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Removal of empty capsids from adeno-associated virus (AAV)
manufacturing lots remains a critical step in the downstream
processing of AAV clinical-grade batches. Because of similar
physico-chemical characteristics, the AAV capsid populations
totally lacking or containing partial viral DNA are difficult to
separate from the desired vector capsid populations. Based
on minute differences in density, ultracentrifugation remains
the most effective separation method and has been extensively
used at small scale but has limitations associated with availabil-
ities and operational complexities in large-scale processing. In
this paper, we report a scalable, robust, and versatile anion-ex-
change chromatography (AEX) method for removing empty
capsids and subsequent enrichment of vectors of AAV sero-
types 5, 6, 8, and 9. On average, AEX resulted in about 9-fold
enrichment of AAV5 in a single step containing 80% ± 5%
genome-containing vector capsids, as verified and quantified
by analytical ultracentrifugation. The optimized process was
further validated using AAV6, AAV8, and AAV9, resulting
in over 90% vector enrichment. The AEX process showed com-
parable results not only for vectors with different transgenes of
different sizes but also for AEX runs under different geometries
of chromatographic media. The herein-reported sulfate-salt-
based AEX process can be adapted to different AAV serotypes
by appropriately adjusting elution conditions to achieve en-
riched vector preparations.

INTRODUCTION
Recombinant adeno-associated virus (rAAV)-based vectors have
emerged as a platform of choice for therapeutic gene delivery in
both dividing and non-dividing cells.1,2 The clinical success and re-
sulting regulatory approval of three rAAV-based drug products,
namely Glybera, Luxturna, and Zolgensma, for single-dose curative
gene therapy in hereditary monogenic disease indications have set
new milestones.3–5

The progressive understanding of clinical and pharmacological impli-
cations of the presence of inadvertently co-synthesized empty capsids
(ECs) in AAV lots during clinical studies opened new areas of inves-
tigation.6 Devoid of a therapeutic transgene, these ECs do not exert
direct clinical benefits. Many reports have suggested ECs’ role in
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reducing transduction efficiency (while being in excess) through
competition for receptor binding,6 inducing dose-dependent
capsid-neutralizing antibody response,7 and cytotoxic T-lympho-
cyte-mediated destruction of transduced cells displaying capsid-asso-
ciated peptide-MHC complexes.8,9 On the other hand, a potential
beneficial effect of excess ECs through their role as a decoy against im-
mune response, protecting functional vector particles, has been sug-
gested.10 In this view, a resultant strategy proposed admixing
sequence-modified, non-receptor-binding ECs of the same serotype
in a precisely tailored ratio to a clinical lot of functional vector mate-
rial (EC-free).11 Importantly, in both scenarios, the removal of “co-
existing” ECs remains a critical step. From a bioprocessing stand-
point, the similarity in size and surface charge characteristics of these
ECs with vector capsids (VCs) makes their removal challenging.

Ultracentrifugation (UC) approaches developed to remove ECs were
based on density-gradient media such as cesium chloride or iodixa-
nol, where ECs and VCs were separated based on their buoyant den-
sity.12–14 Although large-scale UC has been industrially demonstrated
in viral vaccine15,16 and AAV vector purification,17 the capital invest-
ment associated with this technology makes it difficult to implement
in small and medium-size facilities. In parallel, various chromato-
graphic protocols developed alone or in combination with UC to
generate EC-free high-purity clinical-grade AAV material have
been reviewed in detail and published.18

To further address UC-associated challenges, especially relevant in
high-dose vector preparation for systemic administration (1012–1014

viral genomes [VG]/kg)19,20 and achieving an end-to-end linear scal-
ability in the manufacturing process, multimodal chromatographic
approaches emerged as a tool for overall downstream processing,
including removal of ECs. These chromatographic protocols incorpo-
rate primary capture steps and intermediate purification steps of a spe-
cific modality21–36 followed by an anion-exchange chromatography
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Table 1. Summary of affinity-purification process characteristics

Sample VG/mL Volume (mL) Total VGs VG recovery, %

AAV5-gfp/AVB sepharosea,b

Feed 8.03 � 1010 1,000 8.03 � 1013 –

Flowthrough 3.07 � 1009 1,000 3.07 � 1012 3.82

Column wash 7.13 � 1008 50 3.57 � 1010 <1

Elution 6.72 � 1012 10 6.72 � 1013 83.69

AAV8-gfp/capture select AAVXa,b

Feed 3.19 � 1010 1,000 3.19 � 1013 –

Flowthrough 5.47 � 1008 1,000 5.47 � 1011 1.71

Column wash 9.81 � 1007 50 4.91 � 1009 <1

Elution 2.61 � 1012 10 2.61 � 1013 81.82

AAV6-gfp/capture select AAVXb

Feed 2.87 � 1010 1,000 2.87 � 1013 –

Flowthrough 7.24 � 1008 1,000 7.24 � 1011 2.52

Column wash 1.13 � 1008 50 5.65 � 1009 <1

Elution 2.33 � 1012 10 2.33 � 1013 81.18

AAV6-cas9/capture select AAVXb

Feed 2.58 � 1010 1,000 2.58 � 1013 –

Flowthrough 5.44 � 1008 1,000 5.44 � 1011 2.11

Column wash 8.75 � 1007 50 4.38 � 1009 <1

Elution 2.15 � 1012 10 2.15 � 1013 83.33

AAV9-gfp/capture select AAVXb

Feed 2.04 � 109 550 1.12 � 1012 –

Flowthrough 1.16 � 108 550 6.40 � 1010 5.7

Column wash 1.39 � 108 40 5.54 � 109 <1

Elution 8.8 � 1010 10 8.8 � 1011 78.23

VG, viral genomes analyzed via ddPCR.
aAverage value for multiple runs (n = 3), relative SD < ± 10%.
b5 mL prepacked column.
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(AEX) step for removal of ECs.30,37–40Moreover, anion-exchange pro-
tocols involving chromatographymedia with improvedmass transfer,
such asmonolithic stationary phases40 or adsorptivemembranes, have
also been reported.39,41 These reports were specific to a particular sero-
type, such as AAV1,39 AAV2,42 AAV6,43 and AAV8.39–41 A recent
report on VC enrichment of natural and engineered rAAV vectors
from the affinity-purified preparations employing an AEX protocol
demonstrated a step closer toward a generic AAV purification
method.30

As part of our sustained efforts directed at improving AAV
manufacturing technology, we report herein the development of a
simple and scalable AEX protocol for removal of ECs and consequent
enrichment of AAV5 VCs produced in insect-cell cultures. The
generic nature of this AAV5-AEX protocol was further validated
using AAV serotypes produced in mammalian cell cultures, demon-
strating adaptability to different serotypes. Importantly, the discon-
tinuous-gradient elution process, carefully tailored for each serotype,
showed the robustness amenable to cGMP operation.
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RESULTS
AAV sample preparation for AEX

