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Gene therapy product release requires reliable and consistent
demonstration of biopotency. In hemophilia B vectors, this is
usually determined in vivo by measuring the plasma levels of
the expressed human factor IX (FIX) transgene product in FIX
knockoutmice.To circumvent this laborious assay,wedeveloped
an in vitromethod in which the HepG2 human liver cell line was
infectedwith the vector, and the resulting FIX activity was deter-
mined in the conditioned medium using a chromogenic assay.
The initial low sensitivity of the assay, particularly toward ad-
eno-associated viral serotype 8 (AAV8), increased approximately
100-fold and allowed linear measurement in a broad range of
multiplicities of infection. Statistical parameters indicated high
assay repeatability (relative standard deviation (RSD) < 5%)
and intra-assay reproducibility (RSD < 20%). To compare the
performance of the in vitro and in vivo biopotency assay, we
applied statistical analyses including regression techniques and
variation decomposition to the results obtained for 25 AAV8-
FIXvector lots (BAX335).These showed ahighly significant cor-
relation, with the cell culture-based assay demonstrating less
variation than the in vivo test. The in vitro assay thus constitutes
a viable alternative to using animals for lot release testing.

INTRODUCTION
Hemophilia B is caused by an X-linked mutation in the factor IX
(FIX) (F9) gene, which encodes the circulating plasma coagulation
FIX and occurs in approximately 1/25,000 male births.1 Individuals
lacking adequate amounts of FIX in the circulation are at increased
risk for spontaneous bleeding. Current therapy for hemophilia B in-
volves regular infusions of FIX protein concentrates to prevent and
treat bleeding events. These concentrates must be administered intra-
venously on a regular basis throughout the patient’s lifetime.2 In
recent years, gene therapy using adeno-associated viral (AAV) vectors
has shown promise in treating hemophilia B because of the viral vec-
tors’ relative safety and long-term gene expression.3 Applying AAV
serotype 8 (AAV8) vectors carrying a codon-optimized and CpG-
depleted human F9 gene in clinical studies has led to a substantial in-
crease in FIX levels, reducing or even obviating the need for recombi-
nant FIX administration.4 The efficacy of hemophilia B gene therapy
could be improved upon employing the single amino acid exchange
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This is an open access artic
variant FIX Padua, where leucine is substituted for arginine at posi-
tion 338 (R338L).5 This naturally occurring variant shows an up to
10-fold higher specific activity than wild-type (WT) FIX6 and yields
adequate FIX activity despite low protein expression levels.7

Demonstration of biopotency for clinical-grade AAV-FIX vectors is a
release criterion and is typically achieved by in vivo analysis in mice.8

Nonetheless, for AAVproduct release, the US Food andDrug Admin-
istration (FDA) recommends establishing an adequate in vitro bio-
potency assay to be refined and qualified during clinical development
and validated for Biologics License Application (BLA) submission.9

Implementation of an in vitro rather than an in vivo biopotency assay
would also lower costs and reduce efforts to run the assay, as well as
minimize the number of animals used in line with the principles of
the 3 Rs.10 Previous attempts to set up a FIX in vitro biopotency assay
based on human liver cell line infection were thwarted by low sensi-
tivity, particularly for AAV8, and thus in vitro analysis of FIX gene
therapy vectors was circumvented where possible.8,11,12

Here we describe the development of a highly sensitive in vitro bio-
potency assay for BAX 335, an AAV8-based hemophilia B gene ther-
apy vector expressing FIX Padua that was explored in a clinical phase
I/II study (ClinicalTrials.org: NCT01687608). The assay underwent
several optimization steps and was evaluated for its linearity, repro-
ducibility, and specificity. Finally, a thorough statistical analysis was
used to compare its performance with that of the standard in vivo bio-
potency assay.
RESULTS
Development of an In Vitro Biopotency Assay for BAX 335

BAX 335 is an AAV8-based hemophilia B gene therapy vector with a
self-complementary vector genome and an expression cassette
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Table 1. FIX Activity Depends on MOI, Cell Number, and Incubation Time

Experiment
Cells Seeded (�105/
mL)

Time
(Days)

BAX 335
MOI

FIX Activity
(%)

A

1.3 1 5.0E+5 0.003

1.3 2 5.0E+5 0.04

1.3 3 5.0E+5 0.18

1.3 6 5.0E+5 1.8

B

1.3 6 1.3E+5 0.37

1.3 6 2.5E+5 0.57

1.3 6 5.0E+5 0.91

C

2.5 4 1.3E+5 0.26

2.5 4 2.5E+5 0.64

2.5 4 5.0E+5 1.2

Figure 1. Optimization of the In Vitro Biopotency Assay for BAX 335

(A) Effect of HU on BAX 335-mediated FIX expression. HepG2 cells were infected

with the AAV8-FIX vector at the indicatedMOI dosages in the presence of increasing

concentrations of HU. After 4 days, FIX activity was measured in the supernatant.

