) for AAV generation, hence
the name Three-Bac (Figure 3.2A). The successful AAV vector production demonstrated that
AAYV genes, when delivered as an integral part of the baculovirus genome under the transcriptional
control of insect promoters, can successfully undergo DNA and protein processing pathways in
insect cells. They adequately provided the components and cellular machinery required for rescue
and replication of AAV genes, AAV protein expression, capsid assembly, and viral genome
encapsidation. Moreover, unlike mammalian cells, no additional helper virus (adenovirus or herpes
simplex virus) superinfection or supplementation of helper genes was necessary for AAV

production, indicating that the baculoviral vector provided all or any essential helper function(s).

3.3.2 Second generation IC-BEVS: Two-Bac, Mono-Bac, and One-Bacl.0

Although initially successful for AAV2 production, the Three-Bac did not achieve widespread
application because of the genetic instability of BEVs and consequent loss of AAV yield, and the

inability to produce functional AAV vectors of other serotypes 3334, These limitations were
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partially resolved in the follow-on systems based on two and one BEV, namely, Two-Bac and
One-Bac/Mono-Bac. In the Two-Bac system reported by Smith et al. ** and Chen %, rep and cap
expression cassettes were introduced into a single BEV (Bac-Rep-Cap or Bac-In-Rep-Cap)
(Figure 3.2A), therefore now requiring co-infection of only two baculoviruses. AAV production
with Mono-Bac required Sf9 cells to undergo infection with a single BEV harboring all three
essential genes 3. In contrast to the Mono-Bac, the One-Bac1.0 reported by Aslanidi et al.
consisted of baculovirus (BV) inducible stable Sf9 packaging cells harboring the rep2 (AAV?2 rep)
and capX (X = serotype of interest) genes 8. Infection of these cells with a single baculoviral
vector carrying an ITR-flanked transgene cassette resulted in an inducible and amplified
expression of AAV proteins offering up to 10-fold higher cell-specific yield of AAV2 vector
particles compared to the Three-Bac. Comprehensive reviews providing detailed insights into the

molecular design of each of these systems have been published previously 3%4°,

3.3.3 Advancements in IC-BEVS

The development of the first- and second-generation BEV systems and their subsequent
improvements were driven by the combined aims of achieving sustained expression of AAV
proteins (Rep and Cap) in stoichiometric proportions, improved AAV production yield and
functionality, and overall vector quality. The following sections summarize the various strategies

undertaken to achieve each of these goals.
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Figure 3.2 AAV insect cell baculovirus expression systems for AAV production and mechanism
of inducible expression in One-Bac

(A) Four major systems for rAAV production using the IC-BEVS. The Three-Bac system consisted of three
rBEVs vectors, each carrying a specific gene sequence 3. Further study with this system identified critical
shortcomings, related to the expression stability of rBEVs and the underlying mechanism 3. The follow-on
systems exhibited better expression stability of rBEVs over extended passage numbers and required only two
rBEVs’ co-infections for AAV production. The systems such as One-Bac or Mono-Bac further simplified the
manufacturing process requiring only a single rBEV co-infection. One-Bac consists of a rep2capX packaging
cell line and a Bac-GOlI vector %, whereas in Mono-Bac, a single BEV carries all the necessary gene (Bac-ITR-
GOI-Rep2-CapX) sequences ¥. (B) The postulated mechanism of induction and amplification of rep/cap genes
in One-Bacl.0. Bac-ITR infection provides IE-1, which activates hr2-0.9 (1) and induces Rep78/52 or Cap
expression (2). The expressed Rep78 further forms a complex with RBE (3) and induces the second round of
amplification of Cap or Rep52 expression (4), resulting in a higher Rep52:Rep78 ratio which is reported to favor
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higher vector yield 3. The schematics of Bac-vector expression cassettes depicted in this figure were adapted
from the original publications and recreated using Biorender.com.

3.3.3.1 Enhancement in AAV Rep expression

The head-to-head orientation of Rep78 and Rep52 expression cassettes of the Three-Bac’s Bac-
Rep vector was found to be genetically unstable due to palindromic orientation (Figure 3.2A),
causing passage dependent loss of Rep78/Rep52 expression and substantially low functional
AAV titer 23, Kohlbrenner et al. restored expression stability by isolating the Rep78 and Rep52
sequences onto different baculovirus vectors, although quadruple infection was now required,

complicating the Three-Bac-based AAV production process even more 3,

Chen et al. reported stable Bac-Rep expression by introducing a synthetic intron in the Rep coding
region *°. The polh promoter of this synthetic intron drove the Rep52 expression independent of
Rep78, resulting in stable expression of both proteins from two different mRNAs for extended
passage numbers. In contrast, in the Two-Bac system, Smith et al. modified the nucleotide
sequences of the Rep78 translational initiation codon providing weak Kozak consensus and the
codons downstream of Rep78 *. The resulting leaky ribosomal scanning of Rep78 and
concomitant expression of both Rep78/Rep52 proteins from a single mRNA transcript showed
Bac-Rep stability up to seven passages.

A more recent modification utilized the weak initiation codon for Rep78, which enabled partial
exon skipping and subsequent expression of downstream Rep52 from a single expression cassette
and reportedly enhanced Bac-Rep stability for at least five passages **.

In the Mono-Bac ¥, the rep-cap expression cassette reported in Two-Bac * was integrated into
the egt (ecdysteroid UDP-glucosyltransferase) locus of the baculovirus genome. The very late

phase expression of Rep proteins, specifically after baculovirus DNA replication, minimized Rep-
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induced excision of the rep-cap expression cassette from the baculovirus genome, resulting in
sustained expression stability. Furthermore, this late phase expression of Rep proteins was also
critical to avoid Rep-induced excision of AAV expression cassette 42 and its integration stability
in baculovirus genome as this can ultimately affect the stability of Mono-Bac BEV and overall

production titer of AAV vectors.

In contrast to some of the above systems where a separate strong polh promoter was used for
Rep52 expression, Aslanidi et al. retained the partially active native p19 promoter of Rep52 to
drive its expression in One-Bac 1.0 insect cells ®. The introduction of the Rep-binding element
(RBE) resulted in Rep52 expression higher than Rep78 via a feed-forward loop achieving a
desirably higher Rep52:Rep78 ratio (Figure 2B). The modified version of the One-Bac Sf9 cell
line harboring a stably integrated rep-cap cassette demonstrated higher expression stability than

previously described Bac-Rep vectors, up to at least 35 cell-culture passages “°.

3.3.3.2 Restoration of VP1 expression proportion for improved AAV functionality

In mammalian cells, the natural host of AAV, the combination of alternate mRNA splicing and
leaky ribosomal scanning of a weak VP2 translational initiation codon enables the expression of
three VP proteins in their prototypic ratio (VP1:VP2:VVP3 = 1:1:10) from a single mRNA transcript
32 Sufficient expression and subsequent incorporation of VP1 subunit, harboring phospholipase
A2 (PLA>) like enzymatic domain, in the AAV capsid are critical as the PLA: is reportedly
responsible for late endosomal escape and consequent perinuclear localization which are essential
steps for the transduction efficiency of AAV vectors *4°, Initial failures at attaining the expression

of three VP proteins in given prototypic proportions using Three-Bac necessitated the use of a
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weak VP1 translational initiation codon, which, leveraging leaky ribosomal scanning, produced
three VP proteins in the desired ratio 3. Although successful for AAV2, the Three-Bac was later
reported to produce sub-optimal expression levels of VP1 of other clinically relevant serotypes
such as AAV5 and AAVS, generating defective/non-tranducive vector particles 3334,

Based on the original findings by Kozak #4647, Urabe et al. hypothesized that, compared to AAV?2
VP1, a single nucleotide difference at a critical position in the Kozak sequence surrounding the
AAVS5 VP1 translational initiation codon may be responsible for sub-optimal ribosomal scanning
efficiency and reduced VP1 expression levels. Building on this hypothesis, complete or partial
VP1 domain swapping strategies have been shown to generate AAV chimeric vectors (AAV2/5 or
AAV2/8) with restored VP1 expression levels and improved transduction efficiency 33,

Chen achieved sufficient VP protein expression by placing VP1 under the transcriptional control
of a strong polh promoter, whereas the VP2/3 expression was governed by a synthetic intron 36,
As aresult, higher and stable expression of all VP proteins was achieved from two separate mMRNA
transcripts.

Similar to the original Three-Bac, the Two-Bac * and the One-Bac systems, harboring the weak
VP1 translational initiation codon, also showed suboptimal expression levels of VVP1 proteins in
certain serotypes other than AAV2 “°. Bosma et al. reported that the selection of a modified optimal
VP1 translation initiation codon and the associated downstream nucleotide sequence resulted in
optimal stoichiometric expression of all three VP proteins generating an AAV5 vector with
improved functionality in the Two-Bac system “8. In One-Bac2.0, the second-generation One-Bac,
the original strong VP1 codon and a synthetic intron were introduced to restore the expression
level of AAV5 VP1 % In a more recent modification, the third-generation One-Bac3.0, a

combination of the modified translational initiation codon and Kozak sequences offered
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suboptimal translation efficiency yet sufficiently high VP1 expression levels in more than one
serotype, reportedly in both AAVS5 and AAV9Y, resulting in highly transducive vectors .
Differently from previous reports, Galibert et al. found that baculovirus protease-driven
degradation of VVP1 led to the production of defective/VVP1 deficient AAV vectors of serotype 1,
6, and 8 in insect cells °2. Deletion of cathepsin expressing v-cath locus from the baculovirus
genome or the use of the E64 protease inhibitor improved the post-expression stability of VP1 and
restored the potency of the vector.

A novel strategy involving the use of the 5’-untranslated region (5’-UTR) to regulate AAV VP
protein expression levels was reported *3. The engineered 5°-UTR sequence, forming a hairpin-
like secondary structure, was introduced upstream of the VP1 codon to generate AAV2 and AAV9

vectors with the desired VP1 level.

3.3.3.3 Improved efficiency and specificity of vector genome packaging

Concerns regarding the co-packaging of non-vector nucleotide sequences, including antibiotic
selection marker genes from the bacmid backbone, were first raised during the regulatory
evaluation of Glybera®>*. The baculovirus DNA sequences proximal to the AAV ITR in the Bac-
ITR vector are also prone to reverse packaging due to ITR’s role as a packaging signal >°. Even
though collaterally packaged baculoviral gene sequences, in general, are not expressed in
mammalian cells, the delivery of such non-transgene elements may evoke a potential immunogenic
response in vivo and hence is considered a safety risk. Therefore, dedicated efforts have been
invested in improving packaging efficiency and specificity.

The inverted terminal repeat sequence of the AAV genome is the only element from the wild-type

AAV virus that is maintained in a recombinant vector and is present in cis in a transgene expression
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cassette. A recent report by Savy et al. showed that the unmodified AAV2 wild-type ITR (WtITR)
sequence promotes enhanced and specific encapsidation of the rAAV8 vector sequence in contrast
to truncated ITRs, which is found in traditional packaging plasmids such as pSUB201 and its
variants . The latter was found to be responsible for non-specific packaging. Specifically, with
the use of intact wtITR, two-dimensional improvements were reported. First, the relative
proportion of packaged capsids increased to 40% from 10%, and second, the packaging of non-
specific sequences was reduced by 10-fold °°.

The incorporation of RBE in the original One-Bacl1.0 was responsible for high-frequency co-
packaging of rep/cap sequences in AAV capsids, confirming its role as a packaging signal *°.
Excision of the RBE component in the One-Bac2.0/AAVS5 cell line resulted in more than 3- and
4-log reductions in the frequency of rep and cap sequence co-packaging, respectively, with final
rep/cap packaging levels reaching as low as 0.001% and 0.02%, respectively *°. The AAV vector
produced using RBE-negative One-Bac3.0 also demonstrated a lower frequency of the co-
packaging of all non-vector-specific sequences (rep/cap, baculoviral, and Sf9 genome) in the range
of 0.003-0.4% L.

Recently, BEVs generated via homologous recombination, in contrast to the traditional Tn-7
transposition protocol, showed improved expression stability and lack of co-packaging of bacterial

or transposase-derived sequences, providing a high-quality AAV vector preparation °’.

3.4 Bioprocessing of rAAV using the IC-BEVS manufacturing platform

In addition to the molecular design of expression systems, the bioprocessing aspect of IC-BEVS
is equally essential for the successful manufacturing of AAV. AAV production in insect cells is

inducible upon BV infection, a process based on the complex dynamics of insect cell baculovirus

55



interaction and Kkinetics of baculoviral and AAV gene expression, which in turn affects the extent
and kinetics of AAV protein production and overall AAV quality and yield. This process has been
primarily and extensively documented in peer-reviewed research publications with the Three-Bac
system, which has been the workhorse of AAV production and bioprocessing research for more
than a decade. In the following sub-sections, a detailed discussion on AAV bioprocessing from the
Three-Bac standpoint is provided, highlighting important process intensification strategies. The
key features of recent improvements in the AAV production process related to the Two-Bac and
the One-Bac systems and critical areas of future improvements are discussed in later sections.
Table 3.1 summarizes the AAV Yyield at various scales employing different IC-BEVS production
systems. A schematic overview of the AAV production process employing the IC-BEVS platform

is shown in Figure 3.3.

3.4.1 Multiplicity of infection of Baculovirus: cell population and kinetics of Baculovirus
Infection

Multiplicity of infection (MOI), defined as the number of active viral particles (BV in this context)
infecting one cell, has been shown to influence the kinetics and extent of infection and protein
expression, which ultimately affect the overall yield and composition of the product of interest %8
61 In the Three-Bac system, the productive infection and consequent AAV generation necessitate
the insect cells to receive all the essential genes (rep, cap, and transgene) delivered by three BEVs
31'

Statistically, at an MOI of 1 for each of the three BEVs, while 95% of cells are infected with at
least one BEV, only 22% of cells receive three BEV productive infections, leaving 78% of the
cells unproductive in the primary BV infection 2. This productive cell population is even lower at

a higher MOI. Meghrous et al. reported that at an optimal MOI of 5, less than 12% of cells are
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AAV-productive in the primary infection cycle . In two baculovirus systems (Two-Bac), the
productive cell-population proportion ranges between 60-70% “°, with a one baculovirus system,
it can reach as high as 95% (based on the MOI used) in the first wave of infection ®2. The single
baculovirus infection follows the Poisson distribution, and the relationship between the MOI and
protein expression as a function of the productive cell population is a hyperbolic up to an MOI of
5 626465 |t is believed that this increase in the productive cell population in Two-Bac may be
responsible for the higher AAV vyield *°. However, this can be challenged given that the average
cell-specific yield of AAV2 viral genomes (VG) achieved with Three-Bac (45,000 VG/cell) 3 is
not significantly different from that of Two-Bac (78,000 VG/cell) *. A somewhat higher titer with
Two-Bac might be correlated to higher AAV Rep protein expression stability, which is necessary
for vector genome rescue, replication, and encapsidation *>®%¢7 The lower productive cell
population at the primary BEV infection can be circumvented via subsequent waves of infections
where BEV progenies produced after the primary infection round infect the remaining cell
population, providing near 100% productive infection. This phenomenon is characteristic of
asynchronous baculovirus infection caused by low MOI used in the primary infection round 8.
This process has been used for the production of enveloped virus-based vaccine candidates in
insect cells and mammalian cells 7,

When applied to AAV production using Three-Bac, Mena et al. and Negrete et al. reported that at
both low and high MOls, the overall volumetric yields of AAV are comparable %7%; however, in
the case of a low MOI process, the culture harvest time is delayed by an additional 2448 h post-
infection (~96 hpi) due to an apparent delay in the transition to the productive infection phase as
compared to the standard high MOI process . A full factorial DOE study conducted by Aucoin

et al. provided detailed insight into single-factor and multifactorial interaction effects of MOI of
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the three baculoviruses on AAV yields and the timing of expression for each AAV protein 2. This
study suggested a self-controlling nature of the insect cell-baculovirus infection process, where
differing MOls or delaying the infection of one of the three baculoviruses did not lead to significant
changes or improvements in overall AAV vyield when reported in combination with the relative
proportions of total, genome containing, and infective virus particles (Cp: VG: IVP).

Besides, obviously low BEV stock requirements, another advantage of the low MOI process, relate
to the lower production of non-functional defective interfering particles (DIP) of BV progenies
after the primary infection 3. Therefore, a low MOI is also recommended for BV/BEV production.
It has been reported that during BV production, the co-synthesized DIP can lack up to 43% of the
original BV genome 3, the missing elements may be complemented by a high MOI infection
facilitating DIP co-production. In contrast, a low MOI primary infection reduces this genetic
complementation and probability of DIP progeny formation, hence minimizing DIP-mediated non-

AAV-productive infections during the AAV production process.

3.4.2 Cell density effect and mode of cell culture operation

The cell density effect, which refers to the loss of cell-specific yield of the product of interest
above specific cell density (breakpoint) in the cell culture, has been widely reported in the
literature, including with respect to AAV production 436368747 This effect has been associated
with metabolic limitation of the culture, especially in the productive infection phase, and has been
successfully alleviated via supplementation of fresh growth medium (medium replacement
strategy) or bolus supplementation of the nutrient cocktail under the fed-batch mode of operation
6375 While commercially available serum-free growth media for insect cell culture such as SF-

900™-11 or-111 can support a peak cell density of up to 13 million cells during a standard growth
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curve (our unpublished data), they fail to sustain protein expression in baculovirus-infected high
cell density cultures. When analyzed for AAV production using Three-Bac, the optimal cell
density at the time of infection was reported to be approximately 1 million cells/mL in the EX-
CELL® 420 medium 2 or 3.5 million cells/mL in SFX serum-free medium ®. Similarly, during
AAVS5 production in One-Bac3.0 Sf9 cells using Sf900™-11 or Sf900™-111 medium, the cell density
breakpoint was approximately 2.0 million cells/mL “3. Any combination of cell density at the time
of infection and an MOI that resulted in a peak cell density above the breakpoint resulted in a drop
in the cell-specific yield, limiting the AAV volumetric titer in a low-cell density culture. Such a
low-cell density culture process operating under a batch mode of cultivation generally results in a
lower volumetric yield of AAV, necessitating large-scale bioreactor production to meet the
exceptionally high demand of AAV vector material (up to 10" VGs) for late-phase clinical studies
39_

A straightforward way to boost the overall volumetric titer is to infect and induce AAV production
at higher cell densities while maintaining the cell-specific yield. The medium replacement strategy
was used to attain increased AAV production at cell density as high as 7.5 million cells/mL in
shake-flasks, and the process was further validated at the 3L and 20L bioreactor scale at up to 2.5
million cells/mL cell density 5. Similarly, in Sf21 cells, the fresh growth medium supplementation
successfully alleviated nutrient limitation at 1 million cells/mL density offering increased cell-
specific yield compared to controlled production runs ’’. The fed-batch mode of operation
combined with low MOI infection of Three-Bac BEVs resulted in an almost 1-log increase in
volumetric yield of functional AAV2 particles when the nutrient cocktail was provided at the time
of infection and 24 h before and after infection (Table 3.1) . In this case, Sf9 cells were infected

at ~5 million cells/mL at a low MOI of 0.1 (for each BV), which resulted in non-infected cells

59



growing up to 48 hpi, attaining a peak cell density as high as ~10 million cells/mL followed by a

sustained AAV production phase.

3.4.3 Effect of temperature

The temperature modulation strategy is reported to affect protein expression yield and

glycosylation in insect cells 788

, Which grow best at temperatures between 27 °C and 30 °C.
Aucoin et al. reported higher functional AAV2 vector production in Sf9 cells at a higher
temperature 8. Of different temperatures tested (21, 24, 27, 30, and 33 °C), the highest yield of
AAV functional particles was achieved at 30 °C, which was 2.5 times and 5 times more than at 27
°C and temperatures below that, respectively. In addition, temperature modulation affected the
onset of expression and kinetics of AAV protein production. The use of temperature-responsive

promoters or other regulatory elements to achieve inducible production of AAV proteins at a

controlled rate or expression levels remains open to further investigation.

3.4.4 AAV production in small and large-scale stirred-tank bioreactors and Wave™
bioreactors

The attractive features of insect cell baculovirus platforms include the ability of insect cells to
grow in suspension culture at a high cell density, proven linear scalability, and a history of
regulatory acceptance of the platform for the production of various biologics 2. A commercial-
scale fed-batch manufacturing process for Flublok® in Sf9 cells was successfully scaled-up and
demonstrated at 2,500 L stirred-tank bioreactor (STB) ! with targeted production at a > 20,000 L
scale. Multiple reports of AAV production in either conventional STBs (glass, stainless steel, or
disposable vessel) #376830r Wave™ bioreactors 8 suggest comparable yields and quality of rAAV

vector material (Table 3.1). In a controlled bioreactor environment maintained at optimal cell-
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culture conditions, the AAV production yield improved compared to a shake flask run, as
demonstrated in a 20 L scale bioreactor production, which generated around 5 x 102 AAV2
functional particles %3(Table 3.1). Subsequent reports of AAV production using an improved
Three-Bac system indicated AAV volumetric yield in the range of 5 x 10%2-3 x 10'* VG/L with a
comparable consistency at various scales of Wave™ (up to 20 L) and STB (up to 40 L),
respectively &. Even though the reported yield was somewhat lower, the bioreactor scale process
performance, when expressed as the ratio of genomic: transducing units (VG: TU), was consistent
in all production runs.

Although simple and straightforward at a smaller-scale, AAV production using Three-Bac at a
large scale was challenging due to a multitude of reasons. First, a large amount of three different
BEV stock, required to infect large-scale production cultures, necessitates the parallel production
of these BEVs. During this BEV production step, BEVs may undergo high passage numbers,
resulting in lower and variable expression stability and presenting a direct source of plausible
process variability. Second, the parallel production, quantification, and characterization of three
different baculoviral vectors remain cumbersome and resource-extensive steps. Moreover, if a high
MOI process is selected (> 3 MOI for each BEV), the total volume of three-BEV stock (1 x 108
pfu/mL) required may be as high as 20% v/v, leading to a substantial dilution of production culture
volume at the time of infection. To address these challenges, an alternate approach to the proven
low-MOI process % was reported by Cecchini et al., where the low MOI infection characteristics
were mimicked and reproduced in situ by expansion of a mixture of cryo-preserved baculovirus-
infected insect cells (BIIC) and non-infected insect cells (NIIC) 7. BIIC and NIIC, originally
mixed in a 1:10,000 ratio, eliminated the need for exogenous baculovirus infection during

production, and offered consistent baculovirus infection kinetics and AAV expression yield. When
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assessed at different scales (shake flask to 200 L bioreactor) for different serotypes (AAV-6 and -

9), a comparable yield of AAV serotypes was reported’(Table 3.1).
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Figure 3.3 Overview of process flow for rAAV production employing the IC-BEVS platform

AAV production using the IC-BEVS platform consists of two stages: 1. Generation of recombinant baculovirus
expression vectors (rBEVs) and additionally rep2capX Sf9 packaging cells in the case of the One-Bac system
(Top section), and 2. AAV production at the bioreactor scale in suspension culture of insect cells followed by
purification and formulation (bottom part). The first part requires molecular cloning, transient expression, plaque
purification, and characterization of rBEVs. Similarly, the rep2capX cells are generated via stable transfection
of respective shuttle plasmid vectors and selection followed by characterization and master cell bank preparation.
During the production stage, the rBVES and insect cells (Sf9 or Hi5) are sequentially expanded, as required for
stirred tank or Wave™ production scale bioreactors. At the production stage, the insect cells are infected with
rBEVs at an appropriate multiplicity of infection (low, < 1 or high, 1-10) and at optimal cell density. Generally,
under the batch mode of cultivation, the cells are infected at a low cell density of approximately 1-3 million
cells/mL, whereas in the fed-batch or medium-exchange mode, the cells reach a higher peak cell density before
infection, at 7-12 million cells/mL. The cultivation temperature for insect cells is generally set at 27 °C, although
one study reported AAV production at higher and lower temperatures, and their effect on yield and production
kinetics. Post-infection, at 72-96 h, the culture is harvested, and cells are lysed to recover AAV. Next, the lysate
is subjected to a multistep purification process followed by formulation in an appropriate buffer as a final step.
The artwork in the figure was created using Biorender.com.
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3.4.5 AAV production process monitoring in bioreactors

In addition to the pH, temperature, and dissolved oxygen concentration sensors, various in-line
process monitoring tools have been reported for AAV production. These tools include dielectric
spectroscopy 34 and capacitance sensors for monitoring cell growth, productive infection, infection
kinetics, and relative permittivity of insect cells “3®8, Infrared sensors for measuring the carbon

dioxide evolution rate of cell culture ©

and recently reported on-line digital holographic
microscopy for AAV production yield and cell concentration measurement have also been
documented . These tools provide a practical approach for process optimization and process

control, including making the decision on culture harvest time.

3.5 Recent advancements in the AAV production process

As discussed in the previous section, the extensive documentation of AAV production employing
Three-Bac (Table 3.1) provided the key learnings that laid the foundation of the current
manufacturing systems and process using improved and follow-on IC-BEVS. Recently, there has
been a shift towards a simpler and more straightforward Two-Bac system for AAV production, as
it combines the flexibility of Three-Bac and the process simplicity of the less flexible One-
Bac/Mono-Bac system to some extent. The two-baculovirus system has been reportedly used for
large-scale AAV production by AAV vector manufacturers 8687,

Although Mono-Bac provides a higher volumetric titer®, it has not been extensively documented.
Generating a stable baculoviral vector harboring all three gene sequences is technically
challenging. Moreover, it is the least modular system compared to the Three-Bac or the Two-Bac

systems, making it difficult to produce a library of AAV capsids in the early screening phase.
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Current standard protocols for AAV production involve Rep proteins and ITR packaging functions
from AAV2, whereas the serotype and vector expression cassettes are selected based on in vivo/in
vitro transduction studies conducted at the screening phase. In accordance with this rationale, a
modified version of the original Two-Bac, Duo-Bac was reported, which consists of Bac-Rep and
Bac-CapX-GOlI (gene of interest) baculoviruses “88’. Similarly, a modified version of One-Bac
consisting of only the rep-expressing Sf9 cell line and Bac-CapX-GOI for AAVX (X = serotype)
production has also been recently reported .

A study by Joshi et al. reported AAV5 production in high-cell density fed-batch cultures using
One-Bac3.0, with a final volumetric yields exceeding 2 x 10 VG/L of cell culture 3. In contrast
to the previously reported fed-batch process 8, the culture at a 10 million cells/mL cell density
was infected at a higher optimal MOI of 3, which resulted in the transition of the cell culture to the
AAV-production phase from the growth phase within 24 hpi. The nutrient cocktail was supplied
to maintain the cell culture in the mid-exponential phase before infection and support AAV
production in the post-infection stage to alleviate nutrient limitation, resulting in a 6-fold increase
in VGs and an 18-fold increase in bioactive AAV5 particles as compared to the standard low-cell
density batch process 3.