In this study, immunoaffinity-purifiedAAVwas used as a startingma-
terial. Besides providing high recovery in a single step, the affinity-pu-
rification step substantially increases the concentration of AAV and
reduces the amount of non-AAV-related impurities. The immunoaf-
finity step recovery of genomic particles (VGs) for various AAV sero-
types was found to be around 80%–85%, despite the starting lysate
material originating from two different production platforms (in-
sect-cell cultures and mammalian-cell cultures), containing different
host-cell impurities. Table 1 shows a summary of overall recovery in
flowthrough, wash, and eluted AAV collections during affinity-purifi-
cation runs of insect-cell-produced AAV5-gfp and mammalian-cell-
produced AAV6-gfp, AAV6-cas9, AAV8-gfp, and AAV9-gfp.
Screening of different salts and their effect on AAV5 elution

profile in AEX

The prime task was to optimize the anion-exchange conditions such
that the minute difference in net negative charge between AAV5 ECs
and VCs can be exploited at a preparative scale. The screening of
various mono (NaCl) and divalent (Na2HPO4 and Na2SO4) salts
was conducted to understand the effect of the valence of the anionic
counter-ions (chloride, monohydrogen phosphate, or sulfate) on the
resolution and separation efficiency of AAV5 ECs over a continuous
elution gradient. The affinity-purified AAV5 material was loaded
onto an anion-exchange medium (CIMac AAV empty/full 0.1 mL,
1.3 mm pore diameter), and, after wash, it was subjected to a 20–
420 mM linear salt concentration gradient over 200 column volumes
(CV) (Figure 1). Each salt produced a distinct elution pattern where
AAV5 particles eluted at low ionic strength, indicated as peaks 1
(ECs) and 2 (VCs) (Figure 1). The divalent salts not only provided
better resolution of the two AAV-associated peaks but also displayed
260/280 nm absorbance ratios with values close to those representa-
tive of ECs and VCs (Table S1). Compared to NaCl, AAV5 elution at a
lower salt concentration of divalent monohydrogen phosphate and
sulfate indicate their higher displacement strength. Moreover, relative
to NaCl, the peaks eluted with divalent salts were narrower and with
less peak overlapping (Figure 1), suggesting improved enrichment
and separation of VCs from ECs by divalent anions.

To account for the 3-fold difference in ionic strengths resulting from
the different valences of the Cl� and SO4

�2 ions, elution was studied
by matching the ionic strength (IS) of the gradient and the slope.
Based on the previous elution of AAV5 capsids in the range of 20–
30 mM Na2SO4, the continuous gradient was run from 60–90 mM
ionic strength at gradient slope adjusted to 2 mM IS/CV for both
NaCl and Na2SO4. In the Na2SO4 gradient, the AAV5 capsids eluted
at 60–90 mM ionic strength. In contrast, no AAV5 elution occurred
in this range of the gradient in NaCl, where instead elution occurred
at higher ionic strength (100–130 mM). The separation of EC and VC
peaks in NaCl remained similar to that shown in Figure 1A.

The sulfate salt was selected over monohydrogen phosphate based
on the relative ratio of signal intensity and absorbance peak area
021



Figure 1. AAV5-gfp AEX elution profile under

continuous gradient of different salts

The AEX column used in this study was a CIMac Q 0.1

AAV, processing buffer is 25 mM BTP (pH 9.0), and salt

concentration gradient ranges from 20–420 mM in 200 CV

with the slope of 2 mM salt/CV. The process flow rate was

0.5 mL/min. The magnified image of the AAV5 capsid

peaks (peak 1 and 2), and corresponding salts’ chemical

structures are shown on the right-hand side. (A) AAV5-gfp

elution in a NaCl continuous gradient. AAV5 capsid elution

range is 100–130 mM. (B) AAV5-gfp elution in a Na2HPO4

continuous gradient with AAV5 eluting in the range of 25–

35 mM. The larger AUP of the VC peak does not correlate

with the VC proportion relative to ECs when compared

with the sv-AUC profile of starting material. This indicates

the co-elution of ECs in VC peak fraction. (C) AAV5-gfp

elution in a Na2SO4 continuous gradient, where EC and

VC peaks elute at a concentration range of about 20–

30 mM. The 260/280 nm signal ratio closely corresponds

with the known values of the EC and VC standards and sv-

AUC results. AEX, anion-exchange chromatography; sv-

AUC, sedimentation velocity analytical ultracentrifugation;

AUP, area under the peak; CV, column volume; EC, empty

capsid; VC, vector capsid.
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at 260 nm and 280 nm for EC and VC peaks. For monohydrogen
phosphate, the higher peak area of peak 2 compared to peak 1 indi-
cated ECs being co-eluted with VCs (Table S1). The A260/280 ratios
and peak areas in sulfate were more representative of ECs and
VCs, as confirmed by a comparative analysis of these peak areas
against sedimentation velocity analytical UC (sv-AUC) profiles
(Table S1).

Effect of chromatographic buffer composition and mode of

operation

A pH screening study at pH 9.0, 9.5, and 10.0 was conducted to
investigate its effect on the separation efficiency. No improvement
in separation efficiency was observed above pH 9. Preparative scale
process optimization was conducted on a fast protein liquid chro-
matography (FPLC) system employing a 1 mL scale AEX monolith
Molecular Therapy: Methods
column (CIMmultus QA 1 mL, 0.95–1.15 mm
pore diameter) using bis-Tris propane (BTP)
buffer (pH 9.0 ± 0.02) with 50 mM Na2SO4

salt in the elution buffer. A shallow contin-
uous-gradient (0.66 mM IS/CV) process (Fig-
ure 2A), which efficiently separated EC and
VC populations (Figure 2B), was developed.
SDS-PAGE analysis of the eluted peak fractions
(Figure 2C) confirmed that most AAV capsids
eluted in peaks 1 and 2. Digital-droplet poly-
merase chain reaction (ddPCR) (Figure 2D;
Table S2) and alkaline agarose gel analysis
(Figure S1A) showed that the ECs eluted first
in early elution fractions followed by VCs.
Peak 3 and high-salt-wash fractions (100% B
and 2 M NaCl wash) also contained residual AAV. From this
continuous-gradient elution, a step-gradient elution process that
resolved two capsid populations with operational simplicity was
derived (Figure 2E). The sv-AUC analyses indicated 80% VCs and
20% ECs (Figure 2I) in the genomic peak fraction (Figure 2F),
whereas the EC peak fraction showed over 95% ECs (Figure 2H).
As a result, the VC content was enriched by ~9-fold from the initial
~9%, and EC content was reduced 4.5-fold from an initial ~91%
(Figure 2G). It is notable that the relative proportion of the 79S pop-
ulation with respect to 95S also got reduced from 37% to 18% in the
VC peak fraction. The summary of sv-AUC analyses expressed as
fold improvement in VC enrichment is provided in Table 2. The
calculation of the percentages of ECs and VCs from sv-AUC data
of a representative AAV5 sample is demonstrated in the Supple-
mental calculations.
& Clinical Development Vol. 21 June 2021 343
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Figure 2. AAV5-gfp AEX process development

(A) AEX-process chromatogram of AAV5-gfp in a continuous gradient of elution buffer. Peaks eluting in this continuous gradient (peak 1, 2, and 3) and corresponding to AAV

capsids are shown in a box. Multiple fractions were collected and analyzed by ddPCR to determine the presence of AAV capsids and packaged genome, respectively. (B)

(legend continued on next page)
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Notably, the 95S VC population of the starting material (Figure 2G)
appeared as an 89S population in the VC capsids (Figure 2I)
collected in the AEX process. Interestingly, the packaged genome
size was similar in both of these samples as analyzed via alkaline
agarose gel electrophoresis (Figure 3D, AAV5-lanes 1 and 3).
Although not clear, the higher S values (95S) could be due to the
interaction of the VC population with other sample matrix compo-
nents present in the affinity-purified material. The VC and EC con-
tents of the same fractions were also analyzed by the optical-density
measurement method,44 and these results are in agreement with the
sv-AUC results, as shown in Table 3. It should be noted that within
the scope of this paper, the term VC refers to the entire population
of AAV capsids encapsidating genomic material unless otherwise
specified.