FIX activity peaked at a concentration of 2 mM HU. (B) Influence of cell culture

medium composition on FIX expression. HepG2 cells were infected with BAX 335 at

two MOI dosages in mixtures of DMEM/FCS and synthetic FreeStyle F17 culture

media. After 4 days, FIX activity was measured in the supernatant. Increasing the

proportion of FreeStyle F17 medium continuously improved FIX expression. DMEM,

Dulbecco’s modified Eagle’smedium; FCS, fetal calf serum; HU, hydroxyurea; MOI,

multiplicity of infection.
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designed to express a codon-optimized FIX Padua transgene from the
liver-specific transthyretin (TTR) promoter/enhancer combina-
tion.13,14 A liver-derived cell line that is amenable for infection by
AAV8 was needed to analyze the biological function of BAX 335
in vitro. We thus selected the human HepG2 cell line, which was suc-
cessfully used for AAV2 infections in past studies.15,16

The initial sensitivity of the assay was low, requiring multiplicities of
infection (MOIs) of 5 � 105 and higher to detect any FIX activity
(data not shown). This is in line with previous reports describing
low in vitro biopotencies for liver-targeted gene therapy vectors.11–13

We therefore sought to optimize the assay performance examining
several parameters. To save vector material, we first determined the
smallest possible format for the infections. This turned out to be a
48-well plate, which yielded just enough cell culture supernatant vol-
ume (250 mL) for reliable FIX activity testing.We then tested the effect
of incubation time, vector dose, and number of cells per well on
assay performance (Table 1). Experiments A–C showed that (exper-
iment A) measurable FIX activity in the supernatant increased over
time; (experiment B) FIX expression was dose dependent; and
(experiment C) by increasing the cell density from 1.25 � 105 to
2.5� 105 cells/mL, 4 days of incubation was sufficient to achieve sub-
stantial FIX expression levels (experiment C).

To further decrease the infection dose per cell (i.e., the MOI), four
substances described to enhance infection were investigated in our
assay system: the proteasome inhibitorMG132, the chemotherapeutic
drug arsenic trioxide,17 the DNA synthesis inhibitor hydroxyurea
(HU),18 and the topoisomerase II inhibitor etoposide.19 Whereas
MG132 and arsenic trioxide failed to increase BAX 335-mediated
FIX expression in HepG2 cells (data not shown), pretreatment of cells
with HU boosted infection over a concentration range of 1–10 mM
(Figure 1A). FIX expression peaked at a concentration of 2 mM
HU, where FIX activity was 20-fold higher than in the preparation
without HU. An increase in activity was observed at three MOIs
(2.75 � 103, 5.50 � 103, and 1.10 � 104), indicative of a robust effect
of this compound. The topoisomerase II inhibitor etoposide, reported
582 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
to increase AAV transduction frequency of human fibroblasts to a
similar extent as HU,19 also enhanced FIX expression in our setting
(concentration range: 1–80 mM), but the improvement was not as
pronounced as with HU (Figure S1). At the highest concentration
tested, etoposide began to affect cell growth and viability, preventing
a further concentration increase.

Finally, a suitable cell culture medium for cell infection and transgene
expression was identified in a titration experiment with the previously
used Dulbecco’s modified Eagle’s medium with fetal calf serum
(DMEM/FCS) medium and FreeStyle F17 (both Thermo Fisher Sci-
entific). The latter medium is a proprietary expression medium for
mammalian cells that does not contain animal-derived components
but whose composition is not disclosed by the supplier (Thermo
Fisher Scientific). The two media were mixed at different ratios and



Table 2. Intra-assay Recovery of In Vitro Biopotency Assay

Run 1 Run 2 Run 3

MOI Mean BPU (n = 2) % Recovery Mean BPU (n = 2) % Recovery Mean BPU (n = 4) % Recovery

3.27E+3a 0.59 100.0 0.88 100.0 0.65 100.0

1.64E+3 0.57 97.6 0.73 83.3 0.78 119.5

6.54E+3 0.58 98.4 0.84 95.7 0.64 97.7

aReference dose.

