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DESCRIPTION

Description

[0001] The present invention relates to methods for the production of Adeno-associated virus
(AAV), comprising steps of providing a stable AAV producer cell line in which at least some or
all genes encoding the components necessary for the production of AAV are stably integrated
into the cell genome, and culturing said cells in perfusion culture during the AAV production
step (i.e., during the N step), wherein said perfusion culture encompasses continuous
replacement of spent media with fresh media, and wherein said continuous replacement of
spent media with fresh media continues after the induction of AAV production.

[0002] Recently there has been a rapid increase in the number of gene therapy trials and
products based on AAV-derived vectors. Advantages of AAV vectors in gene therapy are a
good safety profile, the fact that such vectors are not pathogenic, i.e., are not associated with
any disease, the long-term expression of transgenes, and the possibility of transducing dividing
as well as non-dividing cells. However, a major challenge for translation of this promising
research to clinical development is the challenge to deliver substantial amounts of AAV viral
vectors in high quality.

[0003] The production of recombinant AAV inter alia requires the expression of AAV Rep and
Cap proteins, usually encoded by the AAV genome, for production of recombinant virus
supplied in trans. Further, helper genes are used which can be derived from different helper
viruses, the most common being helper virus genes taken from Adenovirus (AV), such as E1A,
E1B, E2A, E4orf6, or VA RNA. Furthermore, a transfer vector containing the gene of interest
(GOI) flanked by AAV inverted terminal repeat sequences (ITRs) is needed.

[0004] Current production systems for AAV rely mostly on the following techniques which,
however, have several drawbacks.

[0005] The most common system for the production of recombinant AAV relies on the
introduction of all genes necessary for AAV production into the production cells by transient
transfection. Transient transfection usually requires a two- or three-plasm id system: transfer
vector containing gene of interest; pHelper with adenoviral helper functions; and pAAV-
Rep2CapX (CapX = capsid function of different AAV serotypes) supplying the capsid and
replicase functions. However, this approach has several drawbacks. In particular, due to the
transient transfection step, this method entails high costs of plasmid DNA and lacks sufficient
scalability, robustness, and reproducibility.

[0006] In addition, the transient transfection step impedes certain process optimization steps to
increase product titer or product quality which are common in the production of other
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recombinant biologicals, like extensive media and feed optimization, and variation of process
parameters like pH, temperature, or cell density during production. In particular the latter one is
a promising approach to increase the overall product titer. A higher cell density in general
leads to an increased titer, as long as cell specific productivity is not decreased ("cell-density
effect”). In particular while using transient transfection, the cell specific productivity can
decrease while increasing cell density. This is also described in particular for the production of
viral vectors.

[0007] Production of AAV results, independently of the particular production process, always in
a mixture of full AAV particles, that means with the packaged gene of interest (GOI) flanked by
AAV ITRs and empty particles without the packaged GOI. AAV titers achieved by transient
transfection of mammalian suspension cells, such as e.g. HEK293 cells, are in the range of

1x10"13 to 1x101% vg/L (viral genomes per L) depending on the process. By transient
transfection the proportion of full particles was reported with a maximum of =30 % full particles,
but is normally in the range of 10-18 %. This implies that 82-90 % are undesirable empty
particles. Empty particles are therapeutically inactive and can increase immune responses in
the patients. Therefore, in the purification process post-production, these empty particles have
to be removed as efficiently as possible. This can be achieved either via centrifugation, a
process which is effective but not scalable, or by chromatography methods. The latter can be
utilized also for large scale production but the fold enrichment of full particle is normally only in
the range of = 3- to 6-fold.

[0008] Therefore, e.g. the enrichment of a sample with around 10 % full particles results in a
final proportion of only = 30 to 60 % full particles.

