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Separation of empty and genome-containing particles is a challenging requirement for
recombinant adeno-associated virus gene therapy vectors. Strong anion exchange chroma-
tography operated with a linear salt concentration gradient to achieve a high degree of
resolution has emerged as the replacement for traditional density-gradient ultracentrifu-
gation to improve efficiency, consistency, and scalability. Herein, an innovative mechanism
of anion exchange chromatography using weak organic acid present in the load is shown to
selectively displace empty capsids into the flowthrough, enabling an isocratic elution and
eliminating operational challenges associated with linear gradients. This separation tech-
nique was applied to AAV2 and AAVS8 serotypes using three chromatographic media (mono-
liths, resin, and membranes) and showed comparable genome-containing capsid enrichment
levels to that of density gradient ultracentrifugation. Processes for both serotypes were
successfully transferred from lab to production scale.
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Recombinant  adeno-associated ~ viruses
(rAAV) have emerged as promising vectors for
transferring therapeutic recombinant genes to
humans with several new therapies transition-
ing to commercialization [1,2]. As advances
in upstream processing continue to improve
tAAV productivity, traditional downstream
purification using density gradient ultracen-
trifugation processing to enrich genome-con-
taining capsids presents a bottleneck in large
scale rAAV purifications [3]. Empty capsids
that do not contain the therapeutic gene are
an inevitable by-product of the rAAV vector
production process and can result in clin-
ical safety and dosage impediments [4,5].
Historically, cesium chloride, sucrose, or
iodixanol-based density gradient ultracentrif-
ugation methods have been utilized to sepa-
rate genome-containing and empty capsids in
a serotype-independent manner based on dif-
ferences in density, as shown in Figure 1. These
manual processes are operationally complex at
large scale and could result in altering quality
attributes important for product and process
validations [6-8].

Highly similar size, charge, and accessi-
ble surface morphology between the empty
and genome-containing capsids makes chro-
matographic separation of empty capsids
challenging for downstream processing of
rAAV gene therapy products [9-12]. Ion
exchange chromatography has commonly
been used in the manufacture of biothera-
peutics and the purification of rAAV vectors.
Separation of empty from genome-contain-
ing capsids has been demonstrated using dif-
ferent modalities of anion exchange (AEX)
chromatography such as conventional qua-
ternary amine ligands on resins, mono-
lithic media, and membranes [5,6,13,14].
However, these chromatographic methods
primarily use bind and elute strategies with
linear salt concentration gradients to resolve
impurities like empty capsids [14-16]. A
gradient elution strategy can be challeng-
ing to implement at commercial scale [17].
Recent developments have shown progress
toward a step elution process, but would
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require minimizing the variation in buffer
conductivity, pH, and component additions
to achieve a manufacturing ready procedure
[13,18-20]. A step elution method capable
of separating empty and full capsids in a
robust and scalable manner is thus desirable,
ensuring consistent product quality between
manufacturing batches is attained.

Herein, the AEX load was modified with
specific concentrations of a weak organic
acid to promote separation based on slight
differences in capsids charge and hydropho-
bicity [21]. This combination of interactions
can create different binding strengths for
empty capsids and charged stationary phase.
Addition of weak organic acid with interme-
diate binding strength enabled preferential
displacement of empty capsids and scalable
step elution. Ongoing experiments, utilizing
modeling approaches, will help gain further
insight into the mechanism of separation.

This method was successfully applied to
AAV8 and AAV2 serotypes. Multiple AEX
chromatographic media were investigated
for each serotype. Substrates with larger pore
size or open pore structures were chosen to
allow accessibility and faster transport of
AAV to binding sites inside the pores of the
substrate, which may result in a faster flow
rate, higher binding capacity and resolution.
Enrichment of genome-containing capsids
achieved with this method was comparable
to that of density gradient ultracentrifuga-
tion for vector manufactured at lab (3 L),
pilot (50 L), and production scales (250 L
or 500 L).

MATERIALS AND METHODS
Cell culture and rAAV production

Both AAV2 and AAV8 manufacturing pro-
cesses were initiated with the thaw of a single
vial of the suspension HEK293 Pro10 mas-
ter cell bank (MCB), in chemically defined
medium and were expanded through a series
of shake flasks to produce sufficient cells to
seed a bioreactor at the 3 L scale, 50 L scale,
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—» FIGURE 1

Process flow diagram for both traditional downstream processes and a scalable downstream
process without density gradient ultracentrifugation.