In compliance with regulatory and GMP requirements, newer yeastolate-free and chemically
defined serum-free media such as ExpiSF™ &1 or TheraPEAK™-SfAAV™ 92 have been

developed as alternatives to traditional yeastolate-based serum-free media such as Sf900™-I.
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Table 3.1 Summary of AAV Production in IC-BEVS Platform

Author, Sero Bac-MOIs Transgene Culture Cell VG/cell VG/mL IVP or IVP or TU/mL Cp: VG: Specific notes
year and type (Absolute volume density? TU/cell IVP(TU)
production values) (cells/mL)
system Rep: Cap: ITR
Urabe et ) . First report of rAAV
al31 (2002) 2 5:5:5 GFP 200mL 2x106b 4'5X1044i NA NA NA g kil production in Sf9 cells
Three-Bac (0.32x10%¢) +283
Meghrous 2 1.6:1.6:1.6 GFP 60mL 3x106b 168 4.75x108f NA AAV production in Sf9
et al.62 cells at high MOI
(2005) 2 1.6:1.6:1.6 GFP 60mL 1x106e 185 4.38x108f NA AAV production in Hi5
Three-Bac cells at high MOI
2 5:5:5 GFP 60mL 2.5x106b 75 3.73x108f NA Low cell density, batch
mode production
2 5:5:5 GFP 60mL 2.5x106b 122 5.90x108f NA Low cell density with
medium exchange
2 5:5:5 GFP 60mL 5.0 x106b 105 8.78x108f NA High cell density with
medium exchange
2 5:5:5 GFP 60mL 7.5 x100b 116 11.60x108f NA High cell density with
NA NA medium exchange
2 5:5:5 GFP 3L 2.6X106P 250 6.52x108f Infection in a fresh Ex-
Cell 420 medium
2 5:5:5 GFP 3L 3.08x106b 132 4.09x108f 16408: NA: 1 AAV production
process scalability
2 5:5:5 GFP 20L 1.7x106" 253 4.46x108f 8308: NA: 1 demonstration
Urabe et 2%106 5.6x10%+ Bac-Cap modification,
al.34 (2006) (0.32x104M VP1 domain swapping
Three-Bac 5 1:1:1 hGFP NA NA NA NA NA to produce functional
7.67x10% £ AAVS vector particle
2x10° ;
(2.12x104D
Aucoin et 2 9:1:1 GFP 20mL 2x1010j 5x107f 34008:400:1 MOI optimization
al.71 (2006) NA NA NA study.
Three-Bac 2 9:9:9 GFP 20mL 2x10%I 1.7x108f 30008:12:1
Negrete et 2 0.3:0.3:0.3 GFP 20mL 2x106 2x1012¢ 2x1011k NA: 10: 1 Screening of low Bac-
al.”% (2007) MOIs and cell density to
Three-Bac 2 3:3:3 GFP 20mL 2x106 NA 3.6x1012¢ NA 3.2x1012k NA:1.12:1 economize AAV
production
2 0.03:0.03:0.03 GFP 10L 1x106 2x1011 NA NA
Negrete and . 200mL 2x106b ~3x1010i ~1x10%k Can. Three-Bac system with
Kotin [82] 2 3:3:3 GFP NA:30:1 a modified Bac-Cap
(2007) ) 3.3:3 GFP 5L-wave™ 2x106b ~ 9x10%i ~5x108k NA: 18:1 sequence.
Three-Bac
2 3:3:3 GFP 20L- 2x106b NA ~5x10% NA ~3x108k NA: 16:1 Demonstration _o_f AAV
Wave™ process scalability at
. 2x106b ~2x1010i ~5x108k . large scale
2 3:3:3 GFP 10L-STRB NA: 40:1
2x106b ~4.33x1010j ~7.5x108k
2 3:3:3 GFP 40L-STB (+4.1x1010) (+2.5x108) NA: 20:1
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Aucoin et
al.81 (2007)
Three-Bac

Mena et
al.t” (2010)
Three-Bac

Liu etal.7¢
(2010)
Three-Bac
Cecchini et
al.75 (2011)
Three-Bac

Chen36
(2008)

Three-Bac

Two-Bac
Bac-In-Rep-Cap

Smith et al.
35(2009)
Two-Bac

2

Nel

=)

10:10:3

0.1:0.1:0.1

0.1:0.1:0.1

3:3:3:

0.1:0.1:0.1

0.1:0.1:0.1

45:45:5

45:45:5

BIIC: NIIC
(1:10000)

1:1:1

1:1:1

1:1:1

1:1:1
1:1

1:1

GFP

GFP

GFP

GFP

GFP

GFP

GFP

GFP
GFP
GFP
U7smOPT
GFP

U7smOPT

PLS

PLS

GFP

GFP

GFP

GFP

GFP

GFP

25mL

20mL

20mL

20mL

20mL

20mL

3L

50mL

50mL
10L

100L

200L

NA

200mL

~2x10°

1x106

1x106

5x10©

5x10°

9.43x10°!

9.5x106!

1x106

1x10°
3.55x106!
3.23x106!
3.88x106!

4.29x106!
(+1x109)

4.41x106!
3.44x106!
5x106b

5x106b
5x106b
5x106b

5x106b

2.4x106b

~12000

NA

NA

2.24x10*
2.41x10%

1.48x10%

2x10%

(+0.3x10%)

1.82x10*

2.07x10%

NA

NA

NA 200f

4.8x1010)
(20.19x101)

1.3x1010)
(£0.17x1019)

2.9x1010]
( 10
+0.19x1019) NA
3.34x1010)
(£0.17x1019)

1.17x1011)
(£0.12x1011)

2.2x1011)

122
NA
240
7.9x1010
7.8x1010]

4.44x1010i

8.75x1010j NA
(+4.04x1010)

7.45x1010]
5x1011J

1.37x1011
(£0.34x1011)

3.53x1010J
9.65x1010] NA
4.41x1010]
1.19x1011)

1.07x1013m
(£0.46x1013) NA

4x108

4.7x1081t
(£0.19x108)

1.8x1081
(£0.17x108)

6.8x1081t
(£0.25x108)

7.2x1081t
(£0.61x108)

2.9x1091
(£0.32x109)

2.35x10%f

1.22x108

2.4x108

NA

NA

5.08x10%0mn
(£5.9x1010)

4600:79:1

NA:102:1

NA:72:1

NA: 43: 1

NA: 46: 1

NA: 40:1

NA: 94:1

NA

NA

NA

NA

NA: 200:1

Temperature
modulation study and
its effect on AAV yield

Low MOI, Batch
production

High MO], Batch
production

High cell density,
medium exchange
before the infection

High cell density,
medium exchange
before the infection

Low MOI, Fed-batch
production

Low MOI, Fed-batch
production

Batch production

Fed-batch production

AAV production
employing BIIC
strategy.

Demonstration of AAV
production process

robustness at
bioreactor scale
regardless of the type of
transgene

Bac-Intron constructs
of baculovirus vector

Baculovirus with
enhanced passage
dependent stability

Bac-In-Rep-Cap  and
Bac-In-ITR

Bac-Rep-Cap and Bac-
ITR based two
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Bac-Rep-Cap 2 1:1 GFP 200mL 1.2x106b 6.5x1012m 1.9x1010mn NA: 350:1 baculovirus vectors
with improved stability

Aslanidi et 1.4x105 NA NA NA NA Inducible packaging Sf9
al. 38 (2009) 2 3 GFP 7.3x10% cell line for AAV
repZcapXOn 1 3 GFP NA NA production
e-Bac 1.0
Mietzsch et ~10%-105° NA NA NA NA Production of all AAV
al. 48 (2014) 1-11 3 GFP NA NA ~103° serotypes  employing
One-Bac 1.0 12 3 GFP One-Bac system
Mietzsch et 1x105° NA NA NA NA One-Bac system with
al. ¥ (2015) 5 VP ratio restoration to
One-Bac 2.0 > GFP NA NA improve AAVS5 vector
functionality
Joshi etal. 42
(2019) 61 2.4x10% 2.7x1011) 1.7x1077p . . Robust, High MOI,
One-Bac 3.0 5 3 GFP 25ml 1.6x10 (+0.45x10%  (+0.37x1011) 6+14 (0.25+£107) NA:15600:1 Fedbatch AAV5
production  process.
) : NA: 1400:1 S
3x10%+ 3.8x1011i 1.9x108ip Process validation at
61
5 3 GFP 25mL. 12x10 (0.4x109 205 (+0.43x109) bioreactor scale.
) . 96004:
4 11 8 i
5 3 GFP 1L 12x106! 3.16x10 2.6x1011] 2245 2.1x108ip 240071 The improved

volumetric yield of

94000 genomic and functional

5 3 GFP 3L 12x1060  27X10° 1545 Lax1ome 2500n1  AAVSvector
Yang etal. 87 One-Bac based Rep2
(2019) GFP 2x106 1.35x10% expressing
One-Bac 2 3 +0.46x10° transformed Sf9 cell
3.0+ line.
2x106 2.16x105
8 3 GFP NA +0.53x10° NA NA NA NA Offer more flexibility
9 3 for the production of
GFP 2x106 1.80x10° multiple AAV serotypes
+0.39x10° production

a5f9 cells have been dominantly used for AAV production regardless of the production systems except a single report by Meghrous et al. (2005)
where Hi5 cells were used.

b Cell density at the time of infection.

¢value reported for fraction collected from the CsCl purification run.

d Determined by infecting HEK293 cells and subsequent analysis under a fluorescence microscope for GFP positive cells. Originally reported as
transducing units (TU).



¢ AAV2 production in Hi5 cells.

f Determined via infecting HEK293 EBNA cells with AAV vector in the presence of a helper virus and subsequent analysis via flow cytometry for
GFP positive cells.

9 Total virus capsids (Cp) analyzed via ELISA.

hValue of rAAV5-hGFP produced using Rep52 of Serotype 1.

"Value of rAAV5-hGFP generated via AAV2 VP1 domain swapping (VP1 2/5) and Rep52 of serotype 1.

I'Value reported for per milliliter of cell culture.

K Analyzed via infecting adherent HEK293 cells and subsequent analysis via flow cytometry.

I The peak cell density during the production run.

™ Value reported per milliliter of AVB-Sepharose affinity-purified eluate fraction.

" Determined via infecting HEK293A cells via AAV in the absence of helper virus and subsequent analysis using a fluorescence microscope.

° Titer value reported from the analysis of a one-step AVB-Sepharose Affinity purified sample.

P Analyzed via infecting suspension adapted HEK?293 cells with AAV in the presence of helper virus and subsequent analysis by flow cytometry.

49 Determined via analytical ultracentrifugation analysis of one-step AVB-Sepharose Affinity purified sample and originally reported as enhanced
transduction units (ETU).

"The value of the relative ratio is derived from ETU units determined for AVB affinity-purified samples.

NA: Not available in the published report

GFP: Green Fluorescence Protein

hGFP: Humanized Green Fluorescence Protein

STB: Stirred-tank bioreactor
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3.6 Future perspectives

3.6.1 Insect cell and baculovirus engineering

Although insect cells have been in use for AAV production for more than 15 years, the first major
question yet unanswered relates to the uncertainty of whether the maximum cellular protein
production/processing capacity has been reached. One-Bacl.0 reported almost 1-log higher cell-
specific AAV yield (~500,000 VG/cell) ¥ compared to the original Three-Bac (~45,000 VG/cell)
81 which indicates that current AAV production protocols demonstrating routine cell-specific yield
of up to ~100,000 VG/cell (Table 3.1) may be under-utilizing the insect-cell’s AAV production
capacity.

The second question is related to the efficiency of vector genome packaging in insect cells. In
general, insect cells have been reported to produce more AAV empty capsids 3% compared to
mammalian cell platforms °°¢ which counteracts any success achieved with increased cell-
specific AAV vyield and necessitates active efforts towards engineering insect cells or BEVs to
improve packaging efficiency and produce more functional particles. A head-to-head comparison
of mammalian cell versus insect cells for wild type AAV production may help identify any insect-
cell specific limitations for producing packaged AAV particles because mammalian cells, the
natural host of AAV, have been reported to produce nearly 100% genomic and functional particles
of WtAAYV in the presence of helper virus functions ®. Moreover, in contrast to well-defined and
well-characterized helper genes of adenovirus or HSV %%, the baculovirus helper elements have
not yet been fully identified, even though their helper function has been known for almost two

decades 3. Aslanidi et al. reported the absolute requirement of baculovirus genomic elements such
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as homologous region (hr2-0.9) in cis as a part of the rep expression cassette for its rescue and
replication in insect cells upon BV infection 8. Identifying similar helper elements to modulate
AAYV gene expression and subsequent genome-encapsidation efficiency of insect cells presents an
opportunity for further research.

Another critical factor requiring significant consideration is the functionality of ITR, which is not
yet fully understood %, especially in the context of insect cells. In contrast to traditional AAV?2
Rep/ITR, the selection of optimal combinations of serotype-specific Rep/ITR also remains an open
area of investigation to further support the findings of a single report by Urabe et al. studying the
effect of such a combination on genome packaging efficiency and overall yield of AAV5 4,

The exclusive use of Sf9 cells over Hi5 for AAV production has not been supported with sufficient
documentation despite proven commercial viability and regulatory acceptance of Hi5 cells for the
production of therapeutic biologic for use in humans %%, Meghrous et al. reported a somewhat
higher cell-specific yield of AAV2 in Hi5 cells compared to Sf9 3, However because of the known
ease of baculovirus production in Sf9 cells over Hi5 cells 17, the former was selected for both AAV
and BEV production, streamlining the overall process. With the demonstrated success of AAV
production in the One-Bac Sf9 packaging cell line, the generation of a similar Hi5 cell line remains
open to further evaluation. Additionally, in the context of a recent report regarding the effect of
post-translational modifications (PTMs) of AAV capsids on vector transduction efficiency %, a
side-by-side comparison of AAV produced in Sf9 and Hi5 cell lines might provide new insights
into the vector quality attributes (PTMs, in vivo potency) imparted by different cell lines.

It should be noted that in recent years, commercially available Sf9 and expresSF+, and Hi5 cell
lines have been found to produce rhabdovirus °1% and nodavirus'®, respectively, wherein the

latter was found to acquire latency in Hi5 cells in the absence of baculovirus superinfection. As
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such, rhabdovirus can not replicate in human or monkey cell lines 1°1%: therefore, it is deemed
harmless, whereas the host range of nodavirus is not yet clear. Importantly, the team from Glyobac
recently established and characterized rhabdovirus-negative Sf9 cell line %2 and nodavirus-

negative Hi5 cell line 1%

, which showed the absence of corresponding adventitious viruses over
extended cell passages making these cell lines preferentially more suitable for biologics
manufacturing than the current Sf9 and Hi5 cell lines in use because of improved product safety.
Notably, none of these new cell lines have been reportedly used for AAV production and remain
open to further investigation.

AAYV production using IC-BEVS is a transient phenomenon. Because of the lytic nature of
baculovirus infection, AAVs are recovered by harvesting the cell culture within 96 hpi, preferably
at viability > 70% 3, to minimize potential degradation of AAV capsids by cellular-proteases
released as a result of cell apoptosis. At this time, AAV VG titer often reaches a plateau; however,
this may not be the optimal harvest time since packaged virions are believed to undergo a so-called
“capsid maturation” phase reflected as delayed onset in infective virus particles**%, Extending
the time of harvest while maintaining insect cells at higher viability offers a plausible solution to
increase the overall yield of the functional AAV vectors. Expression of anti-apoptotic proteins
such as vankyrins has been shown to maintain > 90% viability at 96 hpi in both Sf9 and Hi5 cells
107" Similarly, the anti-apoptotic p35 gene expression also showed a 4-fold increase in GFP titer
while maintaining the culture at > 50% viability at approximately 120 hpi 1°. Incorporation of
these advancements in the AAV production process and their effect on AAV vyield could be of
potential interest in the future.

The protease-driven degradation of secreted recombinant proteins produced via IC-BEVS has been

known for a while, which prompted the use of a chitinase and cathepsin gene-deleted BEV 1%°
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Similarly, recent observations reported on the degradation of VP proteins of specific serotypes
suggest further exploration in this area to identify other protein-degrading elements of the
baculovirus genome %2, Further identification and deletion of such detrimental or non-essential
genes may facilitate the insertion of multiple copies of AAV gene expression cassettes in the
baculoviral vector. In this way, more copies of AAV genes, compared to standard baculoviral
vectors, can be delivered to insect cells without increasing the MOI, enabling a lower overall

requirement of baculoviral vector stock and an economized approach to AAV bioprocessing.

3.6.2 AAV bioprocessing

In addition to molecular and cellular engineering, improvements in high cell density production
processes can also contribute to addressing the challenges of high-yield production by
incorporating advancements in the field of biologics manufacturing. The strategies involved are
not limited to the development of cellular proteomics- and metabolomics-based optimized insect
cell medium formulation, nutrient cocktail or AAV titer enhancer formulations. Moreover, a
detailed understanding of the critical process parameters guided by the critical quality attributes of
AAV serotype therapeutic products is crucial for a robust manufacturing process.

The high-cell density upstream process should be designed with consideration of downstream
processing. AAV is an inherently intracellular product and the primary recovery step involves cell
lysis and release of intracellular AAVs in lysis buffer 9, In high cell density cultures, the removal
of co-extracted cellular components (host cell genome, proteins, and other components) released
upon cell lysis exerts a significant burden on downstream processing. It would be appealing to

study if the AAV capsids can be modified, without altering the functionality, to direct AAV
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secretion in cell-culture supernatant to continuously recover them with minimum contamination
of intracellular impurities.

Another futuristic approach is the development of a producer insect cell line that constitutively
integrates and inducibly expresses all the genes necessary, including baculovirus helper functions,
AAV proteins, and AAV vector production, using an alternative inducible system(s) not requiring
baculovirus superinfection 13, The Sf9 genome was published recently 4 and CRISPR-
mediated knockout of genes expressing viral restriction factors in insect cells or targeted
integration of AAV genes in the transcriptionally active regions of the insect cell genome are
attractive strategies for producer cell-line generation. These strategies, combined with high-
viability insect-cell cultures as discussed above, can be used to design a semi-continuous perfusion
process that facilitates ultra-high cell density. Such a process may offer a significantly higher
volumetric yield of AAV enabling a large amount of vector generation, even at a small-scale cGMP

facility with reduced frequency of production runs.

3.7 Summary and Conclusion

Supported by sustained efforts in baculovirus and insect-cell engineering, the IC-BEVS platform
has undergone significant improvements to produce AAV vectors with better yield, quality and
process simplicity. Although the key understanding of AAV production in insect cells was based
on the original Three-Bac system, more advanced and simplified versions, including Two-Bac and
One-Bac, are being adopted for large-scale AAV production, accommodating and continuously
improving the existing Three-Bac manufacturing process. Moreover, the emergence of novel
process monitoring technologies and continuous improvements in process intensification

strategies with demonstrated success in other eukaryotic expression platforms (e.g., CHO cell line)
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also presents a futuristic direction for AAV manufacturing. In conclusion, due to increased
regulatory acceptance, ease of scale-up, and recent advancements in production technologies,
insect cell baculovirus systems are being more broadly adopted for the production of multiple
AAYV serotypes (Table 3.1). As a result, more insect cell-produced AAV vectors can be expected

in clinical trials in the future.
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Achieving High-yield Production of Functional AAV5
Gene Delivery Vectors via Fedbatch in Insect cell/One
Baculovirus System

Preamble

Cell culture process development is the first step after the design and molecular engineering of the
suitable insect-cell baculovirus system for AAV production. This chapter focuses on the cell
culture process development achieving high-yield volumetric production of AAV5 vectors in IC-
BEVS. Various strategies for high-yield AAVS5 production including optimization of multiplicity
of baculovirus infection, cell -density at the time of infection, and high-cell density fedbatch
production culture were tested to achieve the volumetric yield exceeding 2x10* VG/L of cell
culture. Under optimal cell culture process conditions, sustained cell-specific yield and product
quality characteristics were reported which were consistent with the current state of the art in the
field. Moreover, this study establishes the recent modification of One-Bac platform, as a suitable
system for large-scale AAV vector production. The supplemental data associated with this chapter
are provided in the appendix, 9.1 (Page number 204-216).
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Abstract

Despite numerous advancements in production protocols, manufacturing AAV to meet
exceptionally high demand (10%6-10'7 VVGs) in late clinical stages and eventually systemic delivery
poses significant challenges. Here, we report an efficient, simple, scalable and robust AAV5
production process utilizing the most recent modification of the One-Bac platform. An increase in
volumetric yield of genomic particles by ~ 6-fold and functional particles by ~ 20-fold was
achieved operating a high cell density process in shake flasks and bioreactors that involves Sf9-
based rep/cap stable cell line grown at a density of about 10 million cells/mL infected with a single
baculovirus. The overall volumetric yields of genomic (VG) and bioactive particles (ETU) in
representative fedbatch bioreactor runs ranged from 2.5 to 3.5x10'* VG/L and 1 to 2x10** ETU/L
respectively. Analytical ultracentrifugation analyses of affinity-purified AAV vector samples from
a side by side batch and fedbatch production runs show vector preparations with a full/empty
particle distribution of 20-30% genomic and 70-80% empty particles. Moreover, the stoichiometric
analysis of capsid proteins from fedbatch production in shake flask and bioreactor run samples

demonstrates the incorporation of higher VP1 subunits resulting in better functionality.
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4.1 Introduction

Recombinant adeno-associated virus (rAAV) has emerged as one of the versatile vectors for
therapeutic gene delivery in both dividing and non-dividing cells for the treatment of monogenic
disease conditions.}? The regulatory approval of Glybera® by the European Medicines Agency
(EMA) in 2012 for lipoprotein lipase deficiency® and recent approval of Luxturna™ by the
USFDA and EMA for the treatment of hereditary retinal dystrophy are two key milestones in the
AAV-based gene therapy field.

Extensive research and sustained efforts have been dedicated to the development of various
production platforms to deliver large quantities of functional AAV vectors. Traditional methods
of AAV production involve 2-D cell culture processes where adherent mammalian cell lines are
transiently transfected with plasmids carrying all the necessary genes along with co-infection of a
helper virus.*® The latter was eventually replaced with a plasmid carrying helper functions.
Restricted scalability of this system led to the development of a production method based on a
suspension-adapted mammalian cell line in combination with transient transfection® or
recombinant herpes simplex virus-based infection for delivery of necessary genes. Although very
promising, these systems faced challenges associated with a lower volumetric yield.>!* Further
work involving alternative modes of cell cultivation and advancement in the processing led to the
improvement of these expression systems.121°

The first report of rAAV production in Spodoptera frugiperda insect cells (Sf9) using triple
Autographa californica multiple nuclear polyhedrosis baculovirus infections (Three-Bac) brought
about a new excitement in the field of scalable AAV production.® This system offered comparable
per cell yield of AAV and the possibility of enhanced volumetric yields due to the ability of Sf9
cells to grow at a high cell density in a suspension culture. This original system was further

improved addressing its key shortcomings and followed after were 2Bac and One Bac, more
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simpler systems.}’~2* The recently reported One Bac has only two components: an inducible and
stable Sf9-based packaging cell line incorporating integrated copies of rep and cap genes, and a
baculovirus carrying a Bac-rAAV cassette (One-Bac). This system was further improved to
achieve optimal VP composition and functionality in AAV5 and AAV9 vectors comparable to
vector produced in the mammalian platform. This recent improvement also demonstrated
minimized encapsidation of foreign DNA in the vector particle.??3

Although serotype-dependent compared to 2Bac and 3Bac, the One Bac system studied in this
manuscript essentially provides an efficient packaging cell line and presents advantages for large-
scale manufacturing of an AAV delivery system with serotype 5 because of the relative simplicity
of operation from a process standpoint. Generating a stable cell line and establishing a master cell
bank for manufacturing clinical grade material require a significant undertaking. More generally,
in the context of manufacturing of biologics, primary work has relied on transient expression,
followed thereafter by stable expression systems. In the case of viral vectors, the transient
expression systems, packaging cell lines and producing cell lines are scenarios that might be
considered depending on the viral product characteristics and end use. We believe that the stable
cell line approach has the potential to be a preferable platform for a well-established and clinically
proven vector candidates such as AAV5, and AAV9.

Aligned with our continuing efforts to improving AAV manufacturing platforms, in this report,
we have further explored the One Bac system from a process standpoint for AAV5 fedbatch
production mode focusing solely on the upstream process phase. The consistency of the production
process was assessed in shake flask and was further validated ina 1L, and 3L controlled bioreactor

runs. The purified AAV was characterized for its quality attributes including in vitro functionality,
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capsid protein composition and relative proportion of empty and genomic particles in affinity-

purified AAV preparations.

4.2 Results

4.2.1 Genetic stability of the packaging cell line and Rep/Cap copy number analysis

During a traditional commercial scale production, the cells undergo numerous doubling cycles,
and any loss of expression of integrated rep/cap genes can result in lower yields and hence it is
important to assess their expression stability over the extended passage numbers. The working cell
bank of given packaging cells was at passage number 3 (P3). The cells were infected at various
passage numbers: P4 (vial thaw+1), P8 (vial thaw+5), and P35 (vial thaw+32) at a multiplicity of
infection (MOI) of 1 pfu/cell. The clarified cell lysate containing Cap and Rep proteins was
analyzed by Western blot, the results of which are shown in supplemental data, Figure S1. The
data show no significant loss of expression with either of the proteins. Furthermore, the same
clarified lysate samples were analyzed for total viral genome copies (VG) via quantitative
polymerase chain reaction (QPCR). The cell-specific yield in all three samples is around 15000
VG/cell. This VG shows no passage dependent loss of cell-specific yield in rep2cap5 packaging
cell line suggesting stable expression of the AAV helper genes up to 35 passages. It should be
noted that this preliminary set of experiments was conducted in an early phase of the project under
non-optimal conditions of MOI and the cell density at the time of infection. The Sf9 cell line (B8
clone) was found to have 9.97 copies of cap5 and 1.25 copies of rep2 integrated per cell (Table

4.3).
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4.2.2 AAV production culture characteristics

In the present study, we investigate AAV production using regular and high cell density culture.
For ease of understanding throughout the paper, the regular cell density and high cell density
production processes are referred to as batch and fedbatch processes (modes) respectively. Also
respectively, in the batch and fedbatch processes, cells were infected at low cell density and high
cell densities. In the latter case, the cultures in pre- and post-infection phases are supplemented
with an additional nutrient feed which has been reported on several occasions by research
groups.?*?% The cell density and viability profiles during AAV production in batch (triplicate
shake flasks runs) and fedbatch (triplicate shake flasks and bioreactor runs) modes are shown in
Figure 4.1A. In both modes, the cells were infected in their mid-exponential growth phase which
is followed by a characteristic baculovirus induced cell growth arrest and protein expression phase.
Preliminary experiments were conducted to screen the suitable cell density at the time of infection
and the multiplicity of infection in the low cell density process. The findings suggested that 1.2-
1.4 million cells/mL is a suitable cell density for infection and the MOI of 3 pfu/cell gives higher
cell-specific yield (data not shown). Any combination of cell density and MOI that results in an
overall cell density above 2-2.5 million cells/mL during AAV production results in reduced cell-
specific and volumetric yield. This can be due to culture medium limitation and its inability to
support protein expression in the post-infection phase. Similar work was conducted for AAV
production in fedbatch mode for preliminary screening (supplemental data, Figure S2). In batch
mode, when cells were infected at a cell density around 1.2-1.4 million cells/mL, cells density
increased to 1.5-1.7 million cells/mL within 24 hpi followed by progressive decline in cell density
and cell viability. Similarly, in the high cell density process (fedbatch mode), the cells were

infected at 9.5-10 million cells/mL, and the cell density increased to 10.5-11 million cells/mL
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Figure 4.1 AAV production characteristics

(A) Insect cell culture characteristics during AAV5 production runs. The data shown are for AAV batch
production (shake flask 1&2) and fedbatch production (shake flask 1&2 and bioreactor). Asterisk marks
represent the time point of infection in batch and fedbatch process. The three arrow marks represent the time
points of nutrient feed supplementation. The cell density data are shown via solid line (__) whereas the data of
% cell viability is shown via dotted lines (----). [ legends-o: SF Batch F1, [1: SF Fedbatch F1, A SF Batch F2,
0: SF Fedbatch F2, X: Bioreactor]. (B) Bar graph representation of overall cell-specific and volumetric yield
of AAVS5 production in batch and fedbatch mode in shake flask (SF) and bioreactor (BR). Note the logarithmic
scale on left y-axis. (C) Kinetic of AAV Rep expression in post-infection phase. 1: SF Batch flask 1, 2: SF
Fedbatch flask 1, 3: SF Batch flask 2, 4: SF Fedbatch flask 2. Rep 78 and Rep 40 are shown by asterisk and
small molecular weight fragment of Rep 52 is shown via a dot. (D) Kinetics of AAV5 Cap expression in post-
infection phase. 1: SF Batch flaskl, 2: SF Fedbatch flask 1, 3: SF Batch flask 2, 4: SF Fedbatch flask 2. BR:
bioreactor, ETU: enhanced transducing units, hpi: hours post infection, M: molecular weight marker, SF: shake
flask, VG: viral genomes.

within 24 hpi followed by a sequential decline in both viable cell density and viability. In fedbatch

mode, the addition of nutrient feed and baculovirus stock results in partial dilution of the culture,
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the effect of which is reflected on the final cell density. The viability of the cells at the time of
harvest (96 hpi-120 hpi) was found to be between 70%-80% in fedbatch and 50%-60% in batch
mode. After infection at MOI 3, the majority of the cells are infected within 24 hours
(supplemental data, Figure S3). The peak expression of Rep and Cap proteins were obtained at
48h (Figure 4.1C and 1D). A graphical representation of AAV vyield at different scales (shake
flask and bioreactor run) and in different production modes (batch and fedbatch) is shown in
Figure 4.1B. The cell-specific (VG/cell) and volumetric yields (VG/mL) of genomic particles
were found to be 25,000-27,000 VG/cell and 4-5x10'° VG/mL of culture in batch mode. In shake
flask and bioreactor runs under fedbatch mode, around 25,000-35,000 VG/cell and 2-3x10%
VG/mL titers were obtained. The volumetric yield of enhanced transducing units (ETU) otherwise
reported as infective virus particles?” were around 1x10 and 1-2x10® ETU/mL in batch and
fedbatch processes, respectively. The inline profile of various bioreactor sensors and process

parameters during AAV production in a fedbatch bioreactor run is also shown in Figure 4.2.

4.2.3 AAV5 characterization
4.2.3.1 Analysis of AAVS5 vector heterogeneity via Analytical Ultracentrifugation (AUC)

AUC is increasingly becoming a valuable tool for routine analysis of structural variants in AAV
vector preparations where the real-time sedimentation analysis data provides a qualitative and
quantitative measurement of vector heterogeneity, i.e., empty particle, full particle and the
continuum of the population in between.?® To obtain the samples with a purity necessary for AUC
analysis, the AAV5 produced in multiple runs in shake flasks and bioreactors were prepared by
affinity chromatography. The clarified cell lysate was subjected to single-step affinity

chromatography, and the eluted AAV was collected, neutralized and buffer exchanged against
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suitable buffer. The characteristic chromatogram is shown in supplemental data, Figure S4 with
a magnified image of the eluate peak containing the virus.