[0009] So-called producer cell lines with an already stably integrated gene of interest are
mostly based on HEK or HelLa cells. However, they need additional infection with helper virus,
e.g. adenovirus. This addition of helper virus during AAV production requires first production of
the corresponding helper virus, then extensive purification of the produced AAV vector in order
to remove the helper virus from the final product and costly proof of absence of helper viruses.
The same applies for Herpes simplex virus (HSV)-based system. The Baculovirus-based
system additionally lacks sufficient scalability and robustness, and adds the risk of
contaminations by insect host cell protein and immunogenic insect cell specific glycosylation
structures.

[0010] Therefore, current AAV production systems are limited not only with respect to
scalability, robustness, reproducibility, ease of use and cost efficiency but also in respect to
product quality.

[0011] Accordingly, the technical problem underlying the present invention is the provision of a
scalable system for the stable production of AAV vectors that does not require transient
transfection or helper viruses, allowing for the robust, industrial and scalable production of AAV
gene therapy vectors, as well as extensive upstream process development optimization, in
particular with the aim to increase product titer and/or cell specific yield, and even more
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importantly product quality, in particular in terms of the proportion of full particles.

[0012] The solution to the above technical problem is achieved by the embodiments
characterized in the claims.

[0013] In particular, in a first aspect, the present invention relates to a method for the
production of Adeno-associated virus (AAV), comprising the steps of:

1. (a) providing a stable AAV producer host cell line in which at least some or all genes
encoding the components necessary for the production of AAV are stably integrated into
the host cell genome;

2. (b) culturing said cells in perfusion culture during the AAV production step (i.e., during
the N step), wherein said perfusion culture encompasses continuous replacement of
spent media with fresh media, and wherein said continuous replacement of spent media
with fresh media continues after the induction of AAV production.

[0014] AAV in the present invention is not limited to particular AAV serotypes. Thus, AAV can
be selected from the group consisting of AAV serotype 1 (AAV1), AAV2, AAV3, AAV4, AAVS,
AAVE, AAVT, AAVS, AAVI, AAV10, AAV11, AAVDJ, AAVDJS, AAVrh10, hybrids of two or more
different of said serotypes, and said serotypes having mutations that alter the tropism of the
AAV serotype. Preferably, AAV is selected from the group consisting of AAV2, AAV5, AAVG,
AAVE, and AAV9, wherein AAVS is particularly preferred.

[0015] According to the present invention, all genes encoding the components necessary for
the production of AAV are stably integrated into the host cell genome.

[0016] In this context, according to the present invention, the genes encoding the components
necessary for the production of AAV are the genes encoding the AAV Cap proteins VP1, VP2,
and VP3; genes encoding the AAV Rep proteins Rep78, Rep68, Rep52, and Rep40; genes
encoding the adenoviral helper functions E4orf6, E2A and VA-RNA; genes encoding the Ad5
helper genes E1A and E1B; and the gene of interest (GOI) flanked by AAV ITRs.

[0017] GOls to be used in the context of the present invention are not particularly limited and
include any genes the transfer of which into the recipient of the AAV vector is of interest, e.g.
for treatment of eye diseases, blindness diseases, muscular diseases, Duchenne muscular
dystrophy, GM2 gangliosidosis and spinocerebellar ataxia type, ALS, Huntington disease, X-
linked severe combined immunodeficiency (X-SCID), adenosine deaminase deficiency (ADA-
SCID), central nervous system diseases, Parkinson's disease, Alzheimer disease, liver
diseases, liver enzyme ornithine transcarbamylase (OTC) deficiency, Leber's congenital
amaurosis, hemophilia, p-thalassemia, cancer diseases, head and neck cancer, metastatic
melanoma, heart diseases, lung diseases, or cystic fibrosis, Wiskott-Aldrich syndrome (WAS),
metachromatic leukodystrophy (MLD), and severe lipoprotein lipase deficiency disorder (LPLD)
infection diseases, severe combined immunodeficiency syndrome, HIV infection, rare diseases
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including Niemann Pick Disease Type C and ornithine transcarbamylase (OTC) deficiency.

