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Recombinant adeno-associated viruses (AAVs) have emerged as a widely used gene delivery platform for both basic research
and human gene therapy. To ensure and improve the safety profile of AAV vectors, substantial efforts have been dedicated
to the vector production process development using suspension HEK293 cells. Here, we studied and compared two downstream
purification methods, iodixanol gradient ultracentrifugation versus immuno-affinity chromatography (POROS™ CaptureSelect™
AAVX column). We tested multiple vector batches that were separately produced (including AAV5, AAV8, and AAV9
serotypes). To account for batch-to-batch variability, each batch was halved for subsequent purification by either iodixanol
gradient centrifugation or affinity chromatography. In parallel, purified vectors were characterized, and transduction was
compared both in vitro and in vivo in mice (using multiple transgenes: Gaussia luciferase, eGFP, and human factor IX). Each
purification method was found to have its own advantages and disadvantages regarding purity, viral genome (vg) recovery, and
relative empty particle content. Differences in transduction efficiency were found to reflect batch-to-batch variability rather than
disparities between the two purification methods, which were similarly capable of yielding potent AAV vectors.

1. Introduction

Gene therapeutic agents are having a major, positive impact
on researching and treating various diseases. Viral vector-
based gene therapies are among the most efficient
approaches for the correction of genetic defects. Among
these, adeno-associated viruses (AAV) are most widely used
for in vivo gene transfer, which is reflected in the five current
FDA-approved AAV therapeutics for distinct genetic disor-
ders: HEMGENIX [1] (AAV5, hemophilia B), ZOLGEN-
SMA [2] (AAV9, spinal muscular atrophy), LUXTURNA
[3] (AAV2, retinal dystrophy), ROCTAVIAN (AAV5,
hemophilia A), and ELEVIDYS (AAVrh74, Duchenne mus-
cular dystrophy). Towards clinical approval, translational

studies and preclinical studies require a high concentration
of AAV titers to enable testing of design specifications, effi-
cacy, side effects, and outcomes of the AAV gene transfer.
To achieve the large quantities of vector required for such
studies, production is scaled up by growing and transfecting
suitable cells, such as human embryonic kidney cells
(HEK293), in roller bottles, through continuous perfusion,
or in WAVE Bioreactors [4]. Naturally, these scale-up pro-
cesses result in not only larger amounts of the desired
AAV but also of possible contaminants such as cellular pro-
teins, membrane components, nucleic acid fragments, and
empty capsid AAV particles. Therefore, purification of the
AAV drug product is essential prior to carrying out transla-
tional and efficacy studies.
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The two most conventional methods for AAV purifica-
tion are cesium chloride (CsCl) and iodixanol gradient ultra-
centrifugation (IOD), which separate particles based on their
buoyant density or sedimentation rates. These methods are
independent of capsid serotypes and allow the separation
of empty and full virions. Because the CsCl-based method
is time-consuming and may introduce toxicity, iodixanol
has become a more preferred method [5]. For a more scalable
process, column chromatography is well established and has
been adapted for AAV purification [6, 7]. Immuno-affinity
chromatography specifically utilizes an affinity-binding
interaction between the column resin and the desired prod-
uct to be purified. Clinical-grade AAV vectors have been
reported to be purified using both methods of gradient cen-
trifugation and column chromatography, or a combination
of both, since the ultracentrifugation method is difficult to
scale up [8–12]. Given the importance of the purification

methodology (under the CMC Guidance for Industry from
the US FDA) [13], we compared two commonly used purifi-
cation methods across various AAV serotypes to determine if
biological differences in vitro and in vivo could be affected by
a specific purification approach.

