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Roadmap to success in AAV
purification. In-process control,
high throughput & novel column
modalities as necessary means
for control over scalable AAV
Process

Rok Zigon, Mojca Tajnik Sbaizero, Ivana Petrovi¢ Koshmak,
Veronika Fujs, Maja Leskovec & Ales Strancar

Manufacture and purification of recombinant adeno-associated viruses (rAAV) require de-
velopment and optimization of processes to ensure the best possible quality of the final
rAAV product. To do so, different strategies in upstream can be used to achieve the highest
possible viral titer and lowest amount of impurities, both of which further influence down-
stream. Second challenge involves removal of cell debris where different pre-treatments can
be utilized. In the next step, optimized capture of rAAV on a cation-exchange chromatogra-
phy should be developed to remove impurities and achieve a high recovery of rAAV. In the
end, several chromatographic options are available to remove empty and defected capsids,
so only functional viruses can be isolated. Here, the process of manufacturing and purifica-
tion of rAAV has been designed using monolithic columns to achieve this important goal of
preparing rAAV for the use in gene therapy.
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Purification of rAAV using chromatographic rAAV industrial manufacturing platform is
columns is one of the key purification process  based on two chromatographic steps: capture
solutions in gene therapy industry. Common  and polishing. During capture step, rAAV is
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bound, concentrated, and partially purified
using cation exchange or affinity chroma-
tography. In the next step, rAAV is further
purified and enriched using anion exchange
column or ultracentrifugation. The overall
bioprocess yield and purity of the final prod-
uct depend not only on downstream steps,
but on upstream process as well, since certain
harvest attributes can largely affect column
capacity, and consequentially downstream
process efficiency. This is partially addressed
utilizing different pre-treatment strategies
designed to simplify and increase productiv-
ity of early downstream steps, but there is no
universal solution for highly variable impu-
rity profile during rAAV production in cells.
Manufacturing process ends with buffer ex-
change to formulation buffer, followed by fill
and finish (Figure 1) [1-4].

Therapeutic applications of rAAV-based
gene therapy vectors require removal of
process and product related impurities, as
they represent serious safety threats. Their
removal burdens the economics of the man-
ufacturing. The most critical subset of pro-
cess-related impurities are host cell impu-
rities (hcDNA, hc proteins and chromatin
complexes) as well as plasmids and transfec-
tion reagents used for rAAV production. On
the other hand, the most critical subsets of
product-related impurities include non-po-
tent rAAV capsid (empty rAAV, partially

filled rAAV, rAAV capsid containing hcD-
NA insert or portion of plasmid DNA), cap-
sid-capsid complexes and capsid-DNA com-
plexes [2,5,6]. Fully scalable monolith based
rAAV downstream platforms can eliminate
both process-specific and product-specific
impurities. An optimized rAAV production
process and sample pre-treatment further
raise the quality of input material for mono-
lith chromatography.

The following article shares experimental
data showing how the processes of rAAV pro-
duction (upstream) and purification (down-
stream) can be designed and optimized to
achieve high viral titer, low impurities togeth-
er with a sufficient percentage of full capsids.
To enable process development and in-pro-
cess control fast, reliable and cost-efficient, as
well orthogonal to PCR and ELISA, analytics
using high pressure liquid chromatography
(HPLC) is needed [7,8].

INCREASE THE PRODUCTIVITY
OF DOWNSTREAM WITH
CONTROLLED AAV PRODUCTION

One of the key goals of rAAV upstream pro-
cess development is achieving high viral titer
together with a sufficient percentage of full
capsids. Physical titer can nowadays be efhi-
ciently measured with digital or qPCR start-
ing from relatively crude sample. However,

—» FIGURE 1

Schematic representation of downstream processing of complex rAAV samples using monolithic
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methods that can reliably address empty/
full rAAV ratio, such as AUC, SEC-MALS
and TEM [8], would all require sample pu-
rification and concentration, in some cases
for multiple logs, in order for sample to fall
within their detection range. For that reason,
the most used method for empty/full rAAV
ratio assessment in crude upstream samples
is a combination of ddPCR and ELISA data.
These two methods differ in sample prepa-
ration requirements and basic principles for
detecting the target, thus limiting the reli-
ability of the obtained information. ddPCR/
ELISA is also time consuming, and therefore
less useful for rAAV in-process control in real
time.

