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Adeno-associated virus (AAV) has become an increasingly valuable vector for in
vivo gene delivery and is currently undergoing human clinical trials. However, the
commonly used methods to purify AAVs make use of cesium chloride or iodixanol
density gradient ultracentrifugation. Despite their advantages, these methods are time-
consuming, have limited scalability, and often result in vectors with low purity. To
overcome these constraints, researchers are turning their attention to chromatography
techniques. Here, we present an optimized heparin-based affinity chromatography

protocol that serves as a universal capture step for the purification of AAVs.

This method relies on the intrinsic affinity of AAV serotype 2 (AAV2) for heparan
sulfate proteoglycans. Specifically, the protocol entails the co-transfection of plasmids
encoding the desired AAV capsid proteins with those of AAV2, yielding mosaic AAV
vectors that combine the properties of both parental serotypes. Briefly, after the lysis
of producer cells, a mixture containing AAV particles is directly purified following an
optimized single-step heparin affinity chromatography protocol using a standard fast
protein liquid chromatography (FPLC) system. Purified AAV particles are subsequently
concentrated and subjected to comprehensive characterization in terms of purity and
biological activity. This protocol offers a simplified and scalable approach that can be
performed without the need for ultracentrifugation and gradients, yielding clean and

high viral titers.
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Introduction

Adeno-associated virus (AAV) vector is conquering its way as
one of the most promising delivery systems in current gene
therapy studies. Initially identified in 19651, AAV is a small,
non-enveloped virus, with an icosahedral protein capsid of
about 25 nm in diameter, harboring a single-stranded DNA
genome. AAVs belong to the Parvoviridae family and to the
Dependoparvovirus genus owing to their unique dependence
on co-infection with a helper virus, such as herpes simplex
virus or, more frequently, adenovirus, to complete their lytic

cycle2’3.

The 4.7 kilobase genome of AAVs consists of two open
reading frames (ORFs) flanked by two inverted terminal
repeats (ITRs) that form characteristic T-shaped hairpin
ends®. ITRs are the only cis-acting elements critical for AAV
packaging, replication, and integration, therefore being the
only AAV sequences retained in recombinant AAV (rAAV)
vectors. In this system, the genes necessary for vector
production are supplied separately, in frans, allowing the gene

of interest to be packaged inside the viral capsid5'6.

Each viral gene codifies different proteins through alternative
splicing and start codons. Within the Rep ORF, four non-
structural proteins (Rep40, Rep52, Rep68, and Rep78) are
encoded, playing crucial roles in replication, site-specific
integration, and encapsidation of viral DNA’-8 The Cap ORF
serves as a template for the expression of three structural
proteins differing from each other at their N-terminus, (VP1,
VP2, and VP3), that assemble to form a 60-mer viral capsid at
a ratio of 1:1:10%:°. Additionally, an alternative ORF nested
in the Cap gene with a nonconventional CUG start codon

encodes an assembly-activating protein (AAP). This nuclear

protein has been shown to interact with the newly synthesized

capsid proteins VP1-3 and promote capsid assemblym'11 .

Differences in the amino acid sequence of the capsid account
for the 11 naturally occurring AAV serotypes and over
100 variants isolated from humans and non-human primate
tissues’* 12:13_ variations in the conformation of structurally
variable regions govern the distinct antigenic properties and
receptor-binding specificities of capsids from different strains.
This results in distinct tissue tropisms and transduction

efficiencies across different mammalian organs14.

Early production methods of rAAVs relied on adenovirus
infection for helper purposes15’16'17’18'19. Despite being
efficient and usually easy to produce on a large scale,
several problems arise from this infection. Even after the
purification and a heat-denaturing step for inactivation,
adenoviral particles may still be present in AAV preparations,
constituting an unwanted safety issue2®. Moreover, the
presence of denatured adenoviral proteins is unacceptable
for clinical use. Other production strategies take advantage
of recombinant herpes simplex virus strains engineered to
bring the Rep/Cap and transgene into the target cells?’
or of the baculovirus-insect cell system22. Although these
systems offer advantages in terms of scalability and GMP

compatibility, they still face similar problems.

The triple transfection method for rAAV production has been
commonly adopted to easily overcome these issues. Briefly,
the rAAV assembly relies on the transient transfection of
cells with three plasmids encoding for: 1) the transgene
expression cassette packed between the ITRs from the
wild-type AAV2 genome (pITR); 2) the Rep/Cap sequences

necessary for replication and virion assembly (pAAV-RC);
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and 3) the minimal adenoviral proteins (E1A, E1B, E4,
and E2A) along with the adenovirus virus-associated RNAs
required for the helper effect (pHeIper)6’20'23. While plasmid
transfection methods provide simplicity and flexibility for
rAAV production in preclinical studies, these procedures
have limitations in terms of scalability and reproducibility
when applied to large-scale production. As an alternative
approach, rAAV production can be achieved through the use
of AAV producer cell lines (of both adherent and suspension
growth), stably expressing either AAV Rep/Cap genes or
Rep/Cap in combination with vector constructs. In these
systems, the adenoviral helper genes are introduced through
plasmid transfection. Even though this strategy improves the
scalability of the cell culture process, it is technically complex

and time-consuming?1:24.25

In either case, the producer cells are then lysed and
subjected to one or multiple purification steps. Currently,
the principal methods for purifying rAAVs include the use of
cesium chloride (CsCl) or iodixanol ultra-high speed density
gradient centrifugation followed, or not, by chromatography
techniqueszB. The original purification scheme for viral
precipitation used ammonium sulfate, followed by two
or three rounds of ultracentrifugation through a CsClI
gradient. The main advantages of this process include the
possibility to purify all serotypes and the ability to physically
separate full particles from empty capsids based on their
different densities. This method, however, is elaborate, time-
consuming, and has limited scalability, often resulting in poor
yield and low sample quality27’28'29’30. Moreover, dialysis
against a physiological buffer is often necessary before in
vivo studies due to the toxic effects that CsCl can exert on

mammals.

lodixanol has also been used as an alternative iso-osmotic
gradient medium to purify rAAV vectors, with advantages over
CsClI from both safety and vector potency points of view.
However, like CsCl, the iodixanol method presents some
drawbacks related to the loading capacity of cell culture lysate
(and thus the scalability of rAAV purification) and it remains a

time-consuming and expensive method30-31.

To overcome these constraints, researchers turned their
attention to chromatography techniques. In this regard,
several purification approaches were developed that
either incorporate affinity, hydrophobic, or ion-exchange
chromatography methods. These methods rely on the
biochemical properties of a particular serotype, including
their natural receptors, or the charge characteristics of
the viral particle32. For instance, the discovery that AAV2,
AAV3, AAV6, and AAV13 preferably bind to heparan
sulfate proteoglycans (HSPG), opened the possibility of
using the closely related heparin in affinity chromatography
purification. However, the binding sites to HSPG can
differ among serotypes, mediating AAV attachment and
infection of target cells in different way32'33'34’35'36.
On the other hand, AAV1, AAV5, and AAV6 bind to
N-linked sialic acid (SA), while AAV4 uses O-linked
SAZ2.14.34 Following the same rationale, a single-step
affinity chromatography protocol for the purification of rAAVS
has also been developed based on the use of mucin, a
mammalian protein highly enriched in SA3 . Like heparin-
based techniques, this purification is also dependent on
the specific serotype being generated. Apart from heparin
and mucin, other ligands have been explored for affinity
chromatography, such as the A20 monoclonal antibody
and camelid single-domain antibodies (AVB Sepharose and

POROS CaptureSeIect)22'23’38'39’40'41. Other innovative

strategies to improve the previously existing purification
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methods involve the introduction of small modifications in
the rAAV capsid to present specific binding epitopes. For
instance, hexa-histidine-tagged or biotinylated rAAVs can
be purified using ligands that target those epitopes (nickel

nitrilotriacetic acid and avidin resins, respectively)42’43'44.