[0018] The stable AAV producer host cell line used in the present invention can be derived
from any suitable cell line known in the art. However, in preferred embodiments, said cell line is
derived from a cell line, or is a cell line, selected from the group consisting of CAP cells,
AGE1.hn, HEK293, PER.C6, NSO1, COS-7, BHK, CHO, CV1, VERO, HelLa, MDCK, BRL3A,
WA138, and HepG2 cells, wherein CAP cells and HEK293 cells are particularly preferred. In a
specific embodiment, the above cell line is derived from CAP cells or is a CAP cell line. In
another specific embodiment, the above cell line is derived from HEK293 cells or is a HEK293
cell line. In this context, the term "the stable AAV producer host cell line is derived from a cell
line X" indicates that said stable AAV producer host cell line is generated by stably integrating
the respective genes indicated above into cells of cell line X. Thus, the above term expressly
encompasses the stable AAV producer host cell line being a cell line X, as indicated above. In
this context, the term "the stable AAV producer host cell line is derived from a cell line X" can
be read as "the stable AAV producer host cell line is based on a cell line X", and the respective
terms can be used interchangeably herein.

[0019] The scale of AAV production according to the present invention can vary from small
volumes in the milliliter range over mid-range volumes up-to large scale volumes with e.g.
2,000 L or 25,000 L volume per production run.

[0020] Perfusion culture in step (b) of the methods of the present invention can be performed
in any suitable culture vessel or system known in the art. Different types of bioreactor which
can be used in this respect include stirred-tank bioreactors (STR), orbitally shaken bioreactors
(OSB), rocking bed bioreactors (e.g. WAVE, Rocking Motion), air-lift bioreactors, or tubular
bioreactors. For any of these bioreactor types, glass, stainless steel or single-use bioreactor
vessels can be used.

[0021] Also, valid multi-parallel bioreactors, including high throughput bioreactors coupled to
perfusion devices, can be used. Perfusion bioreactors designed for adherent cells can also be
used, e.g. hollow-fiber bioreactors (HFBR), fixed-bed bioreactors (e.g. packed-bed
bioreactors), and fluidized bed bioreactors.

[0022] Operational modes for perfusion culture include but are not particularly limited to
standard perfusion (continuous), concentrated perfusion (continuous), hybrid perfusion/fed-
batch, perfusion with volume expansion, and two-stage continuous processes, as known in the
art. Perfusion devices include hollow-fiber filters operated under strategies such as TFF
(tangential flow filtration) and ATF (alternating tangential flow), floating membranes, spin-filters
and rotating cylindrical filters (aka vortex-flow filters or external spin-filters) and rotating disc
filters (aka controlled-shear filters), wherein ATF perfusion culture is particularly preferred.
Other types of filtration devices such as hollow-fiber based or tubular membrane modules
operating with peristaltic pumps, diaphragm pumps or centrifugal pumps based on magnetic
levitation (e.g. Levitronix) can also be used. Yet further perfusion devices include gravitational
settlers (lamella settlers, compact cell settlers), acoustic settlers (aka acoustic filter),
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centrifuges, and hydrocyclones, as known in the art.

[0023] According to the present invention, perfusion culture encompasses continuous
replacement of spent media with fresh media (i.e., continuous medium exchange), wherein
said continuous replacement of spent media with fresh media continues after the induction of
AAV production. In preferred embodiments, said continuous replacement of spent media with
fresh media continues for at least 24 hours after induction, at least 48 hours after induction, at
least 72 hours after induction, and/or until the harvest of AAV. As known in the art, the terms
"continuous replacement of spent media with fresh media" or "continuous medium exchange"
do not necessarily require non-stop replacement of spent media with fresh media (i.e., non-
stop medium exchange), but also allows for pausing said replacement for intervals several
times a day, as known in the art. By way of example, possible pauses of replacement or
medium exchange are pauses for e.g. up to 1 hour or up to 2 hours, 1, 2, 3, 4, 5 or 6 times a
day, or pauses for e.g. up to 6 hours or up to 12 hours, once or twice a day.