The AUC analysis of affinity eluate samples from multiple AAV production runs show two major
peaks at around 62-67s and 93-98s. The sharp peak at 62-67s corresponds to empty particles,
whereas, the intermediate population and the peak around 93-98s correspond to capsids with a

genomic content and a prevalence of capsid incorporating complete rAAV genome (93-98s).
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Figure 4.2 In-line sensors profile during AAV production in a bioreactor

Profile of various bioreactor sensors and process parameters during AAV production in a bioreactor. The speed
of agitation was increased gradually as the cells grew. The pH, dissolved oxygen concentration and temperature
were maintained to their respective set-points throughout the run. Note the change in capacitance and oxygen
consumption post infection, an indication of cells undergoing productive infection phase. pF: picofarads.
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The AUC profile at the 260nm scan of each representative sample from batch and fedbatch runs
at various scale is shown in Figure 4.3C. The relative proportion of empty and genomic capsids
was found to be ~70-80% and ~20-30% respectively. The AUC histogram for each of the AAV
production runs (n=3) in batch and fedbatch mode in shake flasks is provided in supplemental
data, Figure S5 along with detailed data in Table S1. A detailed description of the calculation

method is provided in the supplemental methods.

4.2.3.2 Transmission electron microscopy (TEM) of AAV

The sample used for AUC was recovered from the sample chamber after analysis and used for
TEM analysis. The uranyl acetate negatively-stained AAV sample was analyzed at 180,000 x
magnification. A representative image is shown in Figure 4.3A. The TEM image shows a mixed
population of empty and genomic particles, and the diameter of the particles is in the range of 20-

23 nm which is consistent with the reported values.

4.2.3.3 AAV5 VP composition analysis via SDS-PAGE and densitometry

The best possible linearity between VP band intensity and VG was found to be in the concentration
range 5.5x108-7.3x10® VG loaded (supplemental data, Figure S6). The stoichiometric
composition of VP subunits is somewhat different compared to the previous report.?® The
incorporation of more VPL1 is reported to be associated with the enhanced functionality of the
vector preparation.?®?%3! The results of VP composition from analysis of AAV samples of
multiple production runs are shown in (Figure 4.3B). Please see the supplemental data, Table

S2 for details of VP composition data for each sample.
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Figure 4.3 AAV purification and characterization

(A) TEM image of affinity-purified AAV5 which shows a mixed population of full particles [F] and empty
capsids [E] with a characteristic particle diameter of 20-23 nm (B) VP stoichiometry analysis via Flamingo™
stained SDS-PAGE gel of affinity purified sample of n=3 production runs of AAV in batch mode (Shake flask:
SF) and Fedbatch mode (Shake flask: SF and 3L bioreactor). The total VG loading per well was in the range of
5x108-7x10% The VP band intensities in all samples are similar and comparable to that of the 1L bioreactor
sample. (C) AUC histogram representing 260mn absorbance profile of representative samples of an affinity-
purified AAV5 from production in (1) batch mode in shake flask (2) fedbatch mode in shake flask (3) fedbatch
mode in 3L bioreactor and (4) fedbatch mode in 1L bioreactor. Different components in an affinity-purified
AAVS5 sample as a function of sedimentation coefficient are shown. A very sharp peak around 62-67s represents
the presence of an empty capsid and a major peak around 93-98s and intermediate population between these two
major peaks represent genomic capsids. The peaks corresponding to the intermediate population may represent
the form of a particle with encapsidation of partial AAV genome or collaterally packaged contaminating DNA.
(See also Figure S4-S6, and Table S1-S2). SF: shake flask.

4.2.4 Assessment of in vitro functionality via gene transfer assay (GTA)

The titer values obtained from GTA for different samples analyzed have been summarized in
Table 4.1 (clarified lysate) and Table 4.2 (AVB-affinity eluate samples). For batch and fedbatch
production processes, the functional titers were found to be of 1x10” ETU/mL and 1x108 ETU/mL,
respectively, wherein the latter reflected a 1 log increase in titer in the fedbatch process

corresponding to high cell density.
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4.2.5 The relative ratio of genomic and functional virus particle (VG: ETU ratio)

To quantify the respective ratio, the data were compiled from AAV analyses via gPCR and GTA

for the clarified cell lysate and the affinity purified sample. The genomic to functional particle

ratio (VG: ETU) for the cell lysate sample of the batch production was around 3600:1 and that of

the fedbatch production was 1400:1 (shake flask) and about 1700:1(bioreactors). In the case of the

purified sample, this ratio is somewhat higher eventually resulting from possible loss of the

functional particles/functionality during the low pH elution necessary in affinity chromatography.

Additionally, the variability of the assay may also contribute to the variability of this ratio.

Table 4.1 Summary of AAV production yield in a clarified lysate

Culture
Sample Volume | ETUYmL VGYmL ETU/cell VG: ETU
(mL)
1.1x107 4.0x101%0
aShake flask/Batch 25 6+1.4 ~3600:1
+2.53x10°% +0.56x1010
bShake 1.9x108 2.7x101
25 20+4.6 ~1400:1
flask/Fedbatch +0.43x108 +0.37x1011
Bioreactor 2.1x108 3.8x10™
740 2245 ~1700:1
1/Fedbatch +0.48x108 +0.53x1011
Bioreactor 1.4x108 2.6x10H
2250 15+3.5 ~1700:1
2/Fedbatch +0.32x108 +0.27x1011

ETU: enhanced transducing units
V/G: viral genome copies or genomic particle

dvalues shown for multiple runs (n=6), relative standard deviation, 19%
byvalues shown for multiple runs (n=6), relative standard deviation, 18%
¢GTA variability: relative standard deviation, 23%

dgPCR assay variability: relative standard deviation, 14%
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The cell-specific yield of the functional particles was found to be around 6 ETU/cell (shake flask:

batch), 20 ETU/cell (shake flask: fedbatch) and around 15-20 ETU/cell (bioreactors: fedbatch). It

is important to note that the values of ETU obtained from the GTA are highly dependent on the

detection method and the cell line used in the bioassay. In particular, the transduction susceptibility

of the cell line used in the GTA is AAV serotype dependent. Our group has previously reported

that HEK293 and HeL a cells based GTA display significant differences in the AAV serotype titer

values.

Table 4.2 Summary of AAV5 characterization in AVB affinity-purified samples

+1.9x107 +0.41x10%

Eluate
% empty % genomic
Sample Volume ETUS/mL VGYmL | VG: ETU ) _
capsid capsids
(mL)
8.2x107 3.2x10
aShake flask/Batch 3.5 ~3800:1 | ®74.1% +0.6% | ©25.9% +0.6%

bShake 5.3x108 1.3x10%?
35 ~2500:1 | 780.6% +1.0% | 19.3% +1.1%
flask/Fedbatch +1.23x108 | +0.29x1012
Bioreactor 4.0x108 1.0x1012
35 ~2500:1 68% 32%
1/Fedbatch +0.92x108 +0.14x10%2
Bioreactor 3.57x108 8.48x101
35 ~2400:1 78.8% 21.2%
2/Fedbatch +0.82x108 +1.35x1011

ETU: enhanced transducing units

VG: viral genome copies or genomic particle

dvalues shown for triplicate runs (n=3)

bvalues shown for triplicate runs (n=3)

¢GTA variability: relative standard deviation, 23%
dgPCR assay variability: relative standard deviation, 14%
®average value for n=3 runs

faverage value for n=3 runs
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Specifically, when AAV2 and AAVS5 serotypes were produced side by side via a triple transfection
process in suspension-adapted HEK293 cells, the genomic titer (VG/mL) of both serotypes was
identical whereas the functional titer via GTA assay resulted in approximately 2 log lower
quantification values for AAV5 (~1x10" ETU/mL) in the HEK293-based GTA and 1 log lower
quantification value (~1x108 ETU/mL) in the HeLa-based GTA as compared to AAV2 (~1x10°
ETU/mL). Because of these reasons, caution needs to be exercised when comparing the functional

titers of different serotypes with that of AAV2.%°

4.2.6 Characterization of the fedbatch production process

It is expected that AAV5 production at high cell density in fedbatch mode might add a dimension
to the complexity and possible process variability, therefore, it is important to assess the robustness
and consistency of the AAV production process under this mode of operation. Three AAV5
fedbatch productions in shake flasks were run in parallel and analyzed for consistency of the
production, as well as the final titer of genomic and functional virus particles. Moreover, side-by-
side AAV productions in the fedbatch mode in shake flask and bioreactor runs were conducted to
validate the process. The Kkinetics data of AAV VG productions in shake flasks is provided in
Figure 4.4B. The variability in cell-specific and volumetric yield of three replicates at different
time points post-infection is shown, wherein the error bar represents the relative standard
deviation. As the data suggest, there is significant consistency in AAV5 VG Kkinetics at different
time points and in the final titer of the three replicates. There is a consistent increase of
approximately 7,000-10,000 VG/(cell*day) between 48 hpi and 96 hpi. The overall cell-specific
and volumetric yield at the time of harvest is in the range of 27,000-30,000 VG/cell and 2-3x10*!

VG/mL, respectively. In the case of the side by side comparison of AAV production kinetics in a
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shake flask and bioreactor (Figure 4.4A), a similar trend in AAV production Kkinetics is observed
for both scales. The genomic particles increased up to 96 hpi followed by a plateau between 96
hpi to 120 hpi. The ETU/mL data follows a similar trend but with a late onset where the functional

particles were only detected at 48 hpi.
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Figure 4.4 Fedbatch process characterization

(A) AAV production kinetics data of parallel runs of AAV productions in a shake flask and bioreactor in fedbatch
mode. At different time points post-infection, the VG/cell, VG/mL and the ETU/mL values are shown via a bar
graph, dotted trend line, and a solid trend line respectively. The maximum cell-specific and volumetric yields
are achieved by 96 hpi with no further noticeable increase afterward and hence the harvest time was decided to
be 96 hpi. (B) Consistency analysis of production kinetics and overall yield of AAV in fedbatch mode in shake
flasks in triplicate parallel runs. The error bar in the bar graph represents the relative standard deviation of titers.
(C) Comparative analysis of batch and fedbatch processes at shake flask and bioreactor scale. In the fedbatch
process, the overall cell density is increased by a factor of ~6 compared to the batch process. This resulted in
~6fold increase in volumetric yield of genomic particles and ~20fold increase in that of transducing particles
during AAV productions in shake flask and bioreactor runs. This exponential increase in volumetric yield is
believed to be due to confounding positive effect of nutrient supplementation in a fedbatch mode of production.
(See also Table S3). BR: bioreactor, SF: shake flask, ETU: enhanced transducing units, VG: viral genome.
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This trend represents a typical AAV production kinetics where capsid protein expression
commences immediately after the baculovirus infection followed by transgene rescue, replication,
and packaging into preformed capsids. It is postulated that the preformed capsid with encapsidated
genome undergoes conformational changes/capsid maturation in later stage and hence the
functional titer values appear typically after 24 hpi. The final volumetric yield of AAV5 genomic
titer in shake flask, bioreactorl, and bioreactor2 runs are 2.7x10* VG/L, 3.8x10'* VG/L and
2.6x10 VG/L respectively and that of the functional titer is 1.9x10' ETU/L, 2.1x10'* ETU/L and
1.4x10* ETUIL respectively. The overall summary of these results expressed as a factorial
increase in volumetric yield is given in Figure 4.4C. To further extend the process
characterization, representative samples from AAV production in batch mode and fedbatch mode
at 72 hpi were analyzed for rep/cap copy number to determine the degree of rep/cap amplification
post baculovirus infection alongwith non-infected Sf9 B8 as a control.(Table 4.3). The data

suggest around 47x and 28x amplification in fedbatch and batch mode of production respectively.

Table 4.3 Determination of the number of integrated/rescued cap and rep genes copies per cell of
Sf9 B8 stable cell line during AAV production in different modes and scales

Production method Cap5 copies per | Rep2 copies per cell Cap/Rep ratio Bursting effect,
cell times
Batch SF 72hpi 286.56 29.55 9.7 28.7
Fedbatch SF 72hpi 472.80 47.38 9.98 47.4
Fedbatch BR 72 hpi 467.64 48.98 9.55 46.9
Not infected B8 9.97 1.25 7.99 N/A

SF: shake flask
BR: bioreactor

hpi: hours post infection
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4.3 Discussion

Progression of AAV-based gene delivery vector candidates into late clinical stages necessitates a
higher amount of clinical grade vector material. This poses a critical challenge and confers further
burden on vector production processes because of a low volumetric yield of current AAV
production platforms. The therapeutic dosage of AAV for a systemic administration in humans
ranges from 10%2 -10* VG/kg, depending on indication.323 This translates into an overall
requirement of 10%-10%8 VG in a typical phase three clinical trial study. Utilizing traditional
plasmid transfection protocols with adherent HEK293 cells to generate that much virus makes it
impractical for commercial-scale production.® Recently, various bioreactors based on alternative
modes of adherent cell cultivation such as CellFactory™, CellSTACKs®, and iCELLis® have been
used to generate AAV material for clinical studies.!*3*3® The most straightforward approach is a
three-dimensional suspension cell culture which offers linear scalability and eventually a higher
volumetric yield. Production platforms based on suspension-adapted HEK293 cell, and insect cell
cultures represent a more viable option where the typical volumetric yield of AAV at a regular cell
density (~ 1 million cells/mL) production cultures is about 1x10'° VG/mL and requires 100 L-
10,000 L scale bioreactor production for late-stage clinical studies.®*%® Among the insect cell
culture-based systems for AAV production, the One-Bac platform is the simplest from a process
standpoint as it consists of only two components. It reportedly provides cell-specific yields
comparable to that of other two systems.?? It was further fine-tuned for the VP1:VP2: VP3 capsid
composition and minimum encapsidation of foreign DNA.?® Hereby, we have examined this
system from a process stand point. The volumetric yield was enhanced by around six-fold (Figure
4.4C) using fedbatch mode of production in shake flask and bioreactor formats.

The One-Bac system generates functional AAV particles upon infection with a single baculovirus.

The detailed description of this system has been reported previously.?°-?2 The expression level of
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Rep, and Cap proteins is reported to have a direct impact on AAV vyield.!” The passage stability of
the expression of the Rep proteins helper suggests a potential shift to higher molecular weight
proteins Rep78 and 52, however without any noticeable effect on per cell yield of VGs. It can be
inferred that the necessary expression level of these two Rep proteins for maximum replication
and encapsidation of vector DNA is maintained irrespective of passage numbers up to 35 (the
maximum passage tested). At the high cell density AAV productions under fedbatch mode, the
timely addition of a nutrient feed is crucial for two key attributes: 1) in the pre-infection phase, it
supports and helps to maintain high cell density culture in an exponential growth phase prior to
infection, and 2) in the post-infection phase, it supports elevated nutrient demand to sustain high
protein and genomic material expression. The high MOI infection which results in a cell growth
arrest within 24 hpi metabolically shifts the overall culture from the cell growth phase to the protein
expression phase, unlike low MOI (e.g., MOI of 0.1) infection where this shift is often delayed by
an additional cell growth cycle.?6° As shown here, the peak expression of Rep and Cap proteins
is attained within 48 hpi and the nutrient supplementation addition at the time of infection and at
24 hpi sufficiently fulfills the metabolic need of the culture. Similar findings have been reported
with a three baculovirus system where the high cell density was achieved via infection of the Sf9
cell culture at 5 million cells/mL with a low MOI of 0.1 pfu/cell.?® Comparative analysis of the
volumetric yields in batch and fedbatch modes shows that even at the high cell density, the cell-
specific yield was maintained. There is a proportionate increase in volumetric yield of genomic
and transducing virus particle titer with an increase in cell density. This further suggests that the
feeding formulation and feeding regime applied at this high cell density successfully led to the
process intensification. The data from the bioreactor production runs provide further validation of

the process. Also, improved cell-specific yield of functional virus particles (ETU/cell) in fedbatch
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compared to batch processes (Table 4.1) suggests that the requirement of essential nutrients to
support cellular processing in the late infection phase was fulfilled with the fedbatch feeding
regime. The overall cellular processing seems to be impacted with the cell culture and extracellular
environmental parameters (cell viability, pH, osmolarity, accumulation of toxic metabolites and
depletion of essential nutrient). The VVP1 capsid protein subunit can be directly correlated with
virus infectivity due to the presence of an integrated phospholipase A2-like enzymatic domain and
its postulated role in virion escape from a late endosomal stage. It has been reported on several
occasions that insect cell-produced AAV vectors exert inferior infectivity compared to that
produced in mammalian cells due to an altered capsid composition resulting in a low incorporation
of VP1.172% The analysis of capsid composition of the bioreactor-produced AAV5 shows a higher
ratio of VP1 compared to the previous report,3 and it is believed to be responsible for the improved
infective virus particle titer.

Given that the same GTA protocol was used for the analysis of both samples, it provides an
opportunity for direct comparison of two different platforms (One-Bac and HEK293). The
functional virus particle titer of the fedbatch bioreactor-produced AAVS5 is comparable to that of
AAV5 produced in suspension-adapted HEK293-based triple plasmid transfection method as
reported previously by our research group.*® This data confirms that the One-Bac system used for
AAVS5 production here, in conjunction with the proposed production process generates AAV5 with

identical functionality.
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4.4 Materials and Methods

4.4.1 Cells and medium

Stably-transformed rep2cap5 packaging Sf9 cell line B8 was designed essentially as described
previously.?® These cells were used for the production of AAV. rAAV-encoding BEV stocks used
to infect B8 cells were grown in naive Sf9 cells in serum-free insect cell medium: sf900-11 or
sf900-111 (Thermo Fisher scientific: Waltham, Massachusetts). For high cell density AAV
productions in fedbatch mode, B8 cells were supplemented with a single proprietary nutrient feed
formulation. Both insect cell cultures were maintained in sterile PETG disposable flasks (Fisher
Scientific: Hampton, New Hampshire) in serum-free medium in a 27°C incubator at 110 rpm
agitation speed. The suspension-adapted HEK293 cells used for the gene transfer assay are
described in our previous studies and are maintained in CD HEK293 medium (Irvine Scientific:
Santa Ana, California) supplemented with L-glutamine at a final concentration of 4mM. The
suspension cell culture was maintained in a shaker incubator set at 37°C, 5% CO», and 85% relative
humidity. The cell density analyses from routine maintenance flasks and virus production runs
were performed using the Vi-Cell XR cell counter (Beckman Coulter: Brea, California). This
instrument works on the principle of Trypan blue dye exclusion and captures 50 images and
provides an average value for viable cell density, percent viability, and cell diameter. The accuracy

of the instrument is +10% in the range of 0.2-10x10° cells/mL.

4.4.2 Baculovirus

The recombinant baculovirus carrying the AAV transgene expression cassette (Bac-GFP)
consisted of AAV-ITR flanking eGFP under the control of chicken R-actin-CMV hybrid promoter

The baculovirus stock was plaque-purified, and five baculovirus isolates expressing a high level
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of transgene cassette were collected. A highly potent Bac-GFP isolate was further selected based
on AAV5 DNase-resistant particle titer analyzed from cell lysates of B8 cells infected with these
individual isolates. The selected working isolate was volumetrically expanded using naive Sf9
cells where the clarified cell culture supernatant from 72-96 hours post infection (hpi) was stored
in the dark at 4°C (for short-term use) or at -80°C (longer term use). This Bac-GFP working stock
quantified via standard baculovirus plaque assay protocol was found to have a functional titer of
3-5x10® pfu/mL. This working baculovirus stock was at passage three (P3) with respect to the

primary stock.

4.4.3 Analysis of the genetic stability of the packaging B8 cell line

The rep2cap5 expressing insect cells at extended passage numbers (vial thaw+1: P4, vial thaw+5:
P8 and vial thaw+32: P35) were infected with Bac-GFP at a multiplicity of infection (MOI) of
1pfu/cell, and cells were harvested 96 hpi and lysed via a triple freeze-thaw cycle. Clarified lysate
was used for the analysis of Rep and Cap expression by Western blotting. A detailed protocol of

culture harvest and cell lysis is given in a separate section that follows later.

4.4.4 Analysis of rep2/cap5 copy number

To characterize the AAV5-producing B8 S9 stable cell line for the number of rep and cap copies,
the real time qPCR using Cap5-, and Rep2-specific primers, as well as Sf9 house-keeping gene
Innexin2 (Inx2)*° was used. Briefly, 0.3 ug of total DNA isolated by Zymo Research Quick DNA
kit (Zymo research: Irvine, California) was digested by 20U of BamH HF enzyme (New England
Biolabs: Ipswich, Massachusetts) for 1 h. Then, 30 ng of digested DNA was amplified using

PowerUp SYBR Green Master Mix kit (Applied Biosystems: Foster city, California). Linearized
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plasmid DNA spiked by Sf9 wild-type gDNA was used as a reference for calculation of Cap5 and
Rep2 copies per cell. For calculation of input genomes per qPCR reaction, Spodoptera frugiperda
Sf9 insect cell line genome size was assumed to be 451 Mbp.** The sequences of primers used in

this study are provided in supplemental data, Table S3.

4.4.5 AAVS5 production in low and high cell density cultures at shake flask scale

For all AAV production runs at shake flask scale, 125 mL sterile PETG flasks were used with 25
mL working volume, and the cells were maintained in a 27°C incubator at 110 rpm agitation speed.
The insect cells at mid-exponential phase (2.5-3.5x10° cells/mL) were used to seed the subsequent
culture and the seeding density at the beginning of the culture was always kept at around 0.65-0.75
million cells/mL. In the low cell density production, the B8 cells at a cell density of 1.2-1.4 million
cells/mL were infected with Bac-GFP at MOI of 3 pfu/cell. At 96 hpi, the culture was harvested,
cells were lysed, and the clarified lysate was collected for subsequent analysis. In the high cell
density culture process, the insect cells were infected when the cell density was around 9.5-10
million cells/mL. Cell culture was harvested at 96 hpi and processed for AAV recovery and
analysis. In the high cell density process, the pre- and post-infection phases were supported by
fedbatch mode where cells were supplemented with a single nutrient cocktail at specific time
points: 24 hours before infection (4% v/v), at the time of infection (0 hpi- 8% v/v) and 24 hpi (8%
v/v). Cell culture samples were collected every 24 h for analysis throughout the run. The addition
of nutrient cocktail in two aliquots at 24 h interval during the post-infection phase provides a
nutrient-rich environment to support maximum protein expression for up to 48 hpi; time phase

where the cell density reaches a plateau and AAV Rep/Cap expression is at its peak.
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4.4.6 Fedbatch process characterization

In fedbatch process characterization, process consistency and AAV production kinetics analysis
were studied. AAV production runs were performed in triplicate in 125 mL sterile shake flasks

with 25 mL working volume. Samples were collected at every 24 h post infection for analysis.

4.4.7 AAV5 production at high cell density in bioreactors

High cell density in 1L (bioreactors 1) and 3L (bioreactor 2) bioreactors was achieved by growing
cells in fedbatch mode applying the same nutrient feeding strategy as described previously for the
shake flask. The bioreactor (Applikon Biotechnology: Delft, Netherlands) was equipped with a
single marine impeller, a pH sensor, a temperature sensor, dissolved oxygen (DO) concentration
sensor and a micro sparger with 100 um pore size. The pH, temperature and DO parameters were
set at 6.3+£0.3, 27°C+1°C and 40% air saturation+2% at their corresponding units, respectively. In
addition, the 3L bioreactor was equipped with a capacitance probe for in-line monitoring of the
culture characteristics such as cell growth and progress of the infection. The bioreactor control unit
equipped with a PID controller suit ensured controlled conditions of process parameters within the
given operational range throughout the run. The B8 cells from shake flask at a mid-exponential
growth phase were used to inoculate the bioreactor at 0.65-0.75 million cells/mL density. When
cells were at 9.5-10 million cells/mL, they were infected with a Bac-GFP at MOI of 3 (pfu/cell)

and harvested at 96 hpi for further processing.

4.4.8 Culture harvesting and AAV recovery.
The whole cell culture at 96 hpi was lysed in-situ in a shake flask and a bioreactor via addition of
10 % v/v of lysis buffer (20 mM MgCl;, 500 mM Tris-HCI, pH 7.5, 1% Triton™ X-100)

supplemented at final concentration of 50 U/mL of Benzonase® DNase (Millipore Sigma;
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Burlington, Massachusetts). The cell culture was incubated with this lysis buffer for 1.5-2 h at
27°C with agitation followed by addition of MgSOg to achieve the final concentration of 37.5 mM.
This step is followed by an additional incubation for 30 min at the same temperature. The later
step results in an ionic strength of more than 200 mM where the presence of the high salt
concentration assists in AAV release, prevent/minimize interparticle AAV aggregation (Mg?*
being more effective) and AAV-cell debris/AAV-DNA complexes.®® In the case of samples for
virus titration, the crude lysate underwent a further 3 freeze/thaw cycles to ensure efficient cell
lysis of less fragile insect cells and complete AAV release in the high ionic strength lysate.
Following this, the lysate was clarified via centrifugation at 3000 g for 30 min to eliminate cellular
debris, and the supernatant containing released AAV5 particles was collected for further

processing.

4.4.9 AAV Characterization

Clarified cell lysate and affinity purified material containing AAV5 was used for quantitative and
qualitative analytical assays. The purified samples for various characterization assays were
generated via a single step immune-affinity chromatography method. AAV5 purification was
performed via a single step affinity chromatography using the AVB Sepharose resin and the AKTA
Avant25 (GE Healthcare: Chicago, Illinois) chromatographic system. The AVB resin harboring a
single domain monoclonal antibody fragment is reported to selectively bind a majority of AAV
serotypes.?! Based on SDS-PAGE and Western Blot analysis, this single step column purification
yields a high purity vector free from major cellular and baculovirus components (data not shown).
Specifically, a ImL Hi-Trap prepacked AVB Sepharose column was equilibrated with 10 column

volumes of loading buffer (20 mM Tris, 500 mM NacCl, pH 8) followed by the loading of 100 mL
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of lysate filtered via 0.45um modified polyethersulfone membrane filter. The column was washed
with loading buffer until the 260/280 nm baseline returned to zero. The elution was done by the
introduction of a low pH elution buffer (0.1 M Glycine, pH 2.5) which resulted in a sharp pH
gradient and the low pH environment inside the column induced detachment of bound AAV. The
acidic eluate containing AAV5 was immediately neutralized via dropwise addition of neutralizing
buffer (1M Tris, pH 8.8) until the pH shifted to neutral/alkaline values. This neutralized AAV
material was further buffer-exchanged in a suitable buffer using PD-10 desalting columns (GE
Healthcare: Chicago, Illinois). The chromatographic process flowrate throughout the operation
was kept at 75 cm/h. The process monitoring was done using built-in UV-VIS, conductivity and
pH sensors. The affinity purified material was used for subsequent quantitative and qualitative

characterization.

4.4.10 Quantitative analysis

4.4.10.1 Quantification of DNase-resistant genomic particles (viral genomes: VGs) by
guantitative polymerase chain reaction (QPCR)

Clarified lysate or affinity purified material was incubated with 5 U/ml of Benzonase® for 30 min
at 37°C before viral DNA extraction. Benzonase®-treated undiluted and 1:10 diluted samples were
used for viral DNA extraction using High Pure Viral DNA Extraction kit (Roche Diagnostics:
Risch-Rotkreuz, Switzerland). In the end, 200 uL of lysate sample resulted in 50 pL of purified
and concentrated viral DNA. This viral DNA, serially diluted to 1:10, 1:100 and 1:1000 was used
as a template for subsequent gPCR analysis via probe-based reaction. The forward primer (5-
ATAGGGACTTTCCATTGACGTC-3"), the reverse primer (5- TGATACACTTGATGTACTGCCAAG-3) and the
probe (FAM 5 -TGGGTGGACTATTTACGGTAAACTGCC-3'BHQ) targeting CMV enhancer sequence used in

the qPCR reaction were purchased from Integrated DNA Technologies (Coralville, lowa). The 20
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UL gPCR reaction mixture consisted of 10 pL of Ssoadvanced™ Universal Probes Supermix (Bio-
Rad Laboratories: Hercules, California), 1.2 pL of 10uM forward primer, 1.2 uL of 10 uM reverse
primer, 1 pL of 5 uM probe, 1.6 pL of gPCR grade water and 5 pL of DNA template. The
temperature programming for qPCR reaction used was: preincubation at 95°C/3 min for
denaturation and 40 cycles of 95°C/15 sec and 54.5°C /30 secs. Vector genome standard was
prepared using AAV-GFP plasmid (Addgene: Cambridge, Massachusetts). Purified and linearized
plasmid in the concentration range of 1.7x10? copies/uL -1.7x107 copies/uL was used for qPCR
standard curve. The qPCR reaction was performed using the CFX-96 Touch™ Real-time PCR

system (Bio-Rad Laboratories: Hercules, California).