In an effort to broaden the desired characteristics of rAAVSs,
investigators have cross-dressed the virions by mixing their
capsids. This is accomplished by supplying the capsid
gene from two distinct AAV serotypes in equimolar or
different ratios during production, giving rise to a capsid
structure composed of a mixture of capsid subunits from

34,45,46,47,48,49,50 ' previous studies

different serotypes
provide physical evidence that co-expressing capsid proteins
from AAV2 with AAV1 (1:1 ratio) and AAV2 with AAV9
(1:1 ratio) results in the generation of mosaic rAAV1/2
and rAAV2/9 vectors, respectively45 46,48 p major benefit
of the generation of mosaic rAAVs is the capacity to
integrate advantageous traits from different AAV serotypes,
resulting in synergisticimprovements in transgene expression
and tropism, while maintaining other properties useful
during rAAV production. Interestingly, certain mosaic variants
even exhibit novel properties different from either parental
virus6.47.49 By taking advantage of the heparin-binding
ability of AAV2, mosaic rAAV vectors could potentially be
generated and purified by mixing AAV2 with other natural
or new AAV capsids generated by directed evolution and/
or rational design. Nonetheless, previous studies have
highlighted the importance of capsid subunit compatibility
when attempting to assemble mosaic vectors. For instance,
Rabinowitz and colleagues demonstrated that although the
transcapsidation of AAV1, AAV2, and AAV3 led to an
efficient co-assembly of mosaic capsids, the cross-dressing
of these serotypes with AAV4 hindered the generation of

stable virions34-49-47  Additionally, AAV1, AAV2, and AAV3

showed low compatibility with AAV5, given the reduced
viral titers obtained when mixing these capsids at different
ratios. Interestingly, mosaic rAAV2/5 showed decreased
heparin-binding properties, while maintaining mucin-binding
ability like parental AAV5. However, rAAV3/5 at a 3:1
ratio preserved the dual binding to heparin and mucin.
Overall, the generation of new mosaic rAAVs with enhanced
transduction, specific tropism, or low immunogenicity could
greatly benefit from our understanding of capsid assembly
and receptor interactions, with specific combinations still

requiring thorough investigation and optimization.

In the present work, we describe a step-by-step protocol
for the production and purification of rAAVs using an
optimized heparin affinity chromatography method. rAAVs
are produced by transient transfection and are purified using
a fast protein liquid chromatography (FPLC) system. After
the concentration of selected purified fractions, the resulting
viral stocks are characterized in terms of titer, purity, intrinsic
physical properties, and biological activity in vitro and in vivo.
As a proof of concept, we demonstrate the improvements
and applicability of this protocol for the generation of mosaic
rAAV1/2 and rAAV2/9 vectors. The choice of each serotype
was based on their strikingly different tropisms, potentially
conferring their unique characteristics to the mosaic versions
as well. AAV serotype 1, with an overall moderate tropism
for the central nervous system (CNS), has the ability to
transduce neurons and glia (to a lesser extent) and undergoes
axonal transport in the anterograde and retrograde directions
in vivo?:7:8. Additionally, AAV serotype 9 was chosen for
its natural ability to cross the blood-brain barrier and target
the CNS in both neonatal and adult mice®'-%2. Finally, AAV
serotype 2 was selected given its ability to bind to heparin,
allowing affinity chromatography33. The purified rAAV1/2 and
rAAV2/9 particles combine the properties of both parental
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AAV serotypes and, therefore, constitute suitable vectors for

the transduction of the CNS#5:46.48,49

Protocol

NOTE: See Figure 1 for an illustration summarizing the
protocol. See the Table of Materials for details about all
materials, instruments, and reagents used in this protocol.
All work involving cells and viruses should be performed
in dedicated biosafety cabinets and incubators, separated
from those regularly used for the maintenance of cell lines.
The equipment and reagents coming in contact with cultured
cells and viruses should be sterile. It is essential that the
disposal of hazardous reagents and materials contaminated
with viruses is performed in accordance with the material
safety data sheets and in compliance with the national laws
and guidelines provided by each institution's environmental
health and safety office. As of April 2019, the NIH guidelines
for research involving recombinant or synthetic nucleic acid
molecules categorize as Risk Group 1 agents (not associated
with disease in healthy adult humans) all AAV serotypes,
as well as recombinant or synthetic AAV constructs. This
classification applies when the transgene does not encode
a potentially tumorigenic gene product or a toxin, and the

constructs are produced without an helper virus.

All experiments involving animals were carried out in
compliance with the European Union Community directive
(2010/63/EU) for the care and use of laboratory animals,
transposed into the Portuguese law in 2013 (Decree Law
113/2013). Additionally, animal procedures were approved by
the Responsible Organization for the Animal Welfare of the
Faculty of Medicine and Center for Neuroscience and Cell
Biology of the University of Coimbra licensed animal facility.
The researchers received adequate training (FELASA-

certified course) and certification from the Portuguese

authorities (Direcgdo Geral de Alimentagdo e Veterinaria,

Lisbon, Portugal) to perform the experiments.

1. Plasmid constructs

1. Follow the manufacturer's instructions of a maxiprep
endotoxin-free kit to isolate and purify substantial
DNA quantities of the following plasmids: i) pITR: the
transfer vector of interest; ii) pAAV-RC plasmid: pRV1,
containing the AAV2 Rep and Cap sequences36; iii})

pAAV-RC plasmid: pH21, containing the AAV1 Rep and

Cap sequence536; iv) pAAV-RC plasmid: pAAV2/9n,
containing the AAV2 Rep and AAV9 Cap sequences; V)

pHelper: pFdelta6, Adenovirus-helper plasmid36.

2. Screen the integrity of the generated plasmids by

performing the recommended enzymatic restrictions36.

Monitor the integrity of pITR plasmids by digestion with
Smal, a restriction endonuclease, which cuts twice within

an unstable portion of the ITRs®3:54.

NOTE: Since the ITRs are highly unstable and

susceptible to deletions, the use of SURE 2
supercompetent cells is recommended to minimize

recombination in these sites.

2. Cell culture

1. Culture human embryonic kidney 293, stably expressing
the SV40 large T antigen (HEK293T) cell line in
Dulbecco's Modified Eagle Medium (DMEM) high

glucose, supplemented with 10% fetal bovine serum and

1% penicillin-streptomycin, at 37 °C, under a humidified

atmosphere containing 5% CO,, as a starting point for

subsequent steps.
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Subculture the cells using sterile 1x Phosphate Buffered
Saline (PBS), pH 7.4, to wash the cells before adding
0.05% trypsin-ethylenediaminetetraacetic acid (EDTA).

NOTE: Avoid utilizing cells that have undergone
an excessive number of passages (maximum of

20). Regularly test cell cultures for mycoplasma

contamination.

3. rAAV production by transient transfection

Day 1: Cell plating

1. For each viral production, plate HEK293T cells into

10 treated culture dishes (15 cm diameter) the day

before transfection, at a density of 10.5 x 10% cells
per dish in 22 mL of supplemented culture medium
and incubate for 24 h until the cells are 70%-80%

confluent and ready for transfection.
Day 2: Cell transfection using polyethylenimine (PEI)

1. For each viral production (equivalent to 10.5 dishes),
set up the following transfection mixture in a
microcentrifuge tube: 54.6 ug of pITR; 45.675 ug of
pRV1; 45.675 ug of pH21 or pAAV2/9n; 109.2 ug of
pFdelta6. Mix by tapping.

2. Add the mixture to 4.557 mL of non-supplemented
DMEM in a 50 mL centrifuge tube. Mix by tapping.

3. Add 1.365 mL of sterile PEI solution at 1 mg/mL (pH
7.4), drop by drop. Mix by tapping. Incubate for 10
min at room temperature to allow the formation of

DNA-PEI complexes.

4. Add this mixture to 231 mL of prewarmed
supplemented DMEM. Replace the entire culture
medium of each dish with 22 mL of this transfection

mixture. Incubate the cells for 48 h.