To overcome these limitations, PATAx™
Valve Switch (PATfix VS) analytical method
was developed based on ion-exchange high
performance liquid chromatography (IEX-
HPLC) (Figure 2A). This is an automatized
two-column analytics, in which acidified and
clarified samples are first captured on CI-
Mac™ SO3 column, and then redirected to
CIMac AAV column, on which empty and
full rAAV capsids are separated along the salt
gradient. This system is equipped with multi-
ple detectors, including UV and Multi-Angle
Light Scattering (MALS), that provide chro-
matograms for each sample. Selective quanti-
fication of empty and full capsid populations
is done through PATfix software that calcu-
lates surface area of respective peaks. With
this approach, both empty and full rAAVs
can be recorded using the same detector in a
single measurement of the sample.

Due to its low limit of detection and sam-
ple volume required (less than 1x10" of to-
tal capsids, up to 10 mL of sample), PAT-
fix VS is suitable for early upstream process
development. This is achieved with the use
of improved MALS detector that functions
well with relatively impure samples and has
better sensitivity than UV. We used the ad-
vantage of this property for screening of dif-
ferent chemically defined media and feeds in
rAAV8 upstream process optimization. For
that experiment, cells were previously adjust-
ed to each media, and rAAVs were produced
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through triple transfection in batch and fed-
batch mode (Figure 2B). Compared to batch
process in original media, only media B batch
and original media + feed number two fed-
batch resulted in titer increase. With regards
to empty and full rAAVS ratio, batch runs
showed from none to modest improvement,
while two fed-batch conditions incorporat-
ing feed number two and feed number one
resulted in a visible increase of percentage
full capsids, from 31 to 40 and 45%, respec-
tively. Results obtained with ddPCR/ELISA
method were well aligned with PATfix ver-
sus with respect to fed-batch, but not with
batch samples (Figure 2C). Taken together,
these results point towards partial alignment
of two approaches for detecting empty/full
capsid ratio. Discrepancies in PCR/ELISA
were described before where poor accuracy
and excessive variability were observed [8,9].
Regardless of the method used, improvement
of titer and % of full capsids were not im-
proved with a single approach tested in this
experiment (Figure 2B & 2C). Nevertheless,
upstream process optimization should be di-
rected towards maximization of both param-
eters [10].

There are other factors known to affect the
empty/full rAAV ratio, such as cell line type,
viable cell density, conditions of transfec-
tion, plasmid DNA, transfection reagent and
others, that can be optimized using PATfix
VS analytics as a guide [10]. Moreover, the
same method is applicable as at-line in-pro-
cess analytics during production runs. Based
on analysis of samples taken at different time
points after transfection, operator can adjust
the duration of the process by determining
the point of time when production slows
down, or the empty/full ratio starts becom-
ing unfavorable.

Due to its robustness the method was suc-
cessfully applied for analysis of empty/full
ratios in complex upstream samples as well
in early downstream steps, such as for exam-
ple pre-capture TFF (data not shown). This
allows for link-up between upstream and
downstream to create more holistic approach

to AAV bioprocess [10].
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—» FIGURE 2

Analysis of empty and full rAAV8 capsid production in different USP media (in different dilutions).
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A) Scheme of PATfix Valve Switch analytical method that is used as analytical tool for batch and fed-batch screening. B) Chromatograms show
zoom-in view of elution gradient on CIMac AAV column, where empty and full capsids (marked with dashed line and arrow) are visualised using
MALS. Percentage of full capsids calculated from ddPCR/ELISA approach and PATfix VS are compared for listed samples. C) Standard deviation of
ddPCR/ELISA is calculated as per two independent functions with Gaussian distribution. For PATfix VS standard deviation is a value of 5% which
was measured experimentally for repeated analysis of AAV8 standard.
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OPTIMIZING PROCESS
CONDITIONS FOR SEROTYPE
INDEPENDENT CAPTURE STEP