Table 3. Inter-assay Recovery of In Vitro Biopotency Assay

MOI Mean BPU (n = 3) SD % RSD % Recovery
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tested for their effect on HepG2 cell infection by BAX 335. Expression
of FIX increased with increasing FreeStyle F17 medium content and
was over 5-fold higher with pure FreeStyle F17 medium (Figure 1B).

The combined assay optimization data allowed us to define standard
conditions for the in vitro biopotency assay, where HepG2 cells (2.5�
105 cells/mL or 6.25 � 104 cells/well) are pretreated with 2 mM HU
prior to infection with BAX 335 in FreeStyle F17 medium, followed
by an incubation period of 4 days. With this setup, the assay was suf-
ficiently sensitive for efficient and reliable testing of BAX 335 vector
preparations at reasonably low doses (MOI < 104).

We further assessed whether the assay was useful for testing other
AAV8-FIX vectors. For this purpose, we compared BAX 335 with
two pairs of otherwise identical self-complementary vectors designed
to express WT FIX or FIX Padua, using either the WT or a codon-
optimized and CpG-depleted F9 nucleotide sequence (Figure S2).
As expected, the WT F9 nucleotide sequence yielded the lowest FIX
expression levels. Introduction of the R338L FIX Padua mutation
increased expression 3-fold. Expression was approximately 7.5-fold
increased for the codon-optimized pair of vectors, again with a
3-fold higher biopotency for the Padua variant. Compared with
BAX 335, FIX expression from the CpG-reduced, codon-optimized
sequence (co-R338L) was in the same range, whereas that from the
WT nucleotide sequence (WT-R338L) was lower.

Next, we compared expression of BAX 335 with a second generation
vector (TAK-748) developed after the interim readout of the BAX
335 clinical study, which revealed an immunological issue that re-
sulted in a loss of FIX expression in all but one participant after
5–11 weeks.20 This vector is single-stranded with a codon-optimized
and CpG-depleted F9 Padua cDNA and a stronger liver-specific
promoter. The assay showed a 5.7-fold increase in FIX expression
for the new vector (Figure S2), commensurate with improved
potency.

Taken together, the FIX in vitro biopotency assay reflected the ex-
pected potency ranking for a number of constructs, suggesting its
broad applicability for AAV8-FIX vectors.
3.27E+3a 0.71 0.15 21.73 100.0

1.64E+3 0.69 0.11 15.71 98.4

6.54E+3 0.68 0.14 20.19 97.0

aReference dose.
Reliability of the In Vitro Biopotency Assay

To ensure reliable measurement of the vectors’ in vitro biopotency, we
subjected our assay system to a qualification process, addressing accu-
racy, precision, specificity, linearity, range, and robustness. Because
an international standard is lacking, accuracy was assessed as FIX ac-
tivity recovery using a purified BAX 335 preparation at different
MOIs. Intra-assay recovery, calculated from three assay runs, was
83%–120% (Table 2), and inter-assay recovery, determined from
the mean of the same three assay runs, was 97%–99% (Table 3). Repli-
cate testing of a single lot under standard conditions by one analyst on
the same day resulted in a relative standard deviation (RSD) below
5%, demonstrating precision of the assay (Table 4).

Testing seven further lots and performing the assay on three different
days using different equipment resulted in an RSD of <19% (Table 5,
lot numbers 2–7). Inclusion of a second analyst increased the RSD to
approximately 23% (Table 5, lot number 8). The combined results
indicated that the assay performed with an intermediate precision
that is acceptable for complex biological assays.21

Specificity was addressed by assaying BAX 335 samples with
increasing volumes of formulation buffer to test for matrix effects.
Because tested samples usually comprise less than 0.2% of the assay
volume, samples were spiked with an additional volume of up to
1.25% of formulation buffer. Recovery of in vitro biopotency activity
remained constant compared with that of non-spiked samples (Table
S1). Thus, the assay had an acceptable specificity for samples with a
titer of 2.6E+11 vg/mL or higher.