The VC fraction collected from the step-gradient run, when subjected
to the second round of enrichment via continuous-gradient AEX run
(Figures S1B–S1D), exhibited baseline separation of the residual EC
population (~20%) from the VC population (Figure S1D), yielding
a chromatographic profile resembling the sv-AUCprofile (Figure S1E)
of the VC peak fraction from a step-gradient elution (Figure S1B).
This study further suggests that a near-complete removal of any resid-
ual ECs and additional VC enrichment can be effectively achieved via
a second round of AEX run if needed.

AAV5 AEX-step reproducibility

For the reproducibility study, the affinity-purified AAV5 material
from three different production runs was subjected to the AEX-step-
gradient protocol. The sv-AUC profiles of VC peak fractions and
graphical representation of reproducibility in VC enrichment from
sv-AUC data are shown in Figures 3A and 3B. A lot-to-lot enrichment
of samples inVCswith a relative standarddeviation<5%was achieved.

Characterization of AEX-processed AAV5 lot

In addition to sv-AUC analysis, the purified and enriched VC prep-
arations of AAV5 were analyzed for identity, purity, VP proteins
ratio, and vector genome packaging using SDS-PAGE and alkaline
agarose gel electrophoresis (Figures 3C and 3D). The SDS-PAGE
profile confirms (1) EC and VC fractions with reduced protein im-
Magnified image of AAV5 EC and VC capsid peaks eluted in a continuous gradient. (C)

Three bands corresponding to three VP subunits indicate the presence of the AAV cap

residual AAV VC capsids eluted at high-salt-wash step. However, in contrast to AAV5 EC

be concentrated (~35�) before SDS-PAGE analysis to show a detectable signal. The h

impurities present in the affinity-purified material. (D) VG analyses, via ddPCR, of multiple

in peak 1 (fractions 1–5), whereas around 70% of VGwere detected in peak 2 (fractions 6

VC capsids in peak 3 at the high-salt-wash (100% B) step. (E) AAV5-AEX chromatograp

eluent salt) of a step-gradient run. AAV5 EC and VC peaks are shown in a box. (F) Ma

ddPCR). The first peak with AUP value for A260/280 ratio of 0.58 corresponds to ECs,

dominantly the genome containing VCs. (G) sv-AUC profile of the affinity-purified AAV5

were detected: (1) light capsids, 65S (ECs); (2) heavy capsids, 95S (VCs); and (3) interm

91% (65S), 3.5% (79S), and 5.5% (95S). (H) sv-AUC profile of AAV5 EC fraction. The do

translate to their relative proportion of 95.6% and 4.4%, respectively. The absence of a p

of AAV5 VC fraction. The three distinct populations at 65S, 79S, and 89S have a relati

lymerase chain reaction; VG, viral genome copies.

Molecul
purities, and (2) three VP subunit proteins in a near prototypic ratio
(1:1:10). The alkaline agarose gel electrophoresis profile also dis-
played two characteristics. First, in the EC fraction, a genome of
<3 kb in size was detected in the form of a smear (Figure 3D,
AAV5-gfp, lane 2), whereas the band(s) representing a large-size
genome (>3 kb) was too faint to detect. Second, both a small-size
genome (<3 kb) and a high-molecular-weight genome (3–4.5 kb)
were present in the VC fraction (Figure 3D, AAV5-gfp, lane 3).
The small genome (<3 kb) may represent fragments smaller than
the vector expression cassette (3.8 kb), and the larger genome
(>3.8 kb) may potentially represent co-packaging of other fragments
with vector cassette.

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

AEX-step generalization for AAV6, AAV8, and AAV9 serotypes

The AEX process generalization was studied by assessing its effi-
ciency in the enrichment of VCs for other clinically relevant sero-
types, AAV8, AAV9, and AAV6. We decided to use 10 mM BTP
(pH 9.0) and sulfate salt with the monolith column. The affinity-pu-
rified material of serotypes AAV8 and AAV6 was first subjected to
the continuous-gradient elution process (Figure S2) and, thereafter,
a discontinuous-gradient process. Specific to serotypes, gradient step
and buffer composition were adjusted to optimize the separation of
ECs and VCs (Figure 4).

The sodium sulfate salt used for AAV5 was replaced with magnesium
sulfate for AAV8. Magnesium sulfate offered slightly higher VC
enrichment, as indicated by sv-AUC analysis of the VC peak fraction
(Figures S3A and S3B). The magnesium sulfate salt was also used in
the AAV6-AEX process, but initially AAV6 eluted as a single broad
SDS-PAGE analysis of multiple fractions collected from a continuous-gradient run.

sid. Peak 3, 100% B, and 2 M NaCl fractions show the AAV VP bands, indicating

and VC fractions, these three fractions and the flowthrough fraction were required to

igh UV 280 nm signal in peak 3 may also indicate the co-elution of residual protein

fractions collected from continuous-gradient run. A total of 13% VGs were detected

–10). The presence of ~5% VGs in fraction 11 represents the elution of residual AAV

hic profile employing optimized process conditions (10 mM BTP and Na2SO4 as an

gnified image of AAV EC and VC peak fractions (as confirmed by SDS-PAGE and

whereas the second peak with AUP value for A260/280 ratio of 1.21 indicates pre-

-gfp. Three distinct AAV capsid populations with unique sedimentation coefficients

ediate population, 79S. The relative percentages of each of these AAV5 variants are

minant peak of ECs at 65S and a second small peak of intermediate species at 79S

eak at 95S indicates no detectable co-elution of VCs in this fraction. (I) sv-AUC profile

ve proportion of ~19%, ~15%, and ~66%, respectively. ddPCR, digital-droplet po-
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Table 2. Summary of VC enrichment via AEX

Sample

Relative proportion, %

Fold VC enrichment Relative ratio (ECs:VCs)
Relative ratio
(heavier:intermediate capsids)

ECs VCs

Lighter capsids Intermediate population Heavier capsids

AAV5-gfpa,b

66S 79S 95S – – –

Affinity-purified AAV5 90.91 3.43 5.66 – 10:1 1.6:1

EC peak fraction 95.6 4.4 ND – – –

VC peak fraction 19.81 14.69 65.50 (89S) 8.8� 1:4 4.4:1

AAV8-gfpa,b

63S 74S 84S – – –

Affinity-purified AAV8 62.56 2.03 35.41 – 1.7:1 17.4:1

EC peak fraction 96.6 ND 3.4 – – –

VC peak fraction 3.13c 4.22 92.65 2.6� 1:31 22:1

AAV6-gfpd

Affinity-purified AAV6 63.17 36.83 – 1.7:1 –

EC peak fraction 93.28 6.72 – – –

VC peak fraction 5.36 94.64 2.6� 1:18 –

AAV6-cas9d

Affinity-purified AAV6 60.59 39.41 – 1.5:1 –

EC peak fraction 95.72 4.38 – – –

VC peak fraction 4.54 95.46 2.4� 1:21 –

AAV9-gfpd

Affinity-purified AAV9 67.63 32.37 – 2.1:1 –

EC peak fraction 94.96 5.04 – – –

VC peak fraction 5.28 94.72 2.9� 1:18 –

AEX, anion-exchange chromatography; EC, empty capsid; VC, vector capsid; ND, not detected.
aAverage value for multiple runs (n = 3), relative SD < ± 5%.
bValues reported from sv-AUC analyses for determination of the relative proportion of ECs and VCs are based on 260 nm signal data.
cNo visible peak of AAV8 63S was observed in AUC profiles of VC fraction (Figures 4E and 5A). In the sample with a very low UV signal, a small peak at 63S was observed (e.g.,
Figure 5A, lot #2). Although not clear if it was the noise of the UV detection, as the absorbance was below 0.001, calculations were made based on the UV signal peak area at this
63S position so as not to exclude the possibility of the 63S population present in trace amount.
dValues reported from the optical-density method for determination of the relative proportion of ECs and VCs.
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peak (Figure S3C). The addition of 5 mMMgSO4 to both the column
equilibration buffer and the buffer-exchanged sample solved the
problem of single-peak elution, and AAV6 ECs and VCs eluted as
separate peaks in a continuous gradient (Figure S3D). The 5 mM
salt supplementation strategy was ultimately applied to AAV5
(Na2SO4) and AAV8 (MgSO4) as well. This additional salt supple-
mentation helps retain components in flowthrough, which may
otherwise bind in the absence of additional salt and elute at 5 mM salt.