To avoid overinterpretation and batch-to-batch errors,
separate lots of AAV vectors were produced and analyzed
independently. In this study, we report comprehensive com-
parison data of three independent AAV batches (AAV5,
AAV8, and AAV9) purified by one round of either iodixanol
gradient centrifugation (IOD) or affinity chromatography
using the POROS™ CaptureSelect™ AAVX column (POR).
These data include characterizations of purity, the relative
presence of empty capsids (SDS-PAGE and transmission
electron microscopy), and titers and plasmid backbone
contaminations (qPCR). Furthermore, transduction effi-
ciencies were determined in vitro and in vivo (using self-
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Figure 1: Schematic diagram of the AAV purification comparison study. Suspension HEK293 cells in orbital shake flasks were used to
produce recombinant AAVs by the triple-plasmid transfection method. Each batch was split in half for subsequent purification by either
iodixanol gradient centrifugation or immune-affinity chromatography (POROS™ CaptureSelect™ AAVX column). The resulting vectors
were then studied and characterized by both in vitro and in vivo assays.
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complementary AAV-CB-eGFP, AAV-CB-GLUC, and
AAV-TTR-cohFIX constructs) as outlined in Figure 1.

2. Results

Orbital shake flasks for cell culture were used for a research
scale of 125mL-1000mL (max 25% volume of cell culture).
A suspension system of HEK293 cells was optimized so that
on the day of transfection, the viable cell density (VCD) and
% viability were ~2.0 to 2 5 × 106 cells/mL and >92%,
respectively (Figure 2).

At the time of vector harvest, 72 hrs posttransfection, the
cells and media were collected and split in half for parallel
purification by IOD or POR. For downstream analyses,
purified vectors from both methods were side-by-side char-
acterized, tittered, and transduced cells in vitro and IV-
injected via the tail vein of mice for transgene expression
comparison.

Multiple batches of AAVs including AAV5, AAV8, and
AAV9 were characterized by SDS-PAGE to compare their
relative purity. As shown in Figures 3(a) and 3(b), AAV vec-
tors generated via the IOD method were often less pure and
contaminated with other proteins, as detected by smears in
addition to the three bands corresponding to VP1, 2, and
3. When normalized to the vg loaded per lane of SDS-PAGE,
the POR method yielded approximately 2- to 5-fold more
empty capsids compared to the IOD method, as indicated
by the darker bands for VP1, 2, and 3 (Figure 3(b), estimate
based on pixel contrast by ImageJ).

The titers of AAV vg recovered by both purification
methods were found to be comparatively similar (Figure 3
(c)). Plasmid backbone contamination was also examined
by using primers and probes that target ampicillin. As
shown in Figure 3(d), pretreatment of DNase I prior to vg
titration reduced the % of plasmid backbone contamination
in both IOD and POR samples from ~6.5% to ~5.7%, which
could be from impurity DNA/plasmid fragments stuck on
the capsids.

Images from TEM confirmed more impurities in IOD
vectors as many patches of debris are observed surrounding

each virion, leading to poorer image quality (Figure 4(a)).
One common impurity from the IOD purified vector
appears as smaller circles (indicated by white arrows) which
was identified by previous studies to be ferritin [14]. Greater
purity was found in POR-purified vectors, but more empty
capsids (80-90%, based on ImageJ counting of ~1000 parti-
cles) were seen in POR vectors (TEM images in Figure 4).
This confirms the data from SDS-PAGE in Figure 3.

Transduction efficiency was determined in vitro by
infecting human GM16095 fibroblast cells and quantifying
gene expression after 48-72 hrs of AAV infection. Figure 5
(a) shows transduction efficiency by AAV5-CB-eGFP mea-
sured by flow cytometry as % GFP-positive cells and mean
fluorescent intensity (MFI) signals. Despite the difference
in empty capsids per group, the multiplicity of infection
(MOI) was normalized based on vg content titrated by
qPCR. At the same MOI of 100,000, IOD-purified AAV5
had significantly higher transduction efficiency than POR
AAV5 (~90% eGFP >70% eGFP positive), which indicated
that the excess number of empty capsids detrimentally
affects the transduction in vitro. However, in vivo testing
demonstrated opposite results, as POR AAV5 trended to
transduce the livers of WT BALB/c mice better than IOD
AAV5, although this difference did not reach statistical sig-
nificance (Figure 5(b)).