A DNA

Transfection cocktail

i-8-

gne

-

Production Lysis and Capture
bioreactor clarification

4

B Traditional downstream process

4

C Scalable downstream process

o

-

Density gradient

ultracentrifugation Anion exchange (AEX)

v -
L 4

4
gy

Ultrafiltration/
diafiltration

Anion exchange (AEX) (UF/DF)

A0

“w

ul
4

Ultrafiltration/
diafiltration
(UF/DF)

~o 9

“w

(A) Upstream process, transfection, lysis and clarification, and capture chromatography remains the same for
both traditional and scalable processes. (B) The traditional process to separate genome-containing capsids
from empty capsids includes density gradient ultracentrifugation, AEX to remove the density gradient material
such as iodixanol, then UF/DF for buffer exchange. (C) A scalable process eliminates the density gradient
ultracentrifugation step and uses AEX for separation of genome-containing capsids from empty capsids, then
UF/DF for buffer exchange.

or a sequential 50 L and 250 L or 500 L stir-
ring production bioreactor. After expansion
of the cells to the target production volume
and viable cell density, cells were transfected
with a cocktail consisting of adenovirus
helper, rep/cap, and transgene-containing

neDNA cassette (TAAV Biomanufacturing
Solutions, S.L.). Transgene cassettes for
AAVS8 and AAV2 were single stranded DNA
at 4779 kb and 2705 kb lengths, respectively.
Cells were harvested approximately 72 hours
post-transfection.
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Clarification, capture, and anion
exchange load preparation

The downstream purification process for
both AAV2 and AAVS8 was initiated by
chemical lysis to release the viral vector
from the transfected cells in the bioreactor.
Primary clarification was accomplished using
20 pm pore size depth filtration and 0.2 pm
sterile filtration. Intact rAAV particles were
further purified via capture chromatography
using CaptureSelect™ AAVX resin (Thermo
Fisher). The affinity-purified eluate was pre-
pared for AEX separation by diluting the
product with buffers containing specific
amounts of weak organic acids [22]. Buffer
compositions were developed to facilitate the
interaction between chromatographic media,
product, and empty capsids. The load mate-
rial was filtered through a 0.2 um filter prior
to applying onto the AEX chromatography
media.

Density gradient ultracentrifugation

Enrichment of genome-containing capsids
was separated by iodixanol gradient ultra-
centrifugation using a Beckman Ti70 fixed
angle rotor. The affinity-purified material
was under-layered with 25%, 40% and 60%
iodixanol and centrifuged at 505,000 rcf for
1 hour. Genome-containing capsids were
extracted from the tube using a syringe at the
interface between 40% and 60% iodixanol
layers. The iodixanol fractions were pooled
and diluted with buffer to reach the desired
pH and conductivity required for binding
to the AEX media. The genome-containing
product was processed over AEX, in a bind-
and-elute mode, using a sodium chloride step
elution.

Lab scale AEX chromatography

Small-scale AEX chromatographic purifica-
tions were performed using 1 mL POROS™
50HQ prepacked columns (5 cm bed height,
Thermo Fisher), 1 mL CIMmultus® QA
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(2 um) monolith devices (BIA Separations),
or 1 mL Mustang™ Q (Cytiva) membrane
devices. Each AEX chromatographic media
was evaluated using the same methods, buf-
fers, and load material. Residence times
were 1.5 minutes for POROS 50HQ resin,
0.2 minutes for CIMmultus QA monolith,
and 0.29 minutes for Mustang Q mem-
brane. Chromatography was performed and
0.25 CV fractions automatically collected
by an AKTA Avant™ 25 skid (Cytiva).
AKTA skid cleaning in place (CIP) method
was performed using 0.5 M sodium hydrox-
ide before each cycle and stored in 20%
ethanol.

Initial development of the AEX method
included screening different buffer compo-
nents in the AEX load and gradient elution
phase. AEX load was prepared by diluting
the affinity eluate with a pH 9.0 buffer con-
taining varying amounts of weak organic
acid. Conductivities during the weak organic
acid concentration screen ranged from
2.022-2.450 mS/cm for the AAV8 serotype
(2.4 mM-6.4 mM weak organic acid) and
from 2.276-2.725 mS/cm for the AAV2
serotype (6.4—11.2 mM). The AEX column
was equilibrated with the pH 9.0 buffer
excluding weak organic acid. Following buf-
fer selections, a 20 CV gradient elution was
converted to a step elution, keeping the same
buffer components as developed in the gra-
dient elution. During initial development
runs, AEX elutions at pH 9.0 were titrated
to a neutral pH prior to sample storage and
analysis.