The chromatograms of representative step-gradient AEX processes
for AAV8 and AAV6 vectors and sv-AUC profiles of AAV8 EC
and VC peak fractions are shown in Figure 4. The proportion of
VC population (74S + 84S) in the VC peak fraction of AAV8 was
increased to near 100% from the 37% observed in starting material
as analyzed by sv-AUC (Figures 4A–4E), whereas no visible peak at
63S corresponding to AAV8 ECs was observed in this fraction. Com-
346 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
parable results were also obtained by the optical-density method
(Table 3). Because of limited access to the AUC instrument and
demonstrated comparability between sv-AUC and optical-density
method determination of relative percentage ECs and VCs, the
AAV6 samples were analyzed only by the latter method. Similar to
AAV8, the final vector preparation of AAV6 also consisted of over
90% VCs (Table 2). The AEX process recovery and yield results for
all serotypes are shown in Table S3.

Further characterization of AEX-processed lots via SDS-PAGE
confirmed the purity of enriched VC fractions of AEX-purified
AAV8-gfp and AAV6-gfp, which showed no major detectable protein
impurities except a visible band of >250 kDa (Figure 3C). The alkaline
agarose gel electrophoresis profiles of AAV8-gfp also showed the
bands of <2 kb in size in the EC fraction (Figure 3D, AAV8-gfp,
lane 2), indicating the co-elution of AAV8 capsids carrying small-
021



Figure 3. AAV5-AEX process reproducibility and characterization of AEX-processed AAV material

(A) sv-AUCprofiles ofOneBac/Insect cell producedAAV5VCpeak fractions collected from three different runs representative of three different production batches of AAV5. (B)

Graphical representation of the AEX process reproducibility data for AA5-gfp. The individual column represents the percent relative proportion of ECs, VCs, and intermediate

capsids determined from sv-AUC data of affinity-purified starting material and VC peak fractions. The VC peak fractions were collected from a representative optimized

discontinuous gradient AEX process. The variability is represented by an error bar (RSD < 5%). (C) SDS-PAGE analysis of AEX-processed AAV fractions. Lanes 1, 2, and 3

correspond to the affinity-purified starting material, EC fraction, and VC fractions, respectively. For all serotypes, three major bands correspond to three VP subunits of AAV

capsids. The gel image shows an absence of major protein impurities except that of >250 kDa in EC and VC (panel 2 and 3) fractions. (D) Alkaline agarose gel electrophoresis

profile for vector genome analysis of AEX-processed AAV fractions. Lanes 1, 2, and 3 correspond to the affinity-purified starting material, EC fraction, and VC fractions,

respectively. Notably, the size of the expression cassette (from ITR-to-ITR) for AAV5-gfp, AAV8/6-gfp, andAAV6-cas9 is 3.79 kb, 2.9 kb, and 4.8 kb, respectively. (1) AAV5-gfp.

In the case of affinity-purified AAV5-gfp sample (lane 1), the maximum packaged size is around 4.7 kb followed by a continuous smear between 3–4.5 kb, two visible bands

around3kb and2.8 kb, and finally a smear below2.8 kb. In theEC fraction, a smear of size up to 2.4 kb is visible, indicating the presence of capsids packaging small-molecular-

weight DNA. A similar trend is also visible as 79S intermediate capsid in the sv-AUC profile. In the VC capsid fraction (lane 3), similar to the affinity-purified sample, high-

molecular-weight packaged DNA (3–4.5 kb), and low-molecular-weight DNA (<3 kb) are visible. (2) AAV8-gfp. In the case of the affinity-purified sample, the maximum

packaged size for AAV8-gfp (lane 1) is around 5 kb, which is followed by a smear (3–5 kb) andmultiple distinct bands <3 kb. In the EC fraction (lane 2), three bands <2 kb in size

are visible, indicating the presence of capsids packaging small-size DNA. In the VC capsid fraction (lane 3), similar to the affinity-purified sample, high-molecular-weight DNA

bands, a faint band at ~5 kb, and twodominant bands of 2.8 kb and 3 kb size are visible. Low signal intensities in this sample indicate a low sample amount compared to lane 1,

(legend continued on next page)
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size intermediate genomicmaterial. In the case of AAV6-gfp, the band
of the size of the expression vector (2.9 kb), as well as smaller genome
fragment (<2 kb), were detected in EC fraction (Figure 3D, AAV6-gfp,
lane 2).

The AEX-step reproducibility, as demonstrated earlier for insect-cell-
produced AAV5-gfp, was also assessed for HEK293-produced AAV8-
gfp vectors. Three production lots of immunoaffinity-purified AAV8
vectors were subjected to the step-gradient AEX process (Figure 4A).
The sv-AUC analysis of EC and VC fractions collected from these
runs also showed a lot-to-lot reproducibility (Figures 5A and 5B) in
VC enrichment with a variability of <5% relative standard deviation
(RSD).
Further generalization of AEX-step

The versatility, herein defined as the ability of the AEX process to
exhibit transgene-independent separation efficiency of ECs and
VCs, was assessed for serotype-6-derived recombinant vectors.
AAV6 was selected due to its reported potential in cell therapy and
gene delivery applications.45 An additional AAV6-cas9 (4.8 kb) vector
was selected for this study. The affinity-purified AAV6-cas9 vector,
when subjected to the AAV6-gfp AEX process (under both linear
and step-gradient elution modes), eluted at the same salt ionic
strength (% B steps) and showed EC and VC elution profiles identical
to that of AAV6-gfp (Figures 4F, 4G, S1C, and S1D). Both quantitative
(Table 2) and qualitative enrichment (Figures 3C and 3D) of AAV6-
cas9 VC were comparable to that of AAV6-gfp.

The AEX process developed for AAV8 was further assessed in a
chromatography medium with a different resin matrix geometry
and chemistry. The affinity-purified AAV8-gfp vector material was
subjected to the same continuous-gradient AEX process using two
different anion-exchange column configurations and matrices:
monolith and packed bed. Notably, in both cases, the range of the
salt gradient and its slope (1 mM IS/CV) were kept the same,
whereas the flow rate was reduced from 10 mL/min on a monolith
to 3 mL/min for packed bed to be within acceptable backpressure
limits. Representative chromatograms of the AAV8-gfp purification
are superimposed in Figure 5C. No substantial differences in the
AAV8 EC and VC elution profiles and characteristics (Table S4)
were observed.