[0024] In preferred embodiments, the cell specific perfusion rate (CSPR) during perfusion
culture is about 0.01 to about 0.20 nL/cell/day. Further, the perfusion rate is preferably about 1
to about 20 vvd (volume of fresh medium/working volume of reactor/day).

[0025] According to the present invention, the methods can be initiated with a cell density at
seeding at lower viable cell densities (VCD) in the range of about 0.1x10° to about 2.0x10°
cells/mL, or at higher VCD in the range of about 2.0x108 to about 20x10° cells/mL. In preferred
embodiments, the cell density at the seeding of the perfusion culture is about 0.5%10° to about
5x10° cells/mL.

[0026] Further, the cell density at the timepoint of induction of AAV production can be at lower
VCD in the range of about 1.0x10° to about 10x10° cells/mL, at high VCD in the range of about
10x10° to about 100x10° cells/mL, or at very high VCD in the range of about 100x108 to about
200%108 cells/mL. In preferred embodiments, the cell density at the timepoint of the induction

of AAV production is about 20%108 cells/mL or higher.

[0027] In specific embodiments, the methods of the present invention can comprise a step of
harvesting AAV from the perfusion culture retentate.

[0028] In the methods of the present invention, the process time from post-seeding until the
induction of AAV production can be in the range of 0 to 21 days. Further, the process time
post-induction can be in the range of 2 to 10 days post-induction.

[0029] In order to achieve maximum AAV titer, process parameters such as seeding cell
density, temperature, stirring speed, pH, DO (dissolved oxygen), osmolarity, and/or bioreactor
working volume can be changed during the production process, as known in the art. In
addition, in order to avoid deprivation of certain amino acids, saccharides, organic acids,
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cofactors, vitamins, minerals, and/or other elements, supplementation of the cell culture with
the lacking components can be part of the production process, as known in the art.

[0030] The present invention results in an Adeno-associated virus (AAY), obtainable by the
method according to the present invention as defined above.

[0031] As used herein, the term "comprising"/"comprises" expressly includes the terms
"consisting essentially of'/"consists essentially of* and "consisting of'/"consists of", i.e., all of
said terms are interchangeable with each other.

[0032] The term "about" as used herein is a modified of the specified value of £10%,
preferably £7%, +5%, 4%, £3%, +2%, 1 %, or £0.5%. By way of example, the term "about
10" as used herein can refer to a range of 9 to 11.

[0033] In the present invention, fully stable AAV producer cell lines represent an effective
method for the large-scale manufacturing of AAV vectors. These fully stable AAV producer cells
consist of cells with a stable integration of the capsid genes (VP1, VP2, VP3), regulatory genes
(Rep78, Rep68, Rep52, Rep40), adenoviral helper functions (E1A, E1B, E4orf6, E2A and VA-
RNA) and the ITR-flanked transgene (gene of interest; GOI). In this system, the expression of
the four rep proteins and the helper functions E2A and E4orf6 are under the control of an
inducible system. By addition of the inducer, the aforementioned proteins are expressed, and
recombinant AAV (rAAV) vectors are produced.

[0034] This stable system harbors several advantages, as no transient transfection step or
helper infection step is necessary. Therefore, costs of good are reduced due to the omitted
plasmid costs or additional cost for the production of helper virus. The system is scalable,
highly reproducible with only minor or none batch to batch variations.

[0035] Most importantly, the stable AAV production cell line used in the present invention, with
no need for transient transfection or virus infection, also allows extensive upstream cell culture
process development and optimization, e.g. in order to increase viral titer yields (volumetric
productivity and/or cell-specific virus yield) and/or to increase product quality, in particular in
terms of the proportion of full particles.

[0036] In general, upstream cell culture processes can be operated in batch, fed-batch,
continuous, or continuous with cell recirculation (perfusion) modes, or hybrid modes (e.g.
hybrid of perfusion and fed-batch). The operational mode determines the growth profile and
the production kinetics.

