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Cesium chloride (CsCl)- and iodixanol-based density gradients represent the core step in most protocols
for serotype-independent adeno-associated virus (AAV) purification established to date. However, despite
controversial reports about the purity and bioactivity of AAV vectors derived from each of these protocols,
systematic comparisons of state-of-the-art variants of these methods are sparse. To define exact conditions
for such a comparison, we first fractionated both gradients to analyze the distribution of intact, bioactive
AAVs and contaminants, respectively. Moreover, we tested four different polishing methods (ultrafiltra-
tion, size-exclusion chromatography, hollow-fiber tangential flow filtration, and polyethylene glycol pre-
cipitation) implemented after the iodixanol gradient for their ability to deplete iodixanol and protein
contaminations. Last, we conducted a side-by-side comparison of the CsCl and iodixanol/ultrafiltration
protocol. Our results demonstrate that iodixanol-purified AAV preparations show higher vector purity but
harbor more (*20%) empty particles as compared with CsCl-purified vectors (<1%). Using mass spec-
trometry, we analyzed prominent protein impurities in the AAV vector product, thereby identifying
known and new, possibly AAV-interacting proteins as major contaminants. Thus, our study not only
provides a helpful guide for the many laboratories entering the AAV field, but also builds a basis for
further investigation of cellular processes involved in AAV vector assembly and trafficking.

INTRODUCTION
Recombinant adeno-associated viral (AAV)
vectors have evolved as one of the most heavily used
vector tools to study gene function both in vitro and
in vivo. Besides the fact that AAVs are regarded as
nonpathogenic, one major advantage of AAVs is the
lack of inflammation after vector application in vivo,1

thereby lowering the risk of altering experimental
readouts by vector-induced immunogenic effects. In
this regard, high purity of vector preparations is a
key goal of AAV manufacturing both for research and
clinical applications. For the serotype-independent
purification of AAV vectors produced in HEK-293 or
SF9 cells, the two most widely established protocols
for preclinical applications are based on ultracen-
trifugation using either a continuous cesium chlo-

ride (CsCl) density gradient2 or an iodixanol step
density gradient.3 While the CsCl protocol contains
multiple purification steps (cell lysis, precipitation
of DNA and proteins, ultracentrifugation, dialysis,
concentration; see Fig. 1), rendering it a rather
time-consuming (*3.5 days) protocol, the iodixanol
protocol requires only cell lysis, 2 hr of ultracentri-
fugation, and concentration, allowing for vector
purification in 1 day (Fig. 1).

Although both protocols are widely used, analyses
of vector purity and bioactivity after purification by
each of these methods are sparse.3,4 Surprisingly,
except from the comparison of iodixanol-based pu-
rification to two rounds of CsCl centrifugation more
than 15 years ago,3 no direct comparison of current
variants of these protocols has been published so far.
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Therefore, we carried out a systematic side-by-side
analysis of the CsCl- and iodixanol-based protocols.

To clearly define the exact conditions for our com-
parison,wefirstconductedanin-depthanalysisofboth
density gradients. To this end, the gradients were
fractionatedandanalyzedfor thedistributionof intact,
bioactive AAV particles and unwanted contamina-
tions such as plasmid/genomic DNA and empty vector
particles. Moreover, to optimize the iodixanol-based
protocol we compared ultrafiltration, size-exclusion
chromatography (SEC), hollow-fiber tangential flow
filtration (HF-TFF), and polyethylene glycol (PEG)
precipitation with respect to their purification effi-
ciency as a polishing step after the iodixanol gradient.
After having established specific criteria for both the
CsCl and iodixanol protocols, AAVs were purified by
both methods in a side-by-side experiment and sub-
sequently compared for purity and in vitro bioactivity.
Moreover, we applied transmission electron micros-
copy (TEM) to assess the full-to-empty particle ratio,
and mass spectrometry (MS) to identify contaminat-
ing proteins in the final product preparations.

MATERIALS AND METHODS
AAV production and cell lysis

HEK-293h cells were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM)–GlutaMAX (Life
Technologies, Karlsruhe, Germany) supplemented
with 10% fetal calf serum (FCS). Three days before
transfection, the cells were seeded in 15-cm tissue
culture plates (Sarstedt, Nümbrecht, Germany) to
reach 70–80% confluence on the day of transfection.
For transfection, 0.5 lg of total DNA per centimeter
squared of culture area was mixed with a 1/10th
culture volume of 300 mM CaCl2, whereby pDP8.ape
(PlasmidFactory, Bielefeld, Germany) and a pAAV-
CMV-GFP plasmid were used in an equimolar ratio.
This mix was then added dropwise to an equal vol-
ume of 2 · HEPES-buffered saline (HBS; 50 mM