A more basic capsid such as AAV9-gfp presented unique characteris-
tics. In the conditions used for other strains (90% A + 10% B) and at
100% A, the AAV9 capsids did not bind to the CIMmultus QA col-
whichmay be due to possible loss during the concentration step using centrifugal filters o

of capsids primarily and preferentially packaging complete vector (ITR-to-ITR). A trend s

(lane 3), a dominant band at ~3 kb indicates capsids with primarily packaging complete

fractions (lane 3), dominant high-molecular-weight DNAbands around5kband4 kbare v

vector sequence. The faint smear below the 4 kb size indicates a continuum of intermed

small-molecular-size DNA in AAV6-cas9 EC fraction may attribute to either their presen

agarose gel profiles of AAV9 feed and EC and VC fractions were similar to AAV8 and AAV

RSD, relative standard deviation,
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umn and remained in the flowthrough and column wash fraction,
as confirmed with SDS-PAGE analysis of these fractions (Figures
S4A and S4B). Next, AAV9 material was loaded onto the POROS
HQ resin and found to bind in column equilibration condition with
reduced salt (98% buffer A, 2% buffer B; Figure 5D). The bound
AAV9-gfp capsids were first eluted under continuous-gradient
elution followed by the development of a step-gradient elution proto-
col (Figure 5E). As expected, under a step-gradient elution protocol
fine-tuned to achieve efficient separation between EC and VC popu-
lations, a highly enriched VC material exhibiting purity (Figure 3C)
and packaged genome (Figure 3D) characteristics comparable to
AAV6 and AAV8 was generated. Moreover, the A260/280 ratio of
1.09 (Figure S4C) and VC proportion of more than 90% as analyzed
via absorbance (Table 2) suggested comparable process performance.
DISCUSSION
The utilization of universal and highly effective UC-based protocols
for large-scale AAV VC enrichment is limited by the availability, res-
ervations to adapt and install, and operational feasibility in current
GMP facilities for AAV production. Various GMP-amenable ion-ex-
change column chromatography protocols have also been reported to
separate ECs and VCs based on minute differences in net capsid
charges, obtaining varying degrees of VC enrichment. Many of these
reported protocols were serotype-specific with limited application to
other serotypes, and in recent times interest has grown in developing
an AEX protocol that can be rapidly adapted to different serotypes to
generate EC-free vector material. Aligned with this interest, in this pa-
per we have reported a scalable anion-exchange chromatographic
process for AAV5 VC enrichment with its adaptability demonstrated
for other serotypes with minor adjustments.

During the salt-screening study, AAV5 elution in a continuous NaCl
gradient displayed poor resolution and separation, with substantial
overlapping between EC and VC peaks (Figure 1). Compared to
monovalent chloride salt, the high-ionic-strength divalent anionic
salts sodium monohydrogen phosphate (HPO4

�2) and sodium sul-
fate (SO4

�2) eluted AAV5 ECs and VCs with high-resolution separa-
tion of ECs and VCs (Figure 1), resulting in better VC enrichment as
shown by A260/280 ratio (Table S1). This observation was different
from the previous AAV5-related publications, where the VC enrich-
ment was achieved using either a weak anion exchanger (POROS PI)
and a salt of monovalent chloride anions (KCl)38 or a strong anion
exchanger (POROS HQ) and salt of acetate (Tris-acetate)30 or chlo-
ride (NaCl).29,41 Better resolution and separation of AAV1 ECs and
VCs on high-performance liquid chromatography (HPLC)-scale
r low sample recovery after the sv-AUC run. The band at ~3 kb indicates the presence

imilar to AAV8-gfp is also visible in (3) AAV6-gfp fractions, where, in the VC fraction

vector sequence. (4) AAV6-Cas9. In both affinity-purified (lane 1) and enriched VC

isible, suggesting capsids preferentially packaging larger-size (highmolecularweight)

iate capsid population packaging non-specific fragments of DNA. No visible band of

ce at the level below the LOD or absence in the sample. (5) AAV9-gfp. The alkaline

8 vectors with the gfp cassette. ITR, inverted terminal repeats; LOD limit of detection;
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Table 3. Comparability evaluation between sv-AUC and optical-density

measurement for determination of relative percentage of ECs and VCs in

purified AAV preparations

Sample

sv-AUC analyses
Optical density
method44

ECs, % VCs, % ECs, % VCs, %

Affinity-purified
AAV5-gfp

90.91 9.09 89.71 10.29

AAV5-gfp/EC peak fraction 95.6 4.4 89.32 10.68

AAV5-gfp/VC peak fraction 19.81 80.19 10.57 89.43

Affinity-purified
AAV8-gfp

62.56 37.44 61.07 38.93

AAV8-gfp/EC peak fraction 96.60 4.4 90.56 9.44

AAV8-gfp/VC peak fraction 3.13 96.87 4.37 95.63

sv-AUC, sedimentation velocity analytical ultracentrifugation; EC, empty capsid; VC,
vector capsid.
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column packaging analytical-grade nonporous 3 mm Mini Q beads
was reported upon replacement of NaCl with kosmotropic salts of
NH4

+, PO4
�3, and SO4

�2.46

The intrinsic net negative charge differences of AAV5 ECs and VCs
were exploited, employing a shallow elution gradient (0.66 mM IS/
CV) of sodium sulfate salt, which resulted in improved resolution
and separation compared to previous results. Although improved
from the previous value of 0.49, the resolution coefficient of 0.77
was still less than ideal (>1.5), with reduced yet evident co-elution of
ECs and VCs. The development of the step-gradient elution protocol
was achieved via progressive improvements from a continuous-
gradient run. The step changes were empirically applied and fine-
tuned to understand the elution behavior and achieve the best possible
separation efficiency, enrichment of VCs at a minimum cost of overall
recovery. Our experience from the step-gradient protocol develop-
ment suggests that the buffer B concentration at empty and genome
capsid peak maxima in a shallow continuous-gradient run
(0.66 mM IS/CV) offers a good starting point for a step change, which
can be rapidly fine-tuned applying minimal adjustments.

A discontinuous (isocratic/step)-gradient elution protocol was thus
developed, specifically tailored to ensure maximum EC removal,
maximizing the VC enrichment and recovery. As a result of step
optimization, substantial elution of ECs was achieved preceding
the VC elution step. The partial co-elution of the intermediate pop-
ulation in both EC and VC (encapsidating full-length genome: ~4.7
kb) fractions indicated that its net negative charge lies between the
two populations at the extremities. The VC elution step was also
optimized to ensure minimum co-elution of contaminants (eluting
just after the VC peak; Figure 2A, peak 3) present in the affinity-pu-
rified starting material. A slightly lower salt concentration step was
selected to achieve this, which resulted in high purity and VC recov-
ery (73%) at the expense of only 6% of VGs co-eluting in the later
fractions with other contaminants. The collective recovery of the
VGs in all fractions was above 90% (Table S3). SDS-PAGE analysis
Molecul
(after 35� concentration) showed that peak 3 had AAV VP compo-
nents. However, this fraction did not show a significant proportion
of VGs in ddPCR analysis (Figure 2D). This fraction may be
composed of broken AAV capsid components (from low pH affinity
elution), AAV aggregates, or other AAV capsid variants lacking
packaged vector DNA.