NOTE: This step must be performed with care to

avoid cell detachment.

3. Day 4: Cell harvest

1.

When the pITR encodes a fluorescent reporter,
visualize the transfected cells under a fluorescence

microscope.

Collect the medium from each dish into 50 mL
centrifuge tubes and centrifuge them at 800 x g for
10 min. Discard the supernatant.

NOTE: This step is optional and aims to recover
transfected cells that may have detached due to a

very high confluency.

Add 10 mL of prewarmed PBS to each plate. Gently
remove the cells with a cell scraper and collect the
suspension into the 50 mL centrifuge tubes from step

3.3.2.

Wash 5 dishes at a time with an extra 10 mL of
PBS and transfer the suspension into the 50 mL
centrifuge tubes from step 3.3.3. Pellet the cells at

800 x g for 10 min and discard the supernatant.

Freeze the cell pellets at -80 °C.
NOTE: Cell pellets may be stored for several months

(pause point).

4. rAAV extraction and FPLC purification

1. Day 5: Cell lysate preparation

1.

Thaw the cell pellets at room temperature.
Resuspend the cells collected from the 10 dishes in
100 mL of a sterile buffer containing 150 mM sodium
chloride (NaCl) and 20 mM Tris, pH 8.0, in ultrapure
(type 1) water. Mix the suspension by pipetting up

and down, to ensure a homogeneous suspension.
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2. Add 12.5 mL of a freshly prepared sterile solution
of 10% sodium deoxycholate in ultrapure water to
induce cell lysis. Mix by pipetting up and down.
NOTE: Dispose of sodium deoxycholate, as well as
the materials in contact with it, in accordance with
the material safety data sheet and the guidelines
provided by the institution's environmental health
and safety office. It is also recommended to wear a
face mask while handling this powder. After mixing,

the solution becomes highly viscous.

3. Add 27 uL of benzonase nuclease to the previous
mixture. Mix thoroughly by pipetting up and down
until the sample is no longer viscous. Incubate at 37
°C for 1 h, performing a vortex every 10 min.
NOTE: This endonuclease is capable of efficiently
degrading all forms of DNA and RNA without

exhibiting any proteolytic activity.

4. Remove cellular debris by centrifuging the mixture
at 3,000 x g for 60 min at 25 °C. Filter the
supernatant with a 0.45 um sterile polyvinylidene
difluoride (PVDF) syringe filter and transfer it into a
new sterile container.

NOTE: This important step ensures that most of the
cellular debris is removed, therefore preventing the
clogging of chromatography columns. Save a small

aliquot of this mixture for analysis (optional step).

2. Day 5 (continued): Heparin column purification of rAAVs
NOTE: Sample application can be performed using a
sample pump or a 50 mL or 150 mL superloop as part
of the system. Since more air is dissolved at lower
temperatures, itis important to allow sufficient time for the
buffers and solutions (usually stored at 4 °C) to acclimate

to room temperature before their use in the FPLC system.

Optional: If the system has been stored for long
periods, fill the system and all inlets with freshly
prepared storage solution (20% ethanol) using
manual instructions or a predefined system cleaning

in place (system CIP) method.

Completely wash the liquid flow path with sterile
ultrapure water using manual instructions or a

predefined system CIP method.

Connect a 1 mL prepacked heparin column, set the
pressure alarm, and wash with five column volumes

(CVs) of ultrapure water at a flow rate of 1 mL/min.

Switch the solutions in the buffer tray from ultrapure
water to buffer A (sterile solution of 100 mM NaCl
and 20 mM Tris, pH 8, in ultrapure water) for inlet
A (system pump A) and to buffer B (sterile solution
of 500 mM NaCl and 20 mM Tris, pH 8, in ultrapure
water) for inlet B (system pump B). If the system has
a sample pump, place the buffer inlet of the sample

inlet valve in buffer A.

Wash the system pump B with buffer B and fill the
rest of the liquid flow path with buffer A.
NOTE: If necessary, disconnect the column from the

flow path and reconnect it afterward.

Insert a sample inlet tubing from the sample inlet
valve, for example, S1, in the container with the viral
preparation obtained in step 4.1.4. (from cell lysate
preparation). Prime the flow path from sample inlet
S1 to the injection valve with the sample solution.
Alternatively, fill a 50 mL or 150 mL superloop with

the sample containing rAAVs using a 50 mL syringe.

Equilibrate the column with a total volume of five CVs

using 12.5% of buffer B at a rate of 1 mL/min.
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10.

11.

12.

13.

14.

Apply the total volume of the sample into the column
using the sample pump (select inject all sample
using air sensor) or the superloop at 0.5 mL/min
and collect the flowthrough using the outlet portin a
new sterile container.

NOTE: When the flow control to prevent
overpressure feature is enabled, the flow will
automatically decrease in case of column clogging.
If the flow rate drops significantly below 0.5 mL/min,
halt the sample application, perform a wash with

2-5 CVs of buffer A, and then resume the sample

application.

Wash the column at 1 mL/min with 20 CVs of buffer

A, collecting the flowthrough using the outlet port.

Elute the sample at 1 mL/min with the following
scheme: i) linear gradient with a target of 50% of
buffer B for five CVs; ii) step with a target of 90%
of buffer B during five CVs; iii) step with a target of
100% of buffer B during five CVs.

Collect the eluted sample in 1 mL fractions using a
fraction collector and low-retention microcentrifuge
tubes (2 mL) and store them at -20 °C.

NOTE: The rAAV fractions may be stored for several

weeks (pause point).

Re-equilibrate the column at 1 mL/min with 12.5% of

buffer B for five CVs.

Switch the inlets from the buffer solutions to
ultrapure water and wash the column at 1 mL/min for

five CVs.

Switch the inlets from ultrapure water to 20% ethanol
and wash the column at 1 mL/min for five CVs.

Disconnect the column and store it at 4 °C.

15.

NOTE: Columns can be reused several times
without any other major cleaning and sanitization
if the same

procedures rAAV serotype and

transgene are used.

Completely wash the liquid flow path with 20%
ethanol using manual instructions or a predefined

system CIP method.

5. Concentration of purified rAAVs

1. Day 6: Concentration step 1

1.

Concentrate rAAVs using a 15 mL centrifugal
filter unit with a 100 kDa molecular weight cutoff.
Load the desired fractions containing rAAVs (FPLC
fractions 7 to 16) into the 15 mL centrifugal filter
unit and centrifuge it at 2,000 x g for 2 min at
room temperature. Make sure that the concentrated
volume in the filter unit is approximately 500 pL. If
the concentrated volume largely exceeds 500 pL,
repeat the centrifugation steps in 1 min intervals until

it reaches the desired volume.

2. Day 6 (continued): Buffer exchange

1.

Add 1 mL of sterile PBS to the centrifugal filter unit
containing the rAAVs. Carefully pipette up and down
to wash the filter. Centrifuge at 2,000 x g in 1 min

intervals until the final volume of 500 pL is reached.

3. Day 6 (continued): Concentration step 2

1.

Transfer the 500 pL of concentrated rAAVs obtained
in the previous step to a 0.5 mL centrifugal filter
unit with a 100 kDa molecular weight cutoff and
centrifuge at 6,000 x g for 1 min. If necessary, repeat
the centrifugation step until a final volume of less

than 100 pL is reached.

4. Day 6 (continued): Recovery
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To recover the concentrated rAAV, place the filter
device upside down in a new microcentrifuge
collection tube. Place the tube in a microcentrifuge
with the cap towards the center and perform
a prolonged spin inside the flow chamber to
transfer concentrated rAAVs from the device to
the microcentrifuge tube. Alternatively, centrifuge at

1,000 x g for 2 min.

Supplement with sterile Pluronic F-68 0.001%
(optional).

NOTE: Pluronic F-68 is a non-ionic surfactant
approved for human use by the Food and Drug
Administration that is able to mitigate losses
of rAAVs by preventing their interactions with
the surfaces of materials (plastics) used during

dilution preparation, syringe loading, and delivery

equipment®®96

Aliquot rAAVs into low-retention microcentrifuge

tubes and store at -80 °C (pause point).