4.4.10.2 Gene transfer assay (GTA) for quantification of enhanced transducing units
(ETU)/functional particles

Over time, various protocols have been developed for in vitro assessment of AAV vector
functionality. The suspension adapted-HEK?293 cells were infected with serial dilutions of AAV5
(clarified lysate or affinity-purified) and co-infected with an E1, E3 deleted adenovirus serotype
5-(AE1E3Ad5) at an MOI-5 infectious particles/cell. In the case of cell lysates, the samples were
heated at 60°C for 15 min before infection to deactivate existing baculovirus and to prevent false
positive results. At 22-24 hpi, the cells were harvested via centrifugation at 300 g for 5 min, and
the cell pellet was resuspended and fixed in freshly prepared cold fixation buffer (final
concentration 2% paraformaldehyde in PBS) at 4°C for minimum 30 min. Later, the cell
suspension was analyzed for GFP-positive cells via flow cytometry. Here, only AE1E3Ad5 infected
negative control samples were used to set the gate, and the total of 10000 events were recorded for
data analysis. The linear range of quantification was established to be between 2-20% GFP positive

cells.
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4.4.11 Qualitative analysis
4.4.11.1 AAV2 Rep and AAV5 Cap Western blot

Clarified cell lysate samples were filtered using 0.45 um filter and used for western blot analysis.
Lysate samples equivalent of 6x10* cells were mixed with preformulated 4x Laemlli sample buffer
to which was added a reducing agent as per manufacturer's instructions (Bio-Rad Laboratories,
Hercules, California), heated to 95°C for 15 min and loaded onto TGX Stain-free gel, 4-15%
acrylamide (Bio-Rad Laboratories, Hercules, California). The gel was run at 120 V for 90 min.
Once the run was complete, the protein was transferred to a nitrocellulose membrane using the
Transblot Turbo Transfer System (Bio-Rad Laboratories: Hercules, California) as per
manufacturer’s instruction. Next, the nitrocellulose membrane was placed in a blocking buffer-
PBS containing 0.1% v/v Tween™ - 20 (PBST) and 5% w/v skimmed milk and incubated for 1 h
at room temperature. Afterwards, the membrane was incubated overnight at 2-8°C with mouse
IgG anti-AAV5 VP primary antibody (American Research Products Inc: Waltham, Massachusetts)
at a 1:2000 dilution prepared in PBST (PBS containing 0.1%v/v Tween™-20), and anti-AAV2
Rep primary antibody (American Research Products Inc: Waltham, Massachusetts) at a 1:100
dilution prepared in PBST. Following this, the membrane was washed three times with PBST and
incubated at room temperature with an HRP-conjugated rabbit polyclonal against mouse 1gG
secondary antibody (Abcam: Cambridge, United Kingdom) at a 1:10000 dilution prepared in
PBST. Finally, the membrane was washed three times with PBST, incubated with ECL
chemiluminescence reagent (Bio-Rad Laboratories, Hercules, California) and visualized using

Bio-Rad’s ChemiDoc imager.

109



4.4.11.2 AAV5 VP proteins stoichiometry analysis

Stoichiometric analysis of AAV5 VP subunits was performed via SDS-PAGE of the affinity-
purified sample. Purified vector was serially diluted within 1 log range of viral genomes (VGs)
with the resulting amount loaded per well in the range of 2.2x108-2.2x10° VGs. After the run, the
gel was stained using Flamingo™ fluorescent stain as per manufacturer's protocol (Bio-Rad
Laboratories, Hercules, California). This stain was selected because it offers similar sensitivity and
better linear range of quantification in comparison to silver stain. The stained gel was visualized
via the ChemiDoc Imager, and the densitometric analysis of the resolved bands was performed
using the Image Lab software suite. The linear range of quantification was established by plotting
the VP band intensity as a function of VG amount. The best possible linearity between VP band
intensity and VG was found to be in the concentration range 5.5x10%-7.3x10® VG loaded
(supplemental data, Figure S5). Also within this range, the VVP3 band intensity was normalized,

arbitrarily set to 10, and the relative band intensities of the three VP subunits were determined.

4.4.11.3 Analytical ultracentrifugation (AUC) analysis of the affinity-purified AAV5

For analytical ultracentrifugation analysis, the affinity-purified AAV5 material (2x10'? VG/mL)
was buffer exchanged into PBS and concentrated using 30 kD molecular weight cut off centrifugal
filter device such that the 260 nm absorbance value for the concentrate is between 0.4-0.8. The
concentrated sample was then analyzed using the Beckman proteomelab XL-1 (Beckman Coulters:
Brea, California). The sample chamber is charcoal filled-epon, two sector centerpieces with 1.2
cm pathlength. The reference chamber was filled with 420 uL PBS (blank) and the sample chamber
with concentrated AAV5. After the sample chamber was placed in the rotor, it was allowed to
equilibrate at 20°C with full vacuum applied for 1h. The sedimentation analysis run was performed

at 20,000 rpm for 2 h at 20°C. The real-time data was captured using a 260 nm optics. The Sedfit
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software was used for post-run data analysis. This free access software was developed by a

research group from NIH.

4.4.11.4 AAV analysis via transmission electron microscopy (TEM)

10 puL of the virus dispersion, fixed with 2% paraformaldehyde, was dropped on a carbon-formvar-
coated nickel grid for 10 min. Grids containing fixed viruses were washed with water prior to
staining. 10 uL of 1% Uranyl Acetate was applied on the grid for 30 sec. The excess of the sample
and negative stain solution was blotted with a Whatman filter paper, and the grid was air-dried
prior to the observation in TEM. The examination was performed with a Philips CM100
transmission electron microscope. Electron micrographs were captured using an AMT XR80

digital camera.
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Development of a Scalable and Robust Anion-exchange
Chromatographic Method for Enriched Recombinant
Adeno-Associated Virus Preparations in Genome
Containing Vector Capsids of Serotype- 5, 6, and 8.

Preamble

Following the upstream cell-culture process development, the next step for AAV process
development is the downstream purification process. The next chapter, more specifically, focuses
on the improvement of downstream process with regards to the removal of empty capsid
population from the material generated at the upstream stage. An end-to-end chromatographic
process was proposed that consisted of a two-step chromatography approach; immune-affinity
capture chromatography for selective capture of AAV capsids and anion-exchange
chromatography process for high-resolution separation and removal of empty capsids. Exploring
the fundamental principles of anion-exchange chromatography process, the optimized process was
further validated for additional serotypes, confirming its functionality a potentially genetic
platform. Overall, this report provides a simple, scalable, and a robust approach for generating
high-purity AAV preparations enriched in capsids containing genetic material. The supplemental
data associated with this chapter are provided in the appendix, 9.2 (Page number 217-225).
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Abstract

Removal of empty capsids from adeno-associated virus (AAV) manufacturing lots remains a
critical step in the downstream processing of AAV clinical-grade batches. Because of similar
physico-chemical characteristics, the AAV capsid populations totally lacking or containing partial
viral DNA are difficult to separate from the desired vector capsid populations. Based on minute
differences in density, ultracentrifugation remains the most effective separation method and has
been extensively used at small-scale, but has limitations associated with availabilities and
operational complexities in large-scale processing. In this paper, we report a scalable, robust, and
versatile anion-exchange chromatography (AEX) method for removing empty capsids and
subsequent enrichment of vectors of AAV serotypes 5, 6, and 8. On average, AEX resulted in
about 9-fold enrichment of AAV5 in a single-step containing 80+5% genome containing vector
capsids, as verified and quantified by analytical ultracentrifugation. The optimized process was
further validated using AAV6 and AAVS, resulting in over 90% vector enrichment. The AEX
process showed comparable results not only for vectors with different transgenes of different sizes
but also for AEX runs under different geometries of chromatographic media. The herein reported
sulfate salt-based AEX process can be adapted to different AAV serotypes by appropriately

adjusting step-gradient elution conditions to achieve enriched vector preparations.
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5.1 Introduction

Recombinant adeno-associated virus (rAAV) based vectors have emerged as a platform of choice
for therapeutic gene delivery in both dividing and non-dividing cells'-2. The clinical success and
resulting regulatory approval of three rAAV based drug products, namely Glybera®, Luxturna™,
and Zolgensma® for single-dose curative gene therapy in hereditary monogenic disease indications
have set new milestones®>.

The progressive understanding of clinical and pharmacological implications of the presence of
inadvertently co-synthesized empty capsids (EC) in AAV lots during clinical studies opened new
areas of investigation®. Devoid of a therapeutic transgene, these EC do not exert direct clinical
benefits. Many reports have suggested ECs’ role in reducing transduction efficiency (while being
in excess) through competition for receptor binding®, inducing dose-dependent capsid-neutralizing
antibody response’, and cytotoxic T-lymphocytes mediated destruction of transduced cells
displaying capsid associated peptide-MHC complexes®®. On the other hand, a potential beneficial
effect of excess ECs through its role as a decoy against immune response, protecting functional
vector particles has been suggested!. In this view, a resultant strategy proposed admixing
sequence-modified, non-receptor binding empty capsids of the same serotype in a precisely
tailored ratio to a clinical lot of functional vector material (EC-free)!l. Importantly, in both
scenarios, the removal of “co-existing” empty capsids remains a critical step. From a bioprocessing
standpoint, the similarity in size and surface charge characteristics of these empty capsids with
vector capsids (VC) make their removal challenging.

Ultracentrifugation (UC) approaches developed to remove EC were based on density gradient
media such as cesium chloride or iodixanol, where EC and VC were separated based on their
buoyant density*?14, Although large-scale ultracentrifugation has been industrially demonstrated

in viral vaccine®®® and AAV vector purification!’, the capital investment associated with this
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technology makes it difficult to implement in small and medium-size cGMP facilities. In parallel,
various chromatographic protocols developed alone or in combination with UC to generate EC
free high-purity clinical grade AAV material have been reviewed in detail and published*®.

To further address UC-associated challenges, especially relevant in high dose vector preparation
for systemic administration (10'2-10* VG/Kg)'*?° and achieving an end-to-end linear scalability
in the manufacturing process, multimodal chromatographic approaches emerged as a tool for
overall downstream processing, including removal of EC. These chromatographic protocols
incorporate primary capture steps and intermediate purification steps of a specific modality?*~>’
followed by an anion-exchange chromatography (AEX) step for removal of empty capsids3:3-4,
Moreover, anion-exchange protocols involving chromatography media with improved mass-
transfer, such as monolithic stationary phases*' or adsorptive membranes, have also been
reported®#?, These reports were specific to a particular serotype, such as AAV1%, AAV2%,
AAV6* and AAVE*42 A recent report on vector capsids enrichment of natural and engineered
rAAYV vectors from the affinity-purified preparations employing an AEX protocol demonstrated a
step closer towards a generic AAV purification method>!.

As part of our sustained efforts directed at improving AAV manufacturing technology, we report
herein the development of a simple and scalable AEX protocol for removal of EC and consequent
enrichment of AAV5 VC produced in insect-cell cultures. The generic nature of this AAV5-AEX
protocol was further validated using AAV6 and AAV8 produced in mammalian cell cultures,
demonstrating adaptability to different serotypes. Importantly, the discontinuous gradient elution

process, carefully tailored for each serotype, showed the robustness amenable to cGMP operation.
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5.2 Results
5.2.1 AAV Sample Preparation for Anion-exchange Chromatography (AEX)

In this study, immuno-affinity-purified AAV was used as a starting material. Besides providing
high recovery in a single-step, the affinity purification step substantially increases the
concentration of AAV and reduces the amount of non-AAV-related impurities. The immuno-
affinity step recovery of genomic particles (VGs) for various AAV serotypes was found to be
around 80-85% despite the starting lysate material originating from two different production
platforms: (1) insect-cell and (2) mammalian-cell cultures, containing different host-cell
impurities. Table 5.1 shows a summary of overall recovery in flow-through, wash, and eluted
AAV collections during affinity-purification runs of insect-cell produced AAV5-gfp and

mammalian cell-produced AAV6-gfp, AAV6-cas9, and AAV8-gfp.

5.2.2 Screening of Different Salts and their Effect on AAV5 Elution Profile in AEX

The prime task was to optimize the anion-exchange conditions such that the minute difference in
net negative charge between AAV5 EC and VC can be exploited at a preparative scale. The
screening of various mono (NaCl) and divalent (Na2HPO4, and Na>SOa) salts was conducted to
understand the effect of the valence of the anionic counter-ions (chloride, monohydrogen
phosphate, or sulfate) on the resolution and separation efficiency of AAV5 EC over a continuous
elution gradient. The affinity-purified AAV5 material was loaded onto an anion-exchange medium
(CIMac™ AAV empty/full 0.1 mL, 1.3 um pore diameter), and after wash, it was subjected to a
20-420 mM linear salt concentration gradient over 200 column volumes (CV) (Figure 5.1). Each
salt produced a distinct elution pattern where AAV5 particles eluted at low ionic strength, indicated

as the peaks 1 (EC) and 2 (\VC) (Figure 5.1). The divalent salts not only provided better resolution
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Table 5.1 Summary of Affinity-Purification Process Characteristics

Sample VG/mL Volume (mL) Total VGs % VG Recovery

AAV5-gfp/AVB Sepharose P

Feed 8.03 x 10% 1000 8.03 x 10%3 -
Flowthrough 3.07 x 10% 1000 3.07 x 10%? 3.82
Column Wash 7.13x10% 50 3.57 x 10% <1%
Elution 6.72 x 10%2 10 6.72 x 10%3 83.69

AAVS8-gfp/Capture Select AAVX ¢ ¢

Feed 3.19 x 10% 1000 3.19x 108 -
Flowthrough 5.47 x 10% 1000 5.47 x 10" 1.71
Column Wash 9.81 x 10%7 50 4.91 x 10%° <1%
Elution 2.61 x 10%2 10 2.61x 108 81.82

AAV6-gfp/Capture Select AAVX ¢

Feed 2.87 x 1010 1000 2.87 x 1013 -
Flowthrough 7.24 x 10% 1000 7.24 x 101 2.52
Column Wash 1.13 x 10% 50 5.65 x 10% <1%
Elution 2.33 x 10?2 10 2.33x10%3 81.18

AAV6-cas9/Capture Select AAVX ¢

Feed 2.58 x 10%0 1000 2.58 x 10%3
Flowthrough 5.44 x 10% 1000 5.44 x 10% 2.11
Column Wash 8.75 x 107 50 4.38 x 10%° <1%
Elution 2.15 x 10% 10 2.15x 10% 83.33

VG, viral genomes analyzed via ddPCR
a ¢Average value for multiple runs (n=3), relative SD <+10%
b5 mL prepacked column, 45 mL prepacked column
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of AAV associated two peaks but also displayed 260/280 nm absorbance ratios with values close
to that representative of EC and VC (Table S1). Compared to NaCl, AAVS5 elution at a lower salt
concentration of divalent monohydrogen phosphate and sulfate indicate their higher displacement
strength. Moreover, relative to NaCl, the peaks eluted with divalent salts were narrower and with
less peak overlapping (Figure 5.1), suggesting improved enrichment and separation of vector
capsids from empty capsids by divalent anions.

To account for the 3-fold difference in ionic strengths resulting from the different valences of the
Cl- and SO4? ions, elution was studied by matching the ionic strength (1S) of the gradient and the
slope. Based on the previous elution of AAV5 capsids in the range of 20-30 mM NaSOg, the
continuous gradient was run from 60-90 mM ionic strength at gradient slope adjusted to 2 mM
IS/CV for both NaCl and Na>SO4. In Na>SO4 gradient, the AAV5 capsids eluted at 60-90 mM
ionic strength. In contrast, no AAV5 elution occurred in this range of the gradient in NaCl, where
instead, elution occurred at higher ionic strength (100-130 mM). The separation of EC and VC
peaks in NaCl remained similar to that shown in Figure 5.1A.

The sulfate salt was selected over monohydrogen phosphate based on the relative ratio of signal
intensity and absorbance peak area at 260 nm and 280 nm for EC and VC peaks. For
monohydrogen phosphate, the higher peak area of peak 2 compared to peak 1 indicated EC being
co-eluted with VC (Table S1). The Azeorso ratios and peak areas in sulfate were more
representative of empty and vector capsids, as confirmed by a comparative analysis of these peak

areas against sedimentation velocity analytical ultracentrifugation (sv-AUC) profiles (Table S1).
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Figure 5.1 AAV5-gfp AEX Elution Profile Under Continuous Gradient of Different Salts

The AEX column used in this study was a CIMac Q 0.1 AAV, processing buffer is 25 mM BTP, pH 9.0, and
salt concentration gradient ranges from 20-420 mM in 200 CV with the slope of 2 mM salt/CV. The process
flowrate was 0.5 mL/min. The magnified image of the AAV5 capsids peaks (peak 1 and 2), and corresponding
salts’ chemical structures are shown on the right-hand side. (A) AAV5-gfp elution in a NaCl continuous gradient.
AAVS5 capsid elution range is 100-130 mM. (B) AAV5-gfp elution in a NaHPO4 continuous gradient with
AAVS5 eluting in the range of 25-35 mM. The larger area under peak (AUP) of the VVC peak does not correlate
with the VC proportion relative to EC when compared with the sv-AUC profile of starting material. This
indicates the co-elution of empty capsids in VC peak fraction. (C) AAV5-gfp elution in a NazSO4 continuous
gradient where EC and VC peaks elute at a concentration range of about 20-30 mM. The 260/280 nm signal ratio
closely corresponds with the known values of the EC and VC standards and sv-AUC results. AEX, anion-
exchange chromatography; sv-AUC, sedimentation velocity analytical ultracentrifugation; AUP, area under the
peak; CV, column volume; EC, empty capsids; VC, vector capsids.
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5.2.3 Chromatographic Buffer Composition and Mode of Operation

A pH screening study at pH 9.0, 9.5, and 10.0 was conducted to investigate its effect on the
separation efficiency. No improvement in separation efficiency was observed above pH 9.
Preparative scale process optimization was conducted on an FPLC system employing a 1 mL scale
AEX monolith column (CIMmultus™ QA 1 mL, 0.95-1.15 pum pore diameter) using bis-Tris
propane (BTP) buffer (pH 9.0 £ 0.02) with 50 mM Na>SO4 salt in the elution buffer. A shallow
continuous gradient (0.66 mM IS/CV) process (Figure 5.2A), which efficiently separated empty
and vector capsid populations (Figure 5.2B), was developed. The peak fractions containing AAV
capsids were identified via anti-AAV VP Western blot (Figure 5.2C). The empty capsids eluted
first in early elution fractions followed by vector capsids as analyzed via digital-droplet
polymerase chain reaction (ddPCR) (Figure 5.2D, Table S2). From this continuous gradient
elution, a step-gradient elution process that resolved two capsid populations with operational
simplicity was derived (Figure 5.2E). The sv-AUC analyses indicated 80% VC and 20% EC
(Figure 5.21) in the genomic peak fraction (Figure 5.2F), whereas the EC peak fraction showed
over 95% EC (Figure 5.2H). As a result, the VC content was enriched by ~9-fold from the initial
~9%, and EC content was reduced 4.5-fold from an initial ~91% (Figure 5.2G). It is notable that
the relative proportion of the 79S population with respect to 95S also got reduced from 37% to
18% in the VC peak fraction. The summary of sv-AUC analyses expressed as fold improvement
in VC enrichment is provided in Table 5.2. Notably, the 95S VVC population of the starting material
(Figure 5.2G) appeared as an 89S population in the VC capsids (Figure 5.21) collected in the
AEX process. Interestingly, the packaged genome size was similar in both of these samples as

analyzed via alkaline agarose gel electrophoresis (Figure 5.3D, AAV5-gfp, lane 1 and 3).
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Figure 5.2 AAV5-gfp AEX Process Development

(A) AEX-process chromatogram of AAV5-gfp in a continuous gradient of elution buffer. Peaks eluting in this
continuous gradient (peak 1, 2, and 3) and corresponding to AAV capsids are shown in a box. Multiple fractions
were collected and analyzed by Western blot against AAV VP proteins and ddPCR to determine the presence of
AAV capsids and packaged genome, respectively (B) Magnified image of AAV5 EC and VVC capsid peaks eluted
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in a continuous gradient. (C) Western blot analysis of multiple fractions collected from a continuous gradient
run. Three bands corresponding to three VP subunits indicate the presence of the AAV capsid. Peak 3 shows the
AAV VP bands, indicating residual AAV VC capsids eluted at high salt wash step (100%B). The high UV 280
nm signal in peak 3 may also indicate the co-elution of residual protein impurities present in the affinity-purified
material. (D) VG analyses, via ddPCR, of multiple fractions collected from continuous gradient run. A total of
13% VGs were detected in peak 1 (Fraction 1-5), whereas around 70% of VG were detected in peak 2 (Fraction
6-10). The presence of ~5%VGs in fraction 11 represents the elution of residual AAV VC capsids in peak 3 at
the high salt wash (100%B) step. (E) AAV5-AEX chromatographic profile employing optimized process
conditions (10 mM BTP and Na,SO, as an eluent salt) of a step-gradient run. AAV5 EC and VVC peaks are shown
in a box. (F) Magnified image of AAV EC and VC peak fractions (as confirmed by SDS-PAGE and ddPCR).
The first peak with AUP value for Azsorso ratio of 0.58 corresponds to empty capsids, whereas the second peak
with AUP value for Azsorso ratio of 1.21 indicates predominantly the genome containing vector capsids. (G) sv-
AUC profile of the affinity-purified AAV5-gfp. Three distinct AAV capsid populations with unique
sedimentation coefficients were detected: (1) light capsids-65S (EC), (2) Heavy capsids-95S (VC), and (3)
Intermediate population-79S. The relative percentages of each of these AAVS variants are 91% (65S), 3.5%
(79S) and 5.5% (95S). (H) sv-AUC profile of AAV5 EC fraction. The dominant peak of EC at 65S and a second
small peak of intermediate species at 79S translate to their relative proportion of 95.6% and 4.4%, respectively.
The absence of a peak at 95S indicates no detectable co-elution of VVC in this fraction. (1) sv-AUC profile of
AAVS5 VC fraction. The three distinct populations at 65S, 79S, and 89S have a relative proportion of ~19%,
~15%, and ~66%, respectively. ddPCR, digital-droplet polymerase chain reaction; VG, viral genome copies.

Although not clear, the higher S values (95S) could be due to the interaction of the VC population
with other sample matrix components present in the affinity-purified material. The VC and EC
contents of the same fractions were also analyzed by the optical-density measurement method®,
and these results are in agreement with the sv-AUC results, as shown in Table 5.3. It should be
noted that within the scope of this paper, the term VC refers to the entire population of AAV

capsids encapsidating genomic material unless otherwise specified.

5.2.4 AAV5 AEX-step Reproducibility

For the reproducibility study, the affinity-purified AAV5 material from three different production

runs was subjected to the AEX step-gradient protocol. The sv-AUC profiles of VC peak fractions
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Table 5.2 Summary of VC Enrichment via AEX

% Relative proportion

Relative | Relative Ratio
Fold VC Ratio (Heavier:
EC VC
Sample Enrichment (EC: Intermediate
Lighter Intermediate | Heavier \VC) capsids)
Capsids Population Capsids
AAV5-gfp ab

665 795 955 : - -

Aﬁ'n'AtyA'f/‘;”f'ed 90.91 3.43 5.66 ] 10:1 1.6:1

EC Peak Fraction 95.6 4.4 ND - - -

VC Peak 65.50 ) )
Eraction 19.81 14.69 (89S) 8.8x 1:4 4.4:1
AAV8-gfp 2P

63S 74S 84S - - -

Aﬁ'”gyA'f/‘g'f'ed 62.56 2.03 35.41 ] 1.7:1 17.4:1

EC Peak Fraction 96.6 ND 34 - - -
\F/ggfj: 3.13° 4.22 92.65 2.6x 1:31 22:1

AAV6-gfp ¢

Aff'”'AtyA'f/Lé”f'Ed 63.17 36.83 ; 1.71:1 ;

EC Peak Fraction 93.28 6.72 - - -
VC Peak 5.36 94.64 2.6x 1:18 ;
Fraction

AAV6-cas9 ¢

Aff'”'AtyA'f/Lé”f'Ed 60.59 39.41 ; 1.54:1 ;

EC Peak Fraction 95.72 4.38 - - -
VC Peak 454 95.46 2.4x 1:21 ;
Fraction

AEX, anion-exchange chromatography; EC, empty capsids; VC, vector capsids; ND, not detected
a8 Average value for multiple runs (n=3), relative SD <+5%
b \alues reported from sv-AUC analyses for determination of the relative proportion of empty capsid and vector

capsid

¢ No visible peak of AAV8 63S was observed in AUC profiles of VC fraction (Figure 5.4E and 5.5A). In the
sample with a very low UV signal, a small peak at 63S was observed (e.g., Figure 5.5A, Lot#2). Although not
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clear if it was the noise of the UV-detection as the absorbance was below 0.001, calculations were made based
on the UV signal peak area at this 63S position not to exclude the possibility of the 63S population present in
trace amount.

dValues reported from the optical-density method for determination of the relative proportion of empty capsid
and vector capsid.

and graphical representation of reproducibility in VC enrichment from sv-AUC data are shown in

Figures 5.3A and 5.3B. A lot-to-lot enrichment of samples in VCs with a relative standard

deviation <5% was achieved.

5.2.5 AAV5 AEX-step Reproducibility

For the reproducibility study, the affinity-purified AAV5 material from three different production
runs was subjected to the AEX step-gradient protocol. The sv-AUC profiles of VC peak fractions
and graphical representation of reproducibility in VC enrichment from sv-AUC data are shown in
Figures 5.3A and 5.3B. A lot-to-lot enrichment of samples in VCs with a relative standard

deviation <5% was achieved.

5.2.6 Characterization of AEX-processed AAV5 lot

In addition to sv-AUC analysis, the purified and enriched VVC preparations of AAV5 were analyzed
for identity, purity, VP proteins ratio, and vector genome packaging using SDS-PAGE and alkaline
agarose gel electrophoresis (Figure 5.3C, 5.3D). The SDS-PAGE profile confirms (1) EC and VC
fractions with reduced protein impurities and (2) three VP subunit proteins in a near prototypic

ratio (1:1:10). The alkaline agarose gel electrophoresis profile also displayed two characteristics.
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Figure 5.3 AAV5-AEX Process reproducibility and Characterization of AEX-processed AAV
material

(A) sv-AUC profiles of OneBac/Insect cell produced AAV5 VC peak fractions collected from three different
runs representative of three different production batches of AAVS5. (B) Graphical representation of the AEX
process reproducibility data for AA5-gfp. The individual column represents the percent relative proportion of
empty capsids, vector capsids, and intermediate capsids determined from sv-AUC data of affinity-purified
starting material and VVC peak fractions. The VC peak fractions were collected from a representative optimized
discontinuous gradient AEX process. The variability is represented by an error bar (RSD <5%). (C) SDS-PAGE
analysis of AEX processed AAV fractions. Lane 1, 2, and 3 correspond to the affinity-purified starting material,
empty capsid fraction, and vector capsids fractions, respectively. For all serotypes, three major bands correspond
to three VP subunits of AAV capsids. The gel image shows an absence of major protein impurities except that
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of >250 kDa in EC and VC (panel 2 and 3) fractions. (D) Alkaline agarose gel electrophoresis profile for
vector genome analysis of AEX processed AAV fractions. Lane 1, 2, and 3 correspond to the affinity-purified
starting material, empty capsid fraction, and vector capsids fractions, respectively. Notably, the size of the
expression cassette (from ITR-to-ITR) for AAV5-gfp, AAV8/6-gfp, and AAV6-cas9 is 3.79 kb, 2.9 kb, and 4.8
kb, respectively. (1) AAV5-gfp. In the case of affinity-purified AAV5-gfp sample (lane 1), the maximum
packaged size is around 4.7 kb followed by a continuous smear between 3-4.5 kb, two visible bands around 3 kb
and 2.8 kb, and finally a smear below 2.8 kb. In EC fraction, a smear of size up to 2.4 kb is visible, indicating
the presence of capsids packaging small molecular weight DNA. A similar trend is also visible as 79S
intermediate capsid in the sv-AUC profile. In VC capsid fraction (lane 3), similar to affinity-purified sample,
high molecular weight packaged DNA (3-4.5 kb), and low molecular weight DNA (<3 kb) are visible. (2) AAV8-
afp. In the case of affinity-purified, the maximum packaged size for AAV8-gfp (lane 1) is around 5 kb, which is
followed by a smear (3-5 kb) and multiple distinct bands <3 kb. In the EC fraction (lane 2), three bands <2 kb
in size are visible, indicating the presence of capsids packaging small size DNA. In VVC capsid fraction (lane 3),
similar to affinity-purified sample, high molecular weight DNA bands, a faint band at ~5 kb, and two dominant
bands of 2.8kb and 3kb size are visible. Low signal intensities in this sample indicate a low sample amount
compared to lane 1, which may be due to possible loss of during concentration step using centrifugal filters or
low sample recovery after the sv-AUC run. The band at ~3 kb indicates the presence of capsids primarily and
preferentially packaging complete vector (ITR-to-ITR). A trend similar to AAV8-gfp is also visible in (3) AAV6-
afp fractions, where, in the VC fraction (lane 3), a dominant band at ~3 kb indicates capsids with primarily
packaging complete vector sequence. (4) AAV6-cas9. In both affinity-purified (lane 1) and enriched VC
fractions (lane 3), dominant high molecular weight DNA bands around 5 kb and 4 kb are visible, suggesting
capsids preferentially packaging larger size (high molecular weight) vector sequence. The faint smear below 4kb
size indicates a continuum of intermediate capsid population packaging non-specific fragments of DNA. No
visible band of small molecular size DNA in AAV6-cas9 EC fraction may attribute to either their presence at
the level below the LOD or absence in the sample. ITR, inverted terminal repeats; LOD, limit of detection; RSD,
relative standard deviation.