Linearity of the assay was investigated by infecting HepG2 cells under
standard conditions with six dilutions of BAX 335 vector material, re-
sulting in MOIs of 8.18E+2 to 6.55E+3. A highly correlated dose
response with a coefficient of determination (R2) above 0.99 was
obtained, suggesting that the assay range covers at least these MOIs
(Table S2).

Robustness of the assay system was tested for two critical parameters:
HepG2 cell passage number and HU lot-to-lot variability. Two
different working cell banks at increasing cell passage numbers
Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020 583
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Table 4. Repeatability of In Vitro Biopotency Assay

Sample Lot Mean BPU (n = 12) SD RSD (%)

1 0.36 0.017 4.72

Molecular Therapy: Methods & Clinical Development
were used to determine the biopotency of two different control sam-
ples, a small-scale AAV8-FIX preparation (Table S3A) and a crude
AAV8-FIX preparation containing conditioned medium of the
fermentation process (Table S3B). The two working cell banks re-
vealed comparable results for both controls. In addition, no potency
decrease was observed from day 11 to day 60, corresponding to an in-
crease in passage number from 13 to 27. Individual measurements for
all samples were within the acceptance criteria as determined by Min-
itab. Activities of both control samples were further compared with
respect to two lots of the cell infection enhancer HU, and individual
measurements of BPU were again within the acceptance criteria
(Tables S3C and S3D).

In summary, our assay conditions yielded highly robust FIX in vitro
biopotency results.
Comparison of the In Vitro and In Vivo Biopotency Assay

For lot release of hemophilia B gene therapy products, a mouse in vivo
biopotency assay is commonly used. We also employed this assay for
preclinical and phase I/II clinical lot release to ensure that the vector
product translates into FIX activity in the circulation. However,
because this assay is laborious and medical authorities are recom-
mending in vitro studies where appropriate,22 we evaluated whether
our newly developed in vitro biopotency assay could consistently
deliver comparable results with the in vivo test and eventually replace
it for lot release testing.

For this purpose, 25 BAX 335 vector lots encompassing small- and
large-scale preparations of different purity were repeatedly tested in
both assays, and average FIX activity values were calculated for
each lot. The methods demonstrated highly similar behavior, i.e., a
low (or high) biopotency in the in vivo assay corresponded to a low
(high) biopotency in the in vitro assay (Figure 2A).
Table 5. Inter-assay Variability of In Vitro Biopotency Assay

Lot Mean BPU SD RSD (%) Replicates Experiments Total Data Points

2 1.11 0.172 15.52 2 3 6

3 0.80 0.135 16.81 2 3 6

4 0.45 0.079 17.50 2 3 6

5 0.51 0.084 16.34 2 3 6

6 0.44 0.068 15.49 2 3 6

7 0.65 0.121 18.61 2 3 6

8 0.78 0.044 5.68 2 27 54

9a 0.91 0.206 22.60 2–5 4 24

aAssays performed by two different analysts.
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Analysis of variance demonstrated discrimination of samples, with no
indication of a mismatch between the two methods (p for method/
sample interaction = 0.135). Correlation analysis confirmed a highly
significant relationship between the lots’ average activity values for
both methods, as shown by a Pearson correlation coefficient of
0.926 with a p value <0.001 (Figure 2B).

We then compared over 350 individual data points for the distribu-
tion of the single measurements with the average of all values gener-
ated for each lot by test method. Analysis of these residuals showed
less variation for the in vitro than the in vivo test, reflected by a lower
deviation of the single measurements from their respective average
value (Figure 2C). Outliers to the bottom were observed for some
in vivo data points and probably reflect non-responders in mice.

Taken together, our method comparison showed accordance of the
two assays, and thus justifies replacing the in vivo biopotency test
with the in vitro assay.

DISCUSSION
A key regulatory requirement for the clinical use of gene therapy vec-
tors is demonstration of their biopotency. This can either be accom-
plished by in vivo testing, preferably using an indication-specific an-
imal model, or by using a cell-type-specific in vitro assay.22,23

Although in vitro biopotency assays are recommended by regulatory
authorities, their use in clinical lot release has been limited by ineffi-
cient transduction of appropriate immortalized cell lines and the
questionable relevance of such assays in the absence of a clear corre-
lation with the results obtained using an established animal model.