HEPES, 280 mM NaCl, 1.5 mM Na2HPO4), incu-
bated for 2 min at room temperature, and added to
the cells. After 5–6 hr of incubation, the culture
medium was replaced with fresh medium. The
transfected cells were grown at 37�C for a total of
72 hr. Cells were detached by the addition of EDTA
to a final concentration of 6.25 mM and pelleted by
centrifugation at 1000 · g for 10 min at room tem-
perature. The cells were then resuspended in lysis
buffer (50 mM Tris, 150 mM NaCl, 2 mM MgCl2, pH
8.5). For CsCl purification, the cells of ten 15-cm
plates were dissolved in 30 ml of lysis buffer. For one
iodixanol gradient, the desired amount of cells (up to
40 plates) was dissolved in 8 ml of lysis buffer. Cells
were then lysed by three freeze–thaw cycles using
liquid nitrogen and a 37�C water bath, respectively.
For each initially transfected plate, 100 units of
Benzonase nuclease (Merck, Darmstadt, Germany)
was added to the mix and incubated for 1 hr at 37�C.
After pelleting cell debris for 15 min at 2500 · g, the
supernatant was used for further purification.

CsCl-based purification protocol
CaCl2 was added to the supernatant obtained

after cell lysis and Benzonase treatment (described
previously) at a final concentration of 25 mM. After
incubating the mix for 1 hr on ice, it was centrifuged
for 15 min at 2500 · g and 4�C, and the pellet was
discarded. PEG-8000 (40%) was added to the su-
pernatant to a final concentration of 8% and the mix
was incubated on ice for 3 hr. After centrifugation
for 30 min at 2500 · g and 4�C, the pellet was re-
suspended in resuspension buffer (50 mM HEPES,
150 mM NaCl, 25 mM EDTA, pH 7.4) and dissolved
overnight at 4�C on a tube rotator. The suspension
was then centrifuged for 30 min at 4�C and 2500 · g
and 3.149 M CsCl was added to the supernatant
(corresponding to a refractive index [RI] of 1.3710).
Using 39-ml Quick-Seal tubes and a 70 Ti rotor
(both from Beckman Coulter, Brea, CA), the mix

Figure 1. Process steps and duration of CsCl- and iodixanol-based adeno-associated virus (AAV) purification. After cell lysis by three repeated freeze–thaw
cycles, the AAV-containing lysate is purified by either a CsCl- or iodixanol-based purification process. CsCl: Nucleic acids and proteins are pelleted by CaCl2
and PEG-8000 precipitation, respectively. After protein pellet dissolving overnight (o/n) and subsequent CsCl density gradient ultracentrifugation, CsCl is
removed from the target fractions by repeated dialysis cycles. The AAV suspension is finally concentrated by ultrafiltration and sterile filtered. Iodixanol: The
cell lysate is applied to iodixanol density gradient ultracentrifugation. Iodixanol is removed by three repeated ultrafiltration/concentration steps and the AAV
suspension is finally sterile filtered.
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was ultracentrifuged for 23 hr at 63,000 rpm and
21�C. Each tube was then punctured at the bottom,
using a 20-gauge needle, and 1-ml fractions were
collected. All fractions within an RI range of 1.3758
to 1.3703 were pooled and applied to five rounds of
dialysis against 2 liters of phosphate-buffered saline
(PBS), using Slide-A-Lyzer MWCO (molecular weight
cutoff) 20,000 dialysis cassettes (Thermo Fisher
Scientific/Pierce, Waltham, MA). The dialyzed
product was finally concentrated with Amicon
Ultra-15 centrifugal filter units (MWCO, 100 kDa;
Merck Millipore, Billerica, MA). After addition of
glycerol to a final concentration of 10%, the product
was sterile filtered with Ultrafree-CL filter tubes
(Merck Millipore), aliquoted, and stored at -80�C.

Iodixanol-based purification protocol
An iodixanol step density gradient was prepared

essentially as described previously3 with slight
modifications: Briefly, 60% iodixanol (OptiPrep;
Sigma-Aldrich, St. Louis, MO) was diluted to 15, 25,
40, and 58% in PBS-MK (1 · PBS, 1 mM MgCl2,
2.5 mM KCl). NaCl was added to the 15% phase at 1
M final concentration. A 1.5-ll volume of 0.5% phe-
nol red was added per milliliter to the 15 and 25%
iodixanol solutions and 0.5 ll was added to the 58%
phase to facilitate easier distinguishing of the phase
boundaries within the gradient. Eight milliliters of
15%, 6 ml of 25%, 8 ml of 40%, and 5 ml of 58%
iodixanol solution were successively underlaid in
39-ml Quick-Seal tubes (Beckman Coulter). The
processed cell lysate (described previously) was then
gently overlaid onto the gradient and filled up with
lysis buffer when necessary. After centrifugation in
a 70 Ti rotor for 2 hr at 63,000 rpm and 18�C, the
tube was punctured at the bottom, using a 16-gauge
needle, and 1-ml fractions were collected. For AAV
collection, the first 5 ml (corresponding to the 58%
phase) was discarded, and the fractions obtained
from the 40% phase were analyzed by measuring
absorbance at 20-fold dilution at 340 nm to identify
the main contaminating protein peak, as previously
described.5 All fractions below this peak were
pooled. PBS was added to the pool to reach a total
volume of 15 ml and ultrafiltered/concentrated,
using Amicon Ultra-15 centrifugal filter units
(MWCO, 100 kDa; Merck Millipore). After concen-
tration to *1 ml, the retentate was filled up to 15 ml
and concentrated again. This process was repeated
until an arithmetical value of < 0.1% iodixanol con-
centration was reached (usually three cycles). Gly-
cerol was added to the preparation at a final
concentration of 10%. After sterile filtration with
Ultrafree-CL filter tubes (Merck Millipore), the
product was aliquoted and stored at -80�C.