Downstream starts with collection of super-
natant or lysis of cell culture in bioreactor.
The next main goal is to reduce host cell im-
purities in the process of pre-capture. TFF is
usually used for the pre-capture step, but to
achieve the best process yield and product
purity for selected upstream and serotype,
one should test a wide toolbox of pre-capture
methods or, if sample is very complex, even a
combination of them, including — OH chro-
matography, flocculation, TFE solid phase
extraction, and/or nuclease treatment [2,11].
When performing capture step on monolith-
ic columns, acidic precipitation of impurities
is a part of AAV process.

Next step in the downstream process when
using monoliths is the capture step using a
cation exchanger in which rAAV is bound
while most of the contaminants are removed
[2,11,12]. On a CIMmultus™ SO3 column,
majority of proteins are removed in CIP
peak while small portion also in flowthrough
during the sample application step. This re-
sults in better performance of the polishing
step. rAAV binding is performed at pH 3.5
and elution is achieved with ascending salt
concentration (Figure 3). Due to the structural
nature of the monolith, rAAV does not suc-
cumb to shear stress which allows the usage of
high flowrates. As a result of a high binding
capacity of the column, rAAV is concentrated
to target levels (1x10" to 5x10" vg/ml). Last
but not least, the cation exchange monolithic
columns allow for capturing of any serotype
or AAV chimera, making these columns a per-
fect tool for AAV library screening [2,11-14].

The process of finding the best possible
condition for SO3 chromatography can be
time consuming since different parameters
must be optimized to ensure the best possi-
ble binding of rAAV to the matrix. To speed
up the process of screening many samples or
conditions, a standard 96-well design offers a
great advantage. CIM® SO3 0.05 mL Mono-
lithic 96-well plates have been developed for
this purpose.
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An experiment was performed to test dif-
ferent pre-treatment methods and screen
buffers of different pH, sodium chloride
concentrations and use of Poloxamer 188 to
determine the optimal combination of pa-
rameters for the SO3 capture. Three different
pre-treatment options were explored — acidi-
fication, TFF and TFF coupled with salt tol-
erant DNase. For the used sample the TFF
coupled with salt tolerant DNase was identi-
fied as the best pre-purification step and was
used to screen buffers using CIM SO3 0.05
mL Monolithic 96-well plates. DNase-treat-
ed TFF retentate rAAV2/9 was acidified, fil-
tered, and loaded to the CIM SO3 0.05 mL
monolithic 96-well plate. Plate was washed
with different mobile phases A (MPA; dif-
ferent pH, sodium chloride and poloxamer
conc.). Elution was performed using 4 CV
of mobile phase B (MPB; buffers with corre-
sponding pH and poloxamer conc. with 2 M
NaCl). To determine optimal combination
of parameters for the SO3 capture step wash
and elution fractions were analysed using
fluorescence microplate reader, ELISA and
SDS-PAGE [14].

Fluorescence readings (FLD) of elution
and wash samples from the buffer screen ex-
periment on the SO3 plates showed stronger
signal in wells where the rAAV was detected.
For wash fractions, wells with higher pH and/
or sodium chloride concentration in mobile
phase A showed inefficient binding observed
as high fluorescence signal. On the other
hand, higher FLD values in elution fractions
correlate with successful rAAV binding. Efh-
ciency of rAAV capture was verified with cap-
sid specific ELISA analytics (Figure 4A) and
the impurity profile with SDS-PAGE [14].