First, in EC capsid fraction, a genome of <3 kb in size was detected in the form of a smear (Figure
5.3D, AAV5-gfp, lane 2), whereas the band(s) representing large-size genome (>3 kb) was too
faint to detect. Second, both a small-size genome (<3 kb) and a high molecular weight genome (3-
4.5 kb) were present in the vector capsid fraction (Figure 5.3D, AAV5-gfp, lane 3). The small
genome (<3 kb) may represent fragments smaller than the vector expression cassette (3.8 kb), and
the larger genome (>3.8 kb) may potentially represent co-packaging of other fragments with vector

cassette.
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The alkaline agarose gel results were also supported by the AUC profile of (1) empty capsid
fraction (Figure 5.2H) where the capsid population encapsidating small size genome appeared as
79S peak and (2) vector capsid fraction (Figure 5.21), which showed the presence of residual 79S
capsids and capsids encapsidating large size genome as 89S. Combined results of AUC and
alkaline agarose gel suggest that AAV capsids encapsidating small-sized intermediate genomic
material co-eluted in the first empty capsid fraction and the remainder of these also eluted in VC

fraction.

Table 5.3 Comparability evaluation between sv-AUC and optical-density measurement for
determination of relative % empty capsids and % vector capsids in purified AAV preparations

sv-AUC analyses Optical-Density method*
Sample
% Empty % Vector % Empty % Vector
Capsids Capsids Capsids Capsids
Affinity-purified
AAV5-gfp 90.91 9.09 89.71 10.29
AAV5-gfp/EC Peak Fraction 95.6 4.4 89.32 10.68
AAVS-gipIVC 19.81 80.19 10,57 89.43
Peak Fraction
Affinity-purified
AAV8-gfp 62.56 37.44 61.07 38.93
AAVB-gip/EC 96.60 4.4 90.56 9.44
Peak Fraction
AAVE-gip/VC 3.13 96.87 437 95.63
Peak Fraction

sv-AUC, sedimentation velocity analytical ultracentrifugation; EC, empty capsids; VC, vector capsids
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5.2.7 AEX-step Generalization for AAV6 and AAVS serotypes

The AEX process generalization was studied by assessing its efficiency in the enrichment of VC
for other clinically relevant serotypes, AAV8, and AAV6. We decided to use 10 mM BTP, pH 9.0,
and sulfate salt with the monolith column. The affinity-purified material of serotypes AAV8 and
AAV6 was first subjected to the continuous gradient elution process (Figure S1) and, thereafter,
a discontinuous gradient process. Specific to serotypes, gradient step, and buffer composition were
adjusted to optimize the separation of EC and VC (Figure 5.4).

The sodium sulfate salt used for AAV5 was replaced with magnesium sulfate for AAVS.
Magnesium sulfate offered slightly higher VC enrichment, as indicated by sv-AUC analysis of the
V/C peak fraction (Figure S2-A and B). The magnesium sulfate salt was also used in the AAV6-
AEX process, but initially, AAV6 eluted as a single broad peak (Figure S2-C). The addition of 5
mM MgSOs to both the column equilibration buffer and the buffer-exchanged sample solved the
problem of single peak elution, and AAV6 ECs and VCs eluted as separate peaks in a continuous
gradient (Figure S2-D). The 5 mM salt supplementation strategy was ultimately applied to AAV5
(NaxS0O4) and AAV8 (MgS0O.) as well. This additional salt supplementation helps retain
components in flow-through, which may otherwise bind in the absence of additional salt and elute
at 5 mM salt.

The chromatograms of representative step-gradient AEX processes for AAV8 and AAV6 vectors
and sv-AUC profiles of AAV8 EC and VC peak fractions are shown in Figure 5.4. The proportion
of VVC capsid population (74S+84S) in the VC peak fraction of AAV8 was increased to near 100%
from the 37% observed in starting material as analyzed by sv-AUC (Figure 5.4A-4E), whereas no
visible peak at 63S corresponding to AAV8 EC was observed in this fraction. Comparable results
were also obtained by the optical-density method (Table 5.3). Because of limited access to the

AUC instrument and demonstrated comparability between sv-AUC and optical-density method
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determination of relative percentage EC and VCs, the AAV6 samples were analyzed only by the
latter method. Similar to AAVS, the final vector preparation of AAV6 also consisted of over 90%
VCs (Table 5.2). The AEX process recovery and yield results for all serotypes are shown in Table
S3.

Further characterization of AEX-processed lots via SDS-PAGE confirmed the purity of enriched
vector capsid fractions of AEX purified AAV8-gfp and AAV6-gfp, which showed no major
detectable protein impurities except a visible band of >250 kDa (Figure 5.3C). The alkaline
agarose gel electrophoresis profiles of AAV8-gfp also showed the bands of <2 kb in size in the EC
fraction (Figure 5.3D, AAV8-gfp, lane 2), indicating the co-elution of AAV8 capsids carrying
small-size intermediate genomic material. In the case of AAV6-gfp, the band of the size of the
expression vector (2.9 kb), as well as smaller genome fragment (<2 kb), were detected in EC
fraction (Figure 5.3D, AAV6-gfp, lane 2).

The AEX-step reproducibility, as demonstrated earlier for insect cell produced AAV5-gfp, was
also assessed for HEK293-produced AAV8-gfp vectors. Three production lots of immuno-affinity
purified AAV8 vectors were subjected to the step-gradient AEX process (Figure 5.4A). The sv-
AUC analysis of empty and vector capsid fractions collected from these runs also showed a lot-to-

lot reproducibility (Figure 5.5A, 5B) in VC enrichment with a variability of < 5% RSD.

5.2.8 Further Generalization of AEX-step

The versatility, herein defined as the ability of the AEX process to exhibit transgene-independent
separation efficiency of EC and VC, was assessed for serotype 6 derived recombinant vectors.
AAV6 was selected due to its reported potential in cell therapy and gene delivery applications?®.

An additional AAV6-cas9 (4.8 kb) vector was selected for this study. The affinity-purified AAV6-
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Figure 5.4 AAV-AEX Process Generalization demonstration for AAV6 and AAV8 serotype

(A) AAV8 AEX chromatographic profile employing optimized process conditions of step-gradient AEX run.
(B) Magnified image of two peaks corresponding to AAV8 capsids, as confirmed by SDS-PAGE and ddPCR.
The first peak with Agzeorso ratio of 0.53 correlates to empty capsids, whereas the second peak with for Azsorzso
ratio of 1.33 correlates to the genome containing capsids. (C) sv-AUC profile of AAVS8 starting material
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(affinity-purified AAV8-gfp). Three distinct AAV capsid populations with unique sedimentation coefficient are
(1) light capsids-63S (EC), (2) heavy capsids-86S (VC), and (3) intermediate population-74S. The relative
percentages of each AAV8 capsid variants are 62.5 % (63S), 2 % (74S) and 35.5 % (84S). Note the differential
260/280 nm signal profile for EC and VC, the intensities of which directly correspond to molar absorption
coefficients of AAV8 capsid protein, packaged DNA, and their proportion. (D) sv-AUC profile of AAV8 EC
fraction collected from a representative AEX run. The dominant peak of EC at 63S and a small peak of VC at
84S correlate to their relative proportion of 96.6% and 3.4%, respectively. (E) sv-AUC profile of AAV8 VC
fraction. The two populations detected are intermediate species (74S) and heavy capsids-VC (84S), with their
relative proportion of 4.4% and 95.6%, respectively. Step-gradient run profile employing optimized process
conditions AAV6-gfp (F) and AAV6-cas9 vectors (G). The higher 260 nm signal intensity in the VC peak of
AAV6-cas9 (G) compared to AAV6-gfp (F) potentially corresponds to the difference in the molar absorption
coefficients due to different size vector DNA (gfp-2.9 kb Vs. cas9-4.8 kb).

cas9 vector, when subjected to the AAV6-gfp AEX process (under both linear and step-gradient
elution modes), eluted at the same salt ionic strength (%B steps) and showed EC and VC elution
profiles identical to that of AAV6-gfp (Figures 5.4F, 4G, and S1-C, S1-D). Both quantitative
(Table 5.2) and qualitative enrichment (Figure 5.3C, 3D) of AAV6-cas9 vector capsid were
comparable to that of AAV6-gfp.

The AEX process developed for AAV8 was further assessed in a chromatography medium with a
different resin matrix geometry and chemistry. The affinity-purified AAV8-gfp vector material
was subjected to the same continuous gradient AEX process using two different anion-exchange
column configurations and matrices: monolith and packed-bed. Notably, in both cases, the range
of the salt gradient and its slope (1 mM IS/CV) were kept the same, whereas the flow rate was
reduced from 10 mL/min on a monolith to 3 mL/min for packed-bed to be within acceptable
backpressure limits. Representative chromatograms of the AAV8-gfp purification are
superimposed in Figure 5.5C. No substantial differences in the AAV8 EC and VC elution profiles

and characteristics (Table S4) were observed.
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Figure 5.5 AEX-step reproducibility and adaptability demonstration for AAV8-gfp vectorsFigure
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(A) sv-AUC profiles of for HEK293SF cell produced AAV8-gfp VC peak fractions collected from three different
production batches of AAV8 demonstrating reproducible enrichment. (B) Graphical representation of the AEX
process reproducibility data AA8-gfp. Each plot represents the relative % proportion of empty capsids, vector
capsids, and intermediate capsids determined from sv-AUC data for starting material and VVC peak fractions. The
VC peak fractions were collected from a representative optimized discontinuous gradient AEX process. The
variability is represented by an error bar (RSD <5%). (C) Superimposed chromatographic elution profiles of
AAV8-gfp AEX run using monolith (CIMmultus™ QA-1 mL) and packed-bed (POROS™ HQ-1 mL) under
MgSQO; salt gradient from 20-120 mM ionic strength over 100 CV. In the case of monolith column, AAVS8 EC
and VC eluted at 36.5 mM and 50.5 mM ionic strengths, whereas, in the case of packed bed column, EC and VC
eluted at higher ionic strengths of 65.5 mM and 87.5 mM, respectively. RSD, relative standard deviation.

5.3 Discussion

The utilization of universal and highly effective ultracentrifugation-based protocols for large-scale
AAV vector capsid enrichment is limited by the availability, reservations to adapt and install, and
operational feasibility in current GMP facilities for AAV production. Various GMP amenable ion-
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exchange column chromatography protocols have also been reported to separate empty and vector
capsids based on minute differences in net capsid charges obtaining varying degrees of VC
enrichment. Many of these reported protocols were serotype-specific with limited application to
other serotypes, and in recent times, interest has grown in developing an AEX protocol that can be
rapidly adapted to different serotypes to generate EC-free vector material. Aligned with this
interest, in this paper, we have reported a scalable anion-exchange chromatographic process for
AAV5 VC enrichment with its adaptability demonstrated for serotypes 6 and 8 with minor
adjustments.

During the salt-screenings study, AAV5 elution in a continuous NaCl gradient displayed poor
resolution and separation with substantial overlapping between EC and VC peaks (Figure S1).
Compared to monovalent chloride salt, the high ionic-strength divalent anionic salts, sodium
monohydrogen phosphate (HPO.%), and sodium sulfate (S04%) eluted AAV5 EC and VC with
high-resolution separation of EC and VC (Figure 5.1), resulting in better VC enrichment as shown
by Aozeorzso ratio (Table S1). This observation was different from the previous AAV5 related
publications where the VC enrichment was achieved using either a weak anion exchanger (POROS
PI) and a salt of monovalent chloride anions (KCI)*® or a strong anion exchanger (POROS HQ)
and salt of acetate (Tris-acetate)® or chloride (NaCl)3%42, Better resolution and separation of
AAV1 empty and vector capsids on HPLC-scale column packaging analytical-grade nonporous 3
MM Mini Q™ beads was reported upon replacement of NaCl with kosmotropic salts of NH4",
(CH3)sN*, PO, and SO42 47,

The intrinsic net negative charge differences of AAV5 EC and VC were exploited, employing a
shallow elution gradient (0.66 mM IS/CV) of sodium sulfate salt, which resulted in improved

resolution and separation compared to previous results. Although improved from the previous
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value of 0.49, the resolution coefficient of 0.77 was still less than ideal (>1.5) with reduced yet
evident co-elution of EC and VC. A discontinuous (isocratic/step) gradient elution protocol was
then developed, specifically tailored to ensure maximum EC removal, maximizing the VC
enrichment and recovery. As a result of step optimization, a substantial elution of empty capsids
was achieved in the fraction preceding the VC elution step. The partial co-elution of the
intermediate population in both empty and vector capsid (encapsidating full-length genome: ~ 4.7
kb) fraction indicated that its net negative charge lies between the two populations at the
extremities. The VC elution step was also optimized to ensure minimum co-elution of
contaminants (eluting just after the VC peak, Figure 5.2A, peak 3) present in the affinity-purified
starting material. A slightly lower salt concentration step was selected to achieve this, which
resulted in high purity and VVC recovery (73%) at the expense of only 6% of VVGs co-eluting in the
later fractions with other contaminants. The collective recovery of the VGs in all fractions was
above 90% (Table S3).

The 80% AAV5 VC proportion in the step-gradient VC fraction as determined via sv-AUC
analysis was comparable to the 82% (also analyzed via sv-AUC) recently reported from the team
of Sanofi®. In both cases, despite different AAV5 production platforms and technology (One-
Bac/Sf9 in our case and HEK293/triple plasmid transfection at Sanofi), the affinity-purified
starting material consisted of approximately similar fractional content of empty capsids (91% in
our case and 86% in the case of Sanofi) resulting in comparable fold reduction in empty capsids
(~5x) after AEX step. In other reports, the AAV5 VC content in the purified preparation was
reported 90%3° or near 100%°° as determined from negatively stained TEM analysis. The AEX-
step recovery of 73% for AAVS5 reported herein is higher than the previous reports of 6% and

54%3L,
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The sulfate-based step-gradient elution approach initially developed for AAV5 was also
successfully applied to gfp expressing AAV6 and AAVS8 vectors and cas9 expressing AAV6
vector. For both serotypes, the step-elution profiles, VC enrichment (>90%), and recovery (80-
83%) were similar, demonstrating the versatility of the protocol independent of the serotype or the
transgene. More than 95% VC proportion in AAV8-gfp preparation was comparable to previous
AAVS specific reports utilizing membrane anion-exchangers*®#?, The AEX-step-gradient
recovery of 81% is higher than the previous reports, where it was reported to be 43% “° or 67%*.
Similarly, for AAV6-gfp also, the >90% VC proportion in the final preparation is comparable with
the previous report®..

It was observed that the efficiency of chromatographic resolution of empty and vector capsid under
continuous elution gradient and consequent VC enrichment in a step-gradient process was
inversely related to the relative proportion of EC in the affinity-purified starting material. The EC
and VC peak resolution of the AAV5 sample containing 90% empty capsid fractional content was
lower (Rs:0.77) than the AAV8 or AAV6 (Rs:1.1-1.3) sample having 65% of fractional empty
capsid content. Similar to peak resolution, the consequent enriched VC content (% VC) in a step-
gradient process was also lower for AAV5 (81% VC) compared to AAV6 or AAV8 (>90% VC).
These findings are also in agreement with the previous report, where AAV5 VC enrichment was
reportedly as high as 100% when the starting material consisted of 55% of empty capsids as
opposed to the AAVS starting material with 86% EC, which resulted in 82% of VVC post-single-
step AEX3L. Both these reports suggest that further VC enrichment may be achieved with an
additional AEX cycle by removing residual ECs. Moreover, while comparing the efficiency of
different chromatographic VC enrichment processes, the fractional content of EC and VVC in both

starting and enriched material should be considered for an accurate evaluation.
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For AAV8, MgSO: provided slightly better VC enrichment than Na;SO4 (Figure S2 A and B).
Given that the anion is the same, that indicates that the cation (Na*/Mg?*) plays some role in the
separation. In the case of AAV6, 5 mM MgSO; salt supplementation was found to be a prerequisite
for EC and VC separation in the form of two peaks (Figure S2), suggesting a potential interaction
with the AAV6 capsid. Similarly, better separation and enrichment of AAV6* and AAV2* V/Cs
was reported when 2 mM magnesium salt (MgCl2) was supplemented into the elution buffer. In
contrast, we found VC enrichment for AAV5 using MgSOasto be inferior compared to that achieved
with Na>SO4 (data not shown).

The exact mechanism of AEX based separation of AAV EC and VC is not yet clear. Although
competitive anionic displacement is a well-accepted elution model in AEX, the potential role of
salt-induced charge neutralization and/or conformational change in the AAV capsids should not
be overlooked. Further investigation on the interaction of salts with genome-less AAV empty
capsids and genome-encapsidating vector capsids would be useful to better understand the
separation mechanism.

Employing various AAV characterization techniques including sv-AUC/optical-density analyses,
ddPCR, SDS-PAGE, and alkaline agarose gel analysis, we have demonstrated that the step elution
protocol using sodium or magnesium sulfate salt can efficiently generate preparations highly
enriched in AAV vector capsids and can be potentially applied to multiple AAV serotypes. Similar
elution profiles of AAV8 capsids under the shallow continuous gradient run in both monolith and
packed bed resin columns indicate that our AEX process can be readily adapted to two widely used
chromatography media without requiring significant changes. We have also demonstrated the
effectiveness of this protocol for serotypes produced in two widely used platforms for commercial

manufacturing of AAV vectors.
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5.4 Materials and Methods

5.4.1 Cell Culture and Baculovirus

Stably-transformed rep2cap5 packaging Sf9 cells (B8) and suspension adapted mammalian cells
(HEK293SF) used for rAAV viral vector production were provided by Dr. Zolotukhin (University
of Florida: Gainesville) and Dr. Chahal (National Research Council of Canada, Montreal),
respectively. The Sf9/B8 and HEK293SF-cells were maintained in serum-free suspension cultures
at appropriate cell-culture conditions (27°C for Sf9 and 37°C, 5% CO2, and 85% relative humidity
for HEK293 cells) in a shaker incubator (Infors, Basel, Switzerland) at 120 rpm speed of agitation.
The maintenance and production medium for insect cells and mammalian cells were Sf900-11
(Thermo Fisher scientific: Waltham, Massachusetts) and Hycell™ TransFx-H (Cytiva Life
Sciences: Chicago, lllinois) (additionally supplemented with 0.1% w/v of Kolliphor® P188 and 4
mM Glutamax™), respectively. The cell density analysis for routine maintenance flasks and virus
production run was performed using the Vi-Cell XR cell counter (Beckman Coulter: Brea,
California). The recombinant baculovirus carrying the AAV transgene expression cassette (Bac-
gfp) consisted of an AAV2-1TR flanking egfp under the control of chicken R-actin-CMV hybrid
promoter. The recombinant baculovirus stock used for rAAV5 production was generated using

naive Sf9 cells following a standard protocol, as published in our previous report®.

5.4.2 Recombinant AAV Vector Production

AAVS5 production in insect cells and AAV6 and AAV8 production in HEK293SF cells was carried
out applying baculovirus infection and triple-plasmid transient transfection protocols, respectively,
as previously reported*®%°. In brief, for AAV5 production, B8 Sf9 cells were infected with Bac-

GFP baculovirus at a MOI of 3 in a high cell density (~10 million cells/mL) fed-batch suspension
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cultures. The cell culture was provided with nutrient feed formulation in pre- and post-baculovirus
infection phases at specific time points*. For AAV6 and AAVS productions, the HEK293SF cells
at 1-1.2 million cells/mL were transiently transfected using 5% v/v PEl: DNA complex at a ratio
of 2:1. The final concentrations of plasmid DNA and PEI (Catalog number:23966-1, Polysciences,
Warrington, Pennsylvania) were 1 pg/mL and 2 pug/mL of cell culture, respectively. The three
plasmids used for AAV production were as follows: (1) Rep2Cap-6/-8 (Provided by Dr. Samulski,
University of North Carolina, Chapel Hill), (2) pAdDeltaF6-helper (a gift from James M. Wilson,
Catalog number:1128677, Addgene, Watertown, Massachusetts), and (3) pAAV-CAG-GFP (a gift
from Edward Boyden, Catalog number:37825, Addgene, Watertown, Massachusetts) or pAAV-
PGK-saCas9-U6-sgRNAsa (Catalog number: C306, Applied Biological Materials, Richmond,
Canada). The AAV production scale was 1L and 3L cell culture for AAV5/Sf9 and AAV-6, -

8/HEK293SF, respectively.

5.4.3 Culture Harvest, Primary Recovery and Affinity Purification

The insect cells and mammalian cells were harvested at 72 hours post-infection and 48 hours post-
transfection, respectively. The insect cells were harvested through an in-situ whole broth cell lysis
protocol, whereas the mammalian cells were harvested by cell pellet lysis. In both cases, the cell
culture or the cell pellets were mixed with lysis buffer such that the final concentration of buffer
components was 50 mM Tris-HCI, pH 7.5, 0.1% Triton™ X-100, 2 mM MgCl», and 50 U/mL of
Benzonase® DNase (Millipore Sigma, Burlington, Massachusetts). The cell lysate was incubated
with lysis buffer at 37°C for 2h, followed by the addition of MgSOa to increase the overall ionic
strength of the lysate to 600 mM with an additional half an hour incubation before the clarification

step. The lysate was clarified using an Optiscale® capsule filter consisting of a Milligard®
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membrane-1.2/0.5 pum (Catalog number: SWSCA47HH3, Millipore Sigma, Burlington,
Massachusetts). The clarified lysate was then subjected to a single-step affinity capture
chromatography using commercially available 5 mL prepacked immuno-affinity resin columns,
AVB Sepharose (Cytiva Life Sciences: Chicago, lllinois) for AAV5 or CaptureSelect AAVX
(Thermofisher Scientific, Waltham, Massachusetts) for AAV6 and AAVS8. The affinity
purification process was conducted on the AKTA Avant25 FPLC system. The affinity-resin bound
AAVs were eluted in 0.1 M Glycine (pH 2.5) and were immediately neutralized via addition of
10% v/v of 1 M Tris, pH 8.8. The neutralized AAV material was buffer exchanged into a suitable
buffer using PD-10 desalting columns (Cytiva Life Sciences: Chicago, Illinois). The linear flow
rate of the process was 75 cm/h, providing 2 min residence time. The pH, conductivity, and UV-

Vis absorbance were monitored throughout the process.

5.4.4 Anion-Exchange Chromatography (AEX) for AAV Genome Containing Capsid
Enrichment

The salt screening study was conducted using an analytical-scale anion-exchange monolith column
(CIMac™ AAV empty/full 0.1 mL, 1.3 um pore diameter) on the Waters Alliance HPLC system.
The affinity-purified AAV5 material was buffer exchanged in 25 mM bis Tris propane, pH 9
buffer, and injected onto the column. The bound AAV5 capsids were eluted under a continuous
salt gradient of elution buffers containing specific eluent salt (NaCl or NaHPO4 or Na2SO4) at 0.5
mL (5CV)/min flowrate. For preparative scale AEX processing, the Affinity purified AAV
material was buffer-exchanged into the AEX column equilibration buffer before loading. The
anion-exchange chromatography medium used was either monolithic (CIMmultus™ QA 1mL) or
packed-bed (POROS™ HQ-1mL). The buffers were, A: 10 mM BTP, pH 9.0; B: 10 mM BTP, pH

9.0 + either 50 mM Na2SO4 (AAV5) or 50 mM MgSO4 (AAV6 and AAVS), and C:2 M NaCl. The
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chromatographic steps in a continuous gradient elution process were as following: Equilibration:
90% A+10% B (20 CV), Sample loading: (10 CV), Column wash-1: 90% A+10% B (30 CV),
Elution: 10% B->50% B (150 CV), Column Wash-2: 100% B (20 CV), and Column Wash-3:
100% C. The process flow rate for the monolith column run was 10 mL/min, whereas, for the
packed-bed column, it was 3 mL/min. Derived from the continuous elution gradient was the
discontinuous (step) gradient process. The column equilibration, column wash 1, 2, and 3 steps
were as indicated above. The finalized discontinuous gradient steps for elution of EC and VC of
various AAV serotypes were as follows: (1) AAV5 EC (37.5% B) and VC (46% B) (2) AAV8B EC
(15.5% B) and VC (23% B), and (3) AAV6 EC (35% B) and VC (43% B). The elution step (% B)
for EC was selected such that it will ensure a maximum EC elution without significant co-elution
of VC (and hence without significant loss of VC) before the next step applied to elute VC. The
UV signal returning to the baseline for each step was achieved by appropriately adjusting the step-
gradient length, ensuring the near-complete elution of a given component. Additional column wash
steps before and after the AAV capsids elution were added to remove impurities, as indicated
above. The AEX-process runs, conducted on the AKTA Avant25 FPLC system, were monitored

using inline pH, conductivity, and UV-VIS sensors.

5.4.5 Process Reproducibility Study

Three individual vials from a working cell bank of packaging insect cells (rep2cap5 Sf9) B8 or
HEK293SF were used. Three different lots of recombinant baculovirus or plasmids stock were
used at the upstream processing stage to produce three batches of AAV5 or AAV8 vectors. The

AAV5 or AAV8 material generated was then subjected to affinity-chromatography and AEX steps.
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All chromatographic runs were carried out on different days involving different lots of freshly

prepared chromatography processing buffers for each run.

5.4.6 Quantification of DNase Resistant Genomic Particles (viral genomes: VGs) by Digital-
Droplet Polymerase Chain Reaction (ddPCR)

The clarified lysate or chromatography processed material was incubated with 5U/mL of
Benzonase® for 30 min at 37°C before viral DNA extraction. Benzonase® treated samples both
undiluted and 1:10 diluted were used for viral DNA extraction using a High Pure Viral DNA
Extraction kit (Roche Diagnostics: Risch-Rotkreuz, Switzerland). The ddPCR assay was
conducted using the QX200 Digital Droplet PCR system (Bio-Rad Laboratories: Hercules,
California) as per the manufacturer’s instructions. The reaction mixture for the AAV5-gfp sample
consisted of a forward primer (5’-ATAGGGACTTTCCATTGACGTC-3’), a reverse primer (5°-
TGATACACTTGATGTACTGCCAAG-3’), and a probe (FAM 5’-
TGGGTGGACTATTTACGGTAAACTGCC-3’BHQ) targeting the CMV enhancer sequence.
For AAV6/AAVS8-gfp, the reaction mixture consisted of a forward primer (5°-
CTGCTGCCCGACAACCAC-3’) and a reverse primer (5’-TCACGAACTCCAGCAGGAC-3’)
designed to target the transgene (egfp) sequence. The primer set for AAV6-cas9 vector is as
follows: forward primer (5’-GGCCAGATTCAGGATGTGCT-3’) and reverse primer (5°-
CATCATCCACAGAAGCGTGT-3"). The primers and a probe were purchased from Integrated
DNA Technologies (Coralville, lowa). The thermocycling temperature programming for AAV5-
gfp (preincubation at 95°C/15 min for denaturation and 40 cycles of 95°C/15 sec and 54.5°C /30
secs) and AAV6-/AAVS8-gfp (preincubation at 95°C/15 min for denaturation and 40 cycles of

94°C/30 sec and 60°C /1 min) were optimized explicitly for specific primers set.
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5.4.7 Immuno-Blotting Analysis

Multiple elution fractions collected from continuous gradients of AAV5-AEX run were subjected
to SDS-PAGE using TGX-Stain-free gels. After the electrophoresis run, the protein bands were
transferred to a nitrocellulose membrane using the Transblot Turbo Transfer System (Bio-Rad
Laboratories, Hercules, California) as per the supplier’s instructions. Following the blocking step,
the nitrocellulose membrane was sequentially incubated with mouse IgG Anti-AAV VP primary
antibody (PROGEN Biotechnik GmbH, Heidelberg, Germany) (1:5000 dilution) and HRP-
conjugated rabbit anti-mouse 1gG polyclonal antibody (Abcam, Cambridge, United Kingdom)
(1:100000 dilution). Following the subsequent washing steps, the membrane was incubated with
enhanced chemiluminescence reagent and visualized with the ChemiDoc Imager (Bio-Rad

Laboratories, Hercules, California).

5.4.8 Sedimentation Velocity Analytical Ultracentrifugation (sv-AUC) Analyses

For analytical ultracentrifugation analyses, the samples from affinity-purification or AEX process
fractions containing AAV capsids were buffer exchanged into PBS and concentrated using
Amicon® Ultra (Millipore Sigma, Burlington, Massachusetts) centrifugal filter with a 30 kDa
molecular weight cut off. The concentrated sample was then analyzed using a Beckman
Proteomelab XL-1 ultracentrifuge (Beckman Coulter: Brea, California). The centerpieces were
charcoal filled-epon, two-sector centerpieces with a 1.2 cm pathlength. The reference sector was
filled with 420 pL PBS and the sample sector with a concentrated AAV sample. Samples were
temperature equilibrated at 20°C with a full vacuum applied for 1h. The sedimentation analysis
run was performed at 20,000 rpm for two hours at 20°C using absorbance detection at 260 and 280
nm. Data analysis was performed using Sedfit®. The data visualization plots were created using

Gussi freeware®?,
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5.4.9 SDS-PAGE Analysis

AEX process fractions were used for the analysis of purity and identity of components via SDS-
PAGE. The concentrated elution fractions or concentrated samples recovered after sv-AUC
analysis were subjected to denaturing protein electrophoresis run conditions. After the run, the gel
was stained using Silver Stain Plus™ (Bio-Rad Laboratories, Hercules, California) as per
supplier’s instructions and visualized using the ChemiDoc Imager (Bio-Rad Laboratories,

Hercules, California).