Size-exclusion chromatography
A PD-10 desalting column filled with Sephadex

G-25 medium (GE Healthcare, Piscataway, NJ)
was equilibrated with four 2.5-ml volumes of PBS.
The pooled AAV target fractions harvested from an
iodixanol density gradient were applied to the col-
umn and the flow-through was discarded. AAVs
were eluted by adding 3.5 ml of PBS. The salt
fraction was eluted for analytical purposes by ad-
dition of another 3.5 ml of PBS. The AAV eluate
was finally concentrated with Amicon Ultra-15
centrifugal filter units (MWCO, 100 kDa; Merck
Millipore).

Hollow-fiber tangential flow filtration
Using a MicroKros hollow-fiber module equip-

ped with a CO2-E100-05-S MWCO 100 kDa mem-
brane (Spectrum Laboratories, Los Angeles, CA),
the iodixanol gradient-derived AAV pool was con-
centrated to *1 ml, before 10 ml of PBS–10%
glycerol was added to the retentate. Three rounds
of this concentration/rebuffering step were carried
out in total.

PEG precipitation
CaCl2 and PEG-8000 precipitation were con-

ducted as described in the section CsCl-Based
Purification Protocol to further purify iodixanol
gradient-derived AAVs. In contrast to the previous
description, the PEG-precipitated pellet was re-
suspended (without incubation overnight) and im-
mediately applied to ultrafiltration using Amicon
Ultra-15 centrifugal filter units (MWCO, 100 kDa;
Merck Millipore). After concentration to *1 ml,
the retentate was filled up to 15 ml with PBS and
concentrated again. Three rounds of this concen-
tration/rebuffering step were carried out in total.

Density gradient fraction analysis
AAV vector genomes, plasmid DNA, and genomic

DNA were detected by qPCR and primer–probe sets
specific for, respectively, the CMV promoter se-
quence contained within the GFP transgene cas-
sette, the ampicillin resistance gene present in the
transgene plasmid backbone, and the RNA poly-
merase II gene (POLR2A) that served as a surrogate
for genomic DNA. Plasmid and genomic DNAs were
measured directly in diluted gradient fraction sam-
ples. For the detection of AAV vector genomes, viral
DNA was isolated with a ViralXpress nucleic acid
extraction kit (Merck Millipore). qPCR was con-
ducted with 2 · QuantiFast probe PCR master mix
(Qiagen, Hilden, Germany) and the ABI PRISM
7900HT system (Applied Biosystems, Carlsbad,
CA). To detect AAV8 capsids, an AAV8 titration
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ELISA kit (Progen Biotechnik, Heidelberg, Ger-
many)wasused. For the detection of bioactive AAVs,
HEK-293 cells were plated at 70% confluence and
treated with 15ll of each gradient fraction, each of
which was previously dialyzed to remove cytotoxic
CsCl. Forty-eight hours after transduction, cells
were trypsinized, washed, and resuspended in PBS–
10% FCS. The cells were analyzed for GFP expres-
sion, using a BD FACSCanto flow cytometer (BD
Biosciences, San Jose, CA).

Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

For sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis, samples were
denatured in lane marker reducing sample buffer
(Life Technologies, Karlsruhe, Germany) at 95�C
before being loaded onto NuPAGE 4–12% Bis-Tris
minigels (Life Technologies). After electrophoresis,
gels were either silver-stained, using a PageSilver
silver staining kit or PageBlue protein staining kit
(both from Thermo Fisher Scientific/Fermentas,
Waltham, MA).

Transmission electron microscopy
Electron microscopy grids were loaded with 5 ll

of AAV sample and stained with 2% phospho-
tungstic acid, pH 7.4. Microscopy was carried out
with an EM 912 AB transmission electron micro-
scope (Zeiss SMT, Oberkochen, Germany). The
empty particle content of AAV samples was deter-
mined by counting full and empty AAV particles in
the micrographs.

Liquid chromatography-tandem mass
spectrometry measurements

Protein bands wereexcised and in-gel digested with
modified porcine trypsin (Promega, Madison, WI) as
described.6 Nanoscale liquid chromatography-tandem
mass spectrometry (nanoLC-MS/MS) analysis was
performed with a nanoAcquity UPLC connected to a
Q-TOF (quadrupole time of flight) SYNAPT G2-Si
mass spectrometer (Waters, Manchester, UK) op-
erating in data-dependent mode, automatically
switching between MS and MS2.7 A reference lock-
spray signal of Glu-fibrinopeptide was acquired
for internal calibration. The raw data were pro-
cessed with PLGS version 3.0.2 and searched
against the UniProt database, using the Mascot
search engine (Matrix Science, London, UK). All
hits were manually verified on the basis of accepted
rules for peptide fragmentation.8

For semiquantitative determination of iodixanol,
full-scan MS spectra were acquired in resolution

mode. Peak areas of extracted ion chromatograms
were determined with MassLynx version 4.1 and a
mass extraction window of 5 ppm, and samples were
compared with iodixanol-spiked buffer.