[0037] In perfusion mode, feeding of fresh medium (inlet) and removal of spent medium
(outlet) are usually done using the same flow rate in the inlet and in the outlet, so that the
bioreactor volume is maintained constant. The cells are retained in the production system
(bioreactor) by using a cell retention (or perfusion) device. Consequently, high cell densities
can be obtained. Typically, perfusion allows for higher volumetric productivity, with lower
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footprints, compared to other operational modes.

[0038] Different perfusion devices can be used, using different mechanisms for cell separation:
settling (under gravitational or centrifugal field), aggregation under ultrasonic field (followed by
settling), and filtration. Hence, the separation efficiency depends on the selection of the device.
Examples are: centrifuges, gravitational settlers (lamella settlers, compact cell settlers),
acoustic settlers (aka acoustic filter), centrifuges, hydrocyclones, and filters. Filtration operated
under different strategies: TFF (tangential flow filtration) and ATF (alternating tangential flow),
floating membranes, spin-filters and rotating cylindrical filters (aka vortex-flow filters or external
spin-filters) and rotating disc filters (aka controlled-shear filters). Among the different types of
filters, TFF and ATF are commonly used for perfusion. In both cases, a hollow-fiber module
containing filter membranes is used. In the case of ATF, the bi-directional flow is obtained
through a diaphragm pump. Nowadays, ATF is the mostly used cell retention device for
recombinant protein production (biopharmaceuticals). Although perfusion is well established for
biopharmaceutical manufacturing processes, it has not yet been available for scalable
manufacturing of viral vectors.

[0039] In summary, the perfusion process for rAAV production in accordance with the present
invention enabled higher titers (vg/L) as well as higher cell-specific virus yield (vg/cell),
compared to conventional batch process with stable AAV producer cells. Unexpectedly, when
applying perfusion in the stable AAV production system, the ratio between full and empty viral
particle was dramatically increased compared to the traditional batch process. In addition,
harvesting of the AAV viral vectors could be done from the retentate (whole cell suspension,
collected from the bioreactor bulk) instead of the permeate, reducing the volume for the
subsequent AAV purification process dramatically, which makes the overall process more
efficient.

[0040] Utilizing the fully stable AAV producer platform described in the present invention results
in a similar percentage of full particles when compared to the fully transient approach.
However, this is only true for manufacturing the AAV particle in a batch or fed-batch approach.
Unexpectedly, manufacturing AAV viral vectors with the fully stable producer cell system
utilizing perfusion advantageously results in a dramatically increased percentage of full
particles up to about 10-fold compared to a reference batch process. Therefore, in the
subsequent full particle enrichment step by utilizing e.g. AEX chromatography, a final
proportion of 75 % or higher of full particles can be achieved.

[0041] The figures show:

Figure 1:

Growth of a stable CAP AAV producer in shake flasks (SF) in pseudo-perfusion mode.

A) Cell growth and viability of cultures in shake flasks (SF) 1 and 2 (biological duplicates) to
high cell density. B) Cell specific perfusion rate (CSPR) calculated with the average VCD of the
biological duplicates.
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Figure 2:

Simplified scheme of ATF-based perfusion process for rAAV production.

Continuous addition of fresh medium (feed) and removal of spent medium (permeate) is done.
ATF (alternating tangential flow) is shown as perfusion device.

Figure 3:

AT F-based perfusion process for rAAV production with stable CAP AAV producer cells.

Viable cell density (VCD, solid line) and viability (dashed line) of a CAP AAV producer cell line in
perfusion bioreactor. Three independent cultivations: runs 1 (), 2 (O) and 3 (+). Perfusion
mode is initiated 3 days after inoculation (grey vertical line). Production of rAAV is started 7
days after inoculation (dashed vertical line). Production phase is carried out up to 5 days post-
induction.

Figure 4.

Conventional batch process for rAAV production with stable CAP AAV producer cells.

Viable cell density (VCD, solid line) and viability (dashed line) of a CAP AAV producer cell line in
bioreactor in batch mode. Two independent cultivations: runs 1 (m) and 2 (o). Production of
rAAV is started 3 days after inoculation (dashed vertical line).