AEX purification scale up

At the 3 L scale, the final AEX process for
enriching genome-containing capsids uti-
lized POROS 50HQ resin (5 mL, 10 cm
bed height) or CIMmultus QA monolith
devices (8 mL). POROS 50HQ resin was
operated at a 1.5 minute residence time while
CIMmultus QA monolith flow rate was at a
1.4 minute residence time to accommodate
scaleup requirements.
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Chromatogram of 20 CV elution gradient using the same prepared AAV8 load over CIMmultus
QA monolith, POROS 50HQ resin, and Mustang Q membrane.
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AAV8 was produced at a 50 L pilot scale
and a 500 L production scale. An 80 mL
CIMmultus QA (2 pm) monolith device
was used for 50 L pilot production, and an
800 mL device was used at the 500 L scale
on an AKTA Process chromatography skid
(Cytiva). AAV2 produced at a 50 L pilot
scale used 196 mL (10 cm bed height)
POROS 50HQ column, while 250 L pro-
duction scale used 1.5 L (10 cm bed height)
column on an AKTA Process™ chromato-
graphy skid (Cytiva).

Elutions during scale up runs were already
at a neutral pH and did not require any addi-
tional adjustments.

Analytical methods

Viral particle (vp) titers were assessed using
an Agilent 1260 Prime II HPLC system
(Agilent, Sata Clara, CA) with Agilent
Bio SEC-5 4.6x150 mm, 500 A column
(Agilent, Santa Clara, CA) to perform size
exclusion high performance liquid chro-
matography (SEC-HPLC). A DAD detec-
tor was used to collect traces at 214, 260,
and 280 nm. Analysis was performed using

Waters® Empower™ 3 software. Viral par-
ticle (vp) titers were determined via quali-
fied SEC-HPLC method by integrating the
214 nm peaks and comparing peaks against a
standard curve. Standard curves were gener-
ated using purified AAVS8 or AAV2 for their
respective products. The standards had been
previously titered by ELISA. Titers gener-
ated by SEC-HPLC were used to determine
particle recoveries. SEC A, /A

260"~ 7280
generated using integrated peak data to pro-

ratios were

vide an estimate of purity for samples not
analyzed by analytical ultracentrifugation.
All scale up run analyses were performed
with qualified SEC-HPLC methods.

Vector genome (vg) titers were assessed
with quantitative real time PCR (qPCR)
using QuantStudio™ Flex 6 (Thermo Fisher)
to determine step recoveries. Custom primers
and probes (IDT, Coralville, IA) targeted the
ITR region. The forward primer sequence was
5'-GGAACCCCTAGTGATGGAGTT-3,
and the reverse primer sequence was
5'-CGGCCTCAGTGAGCGA-3".
TagMan™ Fast Advanced Master Mix
(Thermo Fisher) facilitated the PCR reac-
tion performed in the thermocycler. The
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—» FIGURE 3

(A) Empty and genome-containing AAV8 capsid distribution in the product (elution pool) by
fraction and media type. (B) Recovery of vp and vg in the product (elution pool) by fraction and
media type. (C) A260/A280 ratios by both fraction and media type.
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TagMan probe sequence was 5'-/56-FAM/ Qualified ITR-ddPCR was performed for
CACTCCCTCTCTGCGCGCTCG/  large scale runs using QX200 Droplet Digital™
3BHQ_1/-3. PCR (ddPCR) system (BioRad, Hercules,
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Separation of empty and genome-containing AAV8 capsids was modulated by addition of a weak organic acid
into the load.
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Elution peak chromatograms are shown for loads containing (A) 0 mM weak organic acid, (B) 2.4 mM weak organic acid,
(C) 4.0 mM weak organic acid, (D) 5.6 mM weak organic acid, and (E) 6.4 mM weak organic acid.