RESULTS
Analysis of fractionated CsCl density gradient

AAV8-GFP vectors were produced in HEK-293
cells, as described in detail in Materials and
Methods. Seventy-two hours after transfection, the
cells of 20 transfected 15-cm plates were harvested
and lysed by three repeated freeze–thaw cycles
and the resulting lysate was digested with Benzo-
nase for 1 hr at 37�C. After pelleting residual
DNA with CaCl2, proteins including AAVs were
precipitated with PEG-8000 and the resulting
pellet was redissolved overnight. After addition
of cesium chloride and adjustment of the refrac-
tive index (RI), the density gradient was ultra-
centrifuged for 23 hr. One-milliliter fractions were
collected from the bottom of the tube for subse-
quent analyses.

qPCR analysis revealed that AAV vector genomes
(VG) were detectable mainly in fractions 13–20
(Fig. 2a), corresponding to an RI range of 1.3693–
1.3772 (Supplementary Fig. S1; supplementary data
are available online at http://online.liebertpub.com/
hgtb). Plasmid DNA was present in fractions 1–5,
11–19, and 26–27, whereas genomic DNA was
measurable only in fractions 1–4, 26, and 27 (Fig.
2a). As expected, AAV8 capsids were present mainly
in fractions 17–20 (Fig. 2b). However, a small but
distinct peak was also evident in fraction 23 (Fig.
2b). Although complicated by impurities in this
fraction, TEM analysis confirmed the assumption
that this peak represents empty particles (Supple-
mentary Fig. S2). To identify bioactive AAV parti-
cles, we next added 15ll of each fraction to HEK-293
cells and analyzed GFP expression 2 days later by
flow cytometry. Our results show that GFP-positive
cells could be detected mainly in fractions 13–20
(Fig. 2b), with a peak in fraction 17. Finally, to assess
the extent of protein contaminants, we analyzed
fractions 12–21 by SDS-PAGE. Whereas the AAV
capsid proteins VP1 (87 kDa), VP2 (73 kDa), and
VP3 (62 kDa) were visible mainly in fractions 15–20,
relatively strong background and several distinct
protein contaminants were visible in all fractions,
with a clear trend toward more contamination in the
upper fractions, particularly fractions 20 and 21
(Fig. 2c). Taken together, to obtain bioactive AAV
particles with the lowest level of impurities possible,
fractions 14 (RI, 1.3758) to 19 (RI, 1.3703) should be
isolated.
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Analysis of fractionated iodixanol
density gradient

Analogous to the fractionation of the CsCl gra-
dient, we next studied AAV distribution in the io-
dixanol step gradient. Again, AAV8-GFP vectors
were produced and the cells were lysed 72 hr after
transfection. After pelleting cell debris, the lysate
was directly applied on top of a previously layered
step gradient, consisting of 8 ml of a 15%, 6 ml of a
25%, 8 ml of a 40%, and 5 ml of a 58% iodixanol
solution (from top to bottom). After 2 hr of ultra-
centrifugation, 1-ml fractions were collected from
the bottom and analyzed using the same readouts
as described previously for the CsCl gradient.

Our results show that AAV vector genomes could
be detected mainly in fractions 6–11, with addi-
tional CMV-positive sequences also measured up to
fraction 27 (Fig. 3a). Plasmid DNA was measured
mainly in fractions 5–7 and 12–27 (Fig. 3a),

whereas genomic DNA was present solely in frac-
tions 12–27. AAV8 capsids were detected in frac-
tions 5–13 (Fig. 3b). Notably, in contrast to the
CsCl gradient, where two peaks were obtained,
here just one main peak around fraction 7 was
present; however, this peak showed a ‘‘shoulder’’ in
fractions 12 and 13 (Fig. 3b). We next analyzed the
fractions for bioactive AAVs and obtained GFP-
positive HEK-293 cells mainly when treated with
fractions 5–11, whereas fractions 12–18 and 24–32
showed only some low-level signal (Fig. 3b). Fi-
nally, we analyzed the fractions for protein impu-
rities. Our SDS-PAGE results show that VP1, VP2,
and VP3 could be clearly identified in fractions 5–
10, whereas massive protein contaminations were
obtained in fractions 11 and 12 (Fig. 3c). The
presence of contaminating proteins was also evi-
dent from an increase in absorption at 340 nm
(Supplementary Fig. S3), which was previously