In another study using AAV8-CB-eGFP, an in vitro
transduction assay showed the same trend, as IOD AAV8
outperformed POR AAV8 at the same MOI in GM16095
cells (Figure 6(a)). To determine the effect of empty capsids,
we added an equivalent of virions (based on SDS-PAGE)
without any packaged transgene to the same MOI of IOD
AAV8 or POR AAV8; as a result, the transduced cells mea-
sured as % GFP positive were significantly decreased by the
addition of empty capsids (Figure 6(a)). This indicated that
empty capsids, in vitro, could potentially compete for the
AAV trafficking machinery of the host cells and therefore
lead to a decrease in transduction. In vivo data of liver trans-
duction, measured at week 2 postinfection, provided no sig-
nificant difference between IOD AAV8 and POR AAV8 in
terms of % GFP-positive hepatocytes, while slightly higher
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Figure 2: Viability and viable cell density (VCD) representation of scalable suspension system HEK293 cells: freshly thawed cells (a) and
subcultured cells (b). Transfection was performed on day 2 with a VCD of ~2.0–2 5 × 106 cells/mL and viability of >92% and vector
harvest was at day 5, which was 72 hr posttransfection.
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Figure 3: Continued.
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transduction was found by IOD AAV8 in terms of the GFP
MFI signal (Figure 6(b)).

As shown in Figure 7, a serial dilution of empty capsids
of AAV9 added to the same MOI of AAV9-CB-GLUC led to
variable transduction outcomes. The addition of empty cap-
sids did not detrimentally affect the infectivity of AAV9
when that percentage of empty capsids was under ~41%
(Figures 7(a) and 7(b)), as the transduction readout of lumi-
nescence was not lower. When the amount of empty capsids
added exceeds 100%, the standard deviation becomes
broader, leading to a difficult conclusion. This result shows
that in vitro, transduction efficiency may vary depending
on how much empty capsids are present.

In the third batch of AAV, we produced AAV9-TTR-
cohFIX, which is a codon-optimized construct encoding
human factor IX (hFIX) for treating hemophilia B. The
hemophilic B mouse model, C3H/HeJ-HB, was used to test
the functionality of the differently purified vectors (Figure 8
(a)). At weeks 1, 5, and 8 post-IV injections of the AAV, we
collected blood for hFIX ELISA. The efficacy was measured
based on the amount of circulating hFIX. While no signif-
icant difference was found at week 1 postinjection, POR

AAV9 outperformed IOD AAV9 at week 5 and week 8 time
points, yielding significantly ~2-fold higher hFIX levels
(Figure 8(b)).

3. Discussion

The preparation and purification processes related to AAV
production are essential for the sound interpretation of
translational and preclinical investigations. As there are
multiple methods to purify AAVs, it is imperative to
research details related to how these processes affect differ-
ent serotypes and batch preparations of AAVs. In this study,
we report comprehensive comparison data from three self-
complementary AAV serotype batches (AAV5, AAV8, and
AAV9) prepared independently and purified by iodixanol
gradient centrifugation (IOD) or affinity chromatography
using the POROS™ CaptureSelect™ AAVX column (POR).
These data include characterizations of purity, the relative
empty capsid content (SDS-PAGE and transmission elec-
tron microscopy), titers of vg recovery, and plasmid back-
bone contaminations (qPCR). Our focus was to assess
transduction efficiency in vitro and in vivo in WT mice plus
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Figure 3: AAV vector genome and capsid protein characterization using SDS-PAGE (7.5% gel) and qPCR probe-based titration. POROS-
AAVX affinity column purified (POR) vectors are purer than their iodixanol (IOD) purified counterparts (a). With the same titer of vg
loaded, POR vectors show darker bands which indicate more empty capsids than IOD vectors (b). Using qPCR probe-based analysis, vg
recovered by both purification methods are comparably similar ((c) top: from 50mL of triple-plasmid-transfected cell culture; bottom:
from 200mL). Backbone contaminations were determined and multiplexed using an ampicillin-primers/probe, which indicated a similar
amount of the plasmid backbone packaged by AAV8 purified by both methods (d). 0 U = no pretreatment of DNase I before qPCR
titration; 5U = 5 units of DNase I pretreatment were used prior to qPCR.
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a clinically relevant model of hemophilia B (C3H/HEJ-HB
mice), as designed in Figure 1.