6. Quantification of purified rAAVs

1. Day 6 (continued):

Determine the titer of rAAV

preparations, expressed in viral genomes/uL (vg/uL),
by real-time quantitative polymerase chain reaction
(RT-gPCR) using a commercial kit and following the

manufacturer's instructions.

1. Incubate the rAAV particle solution with DNase | at
37 °C for 20 min.
NOTE: This procedure promotes the digestion of
free genomic DNA and plasmid DNA derived from
host cells, thus ensuring that only the nucleic acid

sequence inside intact rAAV particles is preserved.

2. Heat-inactivate DNase | at 95 °C for 10 min.

3. Add Lysis Buffer and incubate for 10 min at 70 °C
to promote heat-denaturation of the proteins of rAAV

particles.

4. Dilute the obtained rAAV genome solution in dilution
buffer before proceeding to the RT-gPCR. Prepare a
set of serially diluted standards of the positive control
(from 2 x 107 vg/uL to 2 x 102 vg/uL) provided with
the kit.

5. Perform a reaction mixture containing 12.5 yL of Taq
I mix, 0.5 pL of diluted primer mix, 7 yL of water, and
5 pL of the diluted rAAV DNA (unknown AAV sample

and standards from step 6.1.4.).

6. Perform the RT-gPCR in a real-time PCR detection
system, using the following protocol: 1 cycle at 95 °C
for 2 min (initial denaturation) and 40 cycles at 95 °C
for 5 s (denaturation) and 60 °C for 30 s (annealing,
extension, and plate reading), followed by a melt

curve analysis.

7. Calculate the absolute sample concentration
from the standard curve (linear regression line),
considering the dilution factor that results from the
rAAV sample preparation.

NOTE: The quantification of the number of viral
genomes is achieved through the amplification of

the ITR sequence of AAV2 (target sequence of the
primers provided by the Kit).

7. SDS-PAGE, Coomassie blue staining, and
western blot

Denature 40 yL of each sample (each FPLC fraction;
the flowthrough; the precolumn samples, and a total
of 2.3 x 1010 vg of the final concentrated product) by
adding 6x sample buffer (0.5 M Tris-HCI/0.4% sodium
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dodecyl sulfate (SDS) pH 6.8, 30% glycerol, 10% SDS,
0.6 M dithiothreitol (DTT), 0.012% bromophenol blue)

and incubating the samples for 5 min at 95 °C.

Load the denatured samples (48 pL) into an SDS-
polyacrylamide gel (4% stacking and 10% resolving gel)
and perform the electrophoretic separation at 100 V for

70 min, adjacent to a protein ladder.

Protein analysis
NOTE: Either Coomassie blue staining or western

blotting can be performed.
1. Coomassie blue staining

1. To visualize protein bands, stain the gel for
10 min with a 0.25% Coomassie blue G250
solution dissolved in 50% methanol and 10%

acetic acid glacial.

2. Perform gel destaining by washing it several
times with a solution containing 25% methanol
and 5% acetic acid glacial until clear bands with

low background become visible.

3. Capture images using an appropriate imaging

system.
2. Western blot

1. Transfer the proteins onto a PVDF membrane

according to standard protocols.

2. Block the membrane by incubation in 5% non-

fat milk diluted in TBS-T (0.1% Tween 20 in Tris-

monoclonal anti-AAV, VP1, VP2 antibody (A69,
1:1,000).

4. Wash the membranes for 3 x 15 min in TBS-
T and incubate with an alkaline phosphatase-
linked goat anti-mouse secondary antibody

(1:10,000), for 2 h at room temperature.

5. Wash the membranes for 3 x 15 min
in TBS-T. Add enhanced chemifluorescent
substrate (ECF) and visualize protein bands by

chemifluorescence imaging.

8. Transmission electron microscopy (TEM)

Place a Formvar-carbon-coated 200 mesh grid upside
down on top of a drop of an rAAV sample and allow it to

settle for 1 min.

Wash the grids in a drop of water and dry the liquid

excess with filter paper.

Negatively stain the grids with 1% uranyl acetate solution

(pH 7) for 1 min to fix and contrast the viral particles.

Wash the grids in a drop of water and dry the liquid

excess with filter paper.

Examine the samples in a transmission electron
microscope.

NOTE: High-salt concentrations may directly impact the
binding of rAAVs to the grid and lead to the visualization

of crystal-like structures.

buffered saline) for 1 h at room temperature. 9. Consecutive ultraviolet-visible light absorption,

static light scattering, and dynamic light

3. Use the following primary antibodies (diluted in scattering analysis

blocking solution) for the overnight incubation

at 4 °C: mouse monoclonal antl_AAV7 VP’l, 1. On a 96'We” quant|f|cat|0n plate, |0ad 2 “L Of an rAAV
VP2, VP3 antibody (B1, 1:1,000), or mouse sample and 2 pyL of PBS to be used as buffer blank

(perform this in duplicates).
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10.

Use the AAV Quant application in the Client analysis
software, place the names of the samples in the correct
location of the plate, select the AAV serotype, and click

Next.

Load the 96-well quantification plate into the dedicated
equipment and proceed with plate reading for data

acquisition.
In vitro transduction assays

Different cell lines can be used to quickly analyze the

transduction efficiency of rAAVs.

1. Evenly seed HEK293T cells in 24-well plates (at
a density of 137,500 cells/well) and a mouse
neuroblastoma-2A (Neuro2a) cell line in either 24-
well plates (50,000 cells/well) or in an 8-well
chamber slide (27,000 cells/well), using DMEM high
glucose, supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin, as described above.
Allow the cells to adhere overnight at 37 °C in a

humidified atmosphere containing 5% CO».

2. Collect conditioned medium from each well (250
pL from 24-well plates and 50 pyL from the 8-well

chamber slide) and store it at 4 °C for later use.

3. Add the following rAAV preparations to each well
and incubate the cells for 24 h at 37 °C in a 5% CO»

atmosphere.
1. Add 50 pL of the FPLC-collected fractions F2-

F16 and flowthrough to HEK293T cells plated in

24-well plates.

2. Add a total of 5.5 x 10° vg of the concentrated
rAAVs diluted in 50 pL of PBS to Neuro2a

cells plated in 24-well plates (include a negative

control well, by adding 50 pyL of PBS to the

cells).

3. Add a total of 2.75 x 10° vg of the concentrated
rAAVs diluted in 25 uL of PBS to Neuro2a cells
plated in an 8-well chamber slide (include the
negative control condition, by adding 50 pL of

PBS to the cells).

4. Add the previously stored conditioned medium (step

10.1.2) to each well and incubate for 24 h.
5. Discard the medium and wash the cells 2x with PBS.

6. Add a 4% paraformaldehyde (PFA) solution,
supplemented with 4% sucrose in PBS, prewarmed
to 37 °C, to each well and incubate at room

temperature for 20 min.

7. Wash 2x with PBS and store at 4 °C until imaging is

performed (pause point).

8. Acquire images on an inverted fluorescence
microscope equipped with a 10x/0.30 objective, or
an inverted confocal microscope equipped with a

40x/1.4 QOil DIC objective.

To have a more relevant and reflective model of the
in vivo environment, use primary neuronal cultures as
follows:

1. Prepare primary cultures of cortical neurons as

previously described by Santos et al.5”. Briefly, seed
200,000 cells/mL in 12-well plates and maintain

them in culture until day in vitro 16.

2. Collect conditioned medium from each well (100 pL)
and store it at 4 °C for later use.
3. Add the rAAVs to be tested to each well: a total of

2.75 x 10° vg of the concentrated rAAVs diluted in
25 uL of PBS (include the negative control: 25 pL
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of PBS). Incubate for 24 h at 37 °C in a 5% CO»

atmosphere.

Add the conditioned medium previously stored and

incubate for 24 h.