5.4.10 Alkaline Agarose Gel Electrophoresis

The concentrated elution fractions or concentrated samples recovered after sv-AUC analysis were
subjected to alkaline agarose gel electrophoresis. The recovered sample was mixed with 6x
alkaline loading buffer (180 mM NaOH, 6 mM EDTA, 18% Ficoll 400, 0.15% Bromophenol Blue,
and 0.25% Xylene Cyanol) in 6:1 proportion to get the final concentration of alkaline loading
buffer to 1x. The alkaline running buffer comprises of 30 mM NaOH, 2 mM EDTA in Milli-Q
water. The 0.7% agarose gel was prepared by dissolving agarose powder in the alkaline running
buffer. 30 uL of samples and 10 pL of Quick-Load® 1kb DNA ladder (New England Biolabs,
Ipswich, Massachusetts) in 1x alkaline loading buffer were loaded on the gel and run at 3.5 VV/cm
for extended hours until the dye had migrated approximately 2/3 length of the gel. Post
electrophoresis, the gel was washed with 0.5 M Tris-HCI, pH 8 buffer for 30 min, and was
incubated with staining buffer (1x SYBR™ Safe stain in TE buffer, pH 8) for one hour, followed

by gel imaging using the ChemiDoc Imager.
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Development and Validation of an Anion-Exchange
High-Performance Liquid Chromatography Method
for Analysis of Empty Capsids and Capsids
Encapsidating Genetic Material in a Purified
Preparation of Recombinant Adeno-associated Virus
Serotype 5.

Preamble

After developing the upstream and downstream processes, as reported in Chapter 4 and 5, Chapter
6, focuses on the development of an analytical assay for quantification of AAV capsids population
in primarily purified (affinity-purified) and highly purified final AAV samples completing the triad
of AAV manufacturing process. Herein, we report a simple and readily accessible high-
performance liquid chromatography method for absolute and relative quantification of AAV
capsid population in a purified preparation. Exploring a high-resolution separation under anion-
exchange chromatographic process, a native fluorescence-based detection method offers high-
sensitivity of detection, requiring only a small amount/volume of the total AAV capsids in a
sample, in contrast to the current methods of analysis that often requires a large amount of AAV
sample. The supplemental data associated with this chapter are provided in the appendix, 9.3
(Page number 226-236).
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Abstract

The development of various manufacturing platforms and analytical technologies has substantially
contributed to successfully translating the recombinant adeno-associated viral vector from the lab
to the clinic. The active deployment of these analytical technologies for process and product
characterization has helped define critical quality attributes (CQA) and improve the quality of the
clinical grade material. In this manuscript, we report an anion-exchange high-performance liquid
chromatography (AEX-HPLC) method for relative and as well as absolute quantification of empty
capsids (EC) and capsids encapsidating genetic material (CG) in purified preparations of AAV
using serotype 5 as a model. The selection of optimal chromatographic buffer composition and
step-gradient elution protocol offered baseline separation of EC and CG in the form of two peaks,
as validated with the respective reference standards. The native amino acid-fluorescence based
detection offered excellent linearity with a correlation coefficient of 0.9983 over two-log dilutions
of the sample. The LOD and LOQ values associated with the total AAVS5 capsid assay are 3.1E+09
and 9.5E+09, respectively. AEX-HPLC showed method comparability with the analytical
ultracentrifugation (AUC) method for determination of the relative proportions of empty and
capsids containing genetic material, supporting the reported HPLC method as an easy-to-access
alternative to AUC with operational simplicity. Moreover, rapid and easy adaptation of this method

to AAV8 material also demonstrated the robustness of the proposed approach.
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6.1 Introduction

With three clinically approved products and many more drug candidates under evaluation in
clinical trials, the recombinant adeno-associated virus (rAAV) emerged as one of the preferred
gene delivery vehicles in the curative gene therapy approach of many hereditary diseases'™. In
contrast to the wild-type AAV sample, which has near 100% of the genome-containing functional
particles®, the rAAV vector preparations contain genome-less empty capsids (EC) in excess.
Having no direct therapeutic effect, these empty capsids are generally considered a product-related
impurity in clinical lots®. A better understanding of these empty capsids’ role in in vivo AAV
transduction efficiency and potential impact on the final clinical outcome’® has led the
development of various analytical technologies for detection, identification, and quantification of
empty capsids and capsids containing genetic material (CG).

These methods include sedimentation velocity analytical ultracentrifugation (sv-AUC)°,
transmission electron microscopy (TEM)!!! a combination of ELISA and quantitative
polymerase chain reaction (qPCR) for total capsids and CG analysis, respectively!?, charge-
detection mass spectrometry (CD-MS)*3, and optical-density measurement?*. Although effective
to a varying extent, these methods also have specific drawbacks. For example, TEM or Cryo-TEM
based analyses are subjected to manual intervention for both the differentiation between EC and
CG and their quantification, potentially affecting the accuracy and precision of the final results. In
the ELISA-based analysis of total AAV capsids, both TEM and gPCR are used as validation
methods for establishing the concentration of empty capsids in the standard provided with the Kit.
Because of this, the ELISA, besides its own inherent error, may also confound the errors associated
with the methods for quantification of the standard. The accuracy of optical-density measurements
for both relative and absolute quantification of EC and CG depends on the purity level of the

sample. In the absence of in situ sample fractionation, in contrast to HPLC run, an impurity of any
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nature, DNA, or protein, even when present in trace amounts, will absorb at 260 and 280 nm and
can substantially impact the overall results. A recently reported charge-detection mass
spectrometry method differentiates the EC and CG based on the difference in mass-to-charge ratio
and associated migration velocity under applied electric field'®. Notably, a more robust and
accurate method is sv-AUC, where the sedimentation coefficient (S), a practical expression of the
buoyant density, is determined for EC, CG, and the intermediate population during a centrifugation
run. The S values reported for the CG capsid population linearly correlates to the size of the
genome encapsidated in an empty capsid®.

lon-exchange chromatography has been reported for high-resolution separation of charge variants
of complex biological molecules such as monoclonal antibodies'®>’. Similarly, various anion-
exchange HPLC (AEX-HPLC) methods demonstrating separation of EC and CG, based on the
differences in the net negative charge, have also been reported to determine empty and genome-
containing capsids of AAV serotypes such as AAV1'8 AAV21°2° AAV8?L and AAV6?2,
Building on the intrinsic resolution power of anion-exchange chromatography and the operational
advantage of HPLC, in this manuscript, we report a simple AEX-HPLC protocol for the
simultaneous quantification of relative and absolute values of EC and CG population in an affinity-
purified AAV5 sample. Combining a step-gradient elution approach, which enabled a baseline
separation of EC and CG populations, with the native fluorescence-based detection, improved the
accuracy and sensitivity of the detection and quantification. Demonstrated comparability with
other existing methods, including sv-AUC, for EC and CG determination provides an opportunity
to establish this protocol as an additional tool for orthogonal analyses with better accessibility and

operational simplicity.
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6.2 Materials and Methods

6.2.1 Recombinant AAV5 vector production, harvest, and immuno-affinity purification

The rAAV5-gfp vector material was produced using the One-Bac 3.0 platform and the fed-batch
mode of high-cell density production cultures, as reported in our previous publication?®. For AAV5
production, B8 Sf9 cells** were infected with Bac-GFP baculovirus (harboring the AAV
expression cassette of 3.79kb in size, consisting of ITR flanked GFP transgene sequence) at an
MOI of 3. The B8 Sf9 cell line is a third-generation One-Bac inducible packaging insect cell line
harboring the rep2cap5, which upon infection with a single baculovirus carrying the transgene
sequence, produces the AAV524, The cell culture was provided with nutrient feed formulation in
pre- and post-baculovirus infection phases at specific time points. At 72 hours post-infection, the
insect cell culture was harvested through in-situ whole broth cell lysis via the addition of 10% v/v
of the lysis buffer. AAV8-gfp used for the demonstration of the method robustness was produced
via triple-plasmid transfection protocol as reported previously?. The suspension-adapted HEK293
cells at 1-1.2 million cells/mL were transiently transfected using 5% v/v PEl: DNA complex at a
ratio of 2:1. The final concentrations of plasmid DNA and PEI (Catalog number:23966-1,
Polysciences, Warrington, Pennsylvania) were 1 pug/mL and 2 pg/mL of cell culture, respectively.
The three plasmids used for AAV8 production were as follows: (1) Rep2Cap8 (Provided by Dr.
Samulski, University of North Carolina, Chapel Hill), (2) pAdDeltaF6-helper (a gift from James
M. Wilson, Catalog number:1128677, Addgene, Watertown, Massachusetts), and (3) pAAV-
CAG-GFP (a gift from Edward Boyden, Catalog number:37825, Addgene, Watertown,
Massachusetts, 2.9 kb in size). The HEK293 cells were harvested 48 hours post-transfection and
lysed via addition of 10% v/v of lysis buffer. Post addition of a lysis buffer, the final concentration

of buffer components in the lysate is 50 mM Tris-HCI, pH 7.5, 0.1% Triton X-100, 2 mM MgCl;,
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and 50 U/mL of Benzonase® DNase (Millipore Sigma, Burlington, Massachusetts). Following the
incubation at 37°C for 2 h, magnesium sulfate was added to increase the overall ionic strength of
the lysate to 600 mM coupled with an additional half an hour incubation before the clarification
step. The high-ionic strength lysate was clarified using the Optiscale® capsule filter consisting of
a Milligard® membrane-1.2/0.5 um (Cat# SWSCA47HH3, Millipore Sigma, Burlington,
Massachusetts). The clarified lysate was then subjected to a single-step affinity capture
chromatography step using commercially available 5 mL prepacked immune-affinity resin
columns, AVB Sepharose (Cytiva Life Sciences: Chicago, lllinois) for AAV5 and AAVX
(Thermofisher Scientific: Waltham, Massachusetts) for AAV8. The affinity purification process
was conducted on the AKTA Avant 25 chromatography system. The AAV5 and AAVS capsids,
which were bound to the affinity resin, were eluted with a low pH buffer (0.1 M Glycine, pH 2.5).
The eluate was immediately neutralized by adding 10% v/v of neutralization buffer (1M Tris, pH
8.8). The neutralized AAV5 and AAV8 material was buffer exchanged against a suitable buffer

using a PD-10 desalting column (Cytiva Life Sciences: Chicago, lllinois) for further analysis.

6.2.2 Anion-Exchange High-Performance Liquid Chromatography Method of AAV5 and
AAVSE

Affinity-purified AAV5 material or the AAV5 empty and vector capsid reference standards were
buffer-exchanged against the AEX-HPLC equilibration buffer that enables the binding of AAV
capsid to the anion-exchange medium. The separation of AAV5 empty and genome-containing
capsids was achieved using a 0.106 mL anion-exchange monolithic disc column (CIMac™ Q 0.1
AAYV full/empty) connected to a Waters Alliance HPLC system. This HPLC system was equipped
with a separation module, a column chamber, a UV-VIS photodiode array detector, and a

fluorescence detector. The separation module consisted of a four-channel mixing chamber
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allowing buffer composition prepared from four different stock solutions. The low extra column
volume (~1 mL) associated with the Alliance system ensures minimum band broadening of the
sample injection and provides sharper peaks. The chromatography buffers used in the AEX method
were as follows: A: 10 mM BTP-phosphate, pH 9.0; B: 10 mM BTP-phosphate, pH 9.0 + 20 mM
sodium phosphate tribasic (NasPOa), C: Milli-Q water, and D: 2 M NaCl. The continuous gradient
elution protocol consisted of the following steps: Equilibration: 95% A + 5% B (25 CV), Elution
1: 5% B - 50% B (100 CV), Elution 2: 100% B (20 CV, 0.45% B/CV), Column Wash: 10%
A+15%C+75%D, and re-equilibration: 95%A+5%B. The optimized step-gradient protocol
comprises of the following steps: Equilibration:95% A+5% B (25 CV, conductivity: 0.348
mS/cm), Elution Step 1 (EC elution): 88% A+12% B (50 CV, conductivity: 0.9 mS/cm), Elution
Step 2 (CG elution,): 82% A+18% B (50 CV, conductivity: 1.13 mS/cm), Elution step 3: 50%
A+50% B (50 CV, conductivity: 2.4 mS/cm), Elution step 4: 100% B (30 CV conductivity: 4.2
mS/cm), Column Wash: 10% A+15% C+75% D (30 CV) , and re-equilibration: 10% A+ 90% C
(30 CV) and 95% A+5% B (35 CV). The HPLC method robustness was demonstrated for an
additional serotype, AAV8-gfp vector. The affinity-purified AAV8 material was subjected to the
following continuous gradient elution protocol: Equilibration: 60% A + 40% B (20 CV), Elution
1: 40% B - 80% B (200 CV), Elution 2: 100% B (30 CV), Column Wash: 10% A+15%C+75%D
(30 CV), and re-equilibration: 10% A+ 90% C (35 CV) and 95% A+5% B (35 CV). For both
continuous gradient and step-gradient elution protocols, the process flow rate and column chamber
temperature were 0.5 mL/min (5 CV/min) and room temperature (around 23 °C), respectively. The
column pressure at given flow rate was between 160-180 psi. Since the Waters Alliance HPLC
system used for this study is not equipped with an in-line conductivity sensor, the conductivity of

eluted fractions was measured via an off-line conductivity sensor.
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The sample injection volume for all the samples, including reference standards, was fixed to 40
pL. To account for the sample loop volume and associated injection volume, which may vary
depending on the HPLC system hardware, all the method validation parameters such as LOD,
LOQ, and linear quantification range are reported as a function of the total AAV capsid amount
instead of the capsid concentration (capsids/mL). The conversion of these values in the AAV
concentration unit (capsids/mL) can simply be attained by dividing the total amount with the
injection volume.

The real-time chromatographic run monitoring via UV absorbance was conducted at 260 nm and
280 nm wavelengths using a photodiode array detector (PDA), whereas the native amino-acid
fluorescence was monitored at 280 nm excitation and 336 nm emission wavelengths. The
automated post-run data analysis was performed using the Empower® 3 software. The peak area
calculation was conducted using a preset apex-track algorithm that integrates peak area from the
valley-to-valley arrangement. For calculations of the relative percentage of empty and genomic
capsids from the 260/280 nm absorbance signal, their molar absorption coefficient, as previously
reported!*, and the peak area corresponding to each wavelength were used. The DNA does not
significantly emit at 336 nm upon excitation at 280 nm?%2?” and the single-stranded AAV genome’s
contribution to the fluorescence signal is negligible. Therefore, the relative values of peak area

were directly correlated to the percent proportion of EC and CG capsids.

6.2.3 AAV5 empty and vector capsid reference standards characterization via orthogonal
analyses

AAV5 empty and vector capsid reference standards were prepared by a two-step anion-exchange
chromatographic process. An affinity-purified preparation containing the mixture of empty and

vector capsids was subjected to the first cycle of anion-exchange chromatography where a highly-
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enriched empty capsid fraction was collected. The moderately enriched vector capsid fraction (still
containing the residual empty capsids), collected from the this first cycle was then subjected to a
second cycle of anion-exchange chromatography under a continuous gradient elution to further
reduce the residual empty capsid content, and increase the extent of enrichment in vector capsid
preparation. This way, a two-step process enabled generation of enriched empty and vector capsids
preparation with minimized co-presence of another component. To certify these preparations as
reference standards, they were comprehensively characterized for purity (SDS-PAGE), identity
(sv-AUC, alkaline agarose gel electrophoresis analysis), and quantification (ddPCR, optical
density measurement, and total protein assay-Avagadro equation-based total capsid
quantification).The individual component was concentrated and buffer-exchanged against a
suitable buffer using a 30 kDa molecular weight cut off centrifugal filter, the Amicon® Ultra
(Millipore Sigma, Burlington, Massachusetts). The concentrated standards were then used for
sedimentation velocity analytical ultracentrifugation (sv-AUC) analysis. After the sv-AUC run and
standards were recovered and along with the starting affinity-purified material were subjected to
orthogonal characterization, which includes optical-density measurement for empty/full capsids
analysis, SDS-PAGE, and alkaline agarose gel electrophoresis. The optical-density measurement
assay was carried out as per the method reported previously'*. The quantitative characterization
assays include the RC DC™ assay (Bio-Rad Laboratories, Hercules, California) for total capsid
(protein) analysis and digital droplet quantitative polymerase chain reaction (ddPCR) analysis for
quantification of DNA encapsidating genomic capsids. The total protein amount determined from
the RC DC assay was used to total capsids based on the known molecular weight of the AAV5

capsid (~4000 kDa) and the Avogadro equation.
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6.2.3.1 Sedimentation-velocity analytical ultracentrifugation (sv-AUC) analyses

Due to the lower sensitivity of absorbance measurement in general, the sample concentration step
was necessary to achieve the O.D. value of 0.2-0.8 AU for sv-AUC analyses. The affinity-purified
AAVS5 samples and EC and VC reference standards, buffer exchanged in PBS, were analyzed
using the Beckman proteomelab XL-1 (Beckman Coulters: Brea, California). The centerpieces
were charcoal filled-epon, two-sector centerpieces with a 1.2 cm pathlength. The reference sector
was filled with 420 pL PBS (blank) and the sample sector with either the concentrated AAV
reference standards or affinity-purified sample. After placement in the rotor, the sample cell was
allowed to equilibrate at 20°C with a full vacuum applied for 1h. The sedimentation analysis run
was performed at 20,000 rpm for two hours at 20°C. During the velocity-sedimentation run, the
real-time sedimentation data were collected using absorbance detected at 260 and 280 nm optics
simultaneously in a single run. Data analysis was performed using Sedfit as per previously
published AAV related parameters®. The data visualization plots were created using GUSSI

freeware?8,

6.2.3.2 Genomic capsid quantification via digital-droplet polymerase chain reaction (ddPCR)

The affinity-purified sample and reference standards were incubated with 5 U/ml of Benzonase®
for 30 min at 37°C before viral DNA extraction. Benzonase® treated undiluted, and 1:10 diluted
samples were used for viral DNA extraction using the High Pure Viral DNA Extraction kit (Roche
Diagnostics: Risch-Rotkreuz, Switzerland). The ddPCR reaction was conducted using the QX200
digital droplet PCR system (Bio-Rad Laboratories: Hercules, California) as per the manufacturer's
instructions. In the case of the AAV5-gfp sample, the reaction mixture consisted of a forward
primer (5’-ATAGGGACTTTCCATTGACGTC-3), a reverse primer (5°-

TGATACACTTGATGTACTGCCAAG-3), and a probe (FAM 5’-
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TGGGTGGACTATTTACGGTAAACTGCC-3’BHQ) targeting the CMV enhancer sequence.
The primers and a probe were purchased from Integrated DNA Technologies (Coralville, lowa).
The thermocycling temperature programming was as following: preincubation at 95°C/15 min for

denaturation and 40 cycles of 95°C/15 sec and 54.5°C /30 secs.

6.2.3.3 Purity analysis via SDS-PAGE

The AEX-HPLC process fractions and concentrated samples and standards recovered after the sv-
AUC were subjected to denaturing protein electrophoresis run. After the run, the gel was stained
using the Silver Stain Plus™ kit (Bio-Rad Laboratories, Hercules, California) as per supplier’s
instructions and visualized using the ChemiDoc Imager (Bio-Rad Laboratories, Hercules,

California).

6.2.3.4 Alkaline Agarose Gel Electrophoresis

The affinity-purified starting material and empty and vector capsid reference standards, recovered
after sv-AUC analyses, were subjected to alkaline agarose gel electrophoresis. The 6x gel loading
dye (New England Biolabs: Ipswich, Massachusetts), the running buffer, and the gel casting buffer
were adjusted to alkaline pH by adding sodium hydroxide stock solution to the final concentration
of up to 150 mM. 30 pL of 1x samples in gel loading dye and 10 pL of Quick-Load® 1kb DNA
ladder (New England Biolabs: Ipswich, Massachusetts) in 1x alkaline gel loading buffer were
loaded on the 0.7% alkaline agarose gel. The gel was run at 3.5 VV/cm for extended hours until the
dye had migrated approximately 2/3 length of the gel. Post electrophoresis run, the gel was washed

with 0.5 M Tris-HCI, pH 8 buffer for 30 min. Later, the gel was incubated with staining buffer (1x
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SYBR™ Safe stain in TE buffer, pH 8) for one hour, followed by imaging using the ChemiDoc

Imager.

6.3 Results

6.3.1 Anion-exchange (AEX) high-performance liquid chromatography (HPLC) method
development

6.3.1.1 Sample characteristics

The affinity-purified AAV5 material used for AEX-HPLC method development consisted of about
90% of EC, an undesirable AAV-related component, and 10% of capsids encapsidating genetic
material (CG) as analyzed via sv-AUC (Figure S1 A)?%. Here, CG refers to an entire AAV
population consisting of intermediate capsids (encapsidating small-size fragments of genetic
material: host cell DNA, RNA, and fragments of viral expression cassette) and vector capsids
(encapsidating full-length vector expression cassette with or without other fragments) (Figure S1

E-1).

6.3.1.2 AEX-HPLC method development

Building on our preliminary data related to the selection of the pH, buffering agent, and eluent salt,
the bis-Tris propane (BTP) buffer at pH 9 and sodium phosphate tribasic (NasPO4) salt were
selected as chromatographic buffer constituents for AEX method development. The BTP, having
one of its pKa values at 9.1, was a suitable choice for buffers at pH 9. The trivalent sodium
phosphate (POs*) was selected over monovalent and divalent salts such as sodium chloride or

sodium sulfate because of its higher resolution power, potentially due to a higher ionic and
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displacement strength. The higher pKa of phosphate groups of sodium phosphate results in a higher
pH (>12.5) for the non-pH adjusted buffer; therefore, both the equilibration buffer (Buffer A) and
the elution buffer (Buffer B) were pH adjusted to 9 using the phosphoric acid. Such a high pH,
which is above the global isoelectric point of AAV capsids, induces strong net negative surface
charges and dominantly promotes anionic exchange interactions with the quaternary ammonium
ligands of the AEX-column matrix. The elution buffer, consisting of 20 mM sodium phosphate
(equivalent to a 120 mM ionic strength), was used for gradient generation. Notably, the theoretical
ionic strength of 1 M sodium phosphate salt concentration is 6 M. This relationship was used to
calculate the ionic strength associated with a given salt concentration, as presented in the sections
ahead. The other two solutions consisted of Milli-Q grade water and 2 M NaCl used for column
wash and regeneration steps.

A continuous gradient method was developed after the initial fine-tuning of buffer B composition
and salt gradient range. The AAV5 capsids bound to the anion-exchange column were eluted with
5-50% B shallow gradient (6-60 mM ionic strength) over 100 column volume (CV) at a gradient
slope of 0.54 mM/CV. First, the AAV5 EC eluted, followed by CG, both in the 16.5-27.5% B
range (Figure 1A and 1B). The notable feature of the EC and CG elution profile was the absence
of a baseline separation and very close elution points, indicating a partial overlapping (and co-
elution) of EC and CG at the intersection point. The relative proportion of EC and CG determined
from the continuous gradient run data collected for all three sensors (260 nm, 280 nm, and
fluorescence: FL) and analyzed via both modes (peak height and integrated peak area) indicated a
lack of comparability with the sv-AUC values (Figure S2 A and B). These data suggested that the
continuous gradient run was not suitable for accurate determination of % EC and % CG

populations in a given sample. Under the given AEX conditions, the extent of EC and CG co-
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elution is a combined function of (1) minute differences in the net negative charge and consequent
equilibrium coefficients between these populations, (2) a continuum of the population between
empty capsids and complete vector capsids encapsidating a full-length vector genome, and (3) a
very high anionic displacement strength of the eluent (phosphate).

Following this, we decided to develop a step-gradient elution process where each elution step
would represent a single population (EC or CG) with a minimum co-elution of other components.
Further fine-tuning of the method resulted in the EC (retention time: 8.9 min) and CG capsids
(retention time: 19 min) eluting in two separate peaks (12% and 18% B, respectively) (Figure 1C
and 1D). It should be noted here that the length of the step elution gradient was adjusted to ensure
that the signal reaches the baseline, which represents a near-complete elution of the first
component (EC) before beginning the elution of the following species (CG). The identity and
purity of EC and CG peak fractions were assessed via SDS-PAGE, where both fractions displayed
three bands corresponding to AAV VP proteins with no additional detectable bands upon silver
staining (Figure 1E). The peak fractions following the CG peak (Fraction# 4, 5, and 6) showed
the presence of residual of AAV capsids that eluted at higher salt concentration and other small
molecular weight impurities present in the affinity-purified AAV5 sample. Furthermore, the viral
genome copies (VG) analyses via ddPCR also confirmed the presence of the majority of genomic
particles in the second peak (CG peak), which consisted of approximately 87% of the total VGs
loaded on the column upon sample injection (Figure 1F).

The native fluorescence in the protein is predominantly exhibited by tryptophan with excitation,
and emission maxima reported to be approximately 280 nm and 350 nm, respectively 2°*°. Due to
apparently higher sensitivity than absorbance, we decided to use the native fluorescence as an

additional detection signal besides UV-VIS (260 and 280 nm). The excitation and emission
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wavelengths for affinity-purified AAV5 material in AEX-chromatographic buffer (10 mM BTP-
phosphate, pH 9.0) were found to be approximately 280 and 336 nm, respective, confirming no
effect of AEX-buffer formulation on the tryptophan fluorescence. The analysis of step-gradient
run suggested that the peak area-based determination of the relative proportions of % EC and %
CG offered better accuracy than the peak height when compared with sv-AUC results (Figure S2
C and D), where the values from all three signals (260 nm, 280 nm, and FL) were comparable to
the sv-AUC (Figure S2 D). Therefore, while the 260/280 nm relative ratio was employed for visual
identification of EC and CG peaks in a chromatogram, the more sensitive fluorescence signal was

used for the quantitative analyses and HPLC method validation reported in the following sections.
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Figure 6.1 AAV5 AEX-HPLC method development

AAVS5 AEX-chromatogram with UV signal (A) and FL signal (B) under 6-60 mM ionic strength sodium
phosphate continuous-gradient run. AAV5 EC and CG are indicated by an arrow. AEX-chromatogram with UV
signal (C) and FL signal (D) for an optimized step-gradient elution protocol for AAV5 EC (peak 2) and CG
(peak 3) with baseline separation. Notice the differential 260/280 nm profile for empty and vector capsid peaks,
a characteristic associated with these variants. Peak (fraction) 1: flowthrough, peak 2: 12 %B, Peak 3: 18 %B,
peak 4: 50% B, peak 5: 100% B, and peak 6: 1.5 M NaCl wash. (E) SDS-PAGE/Silver staining image of AAV5
step-gradient elution fractions collected during the run and concentrated using Amicon ultra centrifugal filters
(30 kbDa MWCO). 25 pL of each sample (Feed 1:10 diluted, FT:1x concentrated sample, EC and CG: 1:20
dilution of concentrated sample, 50%B, 100%B, and 1.5M NaCl wash:1x concentrated sample) was loaded on
the gel. Feed refers to an affinity-purified AAV5 sample subjected to the AEX-HPLC run. Lane EC and CG
primarily shows three AAV5 VP bands, potentially suggesting a highly purified fraction as a result of in situ
sample fractionation during the AEX separation run. (F) ddPCR analysis of each of the AEX-HPLC step gradient
fractions. Approximately 87% of viral genome copies detected in vector capsid fraction (Fraction#3, CG peak
3) confirms the presence of the majority of genome-containing capsids of AAV5. AEX: anion-exchange
chromatography, CG: capsids containing genetic material, EC: empty capsids, FL: fluorescence, FT:
flowthrough, MWCO: molecular weight cut-off.