Figure 2. Analysis of the fractionated CsCl density gradient. One-milliliter fractions were collected from the bottom of the ultracentrifugation tube and analyzed for
bioactive AAV particles and contaminants. (a) AAV vector genomes (VG), contaminating plasmid DNA, and genomic DNA were detected by qPCR analysis using
primers specific for the cytomegalovirus (CMV) promoter sequence present in the vector genome, the ampicillin resistance gene present in the plasmid backbone,
and the RNA polymerase II gene, respectively. (b) AAV8 capsid epitopes were detected by ELISA measurements. For the detection of bioactive AAV particles, HEK-
293 cells were treated with 15 ll of each dialyzed fraction and GFP-positive cells were detected by flow cytometry 48 hr posttransduction. (c) Silver-stained SDS-
polyacrylamide gel of gradient fractions 12–21. The volume corresponding to 5 · 109 VG in fraction 17 was calculated and equal volumes of the other fractions were
loaded accordingly. M, marker lane. Asterisks indicate VP1 (87 kDa), VP2 (73 kDa), and VP3 (62 kDa). Color image available online at www.liebertpub.com/hgtb
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shown to be a suitable measuring method to sepa-
rate AAV-containing fractions from the major
protein contaminations in the upper fractions of
the 40% phase.5 In addition, a drop in the RI can
serve as a further indicator of iodixanol phase
changes (Supplementary Fig. S4). Taken together,
to obtain bioactive AAV particles with the lowest
impurities possible, fractions 6–10 should be iso-
lated.

Comparative analysis of polishing methods
for AAVs isolated from iodixanol gradient

Despite the fact that iodixanol is a clinically
approved contrast agent and has previously been
shown to behave inertly in rodents,9,10 depletion of
iodixanol from AAV preparations is desirable in
some instances, for example, for in vivo applica-
tions, where the viscosity of iodixanol could be
hindering. We therefore compared various meth-
ods for their ability to deplete iodixanol and further
purify AAVs isolated from the 40% iodixanol phase.
For this purpose, we purified the cell lysate ob-
tained from a 50 · 15 cm plate-AAV8-GFP produc-

tion batch by two parallel gradients, pooled the
AAV target fractions, and quartered them for the
subsequent polishing steps using the following
methods: (1) ultrafiltration/concentration using
Amicon Ultra-15, 100 kDa MWCO centrifugation
tubes; (2) size-exclusion chromatography (SEC)
using the disposable PD-10 desalting column and
subsequent Amicon UItra-15 concentration; (3)
hollow-fiber tangential flow ultrafiltration (HF-
TFF) using the MicroKros hollow-fiber module and
a 100-kDa MWCO membrane; and (4) PEG-8000
precipitation, followed by dialysis and concentra-
tion with the Amicon Ultra-15 device.

To assess the loss of AAV vectors associated with
each of the purification methods, we first conducted
qPCR quantification of the final AAV vector prepa-
rations relative to the common starting material.
The results showed that ultrafiltration reached the
highest AAV recovery at 92.6%, followed by SEC at
72.5%, HF-TFF at 70.3%, and PEG precipitation at
56.0% (Fig. 4a). SDS-PAGE analysis revealed that
the AAVs purified by ultrafiltration, HF-TFF, and
PEG precipitation were similarly clean as opposed to

Figure 3. Analysis of the fractionated iodixanol density gradient. One-milliliter fractions were collected from the bottom of the ultracentrifugation tube and
analyzed for bioactive AAV particles and contaminants analogous to the description in Fig. 2. Color image available online at www.liebertpub.com/hgtb
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SEC-purified vectors, which showed a clearly higher
amount of protein impurities (Fig. 4b). Moreover,
whereas the concentration of residual iodixanol was
<0.5% in AAV preparations purified by ultrafiltra-
tion and PEG precipitation, it was*3% in HF-TFF-
purified samples and >5% in SEC-purified samples,
as determined by mass spectrometry. Finally,
in vitro bioactivity was assessed by transducing
HEK-293 cells, which showed the slightly higher
bioactivity of SEC-purified vectors as compared with
cells transduced with vectors purified by the other
polishing methods, which behaved similarly in this
assay (Fig. 4c). Therefore, regarding the required
time and efficiency to deplete iodixanol and con-
taminating proteins, ultrafiltration turned out to be
the most efficient method for the final purification of
iodixanol-derived AAV vectors.

Direct comparison of CsCl- and iodixanol-
based AAV purification

After having defined the criteria for isolation of
bioactive AAV particles with the highest degree of
purity from both CsCl and iodixanol gradients, we
finally carried out a side-by-side comparison of both
protocols. For this purpose, we halved the cell ly-
sate obtained from forty 15-cm plates of HEK-293
cells and purified one-half by the CsCl/UF-based
protocol and the other half by the iodixanol/UF-
based protocol. This approach was repeated for
three separately produced AAV batches, each of
which was purified independently.