Discard the medium in each well and wash 2x with

PBS.

Fix the cells with 4% PFA/4% sucrose in PBS, as
described in step 10.1.6. Wash 2x with PBS.

Incubate each well with 5 pyg/mL of wheat germ
agglutinin (WGA) conjugated with Alexa Fluor 633
for 10 min at room temperature (optional step:
perform immunocytochemistry instead). Wash 2x

with PBS.

Incubate in 0.25% Triton X-100 in PBS for 5 min at

room temperature. Wash with PBS.

Incubate with 4',6-diamidino-2-phenylindole (DAPI)

for 5 min at room temperature. Wash 2x with PBS.

Acquire images on an inverted fluorescence
microscope equipped with a 40x/0.95 objective, or
an inverted confocal microscope equipped with a

40x/1.4 Qil DIC objective.

11. In vivo experiments

NOTE: The animals were housed in a temperature-controlled

room, maintained on a 12 h light/dark cycle. Food and water

were provided ad libitum. All efforts were made to minimize

animal suffering.

1. Stereotaxic injection in the cerebellum

1.

Anesthetize 9-week-old C57BL/6 animals by
inhalation of 2% isoflurane in the presence of oxygen

(0.8 L/min) in a chamber connected to a vaporizer.

Place the anesthetized animal in the stereotaxic
apparatus (on a 35 °C warmed pad) and place the
isoflurane mask into the animal's nose. Turn the
isoflurane level down to 1.3-1.7%.

NOTE: Make sure that the animal is correctly
anesthetized before proceeding (loss of the reflex for

flexion in both hind limbs).

Apply lubricant eye ointment to avoid drying of the
corneas and inject the animal with an approved
analgesic.

NOTE: All subsequent steps must be performed in

sterile conditions.

After shaving the fur of the animal's head and
disinfecting the surgical area, expose the skull and
place the tip of a 30 G blunt-tip injection needle,
connected to a 10 pL Hamilton syringe, directly over
bregma (use bregma as zero for the calculation of

stereotaxic coordinates).

Move the needle to the intended coordinate and drill
a hole through the skull where the needle will enter.
NOTE: In the framework of this study, a single

injection was performed centrally in the cerebellum.

Inject 4 pL of a solution of rAAVs containing a total of

8 x 10° vg, diluted in PBS, at an infusion rate of 0.5
ML/min using an automatic injector. Use the following
coordinates, calculated from bregma, to perform a
single injection centrally in the cerebellum of an adult
C57BL/6 mouse: antero-posterior: -6.5 mm; lateral:
0 mm; ventral: -2.9 mm.

NOTE: These coordinates may vary according to the

mouse strain, sex, and age of the animals in use.

To minimize backflow and allow the viral vector

diffusion, once the infusion is complete, leave the
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syringe needle at these coordinates for 3 min, then
slowly retract it by 0.3 mm, and allow it to remain
in place for 2 additional min prior to its complete

removal from the mouse brain.

8. Close the incision and clean it with a disinfectant

agent (e.g., 10% povidone-iodine).

9. Allow the animals to recover from anesthesia before

returning them to their home cages.

2. Tissue collection and preparation
NOTE: In this experiment, the transduction levels

were observed 12 weeks post injection, but the same

procedure could be evaluated as soon as 4 weeks post

injection.

1. Terminally anesthetize the animals by

intraperitoneal administration of an overdose of

xylazine/ketamine (8/160 mg/kg body weight).

2. Transcardially perfuse the animals with ice-cold PBS
for 6 min at a rate of 2.5 mL/min, followed by the
perfusion with a freshly prepared ice-cold 4% PFA

solution for 10 min at the same rate.

3. Postfix the excised brains in 4% PFA overnight at
room temperature and then transfer them to a 25%
sucrose/PBS solution for cryoprotection. Once the
brains sink (approximately 48 h later), store them at

-80 °C.

4. Cut serial sagittal sections with a thickness of 30
Mm using a cryostat at -21 °C. For each animal,
collect 96 sagittal sections of a brain hemisphere in
anatomical series as free-floating sections in PBS
supplemented with 0.05% sodium azide. Store at 4

°C until further processing.

3. Standard fluorescence immunohistochemistry

1. Select eight sagittal sections per animal, at a

distance of 240 uym from each other.

2. Incubate the free-floating sections in blocking/

permeabilization solution (0.1% Triton X-100
containing 10% normal goat serum (NGS) in PBS)

for 1 h at room temperature.

3. Incubate the sections overnight at 4 °C with chicken

polyclonal anti-GFP primary antibody (1:1,000).

4. Wash for 3 x 15 min in PBS and incubate the
sections for 2 h at room temperature with the
secondary antibody goat polyclonal anti-chicken
antibody conjugated to Alexa Fluor 488 fluorophore

(1:200).

5. Wash for 3 x 15 min in PBS. Incubate with DAPI for

5 min at room temperature.

6. Wash for 3 x 15 min in PBS. Place the
sections in gelatin-coated slides and coverslip with

fluorescence mounting medium.

7. Acquire images on a slide scanner fluorescence

microscope equipped with a 20x/0.8 objective.

Representative Results

In this work, we present a detailed protocol for the
production, purification, and characterization of mosaic rAAVs
(summarized in Figure 1), which have the potential to
target and transduce the CNS (e.g. AAV1 and AAV9), being
simultaneously suitable for heparin affinity chromatography
purification (AAV2). To achieve that, capsids from natural
AAV serotypes 1, 2, and 9 were used to develop mosaic

rAAV1/2 and rAAV2/9 vectors.

Before starting, plasmid preparations were screened for

structural integrity. In addition to the digestions necessary
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to validate the correct insertion of cloning fragments, it is
essential to consistently screen plTR plasmids to detect
potential ITR deletions/insertions. As an example, the integrity
of ITRs in different clones of a pITR plasmid was monitored
after the plasmid digestion with the restriction enzyme Smal

(Supplementary Figure S1).

Both types of mosaic vectors were generated by the co-
transfection of the respective AAV capsid plasmids in a
1:1 ratio, according to standard transfection methods®.
Briefly, HEK293T cells were transfected with i) a plasmid
containing the transgene of interest packed between the
ITR (pITR) sequences, ii) a plasmid containing the wild-
type AAV genome Rep and Cap ORFs of AAV2 and
AAV1 or AAV9 (pAAV-RC plasmids) and iii) a plasmid
codifying the adenoviral proteins (E1A, E1B, E4, and E2A)
as well as the adenovirus virus-associated RNAs essential
for helper functions (pHelper). Forty-eight hours later, the
cells were harvested® 38 and rAAVs were purified from the
cell homogenate by affinity chromatography using an FPLC
system. As depicted in Figure 2A, after column equilibration
(equilibration step), the cell lysate containing the rAAVs
was applied to the column (sample loading). Due to the
natural affinity of rAAV2 for heparin33, rAAVs bound to
the column's resin, while other components were carried
out in the running buffer and detected by the UV monitor
(flowthrough), resulting in an increase in the absorbance. The
column was subsequently washed (washing step) and rAAVs
were finally eluted by an increase of NaCl concentration
(elution step). The eluted viruses were detected by the UV

monitor and collected in 1 mL fractions.

A representative elution peak profile of rAAV1/2 and
rAAV2/9 is shown in Figure 2B and Supplementary Figure

S2A, respectively, with different viral batches consistently

presenting a single peak starting at fraction F7 up to F16.
Peak height is variable among rAAV productions, with higher
peaks usually leading to higher rAAV yields. Each fraction
of the produced rAAV1/2 and rAAV2/9 was subsequently
characterized by RT-gPCR to assess viral titers (Figure 2C
and Supplementary Figure S2B).