Figure 5:

Production of rAAV in perfusion mode compared to batch process with stable CAP AAV
producer cells.

Three runs in perfusion mode and two runs in batch mode, with a CAP AAV producer cell line,
were done. A) AAV8 genome titers determined by qPCR. B) Concentration of capsids
determined by ELISA. Data is normalized to the average value of the two batch processes on
day 5 post-induction.

Figure 6:

Higher percentage of full capsids in perfusion mode with stable CAP AAV producer cells.

Comparison to a batch reference process. The percentage was calculated as ratio of genomic
titer (Fig. 5A) to capsid titer (Fig. 5B). Data is normalized to the batch runs. A) Time-course of
processes in perfusion mode (n = 3) and in batch mode (n = 2), where n represents the
number of biological replicates. B) Full capsids data is represented as average t+ standard
deviation of biological replicates.

Figure 7:

increased cell-specific virus yield (CSVY) in perfusion mode with stable CAP AAV producer
cells.
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Comparison to a batch reference process. The yield was calculated as ratio of genomic titer at
time of harvest to viable cell density at time of induction. Data is represented as average *
standard deviation of biological replicates (perfusion: n = 3, batch: n = 2). Data is normalized to
batch on day 5 post-induction.

Figure 8:
Infectivity of CAP derived AAV particles during production in perfusion and batch. Data is

normalized to day 3 post-induction of each production run.

Figure 9:
Discontinuation of the ATF-based perfusion process during the AAV production phase results in

decreased viable cell density and cell viability post-induction. Viable cell density (VCD, solid
line) and viability (dashed line). Perfusion mode is initiated 3 days after inoculation (grey
vertical line). Production of rAAV is started 8 days after inoculation (dashed vertical line).
Production phase is done in batch mode until 4 days post-induction.

Figure 10:

Discontinuation of the ATF-based perfusion process during the AAV production phase results in
dramatically decreased AAV titer.

AAV8 genome titers determined by qPCR. Titer of high cell density (HCD)-batch measured at
time of harvest. Data is normalized to conventional low cell density (LCD)-batch on day 5 post-
induction.

Figure 11:

ATF-based perfusion process for stable rAAV production with stable HEK293 AAV producer
pool cells.

Viable cell density (VCD, solid line) and viability (dashed line) of a stable HEK293 AAV producer
pool in perfusion bioreactor (®). Perfusion is initiated 3 days after inoculation (grey vertical
line). Production of rAAV is started 6 days after inoculation (dashed vertical line). Production
phase lasts until 4 days post-induction.

Figure 12:
Stable rAAV production with stable HEK293 AAV producer pool cells in batch mode. Viable cell

density (VCD, solid line) and viability (dashed line) of a stable HEK293 AAV producer pool in
batch shake flask (o). Production in batch mode is started 3 days after inoculation (dashed
vertical line) and is carried out until 5 days post-induction.

Figure 13:
Production of rAAV in perfusion mode with stable HEK293 AAV producer pool cells. One run in

perfusion mode and one run in batch mode. A) AAV8 genome titers determined by qPCR. B)
Concentration of capsids determined by ELISA. Data is normalized to day 3 post-induction of
batch control.
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Figure 14:

increased cell-specific virus vield (CSVY) in perfusion mode with stable HEK293 AAV producer
pool cells.

The yield was calculated as ratio of peak genomic titer to viable cell density at time of
induction. The result is normalized to batch control.

Figure 15:

Higher percentage of full capsids in perfusion mode with stable HEK293 AAV producer pool
cells.

The percentage was calculated as ratio of normalized genomic titer (Fig. 13A) to normalized
capsid titer (Fig. 13B). Data is normalized to batch control.

Figure 16:

SyproRuby staining of AAV particle from different fraction of the AEX runs reveal a ratio of\VVP1
to VP2 to VP3 of ~1:1:10.

Capsids from different fractions of two different AEX runs were visualized by SyproRuby
staining.

Figure 17:

Full versus empty ratio after AEX purification.