Regarding AAV recovery relative to the common
starting material, no significant differences were
observed between the CsCl- and iodixanol-based
purification protocols (Fig. 5a). However, the io-

Figure 4. Comparative analysis of polishing methods for AAVs isolated from an
iodixanol gradient. AAV target fractions obtained from two parallel iodixanol
gradients loaded with the HEK-293 cell lysate from a total of fifty 15-cm plates were
further purified by ultrafiltration (UF), size-exclusion chromatography (SEC),
hollow-fiber tangential flow filtration (HF-TFF), or PEG-8000 precipitation. (a) AAV
vector yield and loss during purification by the various polishing methods as
quantified by qPCR (single observations, n = 3 assay replicates, means – SD). (b)

Silver-stained SDS-polyacrylamide gel of each of the final AAV preparations
relative to the common starting material (pool). A total of 2 · 109 VG was loaded per
lane. M, marker lane. Asterisks indicate VP1, VP2, and VP3. (c) Bioactivity of the
purified AAV preparations depending on the polishing method used. GFP-positive
cells were detected by flow cytometry 48 hr after transduction at increasing
multiplicity of infection (MOI). Single observations, n = 4 assay replicates,
means– SD. Color image available online at www.liebertpub.com/hgtb

Figure 5. Direct comparison of CsCl- and iodixanol-based AAV purification.
A HEK-293 cell lysate of three independently produced AAV batches (forty 15-
cm plates each) was halved and purified by either CsCl- or iodixanol-based
purification as depicted in Fig. 1. (a) AAV recovery measured by qPCR of the
final product relative to the common starting material (pool, set 100%). n = 3
AAV batches, means – SD. (b) Silver-stained SDS-polyacrylamide gel of the
final products of batch 1. For batches 2 and 3, see Supplementary Fig. S5.
Either 1 · 1010 or 2 · 109 VG was loaded per lane, as indicated. M, marker lane.
Asterisks indicate VP1, VP2, and VP3. (c) Bioactivity of the final AAV prepa-
rations. GFP-positive cells were detected by flow cytometry 48 hr after
transduction at increasing multiplicities of infection (MOIs). n = 3 AAV batches,
means – SD. *p < 0.05, **p < 0.01. (d) Transmission electron microscopy anal-
ysis of the final AAV preparations of batch 1 (original magnification, · 16,000).
Scale bar, 200 nm. Color image available online at www.liebertpub.com/hgtb
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dixanol protocol showed fewer protein impurities
as evident from SDS-PAGE analysis (Fig. 5b and
Supplementary Fig. S5), whereas the CsCl-derived
AAVs demonstrated slightly higher in vitro bioac-
tivity on HEK-293 cells (Fig. 5c). Finally, we
quantified the amount of full and empty capsids in
each preparation, using images obtained by TEM
(Fig. 5d). Our results demonstrate that AAV prep-
arations obtained by the iodixanol protocol con-
tained approximately 20% empty particles, whereas
almost no empty particles (<1%) were found in CsCl-
derived preparations. In summary, whereas the
iodixanol protocol led to AAV vectors of higher pu-
rity, the CsCl-purified preparation was slightly
more bioactive and had a nearly optimal full-to-
empty particle ratio.

Analysis of protein impurities in HEK-293-
derived AAV product preparations

Despite the relatively high degree of purity ob-
tained with both CsCl- and iodixanol-based proto-
cols, protein impurities became visible in both cases
when higher AAV amounts were analyzed by SDS-
PAGE (Fig. 5b and Supplementary Fig. S5). Because
protein contamination in AAV vector preparations
might cause immunological responses in vivo, which
could potentially alter relevant experimental read-
outs, we attempted to identify the most prominent
protein contamination in the final AAV prepara-
tions. For this purpose, we reran the final samples
from our direct comparison of CsCl- and iodixanol-
derived AAVs (Fig. 5b) on an SDS-polyacrylamide
gel. After Coomassie blue staining, the most promi-
nent bands (Fig. 6, indicated by numbers) were ex-
cised and analyzed by mass spectrometry. Notably,
whereas bands 7–13 were present at similar inten-
sity in CsCl- and iodixanol-purified preparations,
bands 1–6 seemed to be present relatively specifi-
cally in the less pure CsCl AAV preparations (Fig. 6).
A further point to note is that the band pattern was
highly reproducible when comparing three inde-
pendently produced and purified AAV batches
(Supplementary Fig. S6).

As expected, mass spectrometry successfully
identified the AAV capsid proteins VP1, VP2, and
VP3 in bands 7–9. However, capsid protein frag-
ments were also detected in bands 4 and 10–13.
Moreover, besides the identification of known AAV-
interacting proteins including the TAF-1/SET
complex components protein SET (bands 3 and 4),
ANP32A and ANP32B (band 5), as well as nucleo-
lin (band 2) and nucleophosmin (band 4), several
other cellular proteins were identified that have
not been reported in the context of AAV so far
(Table 1). Among these are the heterogeneous nu-

clear ribonucleoproteins HNRNPAB, HNRNPCL1,
and HNRNPA2B1 (bands 3–5), the spliceosome
proteins SRSF1 and SNRPD3 (bands 5 and 6), the
mitochondrial single-stranded DNA-binding pro-
tein SSBP1 (band 6), the ferritin heavy and light
chain proteins FTH1 and FTL (band 12), and the
putative deoxyribose-phosphate aldolase DERA
(band 10). These results might suggest that these
proteins could interact with AAV at some point
during its life cycle.