The 80% AAV5 VC proportion in the step-gradient VC fraction as
determined via sv-AUC analysis was comparable to the 82% (also
analyzed via sv-AUC) recently reported by the team of Sanofi.30 In
both cases, despite different AAV5 production platforms and tech-
nology (One-Bac/Sf9 in our case and HEK293/triple plasmid trans-
fection at Sanofi), the affinity-purified starting material consisted of
approximately similar fractional content of ECs (91% in our case
and 86% in the case of Sanofi) resulting in comparable fold reduction
in ECs (~5�) after AEX-step. In other reports, the AAV5 VC content
in the purified preparation was reported as 90%38 or near 100%,29 as
determined from negatively stained transmission electron micro-
scopy (TEM) analysis. The AEX-step recovery of 73% for AAV5 re-
ported herein is higher than the previous reports of 6%38 and 54%.30

The sulfate-based step-gradient elution approach initially developed
for AAV5 was also successfully applied to gfp-expressing AAV6
and AAV8 vectors and Cas9-expressing AAV6 vector. For both sero-
types, the step-elution profiles, VC enrichment (>90%), and recovery
(80%–83%) were similar, demonstrating the versatility of the protocol
independent of the serotype or the transgene. More than 95%VC pro-
portion in AAV8-gfp preparation was comparable to previous AAV8
specific reports utilizing membrane anion-exchangers.39,41 The AEX-
step-gradient recovery of 81% is higher than the previous reports,
where it was reported to be 43%39 or 67%.41 Similarly, for AAV6-
gfp, the >90% VC proportion in the final preparation is comparable
with the previous report.30

The monolith stationary phase is composed of a relatively uniform
channel structure with dimensions sufficiently large to provide ready
access to the ligand (binding site). The mass transfer is mainly driven
by convective transport, whereas the effects of Eddies (randommigra-
tion path) and pore diffusion limitations are minimized, offering bet-
ter separation efficiency compared to packed-bed columns. In
packed-bed columns, the overall mass transfer and separation effi-
ciency are affected by all three means of mass transfer (convective
transport, pore-diffusional limitation, and Eddie diffusion-random
pathways). Overall, these geometrical differences between the two
columns’ formats may be responsible for different resolution coeffi-
cients (Table S4) and separation profiles (Figure 5C) achieved for a
given serotype under the same buffer and gradient run conditions.

The earlier elution time (lower elution strength) in CIMmultus QA
monolith can be potentially explained by the lower binding capacity
resulting from a lower ligand amount and/or ligand density compared
to POROS HQ resin. The reported dynamic binding capacity for BSA
for both columns per the supplier’s product information documents
areR20 mg/mL for CIMmultus QA and 76–106 mg/mL for POROS
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 349
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Figure 4. AAV-AEX process generalization demonstration for AAV6 and AAV8 serotype vectors

(A) AAV8 AEX chromatographic profile employing optimized process conditions of step-gradient AEX run. (B) Magnified image of two peaks corresponding to AAV8 capsids,

as confirmed by SDS-PAGE and ddPCR. The first peak with A260/280 ratio of 0.53 correlates to ECs, whereas the second peak with for A260/280 ratio of 1.33 correlates to the

genome-containing capsids. (C) sv-AUC profile of AAV8 starting material (affinity-purified AAV8-gfp). Three distinct AAV capsid populations with unique sedimentation

coefficients are (1) light capsids, 63S (ECs); (2) heavy capsids, 86S (VCs); and (3) intermediate population, 74S. The relative percentages of each AAV8 capsid variant are

62.5% (63S), 2% (74S), and 35.5% (84S). Note the differential 260/280 nm signal profile for ECs and VCs, the intensities of which directly correspond to molar absorption

coefficients of AAV8 capsid protein, packaged DNA, and their proportion. (D) sv-AUC profile of AAV8 EC fraction collected from a representative AEX run. The dominant peak

of ECs at 63S and a small peak of VCs at 84S correlate to their relative proportion of 96.6% and 3.4%, respectively. (E) sv-AUC profile of AAV8 VC fraction. The two

populations detected are intermediate species (74S) and heavy capsids-VCs (84S), with their relative proportion of 4.4% and 95.6%, respectively. (F and G) Step-gradient run

profile employing optimized process conditions AAV6-gfp (F) and AAV6-cas9 vectors (G). The higher 260 nm signal intensity in the VC peak of AAV6-cas9 (G) compared to

AAV6-gfp (F) potentially corresponds to the difference in the molar absorption coefficients due to different size vector DNA (gfp-2.9 kb Vs. cas9-4.8 kb).

Molecular Therapy: Methods & Clinical Development
HQ. This suggests that the ligand amount and/or ligand density in
POROS HQ is higher, offering more binding capacity and stronger
binding. As a result, higher salt concentration (higher ionic strength
350 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
or conductivity) is required for elution, resulting in later elution times
from POROS HQ compared to CIMmultus QA in equivalent gradi-
ents. These data suggest that AAV8 capsids remain bound to POROS
021



Figure 5. AEX-step reproducibility and adaptability demonstration for AAV8-gfp vectors

(A) sv-AUC profiles of HEK293SF cell produced AAV8-gfp VC peak fractions collected from three different production batches of AAV8, demonstrating reproducible

enrichment. (B) Graphical representation of the AEX process reproducibility data AA8-gfp. Each plot represents the relative % proportion of ECs, VCs, and intermediate

capsids determined from sv-AUC data for starting material and VC peak fractions. The VC peak fractions were collected from a representative optimized discontinuous

gradient AEX process. The variability is represented by an error bar (RSD < 5%). (C) Superimposed chromatographic elution profiles of AAV8-gfp AEX run using monolith

(CIMmultus QA-1 mL) and packed bed (POROS HQ-1 mL) under MgSO4 salt gradient from 20–120 mM ionic strength over 100 CV. In the case of monolith column, AAV8

ECs and VCs eluted at 36.5 mM and 50.5 mM ionic strengths, whereas, in the case of packed-bed column, ECs and VCs eluted at higher ionic strengths of 65.5 mM and

87.5 mM, respectively. (D and E) AEX continuous-gradient elution profile (D) and optimized step-gradient elution profile (E) of AAV9-gfp using the POROS HQ column. Note

the low elution strength of AAV9 capsids (<2 mS/cm conductivity) in a step-gradient run.
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HQ resin at the salt condition, where it elutes from CIMmultus QA
column. Higher ligand density on the POROS HQ compared to the
CIMmultus QA matrix is likely to explain the observed differences
in binding of AAV9 capsids. Moreover, this further suggests that
AAV9 capsids are relatively basic in nature and exert less net negative
charge (more positive charge) at pH 9 buffer conditions as compared
to other serotypes tested in this study.

Process scale limitations in our academic lab precluded performing
scale-up studies. However, the formats of the chromatography media
used in this study (monolith and packed bed) are readily scalable.
Packed-bed chromatography has been in regular use for biopharma-
ceutical manufacturing at various scales, including pilot and commer-
cial-scale production. Commercial scale-up using monolith is in
development for AAV-based gene therapy medicine.47 Given the
similar hydrodynamic (channel size and hence the porosity) and ther-
modynamic (ligand density, dynamic binding capacity) characteris-
tics across different scales (Table S5), an easy and readily implement-
able scale-up of our reported process with appropriate adjustments in
flow rate and loading conditions (AAV capsids/mL of column) can be
expected.

It was observed that the efficiency of chromatographic resolution of
ECs and VCs under continuous elution gradient and consequent
VC enrichment in a step-gradient process was inversely related to
the relative proportion of ECs in the affinity-purified startingmaterial.
The EC and VC peak resolution of the AAV5 sample containing 90%
EC fractional content was lower (Rs: 0.77) than the AAV8 or AAV6
(Rs: 1.1–1.3) sample having 65% of fractional EC content. Similar to
peak resolution, the consequent enriched VC content (% VC) in a
step-gradient process was also lower for AAV5 (81% VC) compared
to AAV6 or AAV8 (>90% VC). These findings are also in agreement
with the previous report, where AAV5VC enrichment was reportedly
as high as 100% when the starting material consisted of 55% of ECs as
opposed to the AAV5 starting material with 86% ECs, which resulted
in 82% of VCs post-single-step AEX.30 Both these reports suggest that
further VC enrichment may be achieved with an additional AEX cycle
by removing any residual ECs as demonstrated for AAV5 if needed
(Figures S1C and S1D). Moreover, while comparing the efficiency of
different chromatographic VC enrichment processes, the fractional
content of ECs and VCs in both starting and enriched material should
be considered for an accurate evaluation.