The most optimal combination of param-
eters for mobile phase A from the CIM SO3
0.05 mL Monolithic 96-well plates was cho-
sen — pH 3.5 and 500 mM NaCl in presence
of Poloxamer 188. This mobile phase A was
further used for experiments on CIMmultus
(Figure 4B). It was shown that sample obtained
by TFF with salt tolerant DNase coupled
with the most optimal mobile phase A gave
the highest vector recovery, highest protein/
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—» FIGURE 3

@ 1600-

(A) Example of a CIMmultus SO3 chromatogram and (B) a zoom in on the elution.
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Conditions: sample AAV2/8 mobile phase A: 50 mM formic acid, 0.2 M NaCl, 1% sucrose, 0.1% poloxamer
188, pH 3.5. mobile phase B: 50 mM formic acid, 2 M NaCl, 1% sucrose, 0.1% poloxamer 188, pH 3.5, column
CIMmultus SO3-80mL, method A to 100%B in 20CV, 3CV CIP (1M NaOH, 2M NaCl).

DNA reduction and highest dynamic bind-
ing capacity. SO3 step recovery was 87.70%,
while protein and DNA content were re-
duced by 99,98% and 99,25%, respectively.
Dynamic binding capacity was approximate-
ly 1.44x10" capsids per milliliter of SO3 col-
umn. This confirmed successful optimization
of the capture step [14].

CIM SO3 0.05 mL Monolithic 96-well
plates are efficient and fast tool for rAAV cap-
ture step screening and fine tuning of mobile
phases, including automating of procedure
and analytics steps. Obtained results can

DOI: 10.18609/cgti.2022.192

be applied to CIMmultus preparative line,
which is scalable to large industrial volumes.

DIFFERENT CHROMATOGRAPHIC
POSSIBILITIES FOR FULL
ENRICHMENT. SEPARATING
EMPTY AND PARTIAL

CAPSIDS FROM FULL AAV

In each AAV downstream process, one of the
key steps is enrichment of full capsids. Usu-
ally, only a part of rAAV capsids are func-
tional capsids. Besides ultracentrifugation
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—» FIGURE 4
(A) ELISA analytics of elution fractions for rAAV titer and (B) elution from CIMmultus using
optimized conditions.
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Conditions: sample AAV2/9. mobile phase A: 20 mM formic acid, 0.5 M NaCl with the presence of poloxamer
188, pH 3.5. mobile phase B: 20 mM formic acid, 2 M NaCl, with the presence of poloxamer 188, pH 3.5, column
CIMmultus SO3-1mL, method A to 100%B in 25CV, then step to 100% B in 10CV, 3CV CIP (1M NaOH, 2M
NaCl).

the most common approach is liquid chro-
matography using ion exchange chemistries,
which is based on particles’ charge differenc-
es. It enables separation of the full (F) cap-
sids and product related impurities including
non-functioning AAV capsids (empty, par-
tially filled, misfolded and wrongly packaged
genome or other DNA containing subspe-
cies) [15-17].

Quaternary amine (QA) is well known
and several times patented method [18,19]

Cell & Gene Therapy Insights - ISSN: 2059-7800

for the separation of empty and full capsids.
CIMmultus™ QA monolithic columns ex-
ploit anion exchange mechanism; sample is
loaded onto the column at low conductivity
(2-5 mS/cm) and elution is usually achieved
with ascending salt concentration. pH rang-
ing from 8.5 — 9.5 should be used (Figure 5).
Presence of magnesium has effect on elution
and removal of empty capsids.

New ligands were explored to provide
researchers with alternative options if the
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—» FIGURE 5

Separation of empty and full AAV capsids by anion exchange chromatography with a salt
gradient.
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Conditions: sample AAV2/8 (SO3 eluate), mobile phase A: 25 mM BTP, 1% sucrose, 0.1% poloxamer 188, pH
9.0, mobile phase B: 25 mM BTP, 0.5 M KCl, 1% sucrose, 0.1% poloxamer 188, pH 9.0, column CIMmultus QA-

1mL, method A to 50% B in 50CV, 5CV CIP (1M NaOH, 2M NaCl).