DISCUSSION

In our study we systematically compared CsCl-
and iodixanol-based methods for the purification of
recombinant AAV vectors. Fractionation experi-
ments provided detailed insight into the distribution
of intact AAV particles and unwanted contaminants
within the density gradients and allowed the defi-
nition of specific criteria for the harvest of bioactive
viral vectors. Moreover, we showed that ultrafiltra-
tion in a centrifugation device was the most powerful
method to further polish iodixanol-purified AAVs.

Figure 6. Analysis of protein impurities in HEK-293-derived AAV product
preparations. Shown is a Coomassie blue-stained SDS-polyacrylamide gel
of each of the final AAV preparations of batch 1 loaded at the indicated
amounts. For batches 2 and 3, see Supplementary Fig. S6. Gel bands 1–13
were analyzed by mass spectrometry, and identified cellular proteins are
presented in Table 1. M, marker lane. Color image available online at
www.liebertpub.com/hgtb
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Last, we found that iodixanol-purified AAVs showed
higher purity but also a higher fraction of empty
capsids (*20%) as compared with CsCl-derived
vectors (<1% empty particles). Thus, our study can
serve as a guide for choosing which method to use for
the purification of recombinant AAV vectors and
further provides detailed criteria for the setup of
respective protocols.

Our analysis of single fractions of the CsCl and
iodixanol gradients demonstrates that contaminat-
ing DNA can be efficiently separated from the AAV
target fractions. In fact, most plasmid DNA was
found in the same fractions as genomic DNA, which
could be expected because of the Benzonase diges-
tion step in both protocols. However, in both gradi-
ents a distinct plasmid DNA peak separate from
genomic DNA could also be identified that matched
the peak of AAV genome copies, which might rep-
resent wrongly packaged plasmid backbone, as
previously reported.11 By comparing the peak val-
ues of AAV genome copies and plasmid DNA, a ratio
of 1.24% particles with putatively falsely packaged
DNA for the CsCl gradient and 3.22% for the iodix-
anol gradient could be calculated. Although confir-
mation of this hypothesis would need some deeper
investigation, a general strategy to prevent wrong
packaging would be to increase the size of the plas-
mid backbone to more than 5 kb.

By comparing various easily implementable pol-
ishing methods for their ability to deplete iodixanol
and further purify iodixanol-derived AAVs, ultra-
filtration using the Amicon Ultra-15 devices with an

MWCO of 100 kDa turned out to be the most efficient
method: 92.6% of the AAV particles were recovered
by this method, and it also efficiently depleted io-
dixanol from 40% to less than 0.5% and reached the
highest overall AAV purity. Moreover, ultrafiltra-
tion could be completed in about 2 hr, which was
tolerable when compared with SEC (*1 hr), HF-
TFF (*1 hr), and PEG precipitation (*6 hr). Fur-
thermore, whereas additional ultrafiltration had to
be applied after SEC and PEG precipitation to con-
centrate the AAV solutions, ultrafiltration alone al-
lows for purification and concentration in one step,
which might explain the high recovery rate observed
with this strategy. Interestingly, despite the fact
that SEC-purified AAVs retained the highest degree
of protein impurities, they showed higher bioactivity
in HEK-293 cells as compared with the cleaner AAV
preparations obtained by the other methods. One
possible explanation for this observation is that the
remaining host cell proteins might improve trans-
duction efficiency of AAV vectors in vitro, as previ-
ously reported.12

Our final side-by-side comparison of CsCl- and
iodixanol-based purification demonstrated that the
iodixanol protocol was slightly better regarding
purity and offers the significant advantage of speed,
because purification can be completed within 1 day.
However, TEM analysis also revealed that about
20% of iodixanol-derived AAV preparations con-
sisted of empty particles, whereas empty particles
were present in CsCl-purified preparations at less
than 1%. As demonstrated in the fractionation ex-
periments, a distinct capsid peak containing the
empty particles was detected in fraction 23 in the
CsCl gradient, whereas no such peak, but only a
peak shoulder, was present in the iodixanol gradi-
ent (fractions 12 and 13). While this ‘‘shoulder’’
likely contains the empty particles, these will hardly
be depletable by narrowing the range of pooled
fractions without losing a significant amount of in-
tact AAVs. Despite the higher amount of impurities
present in the CsCl-derived preparations, these
AAVs showed slightly higher bioactivity in vitro
than iodixanol-purified vectors. Although these
differences were marginal and statistically signifi-
cant only at the two highest AAV concentrations,
they might mirror the fact that fewer receptors are
occupied by empty particles, thereby enabling more
efficient transduction by full AAVs. Again, it also
cannot be ruled out that the higher degree of im-
purities in CsCl-derived preparations might facili-
tate more efficient transduction.12

Although our finding that iodixanol purification
allows for the efficient recovery of highly bioactive
vectors that show superior purity as compared with

Table 1. Cellular Proteins Identified in Adeno-Associated Viral
Product Preparations