[0042] After determination of the viral particle by ELISA and viral genome titer by qPCR, the
ratio of full versus empty particle of the different fractions from two AEX runs from an AAV
production utilizing ATF perfusion was calculated.

[0043] The present invention relates to the following nucleotide sequences:

SEQ ID NO: 1
§V40 PolyA Primer forward
AGCAATAGCATCACAAATTTCACAA

SEQ ID NO: 2
§SV40 PolyA Primer reverse
CCAGACATGATAAGATACATTGATGAGTT

SEQ ID NO: 3
SV40 PolyA Probe
AGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTC

SEQ ID NO: 4
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GFP Primer forward
TTCTTCAAGTCCGCCATGCC

SEQ ID NO: 5
GFP Primer reverse
AAGTCGATGCCCTTCAGCTC

SEQ ID NO: 6
GFP Probe
CGCACCATCTTCTTCAAGGACGACGGCAACTACA

[0044] The present invention will be further illustrated by the following examples without being
limited thereto.

Examples

Experimental procedures

Producer cell lines:

[0045] Stable AAV producer cell lines harbouring all components necessary for the production
of AAV were selected for perfusion process development. Two cell lines were used: (1) based
on CAP cells and (2) based on HEK293 cells.

1. (1) Stable CAP AAV producer single cell clones containing the sequences for the inducer
Tet3G, inducible replicase, inducible helper (E2A, E4orf6), VA-RNA, VP1, VP2, and VP3
of the serotype specific capsid (AAV8), and the ITR flanked gene of interest (GOI) GFP.
In addition, the Ad5 helper genes E1A and E1B are already stably integrated in the CAP
cells as they were immortalized thereby.

2. (2) Stable HEK293 AAV producer pool containing the sequences for the inducer Tet3G,
inducible replicase, inducible helper (E2A, E4orf6), VA-RNA, VP1, VP2, and VP3 of the
serotype specific capsid (AAV8), and the ITR flanked gene of interest (GOI) GFP-
Luciferase. In addition, the Ad5 helper genes E1A and E1B are already stably integrated
in the HEK cells as they were immortalized thereby.

Cell culture:
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1. (1) For regular cultivation, CAP cells were cultured in Protein Expression Medium (PEM)
(Life Technologies/Gibco) supplemented with 4 mM GlutaMAX (Gibco), in non-baffled
shake flasks at 37 °C, 5 % CO5, and 120 to 185 rpm on a shaking incubator. Cells were

routinely passaged with fresh medium to a viable cell density of 0.5x108 to 1x108

cells/mL every 3 to 4 days.

2. (2) For regular cultivation, HEK293 cells were cultured in Protein Expression Medium
(PEM) (Life Technologies/Gibco) supplemented with 4 mM GlutaMAX (Gibco), in non-
baffled shake flasks at 37 °C, 5 % CO» and 170 to 200 rpm on a shaking incubator. Cells

were routinely passaged with fresh medium to a viable cell density of 0.3x10° to 0.5%10°

cells/mL every 2 to 3 days.

Production of AAV utilizing stable AAV production platform:

[0047] AAV production was induced with addition of doxycycline to the culture.

gPCR to determine viral titer:

[0048] The following primer/dual-labelled probe combination (MWG, Eurofins; Table 1)
directed against the SV40 PolyA or the GOI (GFP) was used to measure the viral titer.

Table 1: Primer/Probe combinations used for measuring the viral titer

Primer/Probe Sequence
SV40 PolyA Primer {5'- AGC AAT AGC ATC ACAAAT TTC ACAA-3' (SEQID
for NO: 1)
SV40 PolyA Primer
rev 5-CCAGACATGATAAGATACATTGATGAGTT -
3
(SEQ ID NO: 2)

SV40 PolyA Probe

TGG TTT GTC -3-BHQ1
(SEQ ID NO: 3)

Fam-5- AGCATT TTT TTC ACT GCATTC TAG TTG

GFP Primer for 5-TTC TTC AAG TCC GCC ATG CC -3' (SEQ ID NO: 4)