In this study, we employed a scalable vector production
system utilizing a suspension of HEK293 cells that were cul-
tured and maintained at a viable cell density and percentage
of viability, as shown in Figure 2. Each batch of vectors was
halved for the IOD or POR purification approach, followed
by further characterization and transduction efficiency anal-
yses. One standout advantage of affinity column purification
is improved consistency in the high-level purity of AAV
products, while iodixanol gradient centrifugation often
yields more impurities like ferritin and other host proteins
(Figures 3(a) and 3(b) and 4). In contrast, the iodixanol gra-
dient method can be implemented independently of the cap-
sid serotype, while affinity chromatography is reported to be
effective for certain wild-type serotypes. AAV empty capsids
have been described to vary in different vector production
systems, can comprise up to 90% of total AAV particles gen-
erated, and even within one production system, empty cap-
sid content can fluctuate highly between manufacturing
batches [15]. One limitation of our study is that no absolute
quantification of empty capsids per method of purification
was calculated. Nevertheless, as we observed from the TEM
images and SDS-PAGE gels, the relative empty capsids in
each batch of AAV product purified by POR were always

higher than those from IOD (Figures 3 and 4). Vector recov-
ery (vg titer from qPCR) from both methods was compara-
ble, as shown in Figure 3(c). Using a relative comparison
of multiplexed qPCR, DNA impurities from plasmid back-
bones measured by ampicillin primers and probes were
found to be ~6% by both purification methods (Figure 3
(d), dark color bars). Pretreatment of DNase I prior to qPCR
titering reduced the DNA impurity by about 1%, which indi-
cated that some of the plasmid backbones were present out-
side of the capsid and ~5% were packaged by the vector.
Other studies have reported that this backbone contamina-
tion could be a result of defective virions (including single
ITR and snapback genome vectors) and can be minimized
by having a transgene size close to the maximum packaging
capacity of the rAAV (~5 kb) [16, 17].

In vitro, POR AAV vectors were found to transduce
GM16095 human fibroblasts less efficiently than their coun-
terpart IOD AAVs (Figures 5(a) and 6(a)). One hypothesis
was that the higher ratio of empty capsids in POR AAV
preparations competes with the full particles for receptor
binding on host cells and leads to lower gene expression.
To test this hypothesis, we generated AAV9-CB-GLUC vec-
tors spiked with different amounts of empty capsids
(Figure 7). To detrimentally affect transduction efficacy, a
large number of empty particles were required (greater than
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(a) AAV8 IOD