For AAV8, MgSO4 provided slightly better VC enrichment than
Na2SO4 (Figures S2A and S2B). Given that the anion is the same,
that indicates that the cation (Na+) plays some role in the separation.
In the case of AAV6, 5mMMgSO4 salt supplementation was found to
be a prerequisite for EC and VC separation in the form of two peaks
(Figure S2), suggesting a potential interaction with the AAV6 capsid.
Similarly, better separation and enrichment of AAV643 and AAV248

VCs was reported when 2 mM magnesium salt (MgCl2) was supple-
mented into the elution buffer. We found VC enrichment for AAV5
using MgSO4 to be inferior compared to that achieved with Na2SO4

(data not shown).
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The exact mechanism of AEX-based separation of AAV ECs and
VCs is not yet clear. Although competitive displacement is a well-
recognized elution model in general,49–53 the potential role of salt-
induced charge neutralization and/or conformational change in
the AAV capsids should not be overlooked. Further investigation
on the interaction of salts with genome-less AAV ECs and
genome-encapsidating VCs would be useful to better understand
the separation mechanism.

Employing various AAV characterization techniques, including sv-
AUC/optical-density analyses, ddPCR, SDS-PAGE, and alkaline
agarose gel analysis, we have demonstrated that the step-elution pro-
tocol using sodium or magnesium sulfate salt can efficiently generate
preparations highly enriched in AAV VCs and can be potentially
applied to multiple AAV serotypes. A schematic representation of
the overall manufacturing process flow is depicted in Figure 6. Similar
elution profiles of AAV8 capsids under the shallow continuous-
gradient run in bothmonolith and packed-bed resin columns indicate
that our AEX process can be readily adapted to two widely used chro-
matography media without requiring significant changes. We have
also demonstrated the effectiveness of this protocol for serotypes pro-
duced in two widely used platforms for commercial manufacturing of
AAV vectors.

MATERIALS AND METHODS
Cell culture and baculovirus

Stably transformed rep2cap5 packaging Sf9 cells (B8) and suspension
adapted mammalian cells (HEK293SF) used for rAAV viral vector
production were provided by Dr. Zolotukhin (University of Florida,
Gainesville, FL, USA) and Dr. Chahal (National Research Council
of Canada, Montreal, QC, Canada), respectively. The Sf9/B8 and
HEK293SF-cells were maintained in serum-free suspension cultures
at appropriate cell-culture conditions (27�C for Sf9 and 37�C, 5%
CO2, and 85% relative humidity for HEK293 cells) in a shaker incu-
bator (Infors, Basel, Switzerland) at 120 rpm speed of agitation. The
maintenance and productionmedium for insect cells andmammalian
cells were Sf900-II (Thermo Fisher Scientific, Waltham, MA, USA)
andHycell TransFx-H (Cytiva Life Sciences, Chicago, IL, USA) (addi-
tionally supplemented with 0.1% w/v of Kolliphor P188 and 4 mM
Glutamax), respectively. The cell density analysis for routine mainte-
nance flasks and virus production run was performed using the Vi-
Cell XR cell counter (Beckman Coulter, Brea, CA, USA). The recom-
binant baculovirus carrying the AAV transgene expression cassette
(Bac-gfp) consisted of an AAV2-ITR flanking egfp under the control
of chicken b-actin-CMV hybrid promoter. The recombinant baculo-
virus stock used for rAAV5 production was generated using naive Sf9
cells following a standard protocol, as published in our previous
report.54

Recombinant AAV vector production

AAV5 production in insect cells and AAV6 and AAV8 production in
HEK293SF cells was carried out applying baculovirus infection and
triple-plasmid transient transfection protocols, respectively, as previ-
ously reported.54,55 In brief, for AAV5 production, B8 Sf9 cells were
021



Figure 6. Schematic representation overall AAV

manufacturing process-flow incorporating two-

step chromatographic approach

AAV produced in insect cells via baculovirus expression

vector platform or in HEK239 cells via triple-plasmid

transient-transfection process are primarily recovered via

cell culture harvest and cell lysis. The clarified cell lysate

containing AAV is then subjected to the AAV im-

munoaffinity capture chromatography, where bound

AAVs are collected via low pH elution. This purifiedmixture

of AAV ECs and VCs is first subjected to the continuous

gradient AEX, followed by the fine-tuning of step-elution

gradients. Enriched VC material collected from optimized

step-elution gradient AEX process is characterized and

finally buffer-exchanged in a suitable formulation buffer.
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infected with Bac-GFP baculovirus at a MOI of 3 in high cell-density
(~10 million cells/mL) fed-batch suspension cultures. The cell culture
was provided with nutrient feed formulation in pre- and post-baculo-
virus infection phases at specific time points.54 For AAV6 and AAV8
productions, the HEK293SF cells at 1–1.2 million cells/mL were tran-
siently transfected using 5% v/v PEI:DNA complex at a ratio of 2:1.
The final concentrations of plasmid DNA and PEI (catalog number
23966-1, Polysciences, Warrington, PA, USA) were 1 mg/mL and
2 mg/mL of cell culture, respectively. The three plasmids used for
AAV production were as follows: (1) pAdDeltaF6-helper (a gift
from James M. Wilson, catalog number 1128677, Addgene, Water-
town, MA, USA), (2) Rep2Cap-6/-8/-9 (Provided by Dr. Samulski,
University of North Carolina, Chapel Hill, NC, USA), and (3)
pAAV-CAG-GFP (a gift from Edward Boyden, catalog number
37825, Addgene, Watertown, MA, USA) or pAAV-PGK-saCas9-
U6-sgRNAsa (catalog number C306, Applied Biological Materials,
Richmond, BC, Canada). The AAV production scale was 1 L and
3 L cell culture for AAV5/Sf9 and AAV-6, -8, and -9/HEK293SF,
respectively.

Culture harvest, primary recovery, and affinity purification

The insect cells and mammalian cells were harvested at 72 h post-
infection and 48 h post-transfection, respectively. The insect cells
were harvested through an in situ whole broth cell lysis protocol,
whereas the mammalian cells were harvested by cell pellet lysis. In
both cases, the cell culture or the cell pellets were mixed with lysis
buffer such that the final concentration of buffer components was
50 mM Tris-HCl (pH 7.5), 0.1% Triton X-100, 2 mM MgCl2, and
50 U/mL of Benzonase DNase (Millipore Sigma, Burlington, MA,
USA). The cell lysate was incubated with lysis buffer at 37�C for 2
h, followed by the addition of MgSO4 to increase the overall ionic
strength of the lysate to 600 mMwith an additional half-hour incuba-
tion before the clarification step. The lysate was clarified using an Op-
tiscale capsule filter consisting of a Milligard membrane-1.2/0.5 mm
(catalog number SWSCA47HH3, Millipore Sigma, Burlington, MA,
USA). The clarified lysate was then subjected to a single-step affinity
Molecul
capture chromatography using commercially available 5 mL pre-
packed immunoaffinity resin columns, AVB Sepharose (Cytiva Life
Sciences, Chicago, IL, USA) for AAV5 or CaptureSelect AAVX
(Thermo Fisher Scientific, Waltham, MA, USA) for AAV6 and
AAV8. The affinity purification process was conducted on the
ÄKTA Avant25 FPLC system. The affinity-resin-bound AAVs were
eluted in 0.1 M glycine (pH 2.5) and were immediately neutralized
via addition of 10% v/v of 1 M Tris (pH 8.8). The neutralized AAV
material was buffer-exchanged into a suitable buffer using PD-10 de-
salting columns (Cytiva Life Sciences, Chicago, IL, USA). The linear
flow rate of the process was 75 cm/h, providing 2 min residence
time. The pH, conductivity, and UV-Vis absorbance were monitored
throughout the process.