—» FIGURE 6

Example of a CIMmultus PrimaS chromatogram.
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Conditions: sample AAV2/8 (SO3 eluate), mobile phase A: 10 mM Tris, 10 mM BTP, 2 mM MgCl2, 1%
saccharose, 0.1% poloxamer pH 7.00, mobile phase B: 10 mM Tris, 10 mM BTP, 2 mM MgClI2, 1% saccharose,
0.1% poloxamer pH 10, column CIMmultus PrimaS-1mL, method A to 100%B in 30CV, 5CV CIP (0.1M NaOH).
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—» FIGURE 7

Example of a CIMmultus PrimaTl chromatogram.
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Conditions: sample AAV2/8 (SO3 eluate), mobile phase Al: 25 mM HEPES, 1% sucrose, 0.1% poloxamer pH
7.0, mobile phase A2: 50 mM Tris, 13.6 mM borate, 1% sucrose, 0.1% poloxamer pH 9.0, mobile phase B1: 50
mM Tris, 9.6 mM borate, 50 mM MgClI2, 1% sucrose, 0.1% poloxamer pH 9.0, mobile phase B2: 50 mM Tris,
12 mM borate, 2 M NaCl, 1% sucrose, 0.1% poloxamer pH 9.0, column CIMmultus PrimaT 1mL, method A2 to
100% B1 in 50CV, then step to 100% B2 for 10CVs, 5CV CIP (1M NaOH, 2M NacCl).
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QA does not provide satisfactory full rAAV
enrichment. Therefore, to create new op-
portunities for eliminating empty and
other non-functioning AAV capsids from
tAAV  preparations CIMmultus PrimaS™
and CIMmultus™ PrimaT columns were
developed.

CIMmultus PrimaS$ is a multimodal ligand
which exploits a unique combination of weak
anion exchange and hydrogen bonding that
achieves different selectivity compared to the
QA ligand [11,20]. Binding is performed at
low conductivity (2.5 mS/cm) with the pres-
ence of magnesium (2mM), while the best
separation is achieved when eluted with as-
cending pH gradient (pH from 7 — 10) at low
conductivity.

CIMmultus PrimaT is a second nov-
el multimodal column which enables AAV
sub-species separation. Sample heterogene-
ity poses a cumbersome challenge on down-
stream process to isolate and purify only the
active drug substance. Accounting only on
vector genome estimation might mislead and

Cell & Gene Therapy Insights - ISSN: 2059-7800

result in pooling not only potent intact full
AAV capsids, but also product related impu-
rities. Various factors such as AAV serotype;
expression system which produces a combi-
nation of AAV subpopulation species; as well
as glycosylation and phosphorylation of cap-
sids, all contribute to slight charge variations.
Relying only on charge differences, using ion
exchange columns, results in diminished or
absence of resolution between the capsids
subspecies. To overcome limitations posed by
charge separation, CIMmultus PrimaT was
developed.
CIMmultus
weak-anion exchanger with hydrogen bond

PrimaT funtions as a

properties and metal affinity coordination
effect. Two different approaches are rec-
ommended for the elution of AAV capsids:
first, a linear MgCl2 gradient where the full
AAV particles elute and then a high salt
wash step where most of the empty particles
elute [21].

The Prima$ and PrimaT ligands are avail-
able on analytical scale as well.
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—» FIGURE 8

PATfix HPLC AEX-FP-TRP, UC-HPLC, Cryo-TEM and mass photometry assays.

A) Preparative chromatogram for CIMmultus PrimaT. E1 to E5 represent fractions taken and assessed by orthogonal analytics.
B) Cryo-TEM micrographs for fractions E2, E3 and E5. C) The UC-HPLC system. D) Percentage of full AAV capsids based on
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uct purity. In the process of rAAV produc-
tion, high viral titers must be achieved but
attention should also be paid to impurities
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Since the evolution of new surface chemis-
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at its beginning, emphasis must be placed on
optimization to achieve the adequate separa-
tion of the active product.
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