Here we describe the development of an optimized HepG2 cell-based
in vitro assay for quantification of FIX expression as a direct measure
of the biopotency of BAX 335, an AAV8-based gene therapy vector
designed to treat hemophilia B patients. The final setup allowed a
reduction in the higher than 5 � 105 MOI infection dose by at least
two logs compared with the starting setup, resulting in a MOI of
3 � 103. Published data on in vitro biopotency assays using HepG2
cells indicate that for AAV2-based vectors, FIX expression measure-
ment requires MOIs of 2 � 105 for single-stranded and 2 � 104 for
self-complementary vectors.11,13 The obtained sensitivity for AAV
vectors of serotype 8 used here is even lower and has been described
to be particularly inefficient in the context of an AAV8-FIX vector.8

Osman et al.12 reported a MOI of 1.6–3.2� 105 for the in vitro infec-
tion of HepG2 cells using a self-complementary AAV8 vector ex-
pressing the apoE3 transgene. The sensitivity of single-stranded
AAV8 vectors is expected to be a further log lower.14

Optimization procedures for the FIX biopotency assay focused on
choice of cell culture medium and compounds that might boost vec-
tor transduction. Switching from DMEM to the richer FreeStyle F17
medium resulted in a 5-fold increase in FIX expression. The latter me-
dium’s composition was shown to promote transgene expression in
HepG2 cells and may have also stabilized the FIX transgene product
in the supernatant.



Figure 2. Correlation of the Results for the BAX 335 In Vitro and In Vivo

Biopotency Assays

(A) Assay comparison with 25 BAX 335 lots. The lots were testedwith the in vitro and

in vivo biopotency assay for FIX expression, and resulting averages were compared

in an interaction plot at a logarithmic scale. The methods showed highly similar

behavior. (B) Statistical analysis of data correlation. The average in vitro and in vivo

biopotencies of the 25 BAX 335 lots were plotted as log FIX activities against each

other. A linear dependency was observed, with a Pearson correlation of 0.926 and a

p value <0.001. (C) Statistical analysis of residuals. Single measurement values were

analyzed for their distribution from their respective average of each lot. Deviations

are plotted as x-fold of the standard deviation. Deviation of data points from the

in vivo biopotency assay was more pronounced with some downward outliers
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Another significant improvement was achieved by supplementing the
medium with 2 mM HU, which led to an approximately 20-fold in-
crease in FIX expression. HU was previously reported to enhance
transduction andmobilize virions into the nucleoplasma.18 This com-
pound prevents DNA synthesis by inhibiting ribonucleotide reduc-
tase lowering the cellular pools of deoxynucleotides.24 At the same
time, unscheduled DNA repair mechanisms are induced; therefore,
HU’s stimulating effect on AAV transduction was largely ascribed
to increasing conversion of single-stranded vector genomes to tran-
scriptionally active double-stranded molecules.19,25 We observed a
20-fold higher transduction for a self-complementary AAV8 vector.
One possible explanation is the observed retarded cell division over
the 4 days of incubation, which prevented cellular outgrowth and
may have minimized dilution of the non-integrated AAV vector
genome, leading to accumulation of FIX levels in the supernatant.
It is also likely that HU-triggered DNA repair mechanisms also pro-
moted late-stage transduction events for self-complementary vector
genomes. Similar considerations were put forward regarding the
mode of action of the topoisomerase inhibitor etoposide.26 In both
cases, however, the underlying mechanism remains ill-defined.

Proteasome inhibitors have also been shown to improve the late
stages of AAV transduction, leading to enhanced reporter gene
expression.27,28 In our hands, however, the proteasome inhibitor
MG132 did not enhance FIX expression, possibly because AAV8 is
less susceptible to the reported MG132-triggered transduction in-
crease in our setup. The chemotherapeutic drug arsenic trioxide
was described to cause an accumulation of AAV2 capsids at the peri-
nuclear region in several cell lines, facilitating productive nuclear traf-
ficking and improving transduction.17 Testing this compound in our
HepG2-based assay system, though, did not show an increase in FIX
expression after infection with the AAV8-FIX vector BAX 335.

The reliability of the in vitro biopotency assay was assessed by analysis
of validation relevant parameters. Its reproducibility fulfilled the US
Pharmacopeia Convention for gene therapy products allowing varia-
tion of 30%–50%.21 Our stringent assay design yielded variations of
23% or lower, thus establishing an effective tool for monitoring prod-
uct quality. Under these conditions, high assay reproducibility was
observed. Other qualification parameters confirmed the in vitro bio-
potency assay to be a robust assay system with a wide linear range.