Band no. Gene name Protein name

1 HDGFRP2 Hepatoma-derived growth factor-related protein 2
HTATSF1 HIV Tat-specific factor 1

2 HSP90B1 Endoplasmin
NCL Nucleolin

3 HNRNPAB Heterogeneous nuclear ribonucleoprotein A/B
SET Protein SET

4 HNRNPCL1 Heterogeneous nuclear ribonucleoprotein C-like 1
NPM1 Nucleophosmin
SET Protein SET

5 ANP32A Acidic leucine-rich nuclear phosphoprotein
32 family member A

ANP32B Acidic leucine-rich nuclear phosphoprotein
32 family member B

HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1
SRSF1 Splicing factor, arginine/serine-rich 1 (SF2)

6 SNRPD2 Small nuclear ribonucleoprotein Sm D2
SNRPD3 Small nuclear ribonucleoprotein Sm D3
SSBP1 Single-stranded DNA-binding protein, mitochondrial

7 ALDH16A1 Aldehyde dehydrogenase family 16 member A1
10 DERA Putative deoxyribose-phosphate aldolase
12 FTH1 Ferritin heavy chain

FTL Ferritin light chain
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CsCl-purified vectors is consistent with the find-
ings of Zolotukhin and colleagues,3 we could not
confirm the drastic differences between iodixanol
and CsCl regarding bioactivity. In fact, whereas
Zolotukhin and colleagues reported CsCl-purified
vectors to be much less bioactive than iodixanol-
purified vectors, we observed similar bioactivity for
both preparations. However, there are also some
distinct differences between the two studies, which
might not only explain the observed discrepancies
but also limit comparability: First, our CsCl protocol
included CaCl2 and PEG precipitation steps before
ultracentrifugation, whereas their protocol used
ammonium sulfate precipitation. Second, whereas
we compared protocols based on a single ultracen-
trifugation step, the other study used combined io-
dixanol and affinity chromatography purification,
combined iodixanol and CsCl purification, or proto-
cols based on two rounds of CsCl. Because it is
known that extended exposure to CsCl can reduce
AAV bioactivity,9 this point might be particularly
relevant. Finally, we used HEK-293 cell transduc-
tion to assess bioactivity, whereas the other study
assessed AAV infectivity and replication using as-
says that rely on adenovirus coinfection.

In addition to the findings reported here, we
could not observe any drastic purification method-
dependent differences in vector bioactivity in a
large number of mouse studies conducted in our
laboratory, where both iodixanol- and CsCl-purified
vectors were used, thereby suggesting that both
methods are well suited for use in research studies.
Yet, systematic in vivo comparisons should be
conducted to analyze potential differences in detail,
especially with respect to capsid-dependent immu-
nogenicity.

Finally, our proteomics approach revealed inter-
esting insight into the identity of protein impurities
present in the AAV vector preparations. The iden-
tification of nucleolin, nucleophosmin, and SSBP1
confirms previous studies that demonstrated inter-
action of these proteins with the AAV capsid.13–15

Our finding that protein SET as well as ANP32A and
ANP32B were present in the AAV product further
underscores the importance of the TAF-1/SET/
ANP32A/B complex for AAV DNA replication.16 Of
the other identified proteins, to our knowledge none
has been described in the context of AAV so far.
However, heterogeneous ribonucleoproteins in-
cluding HNRNPA2B1 and HNRNPAB were shown
to interact with the capsid of feline parvovirus17 and
to be involved in viral replication and assembly of
human papillomavirus (HPV), HIV, mouse hepatitis
virus (MHV), Japanese encephalitis virus (JEV),

and Junin virus.18–22 Moreover, HTATSF1 and
HSP90B1 have been linked to HIV transcription,23

splicing,24 and infectivity,25 respectively. We further
identified the spliceosome-associated proteins
SNRPD2/3 and SRSF1 (also known as ASF/SF2), the
latter of which was found to be involved in hepatitis
delta virus (HDV), HIV, and adenovirus replica-
tion.26–28 Finally, for the other proteins identified we
did not find any studies describing involvement in
virus biology.

Interestingly, whereas some protein bands (e.g.,
bands 10–13) were similarly intense in both CsCl-
and iodixanol-purified preparations, others (bands
1–4) showed much higher intensity in CsCl-derived
product, suggesting that the respective proteins
(e.g., nucleolin, SET) are more efficiently depleted by
iodixanol purification. Although we did not system-
atically analyze all equally sized bands of both
products (i.e., CsCl and iodixanol derived), we iden-
tified several proteins in both preparations, among
these the ferritin heavy (FTH1) and light chain
(FTL), SNRPD3, and the putative deoxyribose-
phosphate aldolase DERA, thereby supporting the
hypothesis that these proteins may interact with
AAV at some point during its life cycle. Although
our results represent an interesting starting point,
further studies are needed to explore the exact role of
these proteins and whether these are specific to
AAV8 or independent of the capsid variant used.
Respective studies should further help to clarify
whether copurification of these proteins is a ran-
dom event or indeed due to specific interaction with
AAV.

In conclusion, our study provides a comprehen-
sive insight into CsCl- and iodixanol-based proto-
cols for AAV purification, which will serve as a
helpful guide for the decision on which protocol to
use and, further, for the setup of respective puri-
fication protocols, especially in laboratories newly
entering the AAV field.
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