CA). Custom, proprietary primers and Sedimentation velocity analytical ultra-

probes (IDT, Coralville, IA) and TagMan Fast
Advanced Master Mix (Thermo Fisher) were
used to perform PCR on droplet samples using
a C100 thermocycler (BioRad, Hercules, CA).
The QX200 Droplet Reader was then used
to detect PCR products and analyzed using
QuantaSoft™ RE software (BioRad, Hercules,
CA). Trends in recovery were comparable
between qPCR and ddPCR assays.

centrifugation (SV-AUC) was analyzed by
KBI Biopharma. SV-AUC is a first-principles
hydrodynamic technique that determines
and
directly from a sample in solution. This
method is used to assess the viral size distri-

macromolecular size conformation

bution and analyze capsid content through
the difference in buoyant density between
empty and genome-containing capsids. Due
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—» FIGURE 5
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to a greater buoyant density, genome-con-
taining capsids sediment more quickly
through solution, compared to empty cap-
sids. Capsids sedimentation is accomplished
through centrifugation at high angular veloc-
ity. The concentration of each capsid distri-
bution is measured as a function of time
and radial position using absorbance optics,
and then the concentration profiles can be
analyzed to provide information about the
different capsid size distribution, plotted as
a c(s) distribution. The method works by
measuring how much of a particular capsid
content is present in a sample, by model-
ing the expected rates of sedimentation and
the rates of diffusion. Each peak in the c(s)
distribution is integrated and its area (as a
percentage of the total area) represents the
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relative amount of empty, full, and partially
packaged rAAV in a sample [23-25].

RESULTS

AEX media screening selection
for removal of empty

AAVS8 capsids via impurity
flowthrough chromatographic
method

POROS 50HQ resin, CIMmultus QA
monolith, and Mustang Q membrane modal-
ities were evaluated for separation of empty
from genome-containing AAV8 capsids. AEX
starting materials were generated by dilut-
ing affinity eluate (composed of 32%-44%
genome containing capsids by AUC) with a
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Chromatogram showing overlay of 3 L, 50 L, and 500 L purification runs for an AAV8 capsid with
a CIMmultus QA substrate.
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pre-defined concentration of weak organic
acid (<10 mM), titrating to pH 9.0, and load-
ing at 2x 10" vp per mL of media. As shown
in Figure 2, each modality exhibited a similar
chromatographic elution profile, indicating
genome-containing capsids eluting as single
peaks. CIMmultus QA monolith showed
the lowest band broadening, followed by
POROS 50HQ and Mustang Q membrane.
AEX elution fractions from the three modal-
ities were analyzed by SEC-HPLC. Fractions
greater than 1.20 by SEC A |
lected to generate the AEX elution pool. The
A, /A, ratio from each chromatographic
modality elution pool was comparable with
the A, /A, ratio of the iodixanol enriched

280
genome-containing capsids.

/A, were col-

SV-AUC was used to analyze capsid con-
tent through the difference in buoyant den-
sity between empty, partial and full capsids.
Figure 3A shows equivalent enrichment of
full capsids in the AEX elution for the three
chromatographic media. Capsid distribu-
tion (Figure 3A and C) as well as step recov-
eries (Figure 3B) were comparable between
the chromatography-based and the iodixa-
nol-based gradient enriched full capsids.

Optimization of AAV8 empty
and genome-containing capsids
separation using CIMmultus QA
monolith at lab-scale
purification (3 L)

Bioreactors were transfected and processed
as shown in Figure 1A. ClMmultus QA
monolith was chosen as a chromatographic
modality due to the lowest band broaden-
ing observed during screening studies, com-
parable product recovery, and comparable
enrichment of genome-containing capsids to
iodixanol gradient ultracentrifugation. AEX
starting materials were generated by dilut-
ing affinity eluate with different concentra-
tions of weak organic acid (0 mM—-6.4 mM),
titrating to pH 9.0, and loading a 1 mL
CIMmultus QA monolith at 2x10™ vp per
mL of media. A 20 CV linear salt concentra-
tion gradient was used to elute the product as
shown in Figure 4. Elution profile chromato-
grams indicated a gradual reduction of empty
capsids as the concentration of weak organic
acids increased in the AEX load, observed
by A, /A,,, changes in the front half of the
elution peak (referred to as empty elution
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—» FIGURE 7

(A) AEX step recoveries (elution pool) of AAVS by ITR-
ddPCR and SEC-HPLC, respectively, for 3 L, 50 L, and

500 L bioreactor using CIMmultus QA monolith. Runs were
performed with n=6 for 3 L scale, n=3 for 50 L scale, and
n=2 for 500 L scale. Error bars show standard deviation as
calculated in JMP. (B) Purity of final product (elution pool)
by analytical ultracentrifugation. No 3 L bioreactors were
analyzed by SV-AUC due to sampling requirements.
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peak). AEX fractions greater than 1.20 by
SEC A, /A, were collected to generate the
product (AEX elution pool). Post product
elution fractions with SEC AA /A, <1.20
were collected and defined as the tail.