Comparison of the measured in vitro biopotency values for 25 BAX
335 vector preparations with those of the widely used mouse in vivo
biopotency assay demonstrated a strong correlation, as shown by a
highly significant Pearson coefficient. Notably, the in vitro method
was characterized by less variation in individual measurements. The
variation observed using the in vivo assay was mainly caused by the
low FIX activity measured for some plasma samples, due to non-re-
sponders and to responders that had formed anti-FIX antibodies
discernible, indicating that the in vitro assay performedmore robustly than the in vivo

assay.
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Figure 3. Timeline for In Vitro Biopotency Testing during Clinical Phases

An in vivo biopotency assay is initially used for product release. In parallel, in vitro

biopotency is evaluated and an assay developed, to replace the in vivo assay after

phase 3. Illustration was modified from a presentation by Gavin.23
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causing a loss in plasma activity levels. These non-responders were
rare (<5%) and distributed randomly over several vector preparations
and studies.

Given the differing nature of the two biopotency detection systems,
the observed matching behavior was unexpected. Although the
mouse model mimics physiological conditions, its limitation lies in
mice expressing a human xenoprotein in their hepatocytes. The
in vitromodel uses cells of human origin, but in a non-physiological,
two-dimensional culture system. The two approaches thus have
different implications on infectivity, transcription, and expression
rates, and on the half-life of the transgene product. Furthermore, a
chromogenic assay was used for the in vitro biopotency assay FIX ac-
tivity, and a one-stage clotting assay for the in vivo biopotency assay.

The correlation between the two methods provides the rationale for
switching from the in vivo to the in vitro biopotency assay for product
release not only for BAX 335, but also for any other liver-targeted
AAV8 vector. Because the FDA recommends rigorous comparison
of methods in such cases,23 we suggest running both assays in parallel
until the requested dataset is obtained, and using only the in vitro bio-
potency assay upon market authorization (Figure 3).

MATERIALS AND METHODS
Characterization of BAX 335 Vector Material

Vector Design

Development of BAX 335 has been described previously.29 The
scAAV-FIX-R338L vector genome is composed of a promoter/
enhancer combination derived from liver-specific mouse TTR (pre-
albumin, TTR) promoter,30 a short intron fragment from minute vi-
rus of mice (MVM),31 a codon-optimized FIX Padua (R338L) coding
sequence,5 and a polyadenylation signal derived from the bovine
growth hormone (BGHpA). The expression cassette is flanked by
AAV2 inverted terminal repeats (ITRs), with the 50-ITR (mut
50-ITR) being mutated to direct preferential replication and pack-
aging of self-complementing rather than conventional single-
stranded AAV DNA sequences (Figure S3A).
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The AAV8-FIX vectors AAV8-FIX-WT and AAV8-FIX-WT-R338L
were generated by replacing the codon-optimized F9 coding sequence
of BAX 335 with the WT F9 nucleotide sequence, with (AAV8-FIX-
WT-R338L) or without (AAV8-FIX-WT) the R338L mutation, or
with a codon-optimized and CpG-depleted F9 nucleotide sequence,32

also with (AAV8-FIX-co2-R338L) or without (AAV8-FIX-co2) the
R338L mutation. The second generation vector TAK-748 was further
modified to contain a single-stranded genome, a newly codon-opti-
mized and CpG-depleted F9 nucleotide sequence with the R338L mu-
tation, and a stronger liver-specific promoter.33

Manufacturing

Vectors were prepared by the triple-plasmid transfection method as
described previously,31 using HEK293 suspension cells and a cocktail
of the BAX 335 expression plasmid, the helper plasmid pXX6-80 (car-
rying adenoviral helper genes), and the packaging plasmid pGSK2/8
(contributing the rep2 and cap8 genes). Of the 25 lots included in the
analysis, 6 were generated at 1-L scale and processed according to
Grieger et al.,34 using an iodixanol density gradient followed by a
one-step HiTrap Q HP anion exchange purification step. The other
lots were produced at 200-L scale and generated by processing the
conditioned medium via sequential application of Mustang Q anion
exchange chromatography, density gradient ultracentrifugation, and
TMAE anion exchange chromatography.35 Research vectors AAV8-
FIX-WT, AAV8-FIX-WT-R338L, AAV8-FIX-co2, AAV8-FIX-co2-
R338L, and TAK-748 were prepared at 1-L scale according to Grieger
et al.,34 as described above. Vectors were quantified by qPCR using the
ITR-qPCR procedure targeting the AAV2 ITRs common to all
vectors.36