To characterize the purity of the eluted material, 40 uL of each
fraction and of the respective flowthrough were examined
by 10% SDS-polyacrylamide gel electrophoresis (Figure 2D
for rAAV1/2 and Supplementary Figure S2C for rAAV2/9).
Coomassie blue staining revealed three major bands in
fractions F7-F16, with molecular weights corresponding to
the VP1 (87 kDa), VP2 (72 kDa), and VP3 (62 kDa)
capsid proteins of AAVs at the appropriate ratios 1:1:10, as
previously described by Van Vliet and colleagues”’. In both
cases, and based on UV absorbance, RT-gPCR, and gel
band intensity, it is clear that the majority of mosaic rAAVs
is present in fractions F7 and F8 and starts to gradually
decrease in fractions F9-F16. In addition to the three viral
capsid proteins, another protein (or proteins) of approximately

17 kDa in size was/were detected in fractions F8-F16.

To eliminate this co-purifying protein(s), fractions F7-16
were subsequently filtered and concentrated using 100 KDa
centrifugal filter units and the final rAAV titer was determined
by RT-gPCR (as shown in Figure 3A,B for rAAV1/2). The
final yield of an rAAV production is dependent on the length
and complexity of the pITR, the integrity of ITR sequences,
cell culture conditions (e.g., number of cell passages), and

24,58,59,60,61 Nonetheless, the final

transfection efficiency
titer can be adjusted by performing multiple centrifugations
of the rAAV preparation using 0.5 mL centrifugal filter units
(concentration step 2). Following this protocol, for a final

volume in the range of 50 to 100 L, concentrations are
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usually comprised between 2 x 10° and 5 x 1 vg/uL

(quantification performed using the referenced titration kit).

The purity of the final rAAV preps was then evaluated on
a 10% SDS-polyacrylamide gel. As depicted in Figure 3C,
only three bands representing the rAAVs capsid proteins
were observed for the rAAV1/2 preparation and no detectable
co-purifying proteins were identified. These results were
consistent with those obtained for rAAV2/9 (Supplementary
Figure S2C). To confirm the identity and further characterize
the purity of rAAV1/2 and rAAV2/9 vectors, viral fractions
and concentrated stocks were analyzed by western blot,
with the specific antibodies B1 (Supplementary Figure S3A
and Supplementary Figure S4A) and A69 (Supplementary
Figure S3B and Supplementary Figure S4B). While the
antibody B1 recognizes a C-terminal epitope common to all
VP proteins of most AAV serotypesez, the clone A69 only
recognizes epitopes of VP1 and VvP293, Nonetheless, some
faint bands with molecular weights lower than VP3 (<62 kDa)

can also be detected upon B1 and A69 labeling.

To characterize the structural morphology and further
evaluate the purity of rAAVSs, the viral particles were directly
visualized by TEM. This technique has been the standard
procedure to assess sample integrity and purity in viral
samples, as it allows the quantification of empty and full
rAAV particles, as well as the assessment of contamination
in a sample29'64’65'66’67. As shown in Figure 3D, large
amounts of rAAV particles, ~25 nm in diameter, could be
observed on a clean background. Empty particles (black
arrow) with an electron-dense center, as well as full vectors

(white arrow) could also be observed throughout the sample

field.

We also performed quality control of the purified rAAVs

using Stunner, a platform that combines ultraviolet-visible

(UV-Vis) spectroscopy, static light scattering (SLS), and
dynamic light scattering (DLS)68. For each sample, the
total amount of protein, ssDNA, as well as absorbing
impurities and background turbidity, were measured by UV-
Vis spectroscopy (Figure 3E and Supplementary Figure
S5A). SLS and DLS were then applied to assess the
light-scattering behavior of rAAV capsids. Given that AAVs
have a mean diameter of 25 nm, particles within a 15-45
nm diameter range are considered intact. Larger particles
typically represent viral aggregates, and everything smaller
comprises most likely small particles, including unassembled
capsid proteinses. For rAAV1/2, a single peak corresponding
to intact capsid particles was observed at 30 nm (Figure
3F), with 0% of aggregate intensity and 0% of small particle
intensity. For the rAAV2/9 preparation, a peak at 30 nm
was also detected representing a 78% capsid intensity
(Supplementary Figure S5B). Even though the small particle
intensity was 0%, for this sample, an aggregate intensity
of 22% was measured (depicted in grey), with the major
contribution (19.9%) from large aggregates with a mean
diameter of 620 nm (Supplementary Figure S5B). Through
the combination of UV-Vis spectroscopy with SLS and DLS
information, Stunner revealed the overall total capsid titer, full
capsid titer, free and aggregated protein, as well as free and
aggregated ssDNA for the two viral preparations, shown in
Figure 3G and Supplementary Figure S5C (specific values

indicated in each figure legend).

In parallel, to evaluate the biological activity of the developed
mosaic AAV vectors, HEK293T cells were infected with 50
pML of each FPLC-obtained fraction (F2-F16) of either the
rAAV1/2 or rAAV2/9 preparation. Since the rAAV1/2 vector
encodes a single-strand green fluorescent protein (GFP),
under the control of a CMV promoter (pAAV-CMV-ssGFP),

and the rAAV2/9 vector encodes a self-complementary
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GFP, under the control of CMV promoter (pAAV-CMV-
scGFP53), direct GFP fluorescence was examined in these
cells 48 hours post-infection (Supplementary Figure S6 and
Supplementary Figure S7). Consistently with the previous
observations for RT-qPCR, Coomassie blue, and western
blot, the highest infectivity level was achieved for viral
fractions F7 and F8, gradually decreasing in fractions F9 to

F16.

To confirm whether the biological activity of rAAVs was
maintained after ultrafiltration and concentration steps,
Neuro2A cells, plated in both 24-well plates and an 8-well
chamber slide, were infected with the concentrated rAAV1/2
vector, encoding scGFP under the control of CMV promoter
(pAAV-CMV-scGFP53). Brightfield and fluorescence images
were acquired 48 h post-infection (Figure 4A,B for higher

resolution images).

Aiming to explore the infectious capacity of the produced
rAAVs in a more relevant and reflective cell model, semi-
dense primary neuronal cultures from the cortex were seeded
on a 12-well plate and infected with the previously used
rAAV1/2 - CMV-scGFP. Forty-eight hours after infection, cells
were fixed and labeled with DAPI and WGA conjugated with
Alexa Fluor 633, a widely used lectin to label fixed cells. The
images shown in Figure 4C,D were acquired with a Zeiss Axio
Observer Z1 and on a Zeiss confocal LSM 710. As depicted
in these figures by direct GFP fluorescence, concentrated
mosaic viruses preserve their gene transfer properties for

neuronal cells.

Having characterized mosaic rAAVs in terms of purity,
physical properties, and functionality in vitro, we next
evaluated the possibility of using the purified rAAV1/2 mosaic
vectors to transduce the cerebellum of C57BL/6 mice. For

that, a stereotaxic injection was performed in 9-week-old

mice and the GFP expression was evaluated 12 weeks
later. As anticipated, animals injected with PBS exhibited
no fluorescence upon GFP immunolabeling. Epifluorescence
images from mice injected with rAAV1/2 vectors encoding
GFP under the control of synapsin 1 promoter (rAAV1/2
- Syn-ssGFP) revealed that rAAV1/2 vectors successfully
transduced several regions of the cerebellum, namely
the deep cerebellar nuclei (DCN) region, as well as the
different lobules of the cerebellum (Figure 5). These results
demonstrate the prolonged expression of the transgene in the

mammalian brain (12 weeks).
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Figure 1: Schematic representation of the rAAV production and purification protocol. rAAVs are produced by
transient transfection of HEK293T cells using polyethylenimine (PEI). Subsequently, cells are harvested and lysed,

and rAAVs are purified from the cell homogenate via affinity chromatography. The collected fractions containing rAAVs

are then concentrated, and the final viral stocks are characterized in terms of titer, purity, morphological features, and
biological activity. Abbreviations: rAAV = recombinant adeno-associated virus; PEI = polyethylenimine; RT-qPCR = real-time
quantitative polymerase chain reaction; SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Please

click here to view a larger version of this figure.
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Figure 2: FPLC purification protocol and representative elution profile of rAAV1/2. (A) Schematic representation of a

complete chromatogram profile, showing the different stages of the rAAV purification process. After a column equilibration

step, the sample is applied. The column is then washed, and the elution is performed with increasing concentrations of NaCl.