The AEX step recovery was assessed by
SEC-HPLC (vector particle recovery), and
ITR-gPCR  (vector genome recovery) as
depicted in Figure 5. The highest reduction
of empty capsids and maximized product
recovery was achieved for the condition that
contained the highest concentration of weak
organic acid in the AEX load.

Scaleup of AAV8 empty
and genome-containing
capsids separation using
CiMmultus QA monolith

An isocratic method for AAVS elution was
developed using a CIMmultus QA monolith
device after selecting the final concentration
of weak organic acid to ensure optimized
removal of the empty capsids was achieved
during the AEX sample loading phase.
Processes that include a step elution are
inherently more scalable compared to a lin-
ear salt concentration gradient elution due to
equipment limitations, buffer mixing from
the stationary and mobile phase, and robust
product collection criteria. Optimized AEX
conditions were evaluated at 3 L, 50 L, and
500 L bioreactor scales, using 8 mL, 80 mL,
and 800 mL monolith devices, respectively.
Figure 6 shows chromatographic overlay of
three comparable elution profiles and con-
sistent enrichment of genome-containing
capsids from the 3 L to 500 L purification
scale.

AEX step recoveries, assessed by SEC-
HPLC for vector particle and ITR-ddPCR for
vector genome, were compared across three
scales as shown in Figure 7A. CIMmultus QA
monolith step recoveries (by ITR-ddPCR)
for AAVS serotype varied from 48% for 3 L
scale (n=6) to 89% for 500 L scale (n=2).
Genome-containing  capsid  enrichment,
assessed by SV-AUC and SEC A, /A, ratio,
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Effects of modulating weak organic acid content in the AAV2 load for a CIMmultus QA monolith using a
gradient elution method at a concentration of (A) 6.4 mM, (B) 7.2 mM, (C) 8.0 mM, and (D) 8.8 mM.
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was equivalent between 50 L and 500 L scales (6.4 mM-11.2 mM), titrating to pH 9.0, and
as indicated in Figure 7B. loading on a 1 mL POROS 50HQ ora 1 mL
CIMmultus QA monolith at 6x 10" vp per
Enrichment of genome-containing mL of media. A 20 CV linear salt concentra-
AAV2 capsids using POROS 50HQ tion gradient was used to elute the product
and CIMmultus QA Monolith from the CIMmultus QA monolith (Figure 8)
and POROS 50HQ (Figure 9). Elution profile
The AEX method developed for enrich- chromatograms indicated a gradual reduc-
ment of the AAV8 genome-containing cap-  tion of empty capsids as the concentration of
sids was adapted to an AAV2 vector. Due  weak organic acids increased in the AEX load,
to differences in charge and hydrophobicity — observed by A, /A, changes in the front
between AAV2 and AAVS serotypes [21], half of the elution peaks.
the AAV2 serotype required modification AEX step recoveries, assessed by SEC-
of the weak organic acid concentration in HPLC for vector particle and ITR-qPCR for
the AEX load to achieve optimal separa- vector genome, are shown in Figure 10 for
tion of empty and genome-containing cap- CIMmultus QA Monolith and in Figure 11
sids. Three-liter bioreactors were transfected ~for POROS 50HQ. AEX fractions greater
and processed as shown in Figure 1A. AEX than 1.20 by SEC A, /A = were collected
starting materials were generated by dilut-  to generate the AEX elution pool. The high-
ing affinity eluate (composed of 30%—43%  est product recovery was achieved for the
genome containing capsids by AUC) with  condition containing 6.5 mM concentra-
different concentrations of weak organic acid ~ tion of weak organic acid in the AEX load

ISSN: 2059-7800; published by Biolnsights Publishing Ltd, London, UK ——— 1327
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—» FIGURE 9

Gradient elution profile for increasing concentration of the weak

POROS 50HQ from (A) 8.8 mM, (B) 9.6 mM, (C) 10.4 mM, to (D) 11.2 mM.
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for CIMmultus QA monolith or 9.5 mM
concentration for POROS 50HQ. Due to
slightly higher product recovery and compa-
rable enrichment by SEC A, /A achieved
with POROS 50HQ, this resin was selected
for scale up to 50 L and 250 L bioreactors.