100 nm

100 nm

~ 90% empty

(b) AAV8 POR

Figure 4: Transmission electron micrographs of AAV8 purified by iodixanol gradient centrifugation (a) or by POROS AAVX column (b).
Both samples were imaged at 5E9 vg/μL with a negative stain. More impurities were identified from iodixanol gradient centrifugation (a)
including ferritin, as indicated by white arrows, as identified by previous studies [14]. Empty capsids—indicated by yellow arrows—were
observed as denser virions from affinity column purified vectors (b). The empty capsid amount was estimated and shown on the lower
panels. Black arrows indicate full capsids; scale bars = 100 nm.
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41% empty capsids added to lower the LUM readout). How-
ever, the in vivo data for each batch did not fully corroborate
the in vitro results. As shown in Figure 5(b), POR AAV5
yielded slightly higher gene expression of % GFP-positive
cells compared to IOD AAV5 in the mouse liver at week 2
postinjection, although no significant statistical difference
was found due to a large standard deviation. In contrast,
Figure 6(b) shows that POR AAV8 yielded slightly lower
gene expression of % GFP-positive liver cells as compared
to IOD AAV8 in the mouse liver at week 2 postinjection.
These mixed in vivo results between the two batches of
AAV5 and AAV8 could be from the end-point analysis at
week 2 PI because the gene expression delivered by different
serotypes of AAV might require different times to be fully
expressed. The third batch of AAV9-packaged codon-
optimized human factor IX (hFIX) was added to the study
to assess functional differences in the preparation methods
in a clinically relevant disease model for AAV gene therapy.
As shown in Figure 8 using a hemophilia B mouse model, no
significant difference in hFIX was found in the plasma
between IOD and POR AAV9 at week 1 PI. However, at
week 5 and week 8 PI, plasma hFIX delivered by POR
AAV9 was significantly higher than those delivered by the
IOD AAV9, suggesting that a higher purity vector prepara-
tion (other than empty capsids) may be beneficial for
in vivo gene delivery. There are several possible contribu-
tions to these disparate results between in vitro and in vivo
transduction including impurities or a variety of empty cap-
sids in each batch since we did not normalize the empty cap-

sid of each serotype for the in vivo experiments. Regardless,
our data showed that vectors purified by affinity chromatog-
raphy could successfully deliver the gene of interest in mice,
if not better, compared to iodixanol gradient centrifugation,
despite the higher content of empty capsids. In a previous
study reported by Blessing et al. [18], intrastriatal injection
in adult mice showed that AAV2/9 purified by the iodixanol
gradient centrifugation method had significantly higher
transduction than vector purified by the affinity POROS
AAV column at week 4 postinjection. This could be due to
the empty capsid content, batch-to-batch variation, or tim-
ing differences in their experiment compared to ours pre-
sented here.

While the iodixanol gradient can separate full and empty
particles from one another, residual iodixanol in the final
AAV product may pose a safety concern and may warrant
additional purification steps. Pu et al. have reported an
LCMS method for the detection of residual iodixanol [19].
As investigational AAV-based products continue to move
through clinical development, more in vivo studies are
needed to examine the impact of downstream processing
of AAV vectors, particularly focusing on differences in the
ratio of empty-to-full viral particles and impurities present
in vector batches. Some clinical trials and preclinical studies
intentionally mixed AAV empty capsids to act as decoys for
neutralizing anti-AAV antibodies and therefore enhanced
gene transfer [20]. In other cases, they were undesirable as
they could elicit liver toxicity due to activation of CD8+ T
cells and TLR2 [21–23]. Thus, studying how the systematic
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addition of empty particles impacts the immune response is
important to identify a threshold of empty capsid content
that maximizes both safety and transduction efficacy. Given

the adverse side effects in multiple clinical trials of AAV-
based drugs [24] and the less well-understood effects of
impurities like empty capsids and residual plasmid DNA,
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regulatory agencies have proposed risk mitigation plans that
include the manufacturing process of AAV to decrease the
percentage of empty capsids in 2021 [25]. Many studies have
proposed chromatography methods to separate full and
empty capsids using ion-exchanged columns based on the
slight difference in charge possessed by the nucleic acid con-
tent of the full virions [5, 26–28].

Any physiochemical and biological properties (full-to-
empty ratio, purification method, formulation excipients,
phenotypic variation, capsid serotype, infectivity per dose
per route of administration, etc.) should be well docu-
mented, even though the effects of these on vector perfor-
mance might not be fully understood. With more
knowledge about AAVs being documented, studied, and dis-
seminated, detailed bookkeeping and certification on process
development would be a valuable tool for risk mitigation to
ensure the safety and well-being of patients in the clinic.