AEX for AAV genome-containing capsid enrichment

The salt screening study was conducted using an analytical-scale
anion-exchange monolith column (CIMac AAV empty/full 0.1 mL,
1.3 mm pore diameter) on the Waters Alliance HPLC system. The af-
finity-purified AAV5 material was buffer-exchanged in 25 mM bis
Tris propane, pH 9 buffer, and injected onto the column. The bound
AAV5 capsids were eluted under a continuous salt gradient of elution
buffers containing specific eluent salt (NaCl or Na2HPO4 or Na2SO4)
at 0.5 mL (5 CV)/min flow rate. For preparative scale AEX processing,
the affinity-purified AAV material was buffer-exchanged into the
AEX column equilibration buffer before loading. The anion-exchange
chromatography medium used was either monolithic (CIMmultus
QA 1mL) or packed bed (POROS HQ-50 mm beads, 1 mL). The
buffers were: (A) 10 mM BTP (pH 9.0); (B) 10 mM BTP (pH 9.0) +
either 50 mM Na2SO4 (AAV5) or 50 mM MgSO4 (AAV6 and
AAV8); and (C) 2 M NaCl. The chromatographic steps in a contin-
uous-gradient elution process were as following: equilibration: 90%
A + 10% B (20 CV), (for AAV9: 98% A + 2% B); sample loading:
(10 CV); column wash-1: 90% A + 10% B (30 CV); elution: 10%
B/50% B (150 CV) (for AAV9: 2% B /25% B); column wash-2:
100% B (20 CV); and column wash-3: 100% C. The process flow
rate for the monolith column run was 10 mL/min, and for the
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 353
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packed-bed column it was 3 mL/min. Derived from the continuous
elution gradient was the discontinuous (step)-gradient process. The
column equilibration and column wash 1, 2, and 3 steps were as indi-
cated above. The finalized discontinuous-gradient steps for elution of
ECs and VCs of various AAV serotypes were as follows: (1) AAV5 EC
(37.5% B) and VC (46% B), (2) AAV8 EC (15.5% B) and VC (23% B),
(3) AAV6 EC (35% B) and VC (43% B), and (4) AAV9 EC (7% B) and
VC (15% B). The elution step (% B) for ECs was selected such that it
will ensure a maximum EC elution without significant co-elution of
VCs (and hence without significant loss of VCs) before the next
step applied to elute VCs. The UV signal returning to the baseline
for each step was achieved by appropriately adjusting the step-
gradient length, ensuring the near-complete elution of a given
component. Additional column-wash steps before and after the
AAV capsid elution were added to remove impurities, as indicated
above. The AEX-process runs, conducted on the ÄKTA Avant25
FPLC system, were monitored using inline pH, conductivity, and
UV-VIS sensors.
Process reproducibility study

Three individual vials from a working cell bank of packaging insect
cells (rep2cap5 Sf9) B8 or HEK293SF were used. Three different
lots of recombinant baculovirus or plasmid stock were used at the up-
stream processing stage to produce three batches of AAV5 or AAV8
vectors. The AAV5 or AAV8material generated was then subjected to
affinity chromatography and AEX-steps. All chromatographic runs
were carried out on different days, involving different lots of freshly
prepared chromatography processing buffers for each run.
Quantification of DNase-resistant genomic particles (VG) by

ddPCR

The clarified lysate or chromatography processed material was incu-
bated with 5 U/mL of Benzonase for 30 min at 37�C before viral
DNA extraction. Benzonase-treated samples both undiluted and 1:10
diluted were used for viral DNA extraction using a High Pure Viral
DNAExtraction kit (RocheDiagnostics, Risch-Rotkreuz, Switzerland).
The ddPCRassaywas conducted using theQX200DigitalDroplet PCR
system (Bio-RadLaboratories,Hercules,CA,USA) as per themanufac-
turer’s instructions. The reaction mixture for the AAV5-gfp sample
consisted of a forward primer (50-ATAGGGACTTTCCATTGA
CGTC-30), a reverse primer (50- TGATACACTTGATGTACTGCC
AAG-30), and a probe (FAM 50-TGGGTGGACTATTTACGGT
AAACTGCC-30 BHQ) targeting the CMV enhancer sequence. For
AAV6/AAV8-gfp, the reaction mixture consisted of a forward primer
(50-CTGCTGCCCGACAACCAC-30) and a reverse primer (50-TCAC
GAACTCCAGCAGGAC-30) designed to target the transgene (EGFP)
sequence. The primer set for AAV6-cas9 vector is as follows: forward
primer (50-GGCCAGATTCAGGATGTGCT-30) and reverse primer
(50-CATCATCCACAGAAGCGTGT-30). The primers and a probe
were purchased from Integrated DNA Technologies (Coralville, IA,
USA). The thermocycling temperature programming for AAV5-gfp
(preincubation at 95�C/15 min for denaturation and 40 cycles of
95�C/15 s and 54.5�C /30 s) and AAV6-/AAV8-/AAV9-gfp (preincu-
354 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
bation at 95�C/15min for denaturation and 40 cycles of 94�C/30 s and
60�C /1 min) were optimized explicitly for specific primers set.

sv-AUC analyses

For AUC analyses, the samples from affinity purification or AEX pro-
cess fractions containing AAV capsids were buffer-exchanged into
PBS and concentrated using Amicon Ultra (Millipore Sigma, Burling-
ton, MA, USA) centrifugal filter with a 30 kDa molecular weight cut-
off. The concentrated sample was then analyzed using a Beckman
Proteomelab XL-1 ultracentrifuge (Beckman Coulter, Brea, CA,
USA). The centerpieces were charcoal filled-epon, two-sector center-
pieces with a 1.2 cm pathlength. The reference sector was filled with
420 mL PBS and the sample sector with a concentrated AAV sample.
Samples were temperature equilibrated at 20�C with a full vacuum
applied for 1 h. The sedimentation analysis run was performed at
20,000 rpm for 2 h at 20�C using absorbance detection at 260 and
280 nm. Data analysis was performed using Sedfit.56 The data visual-
ization plots were created using Gussi freeware.57

SDS-PAGE analysis

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

Alkaline agarose gel electrophoresis

The concentrated elution fractions or concentrated samples recov-
ered after sv-AUC analysis were subjected to alkaline agarose gel elec-
trophoresis. The recovered sample was mixed with 6� alkaline
loading buffer (180 mM NaOH, 6 mM EDTA, 18% Ficoll 400,
0.15% bromophenol blue, and 0.25% xylene cyanol) in 6:1 proportion
to get the final concentration of alkaline loading buffer to 1�. The
alkaline running buffer comprises 30 mM NaOH and 2 mM EDTA
in Milli-Q water. The 0.7% agarose gel was prepared by dissolving
agarose powder in the alkaline running buffer. 30 mL of samples
and 10 mL of Quick-Load 1 kb DNA ladder (New England Biolabs,
Ipswich, MA, USA) in 1� alkaline loading buffer were loaded on
the gel and run at 3.5 V/cm for extended hours until the dye had
migrated approximately 2/3 the length of the gel. Post electrophoresis,
the gel was washed with 0.5 M Tris-HCl (pH 8) buffer for 30 min and
was incubated with staining buffer (1� SYBR Safe stain in TE buffer
[pH 8]) for 1 h, followed by gel imaging using the ChemiDoc Imager.
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