Scaleup of AAV2 empty and
genome-containing capsids
separation using POROS 50HQ

Prior to AAV2 POROS 50HQ scaling, a
20 CV linear salt elution gradient was con-
verted to isocratic step elution by selecting
an optimal elution conductivity to minimize
operational challenges at the large manufac-
turing process. Isocratic step elution was per-
formed at the 3 L, 50 L, and 250 L scales,
using 5 mL, 200 mL, and 1500 mL POROS
50HQ columns, respectively. The 250 L puri-
fication was performed using an oversized
column to match operational parameters and
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be within the loading specifications at 500 L
manufacturing scale. Comparable elution
profile chromatograms for all three scales are
shown in Figure 12.

Comparable recoveries by SEC-HPLC
and ITR-ddPCR across three scales are pre-
sented in Figure 13A. Greater than 70% AEX
step recovery by ITR-ddPCR was conserved
between the 3 L and 250 L scale. Large scale
runs, 50 L and 250 L, were analyzed for cap-
sids distribution using SV-AUC as shown in
Figure 13B. Greater than 80% genome-con-
taining AAV2 capsid enrichments were
achieved across all scales with less than 6%
high and low molecular mass species content.

DISCUSSION

Experimental results collectively led to suc-
cessful separation of empty and genome-con-
taining capsids for both AAV8 and AAV2
serotypes. Weak organic acid present in the




—» FIGURE 10

AEX step recoveries (elution pool) of particle capsids and
genome-containing capsids by SEC-HPLC and ITR-qPCR
and A260/A280 by SEC-HPLC for the CIMmultus QA
monolith modality.
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AEX load excluded empty capsids from bind-
ing to the mediaand provided sufficient resolu-
tion for chromatographic capsids separation.
The hypothesis of the mechanism is that, as
the load material is applied to the media, only
empty capsids are selectively displaced by
weak organic acid due to its higher affinity to
the positively charged anion exchange groups.
Data from Figure 5 supported the separation
was driven by changes in the concentration
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—» FIGURE 11

Recoveries of total capsids and genome-containing capsids
by SEC-HPLC and ITR-gPCR and A260/A280 by SEC-HPLC
for the POROS 50HQ resin modality.
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of weak organic acids and not by changes
in conductivity. Increasing concentration of
weak organic acid from 2.4 mM-6.4 mM
for AAVS8 serotype raised the conductiv-
ity of the load from 2.022-2.450 mS/cm,
and increasing the weak organic acid con-
centration 6.4 mM-11.2 mM for AAV2
serotype raised the conductivity of the load
from 2.276-2.725 mS/cm. These small
conductivity differences between increased
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Chromatogram showing overlay of 3 L, 50 L, and 250 L purification runs for an AAV2 capsid
using POROS 50HQ resin.
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concentration of weak organic acid are
unlikely to be the determinative factor in
binding selectivity. Further studies are ongo-
ing to understand the mechanism of separa-
tion by utilizing modeling approaches.

AAVS8 development and scaleup

As shown in the elution chromatograms in
Figure 4, increased weak organic acid concen-
tration diminished the early-eluting empty
capsid peak during the 20 CV gradient elu-
tion. The reduction of front shoulder peak
intensity indicated the concentration of weak
organic acid in the load was inversely pro-
portional to the amount of empty capsids in
the eluate fractions, as shown by SEC-HPLC
analysis. The recovery of genome-contain-
ing product by ITR-qPCR also increased as
the weak organic acid in the load improved
resolution between empty and genome-con-
taining capsids. An optimal concentration
of weak organic acid was identified by moni-
toring the loss of genome-containing capsids
in the flowthrough fraction and maximizing
capsid enrichment. These results confirmed
tuning the concentration of weak organic

Cell & Gene Therapy Insights; DOI: 10.18609/cgti.2024.150

acid in the load was an effective method to
achieve empty and genome-containing capsid
separation by displacing the empty capsids
into the flowthrough during loading of the
AEX column.