Purity and Genomic Integrity

All materials were controlled by protein and DNA gel analyses. The
expected pattern for capsid proteins VP1, VP2, and VP3 was
confirmed by SDS-PAGE applying standard procedures (Fig-
ure S3B). Each lane contained 1 � 1010 vg of the viral vector and
was separated on a 4%–12% Bis-Tris gel (NuPAGE Novex, Life
Technologies, Austria). Silver staining was performed with a Silver-
Quest kit (Novex, Life Technologies) according to the manufac-
turer’s instructions.

The integrity of the vector genomes was analyzed by alkaline (Fig-
ure S3C) and native (Figure S3D) agarose gel electrophoresis. Alka-
line gel electrophoresis, which melts the hybridized complementary
strands to result in a single-stranded DNA-strand 2-fold in length,
was run under alkaline conditions.37 Approximately 1–2 � 1010

vector genomes (vg) of AAV particles were loaded in the presence
of SDS on an agarose gel. Following separation, the gel was incu-
bated in Tris-HCl and finally stained with GelRed dye (Biotium,
Austria).

Native electrophoresis was performed as described previously.37 In
brief, AAV vector preparations were incubated at 75�C for 10 min
in the presence of 0.5% SDS and then cooled to room temperature.
Approximately 1.5 � 1010 vector genomes (vg) were loaded per
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lane on a 1% 1� TAE agarose gel and electrophoresed for 60 min at
7 V/cm of gel length. The gel was then stained in 2�GelRed (Biotium,
Germany) solution and imaged by ChemiDocTMMP (Bio-Rad,
Austria).

Description of the In Vitro Biopotency Assay

The assay was set up with the human liver cell line HepG2, obtained
from ATCC (ATCC HB-8065). HepG2 cells were cultivated in
DMEM with 10% FCS and supplemented with 2 mMHU (Sigma-Al-
drich, Germany). One day later, cells were seeded in 48-well plates in
F17 medium containing 350 ng/mL vitamin K3 (Sigma-Aldrich), in-
fected with BAX 335 at a MOI of 3� 103, and incubated for 96 h. The
amount of FIX secreted into the cell supernatant was quantified by
determining the FIX chromogenic activity using the Rox Factor IX
kit (Rossix, Moelndal, Sweden).

The standard curve was generated by transduction of HepG2 cells
with a purified AAV8-FIX standard at MOIs of 7 � 102 to 7 �
103. The FIX activity measured with the standard at a MOI of
3 � 103 was defined as an arbitrary bio-potency unit (BPU). All
measured FIX activities were normalized to this value and reported
as relative BPUs. As controls, two purified BAX 335 vectors and a
crude BAX 335 vector-containing supernatant were measured at
the same MOI (3 � 103) in each assay run and monitored via con-
trol chart.

Description of the In Vivo Biopotency Assay

The in vivo biopotency assay was performed using FIX knockout
(B6;129P2-F9tm1Dws) mice38 that were bred by Charles River (Sulz-
feld, Germany) and kept as described previously.39 Six to eight ani-
mals per group were administered 4 � 1011 vg/kg body weight of
the respective vector preparation via tail vein injection. Blood was
drawn 14 days after injection by retro-orbital puncture, and plasma
was prepared and frozen using standard procedures. Human FIX
activity in mouse citrate plasma was determined by the one-stage
activated partial thromboplastin time (APTT) assay using human
FIX-deficient plasma as a substrate essentially as described
previously.38All animal experiments followed a protocol authorized
by the Local Authorities on Animal Experiments or the Institutional
Animal Care and Use Committee (IACUC).

Statistical Methods

All analyses were carried out using the statistical software package
Minitab. In order to obtain homogeneous measurement variation
despite the differences between samples and methods, data were
log-transformed to scale relative differences uniformly across the
analytical range. All hypothesis decisions were made based on a level
of significance of a = 5%.

Hypotheses regarding the ability of the method to discriminate sam-
ples (main effect) and the uniformity of sample patterns (interaction)
were tested using a general linear model (GLM). The degree of asso-
ciation between the two methods was analyzed using a correlation
analysis testing Pearson correlation coefficient for significance.
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