4. Conclusion

Neither the IOD nor POR purification method was found to
be superior overall. Each purification method was found to
have its own advantages and disadvantages (summarized in
Table 1). In vitro data show that IOD-purified vectors out-
performed POR-purified ones. Empty capsids were found
to decrease the infectivity of AAVs in vitro at high concen-
tration. However, in vivo data show variable results from
batch-to-batch of different AAVs with no consistent trend.
Titer normalization, purity, and types of impurities in a final
AAV product may play a big component in determining
vector potency. In conclusion, iodixanol gradient centrifuga-
tion and affinity chromatography have their own advantages
and limitations, and both are similarly capable of yielding
infectious AAV vectors for research scale. For manufactur-
ing on a large scale, additional processes are needed to
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Figure 8: Comparison of systemic hFIX expression in hemophilia B mice. Study design with an inlet of SDS-PAGE for purity comparison
(a). Plasma level of hFIX in ng/mL (b). Dose = 1 × 1011 vg/mouse; n = 3-4/group. No difference was found between the two purification
methods found at week 1 PI, but weeks 5 and 8 showed a clearer difference in which POROS-AAVX purified AAV9 achieved better
transduction efficacy compared to iodixanol purified AAV9. Two-tailed unpaired t-test, ∗∗p value < 0.01.

Table 1: Comparative properties of iodixanol gradient centrifugation versus immuno-affinity chromatography.

Iodixanol gradient centrifugation Immuno-affinity chromatography

Purity Poorer Better

Yield monitor No Yes (A280 nm)

AAV serotypes Independent Depend on column type

Time-consuming Yes (more steps: PEG precipitation) Faster + automatic system

Impurities Residual iodixanol & large proteins Small proteins

Empty capsids Less More

Scalability No Yes

GMP readiness Poor Good
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minimize impurities in each batch for more consistent qual-
ity control of the final AAV product.

5. Materials and Methods

5.1. rAAV Production. The suspension cell line HEK293F
was used for rAAV vector production. The cells were cul-
tured in viral production medium (Thermo, Cat#A4817901)
in shaker flasks at 120 rpm at 37°C, 8% CO2. Cell viability
was maintained at >95%, and transfection was performed
when the cell density was at ~2-2.5E6 cells/mL using the
standard triple-plasmid transfection method of pRep2CapX
(X = serotype 5, 8, and 9), pHelper, and pITR-AAV (pds-
CB-EGFP, CB-GLUC, or TTR-cohFIX) at an equal molar
ratio, plus transfection agent Fectovir. For empty capsid pro-
duction, no p-ITR-AAV was used. These cells were collected
at 72 hr posttransfection. Centrifugation at 3000 g for 15min
was performed to separate the cells and media. The cells
were resuspended in lysis buffer of 50mM Tris-HCl
(+0.15M NaCl, pH 8.2), went through 3 cycles of freeze/
thaw to release rAAV viruses, and centrifuged at 3000 g for
20min to collect the supernatant. This supernatant was
combined with the cell media and treated with DNase I
(5U/mL) for 1 hr at 37°C to digest contaminant DNAs and
improve the quality of the crude lysate. The rAAV viruses
in the crude were purified using either iodixanol gradient
centrifugation or liquid chromatography with an affinity col-
umn (POROS AAVX CaptureSelect, Thermo #A36651).

5.2. rAAV Purifications. Iodixanol gradient ultracentrifuga-
tion followed the Addgene protocol using Option #3, punc-
turing the QuickSeal tube slightly below the 60-40% interface
(https://www.addgene.org/protocols/aav-purification-iodixa
nol-gradient-ultracentrifugation/).

An immuno-affinity chromatography detailed protocol
was reported by Lam et al. [29].

Briefly, the POROS™ CaptureSelect™ AAVX column
was used with an AKTA GO system controlled by UNI-
CORN 7.6 software. The equilibration and wash buffer were
PBS, pH 7.2. The secondary wash buffer was 18% ethanol
and PBS+1M NaCl. The elution buffer was 0.05M citric
acid+0.1M glycine+0.1% p188 (pH 2.9). Eluted fractions
were neutralized by 1M Tris-HCl buffer (pH 8.2), and then
the buffer was exchanged with PBS and concentrated down
using centrifugal Vivaspin, 20mL, 100K MWCO.