Mustang Q membrane showed the lowest
recovery during the initial modality screening
and was not selected for scale up of AAV2 or
AAVS serotype. Lower step recovery could
be due to unoptimized processing parame-
ters or peak broadening, which is observed
with membrane geometries [26,27]. However,
by modulating the weak organic acid in the
AEX load (Figures 5, 10, and 11), the ratio of
empty and genome-containing capsids could
be tunable for all modalities tested, including
Mustang Q membrane. As shown in Figure 2,
CIMmultus QA monolith provided a higher
resolution and comparable step recovery for
AAV8 compared to POROS 50HQ. It was
selected for further development of AAVS8
empty and genome-containing capsids.

The AAVS serotype was scaled from 3 L to
50 L pilot and 500 L production process. As
shown in Figure 6, the chromatographic elution
peaks showed similar shape at all three scales.
The 3 L runs were performed at a challenge of




3.2x 10" vp per mL of media, while 50 L and
500 L runs were performed at 1.0x 10" and
7.2x10" vp per mL of media, respectively.
However, lower challenge at the 3 L scale did
not affect the chromatographic separation and
enrichment of genome-containing capsids.

CIMmultus QA monolith step recoveries
(by ITR-ddPCR) for AAV8 serotype var-
ied from 48% for 3 L scale (n=6) to 89%
for 500 L scale (n=2). This variability may
be caused by column loading challenge dif-
ferences or higher product loss during sam-
pling. Additionally, work with monoliths
(data not shown) appeared to demonstrate
lot-to-lot variability which may explain
some of the difference across various scales of
CIMmultus QA monolith, and recent mono-
lith developments may address this variability
[28]. As shown in Figure 7, chromatographic
separation could effectively remove empty
capsids and achieve comparable distribution
of empty and genome-containing capsids
compared to traditional separation using
density gradient ultracentrifugation. This
demonstrated the scalability of the AEX
method which included the use of weak
organic acid to displace the empty capsids
into the flowthrough while selectively bind-
ing genome-containing capsids.

Adapting AAV8 process
to an AAV2 serotype

With an AAV2 product, both CIMmultus QA
monolith and POROS 50HQ resin AEX
of

empty and genome-containing capsids under

modalities demonstrated  separation
the conditions explored. The two modali-
ties showed adjusting the concentration of
organic acid in the load could be a suitable
approach to improve separation of empty and
genome-containing capsids. Due to the higher
product recovery provided by POROS 50HQ
resin (CIMmultus QA monolith results in
Figure 10 and POROS 50HQ resin results in
Figure 11) during the initial media screen, this
modality was selected for further refinement
of weak acids in the AEX load and scaled to a
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—» FIGURE 13
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ries of different particle species for 3 L, 50 L, and

250 L bioreactor scale AEX purifications of an AAV2 capsid
with POROS 50HQ resin. Runs were performed with an
n=1. (B) Analytical centrifugation results for AEX eluates of
50 and 250 L scale runs.
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250 L bioreactor. Both the pilot and the pro-
duction POROS 50HQ run showed compa-
rable elution chromatograms (Figure 12), AEX
step recoveries (Figure 13A) and enrichment
of genome-containing capsids (Figure 13B).
The vector genome (ITR-ddPCR) AEX
step recovery varied from 71% for 250 L to
78% for 50 L bioreactor scale. Enrichment
of genome-containing capsids was measured
by SV-AUC and was consistently above 80%,
ranging from 85% for the 50 L scale to 87%
for the 250 L scale. This was comparable to
the 89% genome-containing capsids achieved
by traditional iodixanol density gradient
ultracentrifugation preparation. This success-
ful development and scalability mimicked the

approach and purification results shown by
the AAV8 AEX process.

CONCLUSION

The addition of weak organic acid during
AEX load preparation led to a scalable, robust
separation of empty and genome-contain-
ing capsids. Sufficient removal of the empty
capsids into the AEX flowthrough fraction
was induced without causing early prod-
uct release of the genome-containing AAV2
or AAVS serotype. Selective binding of the
genome-containing capsids allowed elution in
a stepwise manner while achieving a high AEX
step recovery and capsid enrichment. Product
enrichment was accomplished across different
chromatographic media and scaled to 250 L
(AAV2) or 500 L (AAV8) by modulating weak
organic acid concentration in the AEX load.
AAVS serotype was enriched from 25%—-65%
genome containing capsids, while AAV2 sero-
type was enriched from 40%-80% genome
containing capsid. This chromatographic
method was successfully converted from linear
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