6.3.2 Specificity and comparability of AEX-HPLC

The finalized AEX-HPLC step gradient method (Figure 1C and 1D) was analyzed for two key
attributes: specificity and comparability. The method specificity, which in this context is a measure
of the degree of selectivity in the separation of EC and CG populations, was confirmed via AEX-
HPLC run of in-house reference standards of AAV5 empty and vector capsids (VC), where the
later was enriched in capsids containing full-length genomes (Figure S1 C). These standards
generated via a two-step ion-exchange chromatographic process were orthogonally characterized.
The relative percent proportion and purity in these standards were confirmed via sv-AUC and SDS-
PAGE analyses, respectively (Figure S1 B-D). The alkaline agarose gel and ddPCR were used to
analyze packaged genome size (Figure S1 E) and total VG quantification (Table S1), respectively.
The AEX-chromatograms of EC and VC reference standards, the affinity-purified sample, and
buffer blank are shown in Figure 2. While the peak at 19 min in EC reference standard (Figure
2A and 2B) correspond to the residual presence of the intermediate populations of AAV5
packaged capsids (~4.0%) as confirmed already via sv-AUC (Figure S1 B) and alkaline agarose
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gel electrophoresis (Figure S1 E-2), the peak at 9 min (Figure 2C and 2D) represents residual
empty capsids (~19%) in the VC standard as confirmed via sv-AUC (Figure S1 C). Similar to
affinity-purified AAV5 material, the determination of % relative proportion of EC and CG in each
reference standard from AEX-HPLC run, the peak area-based analyses of FL signal showed better

compatibility with sv-AUC values over UV signals and peak height-based determination (Figure

S2 A-D).
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Figure 6.2 Confirmation of specificity of the AAV5 AEX-HPLC step-gradient protocol for EC
and GC peaks

UV absorbance (A) and FL (B) profiles of AAV5 EC reference standard. AEX-chromatograms of AAV5 VC
reference standard with UV (C) and FL (D) profiles and those for buffer blank are represented in (E) and (F),
respectively. Note the matching elution points of EC and CG in their respective reference standards and that with
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the EC and CG peaks in the affinity-purified starting material (Figure 1C and 1D). Negligible signal
contribution from buffer blank indicates that all peaks (peak 1 to 5, as shown in Figure 1C) appearing in the
chromatogram are associated with AAV5 sample components.

The AEX-HPLC method comparability was evaluated against two other established methods: sv-
AUC analysis® and optical-density measurement®. Table 1 provides a summary of the percent
relative proportion of EC and CG in the affinity-purified sample and respective reference standards

when analyzed side-by-side via AEX-HPLC, sv-AUC, and optical-density measurement methods

(refer to the supplementary calculation section for more details).

Table 6.1 Orthogonal quantitative analysis and Inter-method comparability of an affinity-purified
AAVS5 sample and a reference standard

% Relative proportions of empty capsids (EC) and capsids encapsidating genetic material (CG)
Affinity-purified AAV5 Empty capsid reference Vector capsid reference
. (mixture of EC and CG) standard standard
Analytical Method
EC CG EC CG EC CG
90.092 9.91° 96.842 3.162 18.812 81.19°
Analytical

Ultracentrifugation

J 91.08° 8.92° 95.6° 4.4b 19.13° 80.87"

Optical density 89.71 10.29 90.32 9.68 1057 89.43

measurement

95.042 4.96° 98.06° 1.942 18.542 81.46°

HPLC 94.68° 5.32P 99.34° 0.66° 20.82° 79.18°

91.47¢ 8.53¢ 98.03° 1.97¢ 16.98° 83.02¢

a Calculation based on 280 nm absorbance signal data; ® Calculation based on 260 nm
absorbance signal data.

¢ Calculation based on fluorescence signal (emission unit) data.

The calculations are based on the integrated peak area where applicable.
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Despite small differences in the reported values with the other two methods, which is a function
of the inherent inter-method variability, the overall data from Table 1 confirm the comparability
of the herein reported AEX-HPLC method. It further supports the AEX-HPLC method as an
effective alternative to current methods and an additional tool for orthogonal characterization of

affinity-purified AAV5 samples.

6.3.3 AAV5 AEX-HPLC method validation

Following the confirmation of method specificity and comparability, the AEX-HPLC method was
validated as per standard analytical method validation guidelines from ICH3! and USFDA®. The
method validation parameters tested include linearity, sensitivity, precision, accuracy and

recovery, and carryover analysis.

6.3.3.1 Linearity of calibration

The linearity of the fluorescence signal as a function of AAV5 capsids was established using the
AAVS5 VC reference standard. In addition to the orthogonal analyses, as reported in the previous
section, this reference standard was further quantified for packaged vector genome copies using
ddPCR and total protein assays. It should be noted that SDS-PAGE analysis of the VVC reference
standard did not show many bands associated with other major impurities except a faint band at
250 kDa, therefore, the contribution of any trace protein impurities in the total protein value was
ignored while calculating the total AAV capsids from the protein amount determined via
appropriate assay. From the total capsid amount (protein assay) and known molecular weight of
AAVS5 capsid (~4000 kDa), total capsids were quantified (Cp/mL) applying the Avogadro

equation. The VG/mL value was then derived from the known ratio of total capsids and VGs from
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the sv-AUC analysis. Notably, this VG/mL quantification values showed comparable results with
that analyzed via ddPCR. A summary of these orthogonal analyses is provided in Table S1.

For the linearity study, VC reference standard (5.5x10*? VG/mL or 6.8x10%? total capsids/mL) was
serially diluted with a dilution factor 2 (1:2, 1:4, 1.8, ...., 1:128) and injected in triplicate in the
range of 1.0x10°-1.9x10* capsids. This capsid amount reported here is the value that corresponds
to the VGs in the 40 pL injection. In the linearity curve, when the peak height and peak area values
were plotted as a function of VG capsids over the given range, the correlation coefficient values
were similar (Figure S4 A and B). However, because of the better suitability of the peak area over
peak height for both relative and absolute quantification, as indicated previously, it was selected
as a quantification method. The integrated vector capsid peak area plotted as a function of the total
vector capsids was used to construct a standard curve and establish other parameters (Figure S4
B). The details of the linear curve parameters are shown in Table 2.

Since baseline resolution was achieved between EC and CG in the affinity-purified sample
(8.5x10% VG/mL or 7.7x10* Capsids/mL, Table S1) as well, it was also serially diluted over a
two-log range and subjected to AEX-HPLC (Figure S2) run. The peak height and peak area were
used to determine the relative proportion of % EC and CG in the sample, where again, peak area
was found to be relatively more accurate across the entire dilution range tested (Figure S4 C and
D). The inter-dilution RSD values for % EC and % CG in the given range was less than 12%.
However, for the linear curve, both peak height and peak area indicated comparable correlation
coefficients (Figure S5 A-D). When combined, linearity over a three-log range dilution with a
correlation coefficient of > 0.998 was achieved when the total capsid loading was in the range of

2.3x10°-2.8x10"? capsids.
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6.3.3.2 Sensitivity: limit of detection and limit of quantification

The limit of detection (LOD) and the limit of quantification (LOQ) were derived from the linearity
curve data generated from the vector capsid standard and determined from the formulas as per ICH
guidelines. These equations are LOD = 3.3*¢/S, and LOQ = 10*0/S; where o corresponds to the
standard deviation of the regression line or the y-intercept, and S represents the slope of the curve.
The values of LOD and LOQ determined from these formulas and expressed as a signal response

(peak area) are shown in Table 2 and Figure S4 B. The LOD values corresponding to the standard
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Figure 6.3 Demonstration of HPLC method robustness for AAV8

AAV8 AEX-chromatogram with UV signal (A) and FL signal (B) under 40-80% B continuous elution gradient
run. AAV8 EC and CG are indicated by an arrow. The % EC and CG determined from FL signal was 54% and
465, respectively. Notice the differential 260/280 nm profile for empty and vector capsid peaks, a characteristic
associated with these variants. Various peak fractions are shown with an arrow. (C) SDS-PAGE/Silver staining
image of AAV8 continuous-gradient elution fractions collected during the run and concentrated using Amicon
ultra centrifugal filters (30 kDa MWCO). (D) ddPCR analysis of each of the AEX-HPLC step gradient fractions.
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Feed refers to the AAVX affinity-purified AAV8 sample. Around 90% of viral genome copies detected in CG
fraction confirms the presence of the majority of genome-containing capsids of AAV8. AEX: anion-exchange
chromatography, CG: capsids containing genetic material, EC: empty capsids, FL: fluorescence, FT:

flowthrough, MWCO: molecular weight cut-off.

Table 6.2 Linearity curve characteristics of the vector capsid reference standard

Detection Signal/mode: Fluorescence/ Peak area

Parameter Value
Linearity curve equation Y=0.0012X-1.13x108
R? 0.9967
Linearity range tested 1.5x10°-1.9x10** capsids

Based on the residual standard deviation of the regression line

LOD (Peak area) 1.3x107
LOQ (Peak area) 4.3x107
The actual combined range for reliable quantlflf:atlon based 3.7x10%9-1.9x10% capsids
on LOQ when expressed as total capsids

Based on the standard deviation of y-intercept of the regression line

LOD (Peak area) 2.6x10°
LOQ (Peak area) 1x107
The actual combined range for reliable quantification based o 1o
on LOQ and when expressed as total capsids 9.5x10°-1.9x10* capsids
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deviation of the regression line and the y-intercept were found to be 1.3x10” and 2.6x10° (peak
area unit: pV*sec), respectively equivalent of 1.2x10%° and 3.1x10° AAV5 capsids. Similarly, The
LOQ values (peak area unit) based on the standard deviation of the regression line and the y-
intercept were 4.3x107 and 1.0x107, respectively, which correspond to 1.2x10'%and 3.1x10° AAV5
capsids. A comprehensive summary of each of the standard curve parameters for both the vector
capsid standard and the affinity-purified sample is provided in Table 2 and Table S2, respectively.
Based on the combination of the linearity range and LOQ values reported above, the effective
range of quantification corresponding to AAVS5 capsids is above 9.5x10° capsids and up to

2.8x10%2 capsids (Table 2 and Table S2).

6.3.3.3 Precision

The two parameters for precision analysis employed in this study were repeatability (intra-day)
and intermediate precision (inter-day). For this study, 40 uL injections of the affinity-purified
AAVS5 sample with a nominal concentration (the concentration that falls in the middle of the linear
curve-1.1x102 VG/mL or 9.6x10'? Capsids/mL) was injected six times per day for three
consecutive days. For each intra-day and inter-day points, the relative standard deviation of the
peak area and retention time were determined for EC and CG. For the EC peaks, the % RSD value
of the peak area and retention time, for both repeatability and inter-day precision parameters, was
less than 3.5%. For the CG peaks, it was less than 5%. Similarly, the % RSD value of the relative
proportion of empty and full capsids for both precision parameters was below 7%. Table 3

provides the details of this study and the associated parameters.
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6.3.3.4 Accuracy and recovery

For the accuracy and recovery study, a total of 4.8x10%° VG capsids of the AAV5 vector capsid
reference standard were spiked in three samples corresponding to three concentrations (high:1x,
medium-1:10, and low-1:20, Table S3) of the affinity-purified AAVS5 sample. These spiked
samples were subjected to the AEX-HPLC run, and the % recovery of spiked VGs was determined
from the peak area corresponding to the CG peak (RT: 19 min) for each sample. The reported

recovery of AAV5 VGs across all three samples was in the range of 93-99% (Table S3).

6.3.3.5 Method robustness

The robustness of the HPLC method reported herein was further studied for another serotype,
AAV8. The affinity-purified material of AAV8 vector was subjected to the continuous gradient
run HPLC method and two separate population of EC and CG was observed (Figure 3A and 3B),
each representing characteristic Azeorzgo profile (Figure 3A). When analyzed via SDS-PAGE, the
EC and CG peak fraction were found to contain AAV capsids. ddPCR analysis of eluted fractions
confirmed that the identity of the CG peak as it contained approximately 90% of total VGs with
reference to total VGs injected in a sample. The % EC and CG, determined from FL signal
applying valley to valley peak integration algorithm, was found to be 54% and 46%, respectively.
These values were comparable to the optical-density measurement based analysis'* of the same
affinity-purified AAV8 material which was found to be 61% and 39% for EC and CG populations,

respectively.

182



6.3.3.6 Carryover analysis

Carryover analysis is an integral part of an HPLC method validation as it provides information on
any possible carryover of sample components during subsequent injections without additional
column washing or re-generation steps. Moreover, since we have already incorporated a high salt
wash and column re-equilibration steps in the herein reported HPLC method, carryover analysis
provides us an opportunity to evaluate if these conditions are sufficient or any additional column-
regeneration steps are required between successive sample injections. For carryover analysis,
immediately after the AEX-HPLC run of the highest concentration sample (2.9x10* VGs in 40
ML injection volume), a buffer blank was injected. The peak area values, each corresponding to
EC and CG, were used to calculate the carryover. The % carryover reported for EC peak, and CG
peak was below 20% of LOQ (Table S4), meeting the USFDA guideline acceptance criteria®. It
should be noted that the percent carryover reported here is a function of the total capsid amount
injected, the amount of each component (EC and CG), the column matrix, and the ligand. It may
be minimized by injecting sample in the lower dilution range of the standard curve and/or by
adjusting the frequency and duration of the column's cleaning/re-equilibration conditions between

the subsequent injections.

6.4 Discussion

With an increased understanding of the rAAV manufacturing process and pharmacological
characteristics of AAV in the clinics, various analytical approaches have been developed, defining
critical quality attributes (CQA) of an rAAV based clinical-grade material®. The removal of empty

capsids, one of the major product-related components and an important CQA, during the
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Table 6.3 Summary of the precision parameters for an AEX-HPLC run of an affinity-purified
AAVS5 sample

EC peak fraction CG peak fraction
Precision parameter Peak area Retention Peak area Retention
(LV*sec) time (min) (LV*sec) time (min)
Mean 2.4x108 8.90 4.4x107 19.048
Repeatability sD 7.6X106 0.091 1.7x108 0.065
(Intra-day)
% RSD 3.152 1.017 3.892 0.342
Mean 2.4x108 8.940 4.6x107 19.020
Intermediate
precision SD 4.1x106 0.052 2.1x10° 0.022
(Inter-day)
% RSD 1.712 0.587 452 0.119

% Relative proportion

% EC % CG
Mean 91.47 8.53

Repeatability
(Intra-day) SD 0.58 0.58
% RSD 0.64 6.82
Mean 91.25 8.75

Intermediate
precision SD 0.28 0.28

(Inter-day)

% RSD 0.31 3.23

manufacturing process and analysis in the final clinical grade material, is of prime importance due
to its impact on in-vivo transduction efficiency "*. AAV serotype 5 is currently one of the vectors
of choice in clinical studies for curative gene therapies in indications such as rheumatoid arthritis
(NCTO03445715, NCT02727764), acute intermittent porphyria (NCT02076763), and hemophilia
A and B (NCT03520712, NCT03569891). In this paper, we are reporting a simple HPLC method

to analyze EC and CG in a purified preparation of AAVS5.
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In contrast to the previously reported AEX-HPLC methods based on mono or divalent salts
reported with continuous gradient elution protocols’®2-22 we selected a trivalent sodium
phosphate salt due to its higher efficiency for the separation between EC and CG capsids in the
initial screening study. The phosphate salt was more effective than other mono- or divalent salts
for our AAV5 sample where the percent proportion of the AAV-related undesirable component:
empty capsids was much higher (~10x) than the genome-containing capsids, the product of
interest.

The continuous gradient elution is regularly used in an analytical HPLC method due to its higher
sensitivity for detection of multiple components in a sample; however, its effectiveness for an
accurate quantification is limited when there is a lack of baseline resolution or the degree of co-
elution between the impurity(ies) and the product of interest is higher, as observed in our AAV5
sample (Figure 1A and 1B). In previous reports of the AEX-HPLC method for determination of
% EC and CG in other AAV serotypes, where the continuous gradient protocol was found to be
effective, the % of CG was as high as 50%2%?2, which in turn compensates for the lack of baseline
resolution, resulting in relatively lower co-elution between EC and CG. In contrast, in our AAV5
sample, due to 90% of EC content, the separation efficiency was not high enough to offer baseline
resolution. As a result, a relatively higher degree of co-elution between EC and CG suggested that
the quantification of % of EC and CG determined from this continuous gradient run was not
accurate and differed significantly from the values reported with sv-AUC (Figure S2 A and B),
the current standard method for such analysis.

To address this problem, a step-gradient elution protocol was developed. The EC and CG, two
main populations of AAV capsids in an affinity-purified AAV sample, were separated as baseline-

resolved discrete peaks. Because of the apparent higher purity of the sample, the amount of non-
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AAV-related impurities and their interference in overall analysis and quantification is expected to
be minimum in the step-gradient elution protocol, making it suitable for analytical HPLC purpose.
Moreover, the specificity demonstrated with appropriate reference standards also demonstrated the
effectiveness of the step-gradient AEX protocol.

The optimized step-gradient protocol offers various advantages over the classical continuous-
gradient elution. First, under optimally defined step-elution conditions, peak overlapping, and
resulting co-elution are minimized compared to a continuous gradient, as we have demonstrated
in Figure 1A, 1B. Second, under clearly defined separation conditions, each tailored for EC and
VC, the method is now independent of their relative proportion in the sample. Interestingly, the
method can handle the relative proportions of EC and VVC on both extremes. For example, the AEX
method reported herein efficiently separated (1) the empty capsid standard where the individual
proportion of EC and VC is >95% and <5%, respectively, and (2) the vector capsid standard where
the full vector proportion is ~ 80%. Third, because EC and CG are eluted separately in different
steps, the effect of chromatographic flow rate, which otherwise may have a substantial impact on
the overall resolution under a continuous-gradient mode of elution, is negligible. Fourth, the step-
gradient protocol also offered higher sensitivity and better accuracy in the analysis (Figure S2 D).
Moreover, because of no peak-overlapping, the baseline and the peak area integration parameter
(e.g., valley-to-valley, used for quantitation herein) were easier to define.

Notably, both peak height and peak area-based analyses were suitable for constructing the standard
curve for absolute quantification of AAV capsids (Figure S4 A and B, Figure S5). However, peak
area-based analysis offered better accuracy for the determination of % EC and CG (Figure S4 C

and D) and hence selected for both absolute and relative quantification purposes.
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While the 260/280 nm absorbance was used as an in-line detection and a direct method of
differentiation between EC and CG, the native fluorescence was also used for both detection and
quantitative analyses. Due to the higher sensitivity and specificity of the 280 nm Ex/ 336 nm Em
signal for protein over DNA, it was adopted for the quantitative analysis and establishing method
validation parameters, among others, such as sensitivity and linear range of quantification. The
protein-specific response of the fluorescence detection allows quantifying EC and CGs not
requiring capsid and vector DNA molar absorption coefficient values. In contrast, in UV
absorbance-based analysis, these values have to be known or practically determined for accurate
quantification. Moreover, a well-defined baseline under fluorescence mode (Figure 1D),
compared to UV detection, had a lower noise and hence increased sensitivity of the detection as
reflected in LOD values reported in Table 2.

Differently from widely used sv-AUC or TEM, the proposed AEX-HPLC method is more
sensitive, thus not necessitating a highly concentrated sample (or a very high amount of the
analyte). Moreover, unlike TEM, AEX-HPLC allows simultaneous quantification of both relative
(% proportion) and the absolute amount of EC (Cp/mL) and CG (VG/mL) in an affinity-purified
sample. The AEX-HPLC method can also be used as a readily accessible and additional tool for
AAV drug product characterization in research or QC labs. A high degree of automation offered
by HPLC also provides higher reproducibility and simplicity in the overall operation and handling
of the sample.

In conclusion, primarily based on the net negative charge of a biomolecule, a universal property
of AAV capsids, the herein proposed AEX-HPLC method demonstrated for AAV5 and AAV8 can
also be adapted for other serotypes quantification by introducing serotype-specific adjustments in

HPLC method conditions.
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Chapter 7 General discussion

In the last two decades, the AAV manufacturing sector has seen sustained developments with the
emergence of new mammalian and insect cell-based AAV production systems. However, because
of exponential growth in the demand for clinical-grade AAV material as a result of the rapidly
expanding AAV-gene therapy clinical pipeline, the high-yield production of recombinant AAV
vectors remains one of the limiting factors for current manufacturing processes. Traditional
adherent mammalian cells-based production protocols were effective at a smaller scale and could
generate AAV material in sufficient quantities for in vitro transduction studies or pre-clinical
testing in animal models. However, implementing these non-scalable methods to generate AAV
material for human clinical studies presented significant technical and operational challenges. For
example, to generate approximately 10® VGs necessary to conduct a large-scale animal study or
phase-1 human clinical trial, around 500 to 1000 traditional 175 cm? T-flask are required, with the
demand further growing up to 100 times more flasks for phase-I1/111 studies. This prompted the
eventual development of various modular adherent cell culture systems or novel bioreactor
configurations for propagation and expansion of adherent cells growing on a suspended or static
solid support.

In contrast to the adherent cell culture’s operational complexity and relatively limited scalability,
the suspension cell-culture based AAV production systems offer a straightforward mean of linear
production scalability expanding from 20 mL to 20,000 L scale. Suspension adapted HEK293 or
BHK cells and insect-cell baculovirus expression vector systems (IC-BEVS) have been the
workhorse in the last two-decades for AAV production in suspension cell cultures. Of these
systems, insect-cell systems exhibit better ease of scalability and ability of insect-cells to grow and

produce the protein of interest in high-cell density cultures, which in turn, offer higher volumetric
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yields. In this thesis, employing a recent modification of the one baculovirus system: One-Bac 3.0,
an improved AAV manufacturing process was developed using AAV5 as a model serotype. In
contrast to the other insect cell production system based on three or two baculoviruses (Three-Bac
or Two-Bac, respectively), the herein used One-Bac system, requiring only a single baculovirus
infection, offers operational simplicity over other systems. The AAV rep and cap gene sequences,
integrated into the insect cell line, exhibited robust induction and amplification at an optimal MOI
of 3 with stable expression levels up to 35 cell passage numbers (maximum passages tested). This
was a critical outcome as the traditional Three-Bac, or Two-Bac system showed stable expression
and sustained AAV yield up to seven baculovirus passages only, both of which gradually dropping
over additional baculovirus passages. Despite being isolated from an entire baculovirus genome
context, which is necessary for inducible expression of AAV proteins, 28-fold amplification of rep
and cap gene expression at an optimal MOI of 3 was achieved. This resulted in cell-specific titer
in the range of 20,000 VVG/cell and volumetric titer of approximately 4x10'° VG/mL of cell culture
in low-cell density cultures (~ 2x10° cells/mL), which were comparable to that of other insect cell
and mammalian cell production platforms.

Next, to increase the volumetric titer of AAV production, a high-cell density fed-batch production
process was developed. The challenging aspect was to attain a linear increase in volumetric yield
(VG/mL) with a corresponding increase in cell-densities, which was only possible if the cell-
specific yield (VG/cell) was maintained at high cell densities. The cells were fed with a nutrient
cocktail in a timely fashion to help reach high cell-densities while maintaining them in the mid-
exponential growth phase before baculovirus infection. Post-infection, the cell culture shifted to
the AAV-production phase from the growth phase, and the cells were supplemented with nutrients

to support elevated demand. Among various cell-densities tested as high as 30 million cells/mL,
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the suitable cell-density for AAV production was 10-12 million cells/mL. At higher cell-densities,
the cell culture was unsustainable in a productive infection phase resulting in a sudden drop of
cell-viability and AAV yield potentially because of nutrient exhaustion or accumulation of toxic-
metabolites, a phenomenon commonly reported as a metabolic limitation of the cell-culture.
Implementing higher-cell density cultures without a corresponding increase in AAV yield was
impractical. Moreover, the co-extraction of a substantial amount of cellular components along with
AAYV and their removal exert a significant burden on the downstream processing.

At an optimal cell density of 10 million cells/mL for infection, the insect cell culture transitioned
to a productive infection phase within 48 hours, allowing sufficient time for AAV protein
expression and AAV vector production before they were harvested at 96 hpi. An approximately
50-fold increase in AAV rep/cap gene expression resulted in sustained cellular productivity even
at 6x higher cell densities (~12 million cells/mL) compared to the control low-cell density culture
(~ 2 million cells/mL). Corresponding 6-fold increase in AAV viral genome yield (VG/mL) and
18-fold increase in functional vector yield (ETU/mL) suggested that the optimal nutrient feeding
employed effectively sustained cells in the productive and processive phase. The AAV fed-batch
production process was validated at a 3L bioreactor scale. The overall volumetric titer as high as
3x10*VG/L was one of the highest yields reported for AAV production, in general, and for AAV5
in particular. Notably, this volumetric titer was up to 6-fold higher than the current routine
manufacturing process (5x10' VG/L), signifying that with our proposed process, an equal amount
of AAV material can be generated employing 6-time smaller manufacturing scale or at the same
production scale, 6-times higher AAV vyield can be achieved.

Comparable with widely used triple plasmids transient transfection mammalian production

process, the AAV5 produced using the One-Bac3.0 system with the reported fed-batch process
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also showed substantial excess of empty capsids over genome-containing functional viral capsids.
The sv-AUC analyses data indicated that in the affinity-purified material, the genome-containing
vector capsids (GC) were only 10%, while 90% of capsids were genome-less empty capsids. Due
to their reported immunogenic properties, the removal of this excess of empty capsids was essential
to generate high-quality GC-enriched AAV5 preparations suitable for clinical studies. Because of
the relatively limited availability and implementability of ultracentrifugation technology for
preparing GC-enriched AAV material at a large scale, an alternative, more feasible ion-exchange
chromatographic approach was developed exploring the minute differences in ionic charge
characters of AAV EC and GC capsids.

During the salt-screenings study, AAVS5 elution in a continuous NaCl gradient, a commonly used
salt gradient for AAV, displayed poor resolution and separation with substantial overlapping
between EC and GC peaks. Differently from this, in the previous reports of AAV5, the separation
was achieved by using either weak anion exchanger (PORQOS PI) and salt of monovalent chloride
anions (KCI)® or strong anion exchanger (POROS HQ) and salt of acetate (Tris-acetate)’? or
chloride (NaCl)®®. To address the peak overlapping issue, divalent anionic displacer salts,
sodium monohydrogen phosphate (HPO4?), and sodium sulfate (SO42), with higher ionic strength,
were selected for further screening. It was hypothesized that due to strong ionic interaction of
divalent ions with ammonium ligand, these salts might strongly elute less negatively charged AAV
EC preferentially before the beginning of GC elution, resulting in less EC peak tailing and reduced
overlap as opposed to a low ionic strength NaCl salt. As expected, these salts eluted AAV5 EC
and GC with better resolution and less overlap between EC and GC. The sharp and narrow peaks
with reduced co-elution of EC and GC indicated better GC enrichment compared to chloride, as

shown by Azsor2go ratio.
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The intrinsic difference between elution points of AAV5 EC and GC was amplified employing a
shallow elution gradient, which resulted in improved resolution and separation. A discontinuous
(step) gradient elution approach was employed to further simplify the process and to address partial
co-elution of EC and VVC, which necessitates discarding overlapping peak fractions and selectively
collecting later fractions containing enriched vector capsids to achieve higher purity, although at
the expense of the total recovery (Table S2). The partial co-elution with empty capsid fraction
suggests that the net negative charge of the intermediate population encapsidating small size DNA
is close to that of the empty capsids. In contrast, vector capsids encapsidating full-length large size
genome may have a higher net negative charge.

The step-gradient process enabled empty and genome-containing vector capsids, each collected in
single, highly concentrated fractions in a reproducible manner. Moreover, this step-gradient
protocol can also be adapted with better ease than the continuous gradient elution approach to an
up-scale operation®°. Identical elution profiles of AAV8-gfp capsid under the shallow continuous
gradient run in both monolith and packed bed resin columns suggest an easy to adapt AAV-AEX
process to a widely used chromatography medium without significant changes. Finally, the sulfate
based AEX process showed reproducible and comparable results with other serotypes such as
AAV6 and AAVS. This signifies the generic character of the proposed AEX method and its
potential to be applicable to other AAV serotypes produced in mammalian on insect-cell cultures

without requiring significant modifications.
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Chapter 8 Conclusion and summary

The field of AAV manufacturing is interdisciplinary and has undergone substantial improvements
in the first generational AAV production systems, including the insect cell baculovirus platform.
Improvements in molecular design aspects of the AAV production system and their consequent
adaptation to the upstream and downstream processing have resulted in a more simplified and
streamlined production process. A recent modification of a more simplified IC-BEVS, One-Bac
3.0, was employed in this doctoral research work to improve the overall manufacturing process
using AAVS5 as a model. This work was the first report of the high-yield production of functional
AAVS5 vectors in high-cell density fed-batch cultures of One-Bac Sf9 cells. These results were of
prime importance as the previous attempts of AAV5 production using other insect-cell systems
were limited to low-cell density production cultures, and the AAV5 produced were biologically
inactive. The fed-batch approach integrating an optimal feeding regime resulted in 18-fold higher
volumetric yields of functional AAV5 vectors. The reported yield of around 2-3x10'* VG/L, both
at a small shaker flask scale and 3L bioreactor scale, were one of the highest yield ever reported
for AAVS in any AAV production system. These findings reinforced the stance of One-Bac as a
suitable system for AAV vector production.