The unbound material (flowthrough) and 1 mL fractions of the eluted viruses are collected for analysis. The absorbance at

280 nm is expressed in mAU and the x-axis indicates the volume in mL. (B) Enlarged partial chromatogram showing an

rAAV1/2 elution peak (in black), with the corresponding fraction numbers (F2-F16) and waste (indicated in red). The issued

concentration of buffer B and conductivity (expressed in mS/cm) are also shown in green and purple, respectively. (C) RT-

gPCR of each fraction collected during affinity purification (F2-F16) and flowthrough. The titer in vg/pL is represented on a

Copyright © 2024 JoVE Journal of Visualized Experiments

jove.com

April 2024 - 206 - 66550 - Page 19 of 32


https://www.jove.com
https://www.jove.com/

jove

logarithmic scale. (D) SDS-PAGE analysis of the collected viral fractions. Equal volumes (40 yL) of each fraction from the
elution step (F2-F16), and respective flowthrough were loaded and resolved on a 10% SDS-polyacrylamide gel. Protein
bands were visualized by Coomassie blue staining. Bands corresponding to AAV capsid proteins VP1, VP2, and VP3 are
indicated. Standard protein size ladder is designated as (L) and the corresponding molecular weights are also indicated.
Abbreviations: rAAV = recombinant adeno-associated virus; RT-gPCR = real-time quantitative polymerase chain reaction;
SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Please click here to view a larger version of this

figure.
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Figure 3: Characterization of the concentrated rAAV1/2 vectors. (A) Amplification curves of a concentrated rAAV1/2
sample (in blue), serially diluted standards from 2 x 107 vg/uL to 2 x 102 vg/uL (in black) and a no-template control (in
green), obtained during RT-gPCR. (B) Standard curve (linear regression) for the determination of the titer of an rAAV sample
in vg/uL. (C) SDS-PAGE analysis of the concentrated viral particles. A total of 2.3 x 1010 vg of the concentrated stock were
pooled on the gel. (D) Transmission electron microscopy image of rAAV1/2 particles with ~25-30 nm in diameter. Empty
particles with an electron-dense center (evidenced by black arrows) can be distinguished from full capsids (evidenced

by white arrows). Scale bar = 100 nm. (E) Absorbance spectrum of an rAAV1/2 preparation measured by Stunner (in

black). The contribution of proteins (in blue), ssDNA (in green), other UV-absorbing compounds or impurities (in purple),

and background turbidity (in grey) are also shown. (F) DLS intensity distribution of rAAV1/2 with a single peak at 30 nm,
measured by Stunner. A capsid scattering intensity of 100% was determined by measuring the area under the curve from 15
to 45 nm (shaded green). (G) Stunner analysis of an rAAV1/2 vector preparation exhibiting a total capsid titer of 1.19 x 1014
cp/mL (dark blue) and a full capsid titer of 1.73 x 1013 vg/mL (dark green). A free and aggregated protein of 7.16 x 1012 cp/

mL equivalents (light blue), as well as a free and aggregated ssDNA of 1.04 x 1012 vg/mL equivalents (light green), were
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also measured. Abbreviations: rAAV = recombinant adeno-associated virus; RT-qPCR = real-time quantitative polymerase
chain reaction; SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel electrophoresis; ssDNA = single-stranded DNA,;

DLS = dynamic light scattering. Please click here to view a larger version of this figure.
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Figure 4: In vitro infectivity assessment of a concentrated rAAV1/2 sample. (A) Neuro2A cells were infected with
rAAV1/2 - CMV-scGFP or incubated with an equivalent volume of PBS, as a negative control. Brightfield and fluorescence
images of cells imaged 48 h post-infection. Images were acquired in a Zeiss Axio Observer Z1 (10x objective). Scale bars

=100 um. (B) Detailed images of Neuro2A cells 48 h post-infection with rAAV1/2 - CMV-scGFP. Images were acquired in a
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Zeiss LSM 710 (40x objective). Scale bars = 20 um. (C) Semi-dense primary neuronal cultures infected with rAAV1/2 - CMV-
scGFP or incubated with an equivalent volume of PBS, serving as a negative control. Cells were labeled with a nuclear stain
(DAPI in blue) and a membrane stain (WGA in white). Images were acquired in a Zeiss Axio Observer Z1 (40x objective).
Scale bars = 20 um. (D) Detailed images of semi-dense primary neuronal cultures 48 h post-infection with rAAV1/2 - CMV-
scGFP. Images were acquired in a Zeiss LSM 710 (40x objective). Scale bars = 20 ym. Abbreviations: rAAV = recombinant

adeno-associated virus; CMV = cytomegalovirus; scGFP = self-complementary green fluorescent protein; PBS = phosphate-

buffered saline; DAPI = 4',6-diamidino-2-phenylindole; WGA = wheat germ agglutinin. Please click here to view a larger

version of this figure.

Figure 5: In vivo transduction efficiency of rAAV1/2 following an intraparenchymal injection. Representative

immunofluorescence images showing the widespread GFP expression (in green) throughout the cerebellum upon a

central injection of rAAV1/2 - Syn-ssGFP in the cerebellum. Nuclei were stained with DAPI (in blue). Scale bars = 500 ym.

Abbreviations: rAAV = recombinant adeno-associated virus; Syn = Synapsin 1; ssGFP = single-strand green fluorescent

protein; DAPI = 4',6-diamidino-2-phenylindole; PBS = phosphate buffered saline. Please click here to view a larger version of

this figure.

Supplementary Figure S1: Agarose gel analysis of an
rAAV vector plasmid digested with Smal. Six clones (C1-
C6) of a pITR were digested with Smal restriction enzyme
(lanes 2, 4, 6, 8, 10, and 12), which cuts twice within each
inverted terminal repeat. In this case, a complete digestion

of this pITR would be expected to generate two bands

(3,796 bp and 3,013 bp). In successful preparations (C1,
C3, C4, and C5) a band of 6809 bp, resulting from partial
digestion is still visible (~5% of the total). In preparations
with ITR recombination, the proportions are reversed (C2),
or the digestion did not occur (C6). The respective non-

digested clones are also presented (lanes 3, 5,7, 9, 11, 13).
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Abbreviations: rAAV = recombinant adeno-associated virus;
ITR = inverted terminal repeat. Please click here to download

this File.

Supplementary Figure S2: rAAV2/9 purification by
heparin-based affinity chromatography. (A) Elution profile
of rAAV2/9 exhibiting a single peak (in black), following an
increase in the concentration of NaCl. The collected fractions
are indicated by numbers (2-16) in red at the bottom of the
graph, the absorbance at 280 nm is expressed in mAU,
conductivity is expressed in mS/cm, and the x-axis indicates
the volume in mL. (B) rAAV titers quantified by RT-gPCR for
each pooled fraction (F2-F16) and flowthrough. Values are
represented on a logarithmic scale. (C) Purity assay by SDS-
PAGE and Coomassie blue staining. Equal volumes (40 L)
of each fraction (F2-F16) and the respective flowthrough were
loaded and resolved on a 10% SDS-PAGE. Concentrated
stock was quantified by RT-gPCR and 2.3 x 1010 vg were
diluted in 40 pL of PBS and pooled on the gel. Protein bands
were visualized by Coomassie blue staining. The AAV capsid
proteins (VP1, VP2, and VP3) are indicated. Standard protein
size ladder is designated with (L) and the corresponding
molecular weights are also indicated. Abbreviations: rAAV =
recombinant adeno-associated virus; RT-gPCR = real-time
quantitative polymerase chain reaction; SDS-PAGE = sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Please

click here to download this File.