5.3. SDS-PAGE. Mini-PROTEAN TGX precast gel (7.5%
polyacrylamide gel, Bio-Rad) was used. Samples plus
Laemmli buffer containing 10% of β-mercaptoethanol were
mixed and heated at 90°C for 5min. The samples were cooled
to room temperature and loaded into the gel lanes, together
with a standard marker. The running buffer was 1 × Tris
/glycine/SDS, Bio-Rad. The assembly was set and connected.
The voltage was set to be constant at 200V. The gel was set to
electrophorese for 30min. The gel was removed from the cas-
sette and imaged according to the manufacturer’s protocol
using a ChemiDoc MP Imaging System (Bio-Rad).

5.4. Transmission Electron Microscopy. Purified AAV sam-
ples (3μL) were negative stained with NanoVan (3μL) on

a nickel Formval/Carbon 300 mesh. The samples were air-
dried before being imaged at 120 kV using a Tecnai Spirit
equipped with an AMT CCD camera (Thermo Fisher).

5.5. In Vitro Cell Culture and Transduction Assays.GM16095
human fibroblast cells were purchased from the Coriell Insti-
tute and grown in 10% FBS DMEM with 1% antibiotics at
37°C with 5% CO2. The cells were subcultured once they
reached 90% confluency. For transduction assays, the cells
were counted and seeded in a 96-well plate 24 hrs before
transduction with rAAVs. Based on the AAV transgene of
each experiment, the cells were trypsinized for flow cytome-
try to determine % GFP positive or measured for Gaussia
luciferase activity (using the Pierce Gaussia Luciferase Glow
Assay Kit, Thermo Fisher #16161, following the manufactur-
er’s protocol).

5.6. Animal In Vivo Experiments. All mice were maintained
in the laboratory animal resource center at Indiana Univer-
sity–Purdue University, Indianapolis (IUPUI). All animal
experimental protocols were approved and performed as
per the guidelines of Indiana University’s Institutional Bio-
safety Committees (IBC) and Institutional Animal Care
and Use Committee (IACUC). Each specific experiment
(specified in each result figure) includes either WT BALB/c
mice (purchased from the Jackson Lab) or hemophilia B
C3H/HeJ-HB mice (in-house breed) [30]. All mice were
treated with rAAVs (purified by either iodixanol centrifuga-
tion or affinity chromatography) at 8-10 weeks old; the neg-
ative control group was mock-injected with PBS. AAV
dosage was 1E11 to 2E11 vg/mouse (see figure legends for
details of each experiment). For the BALB/c mice, at sacrifice
(week 2 postinjection), their livers were harvested for further
flow cytometry analysis. For the C3H/HeJ-HB mice, plasma
samples were collected by retroorbital eye bleed into 0.38%
sodium citrate.

5.7. Flow Cytometry Analysis. Mouse livers were processed
on the day of harvest and measured for eGFP signal based
on a previously described protocol [31] with a slightly mod-
ified digestion step as follows: a single lobe was digested in
7mL of digestion media (0.2mg/mL collagenase P, 5U/mL
DNase I, 1.5U/mL dispase, and 1% FBS in RPMI 1640).
Simple gating for unfixed, single cells from the liver was
set for direct fluorescence of GFP+ cells from negative con-
trol GFP cells using the Attune NxT Flow Cytometer.

5.8. hFIX ELISA. Enzyme-linked immunosorbent assay-
(ELISA-) based measurements of human FIX from the
mouse plasma were carried out as previously described [32].

5.9. Statistics. GraphPad Prism 9.1.2 software was used to
calculate all statistics. Unless otherwise stated, data are pre-
sented as means ± standard deviations.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.
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