Next, the downstream processing work focused on understanding the effect of important
components of anion-exchange chromatography on AAV5 EC and GC separation efficiency and
GC enrichment. The systemic screening of various ionic salts indicated the better suitability of
stronger divalent salts for better enrichment of AAV5 GC capsids. This finding was different from
previous reports where conventional monovalent salts have been used for this purpose. The
selection and implementation of divalent salts in the chromatography process provided 8-fold

enrichment of AAV5 GC capsids with an overall recovery of 75% while operating under a step-
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gradient elution process. These values of degree of enrichment and % recovery were the highest
among the reported values as compared to previous reports where the recovery has been
consistently below 60%. The optimal chromatographic process showed universal characteristics
as it demonstrated the separation of EC and subsequent enrichment of GC for other clinically
relevant serotypes such as AAV6 and AAV8. More importantly, the GC enrichment and process
recovery were consistently higher than any of the previous reports signifying the importance of
fundamental salt-screening studies. Demonstrating the robustness, the proposed IEX-
chromatography process provided similar separation characteristics for both the packed-bed and
monolith column. These results also provided evidence for the suitability of ease of scale-up of the
proposed IEX-process using two-widely used chromatography media.

The reported IEX-HPLC method for AAV5 EC and GC analysis demonstrated the suitability of
very strong phosphate salts for the separation and resolution of AAV capsids in the analytical
column. Notably, the proposed IEX-HPLC method was effective for the sample where the EC
content, the main AAV-related impurity, was 10x higher than the product of interest, the GC.
Differently from previous reports utilizing a continuous-elution gradient, the step-gradient
approach provided the required degree of separation to enable accurate and precise quantification
of EC and GC capsids in the samples with a significantly higher proportion of the impurity.
Moreover, the reported method for AAV5 may be easily adapted to other serotypes applying
serotype-specific adjustments in the chromatographic conditions.

Incorporating all three phases of AAV manufacturing: upstream processing, downstream
processing, and analytics, this thesis provides implementable and straightforward solutions for

high-yield, high-quality AAV production.
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8.1 Future perspective

The research work performed in this thesis highlights several areas that would be an appropriate

starting point for future work towards further improving the AAV manufacturing process.

Following are the critical points that call for a further in-depth investigation to better understand

the AAV production systems and process.

The discovery of essential baculovirus helper function elements and understanding their
effect on AAV vyield and quality is an important sector that lacks detailed studies. The
outcome of such studies would help design improved IC-BEVS systems for AAV
production.

The generation of insect cell-based producer cell lines for AAV production offers an
exciting opportunity to simplify the overall AAV manufacturing at the commercial scale.
Dedicated efforts in generating Sf9 or Hi-5 insect-cell based producer cell line remains an
open area for further investigation.

The development of insect-cell metabolomics-based newer growth media and nutrient feed
formulations to support sustained AAV vyield at higher cell-densities is critical for next-
generation process-intensification.

Strategies to sustain higher cell viability during the AAV production phase and
compartmentalize AAV capsids in the extracellular environment (cell-culture supernatant)
remain an important area of investigation to simplify the primary recovery and overall
downstream purification steps. This also provides an opportunity to overcome any existing

limitation of the AAV-extraction process.
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The development of novel non-affinity chromatography methods for the primary capture
step is also desirable to enable purification of serotypes that are not complemented via
affinity-ligands used in currently available affinity-resins.

The development of chromatography ligands with specificity towards either AAV empty
capsids or genome-containing vector capsids also offers an exciting opportunity to simplify
GC enrichment and the overall downstream purification process.

Chromatographic strategies capable of distinguishing the vector capsids (encapsidating
full-length vector expression cassette) from genomic capsids encapsidating non-vector
sequences (fragmented genome, host cell genome, or baculovirus backbone sequences)
remains open to an in-depth investigation.

Finally, the development of novel analytical chromatography media or methods suitable
for analysis of AAV EC and GC capsids in crude-cell lysate are crucial to integrate the
HPLC method as a suitable process analytical technology for upstream production process

manufacturing and control.
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9.1 Supplemental information 1 Achieving High-Yield Production of Functional AAV5
Gene delivery Vectors via Fedbatch in an Insect Cell-One Baculovirus system (Chapter 4)
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Supplemental data

Figure S1
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(A) Anti AAVS5 capsid Western blot of cell lysate samples from different passage number production runs. Three
capsid subunits were detected and identified from their respective molecular weights. (B) Anti AAV replicase 2
Western blot of cell lysate samples from different passage number production runs. Four different replicase
subunits were detected and were identified based on their respective molecular weights. Two essential rep
proteins responsible for genome replication and encapsidation: Rep 78 and Rep 52 profile shows a progressive
increase in expression over the passage numbers. Note the additional smaller spliced variants of Rep 52 pointed
with a dot.
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Figure S2
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Cell culture data for preliminary work on feeding regime and cell density at the time of infection in fedbatch
mode of operation using B8 cell line

B8 packaging cell line showed different growth characteristics compared to what has been published by our
group previously. This can be attributed to the possible metabolic changes upon transformation. A feeding
regime tailored for B8 cell line was developed as reported in the paper and different cell density at the time of
infection were screened. The graph shows data from representative runs. A fedbatch production run with overall
cell density above 10-12 million cells resulted in a reduced yield of genomic and functional virus particles and
hence 10 million cells/mL at the time of infection was selected for further work. The cell density data are shown
via solid line and filled symbols (__) whereas the data of % cell viability is shown via dotted lines and empty
symbols (----).

[Legends: ©: No infection and feeding in three shots as per the published report by our group, =: No infection
and extended and multiple shots feeding, A: infection at 5million cells/mL, O: infection at 8 million cells/mL.
X: Infection at about11 million cells/mL, and +: infection at about 14 million cells/mL].
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Figure S3
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Synchronous infection characteristics at MOI of 3

(A) A histogram showing Sf9 cell size distribution before and after baculovirus infection at MOI 3 during a
fedbatch production in a bioreactor run. Note the right-hand side shift at 24 hpi, a direct indication of infection
that resulted in an increase in cell dimeter. (B) Average cell diameter profile in pre- and post-infection phases.
An immediate increase of around 3um in average cell diameter at 24 hpi and subsequent plateau at 48 hpi is an
indication of synchronous infection at MOI of 3. BR: bioreactor, hpi: hours post infection, SF: shake flask,
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Figure S4

Flowthrough

Low pH elution
o VP

t

280nm |
260nm
pH |

SEIREET

1980 |
1240 |
1100
1000 |
0|
o)
o |
B0 |
o

' ‘éAV eluate

20|

BusEe BEE i HEEE R U NSV EEESEEEEEoaEETNY

— B\

ol S| —_— i

1/ = . 0 i
: s = = o = m 3 1

] ® x EE ™

(A) AAVS affinity purification chromatogram. (B) The magnified image of an AAV eluate
peak. (To fig. 3)

207
Supplemental Information: Chapter 4



Figure S5
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AUC histograms of AAV5 production in shake flasks in batch and fedbatch mode of operation

(A) AAVS5 production in triplicate shake flask production runs in batch mode. (B) AAV5 production in triplicate
shake flask production runs in fedbatch mode. A very sharp peak around 62-67s represents the presence of an
empty capsid and a major peak around 93-98s and intermediate population between these two major peaks
represent genomic capsids. The peaks corresponding to the intermediate population may represent the form of a

particle with encapsidation of partial AAV genome or collaterally packaged contaminating DNA. (To Fig. 3)
F: flask
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Figure S6
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AAYV capsid VP composition analysis

VP stoichiometry analysis via Flamingo™ stained SDS-PAGE gel of affinity purified sample. Each lane is
labelled with its corresponding amount of total VG loading and the linear range of quantification (5.5x108-
7.3x10% VG) is marked with a double headed arrow. The average of VP band intensities in a given range is
1.7:1.6:10 = VP1:VVP2: VP3. (To Fig. 3)

VGs: viral genome.
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Table S1. Relative proportion of empty and genomic capsid in AAV5 samples from multiple AAV production runs
in batch and fedbatch modes of operation

Sample Sedimentation coefficient (S Value) Relative proportion (%)
Empty capsid MaJ()C;ggir:jomlc Empty capsids Genomic population
SF Batch F1 66 98 74.17 25.83
SF Batch F2 67 98 73.45 26.54
SF Batch F3 66 97 74.70 25.30
SF Fedbatch F1 65 94 80.81 19.05
SF Fedbatch F2 65 95 81.61 18.39
SF Fedbatch F3 65 96 79.48 20.52
(To Fig.3)
SF: shake flask
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Table S2. VP composition analysis of affinity purified samples from multiple AAV production runs

SF

SF SF SF SF SF Fedbatch Fedbatch
Batch Batch Batch Fedbatch Fedbatch Fedbatch 1L 3L
F1 F2 F3 F1 F2 F3 Bioreactor | Bioreactor
VP1 15 15 1.6 1.4 1.6 1.3 1.7 1.4
VP2 2.2 2.1 2.4 1.4 1.7 15 1.6 1.4
VP3 10 10 10 10 10 10 10 10
(To Fig.3)
SF: shake flask
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Table S3. Primer sequence for rep/cap copy number analysis

Cap5 F 5’-tcagcagcatcaagatcaagcc-3’

Cap5 R 5’-cctgttgacaggcetctecte-3°

Rep2 F 5’-gcaagaccggatgttcaaat-3’

Rep2 R 5’-cctcaaccacgtgatccttt-3°
(To Fig. 4)
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Supplemental methods

Calculation of relative proportion of empty and genomic particles from AUC data

The following calculation is performed from the AUC data of a representative AAV production run as described in
the manuscript.

Molar absorption coefficient and Molecular weight values for AAV2 empty capsid has been previously reported* and

are as following:

€260 (empty capsid) = 3.72x10® Mtcm?

Molecular Weight (empty capsiay = 3.74x10¢ g/mol

Above values can be theoretically adopted for AAV5 empty capsid due to capsid amino acid sequence homogeneity

of AAV serotypes with AAV2

The molecular weight of vector DNA was calculated, and Molar absorption coefficient was determined from

spectroscopic analysis of vector DNA extracted from purified AAV5 preparation. The values are as following:

€260 (vector bna) = 9.26X106 Mtcm?

Molecular weight (vector onay = 4.63x10° g/mol

The molar absorption coefficient of AAV5 vector particle can be derived by combination of those values of empty

capsid and vector DNA

€260 (vector DNA) E260 (empty capsid) = (9.26X106 +3.72X106) =1.3x10” Mcm™?

|\/|O|6CU|6.I’ We'ght (vector DNA + empty capsid) = 420X106 g/m0|

The molar concentration C of the empty capsid can be determined from the area of the empty capsid peak using Beer's

equation:

C(empty capsid) = A260/ (b * 8260 (empty capsid))
=0.074 / (1.2 * 3.72x106)
=1.66x10% M

Where b is the pathlength of AUC sample cell, and Az is the area under the peak when measured at 260 nm
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Consequently, the concentration W(g/L) of the empty capsid can be calculated from basic equation of molarity

W (empty capsia) = (C * Molecular weight) = (1.66x108 * 3.74x10°%) = 6.20x10-2 g/L

Similarly, the molar concentration of genomic particle (vector particle or full particle) can be derived too

C(vector) = A260 (DNA + capsid) / (b * [ 8260 (vector DNA) + 8260 (empty capsid)])

=0.093/ (1.2 * 1.3x107) = 5.96x10° M

Wvector) = (C(ona + capsia) * Molecular weight ona+ capsid))

= (5.96x10° * 4.20x10°) = 2.50x102 g/L

For equimolar composition, the relative amount of individual component is in proportion to their relative molecular
weights. Hence, the concentration W(g/L) of capsid in the genomic particle (genomic capsid) can be given by the
following equation:
W(genomic capsid) = (Wvectory * [Molecular weight (capsiay / Molecular weight (vector bNA + empty capsia)])
= (2.50x1072) * (3.74x10° / 4.20x10°)
=2.23x102g/L
From the total amount of empty capsid and genomic capsid, their relative proportion can be given as following:
% (genomic capsid) = 100 * W genomic capsic) / (W (genomic capsic) + W (empty capsiay)
=100 * (2.23x102) / (2.23x102 + 6.20x102)
= 26.45%
Yo(empty capsid) = 100~ % (genomic capsic)
=73.55%

Hence, the relative proportion of empty and genomic particles is ~74% and ~26% respectively.
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Supplemental References:

1. Sommer, JM., Smith, PH., Parthasarathy, S., Issacs, J., S, Vijay., Kieren, J. et al. (2003). Quantification of
adeno associated virus particles and empty capsids by optical density measurement. Mol Ther. 7(1):122-128.
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9.2 Supplemental Information 2 Development of a Scalable and Robust Anion-Exchange
Chromatographic Method for Enriched Recombinant Adeno-Associated Virus
Preparations in Genome Containing Vector Capsids of Serotypes- 5, 6, and 8 (Chapter 5)
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Supplemental Data

Figure S1
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AAV6 and AAVS Serotypes elution profiles under optimal conditions of continuous
gradient AEX process

(A) AAV8-gfp elution profile under optimal conditions of AEX processing (10 mM BTP, pH 9.0, and MgSO.)
operated under a shallow continuous gradient of salt (0.4 mM salt/CV). (B) Enlarged image of two distinctly
separate peaks corresponding to AAV8 EC and VC. (C) AAV6-gfp and (D) AAV6-cas9 elution profiles under
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optimal conditions of the AEX process (10 mM BTP, pH 9.0, and MgSO.) operated under a shallow gradient of
the salt (0.4 mM salt/CV).
AEX, anion-exchange chromatography; CV, column volume; EC, empty capsids; VC, vector capsids.
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Figure S2
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sv-AUC profile of AAV8-gfp VC peak fraction collected under Na;SO4 (A) and MgSOs (B) salt gradient. In
NazSO4 elution fraction, the relative proportion of EC (63S) and VC (84S) are 10% and 90%, respectively. The
peak at 63S (enlarged) also shows a higher 280 nm signal profile and Azeorso =0.69. In the MgSO, elution
fraction, the peak at 63S, though present, does not represent the Azsor2e0 profile representative of EC, indicating
a possibility of UV signal noise in sv-AUC. Nevertheless, upon calculation, the relative proportions of 63S and
84S peaks were 3% and 97%, respectively. AAV6-gfp vector elution profile without (C) and with (D) additional
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salt in the exchange buffer and column equilibration buffer. Azeoreo, the ratio of peak area measured at 260 nm
and 280 nm absorbance: sv-AUC, sedimentation velocity analytical ultracentrifugation.
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Table S1. Chromatographic parameters of AAV5 elution under different salts

Aeo/280 % Peak area®
Peak
Condition resolution Empty Vector Empty Vector
(Rs) Empty | Vector i id id id
Capsid | Capsid Capsi Capsi Capsi Capsi
(280 nm) | (280 nm) | (260 nm) | (260 nm)
AAV5/sv-AUC NA 0.53 0.97¢ 61° 39¢ 48¢ 52¢
AAV5/NaCl 0.31%/0.5° 0.63 0.89 72 28 24 76
AAV5/Na,HPO,; | 0.55%1.06° 0.71 1.21 38 62 28 72
AAV5/Na,SO, 0.49?%/0.90" 0.62 1.19 53 47 35 65

NA, not applicable; Azsorso, the ratio of peak area measured at 260 and 280 nm absorbance

2 Calculation of resolution of based on the equation for peak width and peak distance: [Rs=2(V2- V1)/(W1+W,)].
V1 and V; are the elution points of peak 1 and 2, respectively. W1 and W, are peak width of peak 1(empty
capsid) and 2 (vector capsid), respectively; see figure below. The retention time was converted to retention
volume by multiplying with the flow rate: 0.5 mL/min.

b Calculation of resolution based on an alternative equation.

Rs = (\N/4)*((a-1)/a)*(k/(k*+1))

Where a = selectivity factor, k” = retention factor of peak 2, N = theoretical plates.

N= 16 (tr/tw)?, where tr is retention time (or volume) and tw is peak width (in time or volume).

The retention time was converted to retention volume by multiplying with the flow rate: 0.5 mL/min.

¢ calculation based on the combined peak area of 79S and 95S peaks.

d calculation based on peak area from valley-to-valley integration of the peaks shown in the HPLC chromate

gram (see figure below).

¢ calculation based on peak area determined using Gussi software applying baseline peak integration of peaks

shown in AUC histogram.

(To Fig. 1)
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Table S2. AAVS vector capsid recovery under sodium sulfate continuous gradient elution

Fraction Fraction % VG eluted | % VG Recovery
number
1 0.87
; 2 1.3
Empty capsid 4.79%
fractions 3 1.11
4 1.51
5 8.11
Overla_lpped 19.51%
fractions 6 114
7 22.8
; 8 18.05
Vector (_:apSId 57.09%
fraction 9 10.2
10 6.04
(ToFig 1)
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Table S3 Summary of AEX step gradient process characteristics

AAV5-gfp°
Feed 8.50 x 10! 10 8.50 x 10*? -
Flowthrough and column wash 1.98 x 10%° 30 5.94 x 10'° 0.7
EC peak fraction 2.42 x 1010 45 1.09 x 10*? 12.8
VC peak fraction 4.12 x 10 15 6.18 x 102 72.7
High salt washes:100%B and 2 M NaCI¢ | 1.58 x 10%° 30 4,74 x 101 5.6
AAVS8-gfp®
Feed 2.0 x 101 10 2.0 x 10*? -
Flowthrough and column wash 2.0 x 10% 30 6.0 x 10%° 0.3
EC peak fraction 1.50 x 10% 50 7.5x 1010 3.7
VC peak fraction 1.09 x 10t 15 1.6 x 10*2 81.7
High salt washes:100%B and 2 M NaCI® | 2.13 x 10% 30 6.4 x 1010 3.2
AAV6-gfp
Feed 1.5 x 10! 10 1.5 x 10%2 -
Flowthrough and column wash 2.5x10% 30 7.5 x10% 0.5
EC peak fraction 1.6 x 10%° 25 4.0 x 10% 2.7
VC peak fraction 8.0 x 100 15 1.2 x 10*2 79.9
High salt washes:100%B and 2 M NaCI® | 9.0 x 10%® 30 2.7 x 1010 1.8
AAV6-cas9
Feed 3.0 x 101! 10 3.0x 10% -
Flowthrough and column wash 7.0 x 10% 30 2.1x10%0 0.7
EC peak fraction 1.97 x 10%° 35 6.9 x 1010 2.3
VC peak fraction 1.66 x 10 15 2.5 x 1012 83.0
High salt washes:100%B and 2 M NaCI¢ | 1.7 x 10% 30 5.1 x 10% 1.7

EC, empty capsids; VC, vector capsids; VG, vector genome copies

2 \VVGs recovery reported with respect to the total VGs loading in feed being 100%. The
difference in the overall VG mass balance may represent the error associated with ddPCR
analyses.

b\/alues reported as an average of triplicate runs

¢ VGs reported combinedly for both wash fractions
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Table S4. Chromatographic characteristics of AAV capsids elution under continuous salt

gradient elution

Peak Resolution?

rAAV Vector
(Rs)
AAV5-gfp 0.78
AAV8-gfp 1.27
AAV6-gfp 1.16
AAV6-cas9 1.10

AAVS8-gfp, Monolith® Vs. Packed-bed"

AAV8-gfp/ POROS™ HQ 091
AAV8-gfp/ CIMmultus™ QA 1.59

a.b calculations based on data from continuous gradient run with a gradient slope value of 0.16 mM salt/CV
and 0.25 mM salt/CV, respectively. CV, column volume:1 mL.

2 Calculation of resolution of based on the equation for peak width and peak distance: [Rs=2(V2-
V1)/(W1+W>)]. V1 and V2 are the elution points of peak 1 (empty capsid) and 2 (vector capsid),

respectively. W1 and W, are peak width of peak 1land 2, respectively,
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9.3 Supplemental information 3 Development and Validation of an Anion-Exchange High-
Performance Liquid Chromatography Method for Analysis of Empty and Genome-

Encapsidating Capsids in a Purified Preparation of Recombinant Adeno-Associated Virus
Serotype 5 (Chapter 6)
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Supplementary data
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Supplementary Figure S1. AAV5 affinity-purified sample and reference standards characterization. sv-AUC
analyses of AAV5 affinity-purified sample (A), empty capsid (EC) reference standard (B), and vector capsid
(VC) reference standard (C). Peaks representing empty capsid, vector capsid, and intermediate population
correspond to 65S, 95S, and 79S, respectively. (D) SDS-PAGE and (E) alkaline agarose gel electrophoresis
profile. Lane 1, 2, and 3 represent the AAV5 affinity-purified sample, EC reference standard, and VVC reference
standard, respectively. Note the visible bands of encapsidated genome up to ~4.5 kb in the affinity-purified
sample (1) and vector capsid standard (3). The empty capsid standard shows low molecular weight DNA bands
(2.5 kb and below), indicating the intermediate population, which is also visible in the sv-AUC profile (79S, B).
EC: empty capsids, M: molecular weight marker, sv-AUC: sedimentation velocity analytical ultracentrifugation,
VC: vector capsids.
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Affinity-purified AAV5: Continuous gradient run
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Supplementary Figure S2. Determination of the % relative proportion of EC and CG in affinity-purified AAV5
sample as analyzed from the data of three different signals (260 nm, 280 nm, and FL) and two different modes
(peak height and peak area). In a continuous gradient run, for both peak height (A)- and peak area (B)- based
analyses, the % of EC (>95%) and CG (<5%) values differ significantly from the values of the sv-AUC (EC:90%
and CG:10%). For the step-gradient run, as compared to peak height-based analyses (EC: 90-95% and CG:5-
10%) (C), the values from peak area-based analyses (EC: 95-98% and CG:2-5%) (D) for all three signals have
a better agreement with the values from sv-AUC analysis (EC:90% and CG:10%) with FL signal being the most
accurate. CG: capsids encapsidating genetic material, FL: fluorescence.
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AAV5 EC reference standard: Step gradient run
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Supplementary Figure S3. Determination of the relative proportion of % of EC and CG in EC and VC reference
standards of AAV5 as analyzed from the data of three different signals (260 nm, 280 nm, and FL) and two
different modes (peak height and peak area). In the EC reference standard, for both (A) peak height (EC: 98-
99.5% and CG:0.5-2%) - and (B) peak area (EC:97-99.5% and CG: 0.5-3%) -based analyses, the % of EC values
were comparable with values from the sv-AUC analysis (EC: 96% and CG 4%). For the step-gradient run, as
compared to peak height-based analyses (EC: 16-34% and CG 66-84%) (C), the values from peak area-based
analyses (EC: 17-20% and CG: 80-83%) (D) have a better agreement with the values from the sv-AUC analysis
(EC: 19% and CG: 81%) for all three signals. FL: fluorescence.
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Supplementary Figure S4. Linearity curve of VC reference standard and relative percentages of EC and CG in
affinity-purified AAV5 sample. Linearity curve for VC reference standard where CG peak signals: peak height
(A) and peak area (B) were plotted as a function of total VGs. The LOD (2.6x10) and LOQ (1x107) values
reported for peak area (B) correspond to those based on the standard deviation of y-intercept of the regression
line. The error bar represents the % relative standard deviation for the triplicate injections. The actual range of
reliable quantification is shown in the rectangle. The values reported on the X-axis correspond to the amount of
VGs recovered in CG peak from 40 pL injection of the serially diluted VC reference standard of the 0.5x10%3
VG/mL concentration (Table S1). The relative proportion of EC and CG determined from the fluorescence peak
height (C) and peak area (D) data of the serially diluted affinity-purified AAV5 sample over the two-log range.
The values reported on the X-axis correspond to the total capsids in 40 pL injection of two-fold serial dilution
of the affinity-purified sample with 8.5x10'? VG/mL (7.7x10*® Capsids/mL) concentration (Table S1). The error
bar represents the % relative standard deviation for the triplicate injections.
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Supplementary Figure S5. Linearity curve for EC and CG peak signals in an affinity-purified sample. Linearity
curve for EC peak signals: peak height (A) and peak area (B) plotted as a function of total EC. The LOD (9.6x10°)
and LOQ (5.7x107) values reported for peak area (B) correspond to those based on the standard deviation of y-
intercept of the regression line. Linearity curve for CG peak signals: peak height (C) and peak area (D) plotted
as a function of total VGs. The LOD (4.5x10°) and LOQ (1.6x107) values reported for peak area (D) correspond
to those based on the standard deviation of y-intercept of the regression line. The rectangle represents the actual
range for reliable quantification. The values reported on the X-axis correspond to the amount of corresponding
capsid population in 40 uL injection of two-fold serial dilution of affinity-purified sample with 8.5x10'? VG/mL
(7.7x10% Capsids/mL) concentration. The error bar for each point represents the % relative standard deviation

for the triplicate injections.
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Supplementary Table S1. Orthogonal quantitative analysis of the affinity-purified AAV5
sample and VC reference standard used in the AEX-HPLC method validation studies

Analytical Method

Affinity purified AAV5 (mixture of

VC reference Standard

EC and CG)
8.5x10'2 VG?¥/mL 0.5x10" VG¥/mL
ddPCR
7.7x10% Cp®/mL 6.8x10'2 Cp®/mL

Optical Density

6.8x10'2 VG/mL 7.1x10'2 VG/mL
measurement
Avogadro’s equation-
based calculation 9x10% Cp/mL 1.1x10% Cp/mL

2VG values from ddPCR assay.
b Total capsid calculated from VGs and % relative proportion determined from sv-AUC data (Table 1).
¢ VGs calculated from the total capsid value (Cp), and % relative proportion of EC and CG determined from sv-

AUC data (Table 1).

Cp, total capsid particles; VG, viral genome copies.
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Supplementary Table S2. Linearity curve characteristics determined for EC and CG peaks
from an AEX-HPLC run of an affinity-purified sample of AAV5

Linearity curve characteristics

EC peak fraction

CG peak fraction

Detection mode/Signal

Fluorescenc

e/ Peak area

Parameter

Value

Value

Linearity curve equation

Y=0.000742X-1.38x10’

Y=0.001197X-1.18x10°

RZ

0.9990

0.9969

Linearity range tested

2.3x10%°-2.8x10"?
capsids

2.3x10%-2.9x10™*
capsids

Linearity range tested (combined)

2.3x10°-2.8x10*? capsids

Based on the residual standard deviation of the regression line

LOD (Peak area)

7.4x107

2.1x107

LOQ (Peak area)

2.6x108

6.6x10’

The actual combined range for reliable
quantification based on LOQ values
when expressed as total capsids

5.6x10%-2.8x10'2

Based on the standard deviation of y-intercept of the regression line

LOD (Peak area)

9.7x10°

4.5x10°

LOQ (Peak area)

5.7x10’

1.6x107

The actual combined range for reliable
quantification based on LOQ when
expressed as total capsids

1.4x10%0-2.8x10%
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Supplementary Table S3. Accuracy and recovery analyses of AAV5 VC reference standard
spiking (4.80x10%° VGs) in three different concentrations of affinity-purified AAV5 samples

A\a/‘waSu;n N8n6-spe|;((ed CG peakarea | VGsinCG | o . | % Recovery of
iy A),/AVS arza after spiking® | peak after AAVS e | SPiked AAVS
p a (LV*sec) spiking ve
CG peak (LV*sec)
11
2'%1&;) 3.5x10° 4.1x10° 3.4x10M 4.5x10% 93.80
10
2'(91)-(11c())) 3.4x107 9.1x10’ 7.7x10%° 4.7x10% 98.80
10
1.5x10 1.7x107 7.4x107 6.2x101° 4.8x10" 99.20
(1:20)

aValues correspond to the capsid amount in 40 pL injection of the highest concentration 8.5x10'? VG/mL sample
(Table S1). The values in the parenthesis correspond to the dilution factor of the concentrated sample.
b The spiking of 4.8x10% VGs corresponds to the capsid amount in 40 pL injection in 1:4 dilution of the

concentrated stock (0.5x10% VG/mL) VC reference standard (Table S1).

All values reported above are means of triplicate injections. The % RSD value for all injections was below 4%.
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Supplementary Table S4. Carryover analysis

LOQ based on the y-intercept
of the regression line®

Sample EC peak area CG peak area

2.9x10M VGs? 2.3x10° 3.9x108

Buffer blank 1.0x10’ 1.8x10°
Carryover (% of LOQ)

LOQ based on the residual 4.183% 2.770%

standard deviation of the
regression line®

Carryover (% of LOQ)

19.164% 11.375%

2 Values represent the capsid amount in 40 pL injection of the highest concentration sample (8.5x10%*2 VG/mL).

The average VG recovery of 87% in the VC peak is used in the calculation.
b.and ¢ \/alues of LOQ correspond to different criteria as presented in Table S2.
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Supplementary calculation

Parameters Aﬁ_'inity—puriﬁed AAVS Empty capsid Vector capsid
(mixture of EC and CG) | reference standard | reference standard

Azeo 0.64 0.143 0.228
Aogo 0.80 0.186 0.166
Aseos0 0.80 0.77 1.37

VG/mL 6.72x10" 1.3x10" 5.06x10"
Cp/VG 9.27 11.67 1.10
% Filled capsids 10.78 8.57 90.76
% Empty capsids 89.22 91.43 9.24

Calculation method

1. Calculation of the titer

Size of the expression cassette (ITR-to-ITR): 3.79 kb

4.47 x 109 (A6 — 0.59A,5,)

(VG/mL) =

MWpna

Molecular weight of the expression cassette (MWpya)= 1.15x10°

2. Calculation of the total capsids (Cp) to viral genome (VG) ratio

Capsid ratio (Cp/VG) = MWpy, X

1.76 X 107(1.80 — Az60/Azg0)

A260/A280 —0.59
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