Supplementary Figure S3: Western blot analysis of
rAAV1/2 vectors purified by FPLC. (A) The collected
fractions and concentrated rAAV1/2 vectors were resolved
on an SDS-PAGE gel and probed with mouse monoclonal
anti-AAV antibody (B1) that recognizes VP1, VP2, and VP3
capsid proteins. (B) The collected fractions and concentrated

rAAV1/2 vectors were resolved on an SDS-PAGE gel and

probed with mouse monoclonal anti-AAV antibody (A69) that
recognizes VP1 and VP2 capsid proteins. Abbreviations:
rAAV = recombinant adeno-associated virus; FPLC = fast
protein liquid chromatography; SDS-PAGE = sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; L = standard

protein size ladder. Please click here to download this File.

Supplementary Figure S4: Western blot analysis of
rAAV2/9 vectors purified by FPLC. (A) The collected
fractions and concentrated rAAV2/9 vectors were resolved
on an SDS-PAGE gel and probed with mouse monoclonal
anti-AAV antibody (B1) that recognizes VP1, VP2, and VP3
capsid proteins. (B) The collected fractions and concentrated
rAAV2/9 vectors were resolved on an SDS-PAGE gel and
probed with mouse monoclonal anti-AAV antibody (A69) that
recognizes VP1 and VP2 capsid proteins. Abbreviations:
rAAV = recombinant adeno-associated virus; FPLC = fast
protein liquid chromatography; SDS-PAGE = sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; L = standard

protein size ladder. Please click here to download this File.

Supplementary Figure S5: rAAV2/9 vector quantification
and characterization via Stunner. (A) Absorbance
spectrum (black) of an rAAV2/9 vector measured by
Stunner. The contribution of proteins (blue), ssDNA (green),
other UV-absorbing compounds or impurities (purple), and
background turbidity (grey) are also depicted. (B) DLS
intensity distribution of rAAV2/9 with a major peak at 30 nm
corresponding to a capsid scattering intensity of 78%, as
determined by measuring the area under the curve from 15
to 45 nm (shaded green). A total aggregate intensity of 22%
(shaded in grey) was also measured with a main contribution
from large aggregates (19.9%) with a mean diameter of 620

nm. (C) Stunner analysis of an rAAV2/9 vector preparation

exhibiting a total capsid titer of 2.18 x 10'* cp/mL (dark blue)
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and a full capsid titer of 2.35 x 1013

vg/mL (dark green). A
free and aggregated protein of 2.92 x 103 cp/mL equivalents
(light blue), as well as a free and aggregated ssDNA of 3.14 x
10"2 vg/mL equivalents (light green), were also measured in
this preparation. Abbreviations: rAAV = recombinant adeno-
associated virus; ssDNA = single-stranded DNA; DLS =

dynamic light scattering. Please click here to download this

File.

Supplementary Figure S6: In vitro transduction efficiency
and viability of the purified fractions of rAAV1/2. HEK293T
cells expressing GFP (direct fluorescence) 48 h after the
transduction with 50 yL of FPLC fractions of an rAAV1/2
vector encoding ssGFP (rAAV1/2 - CMV-ssGFP). Scale
bars = 100 ym. Abbreviations: rAAV = recombinant adeno-
associated virus; FPLC = fast protein liquid chromatography;
ssGFP = single-strand green fluorescent protein. Please click

here to download this File.

Supplementary Figure S7: In vitro transduction efficiency
and viability of the purified fractions of rAAV2/9. HEK293T
cells were infected with 50 yL of each FPLC fraction (F2-
F16) or flowthrough of an rAAV2/9 vector encoding scGFP
under the control of the CMV promoter. The GFP-expressing
cells were visualized 48 h post-infection. Scale bars = 100
pum. Abbreviations: rAAV = recombinant adeno-associated
virus; FPLC = fast protein liquid chromatography; scGFP
= self-complementary green fluorescent protein; CMV =

cytomegalovirus. Please click here to download this File.

Discussion

The rapidly expanding AAV vector toolkit has become one of
the most promising gene delivery systems for a wide range
of cell types through different routes of administration. In
this work, we aimed to develop an improved protocol for the

production, purification, and characterization of mosaic rAAV

vectors that could prove their worth in preclinical studies. For
that purpose, the generation of rAAV1/2 and rAAV2/9 mosaic
vectors is described here, but the procedure can also be

applied to purify standard rAAV2 vectors (data not shown).

Mosaic rAAVs were produced following an optimized
transfection method using PEI as a transfection reagent. A
transient transfection method was selected due to its greater
flexibility and speed, considerable advantages in early-stage
preclinical studies. Once a particular transgene and serotype
have been validated, the production system can be fine-
tuned to achieve better scalability and cost-effectiveness by
establishing a stable transfected cell line that expresses a
subset of the specific Rep/Cap genes, with additional genes
provided by an infection proce5324. Compared to calcium-
phosphate transfection, PEI presents several advantages.
It is a stable and cost-effective transfection reagent that
operates effectively within a broader pH range. Additionally,
it eliminates the requirement to change the cell medium after
transfection, resulting in a significant reduction in both cost

and workload®®.

In an attempt to circumvent some of the limitations imposed
by CsClI or iodixanol gradients, the produced rAAVs were
harvested and purified by affinity chromatography. This
strategy offers a simplified and scalable approach that
can be performed without the need for ultracentrifugation
and gradients, yielding clean and high viral titers. Indeed,
chromatography techniques using an FPLC system can be
automated and scaled up by packing more resin volume in
a column with a higher bed height. The protocol described
herein can be easily adapted to incorporate 5 mL HiTrap
Heparin HP columns (data not shown). Additionally, heparin
columns may be reused several times, thus contributing to the

cost-effectiveness of this method.
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The purified rAAVs were then characterized in terms of
titer, purity, morphological features, and biological activity.
Interestingly, in Coomassie blue staining, a band with
approximately 17 kDa was detected in fractions F8-F16 in
addition to the three typical viral capsid proteins. However,
this band is no longer present after the concentration step of
rAAVs. Moreover, some faint bands with molecular weights
lower than VP3 (<62 kDa) can also be detected upon B1 and
AB9 labeling, suggesting that these could be fragments of
the VP1, VP2, and VP3 capsid proteins70. Another possibility
is that these are in fact other co-purifying proteins such
as ferritin or other cellular proteins with polypeptides that
share similar protein fingerprints with the AAV capsid proteins
and could be involved in the AAV biology, as previously

suggested26 71,72,

TEM and stunner analysis also revealed the presence of
empty particles at variable levels across different productions.
Similarly, other studies previously reported the generation
of variable and high levels (>65%) of empty capsids for
rAAVs prepared by transfection or infection methodsZ4:73.
The mechanism behind rAAV generation starts with the
rapid formation of empty capsids from newly synthesized
VP proteins, followed by a slow rate-limiting step of genome
packaging into the preformed capsids mediated by Rep
proteins74'75. Therefore, empty capsids are generated in
rAAV productions, although the proportion of empty and full
capsids can vary depending on the size and sequence of the
transgene of interest and cell culture conditions®8:73. Empty
capsids raise some concerns since, by lacking the genome of
interest, they are unable to provide a therapeutic effect and
may also potentially increase an innate or adaptive immune
response. However, some reports have also shown that, by
adjusting their ratio, empty AAV capsids may serve as highly

effective decoys for AAV-specific neutralizing antibodies

and therefore, increase transduction efficiencies®®: 7677 |f

the presence of empty capsids is critically detrimental and
given the slightly less anionic character of empty particles
compared to full vectors, a potential solution could involve
conducting a second polishing purification step using anion

exchange chromatography technique564.

This study also provides compelling evidence that the
generated mosaic rAAVs are able to efficiently transduce
not only in vitro neuronal cultures but also the CNS
upon intracranial injection of rAAV1/2. Overall, these results
suggest that the described production and purification
protocol renders highly pure and biologically active rAAVs
ready to use in 6 days, presenting itself as a versatile
and cost-effective method for the generation of rAAVs in

preclinical studies.
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