GFP Primer rev 5'-AAG TCG ATG CCC TTC AGC TC -3' (SEQ ID NO: 5)
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Primer/Probe Sequence
GFP Probe

Hex-5- CGC ACC ATC TTC TTC AAG GAC GAC GGC
AAC TAC A- 3-BHQZ (SEQ ID NO: 6)

Fam: 6-Carboxyfluorescein; BHQ1: Black Hole Quencher; Hex: 5-Hexachloro-
fluorescein

[0049] As standard, linearized transgene plasmid with a defined copy number was used. The
gPCR reaction contained the following components: 2 x Brilliant Multiplex gPCR Master Mix
(Agilent), nuclease-free HyO (Thermo Fisher Scientific), primer/probe mix and
sample/standard. qPCR was run on an Agilent Mx3005P according to the manufacturer's
instructions.

ELISA for assembled capsids:

[0050] ELISA specific for assembled capsids was performed with commercially available ELISA
Kits (Progen) according to the manufacturer's instructions.

SDS-PAGE and SyproRuby staining:

[0051] In order to determine the ratio of the capsid proteins VP1, VP2, and VP3, capsid
proteins were separated on a SDS PAGE and visualized via SyproRuby staining. Briefly,
samples were mixed with 4x LDS buffer and then incubated at 70 °C in a dry heat block for 10
min. The tubes were spun down and the wells loaded with 10 uL sample. 4-12 % Bis-Tris gels
were run in MES SDS buffer at 200 V for 40 min. SyproRuby staining was performed with
overnight incubation in staining solution followed by a 30 min wash step in 10 % Methanol, 7 %
acetic acid and a final wash in ddH50O.

Separation of full AAV particle and empty AAV particle via Anion Exchange
Chromatography:

[0052] AAV particles from whole cell suspension lysate were enriched chromatography. Full
versus empty separation was achieved by utilizing the anion exchange chromatography
column.

Example 1:
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Pseudo-perfusion experiment cell growth)

[0053] Higher cell densities require higher perfusion rates, using most cell culture media, in
order to maintain cell viability and sustain cell growth. As the cell density changes during the
production process, the cell specific perfusion rate (CSPR) is a determinant for the perfusion
rate during the whole process based on the cell density.

[0054] CSPR indicates nutrient supply per cell per day in a continuous process:
CSPR =P/VCD,

where P = perfusion rate (1/day) and VCD = viable cell density (1x10° cells/mL).

[0055] To determine the CSPR for the perfusion bioreactor process, a stable CAP AAV
producer (single cell clone) was cultivated in shake flasks in PEM with 4 mM GlutaMAX in non-
baffled shake flasks. From cultivation day 3, daily medium exchange was done. After
centrifugation, spent medium was discarded. The cell pellet was then resuspended in equal
amount of fresh medium. That is, perfusion rate was maintained at 1 vvd until a drop in viability
was observed.

[0056] Exponential cell growth and high viabilites (> 90 %) were observed until day 7,

corresponding to VCD of 20x10° cells/mL and a CSPR of about 0.05 nL/cell/d (Fig. 1). These
parameters were selected as the target for scale-up to perfusion bioreactor. For sustaining
higher cell densities using supplemented PEM medium as perfusion medium, higher perfusion
rate should be applied.

Example 2:

AAV production in perfusion mode using stable CAP AAV producer single cells

[0057] In order to evaluate the advantages of using an ATF based perfusion over a
conventional batch process, the AAV production with stable CAP AAV producer cells was either
performed in a batch process or as an ATF-based perfusion process. Both were performed in
a stirred-tank bioreactor under controlled conditions.

Conventional batch process:

[0058] Cells were cultivated in a stirred-tank bioreactor, e.g. the single-use 10c vessel
(Eppendorf) vessel, BioFlo320 system (Eppendorf). Bioreactor is inoculated with a comparable
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low cell density (0.5%10% to 1x10° cells/mL), in PEM medium supplemented with 4 mM
GlutaMAX. The process was operated in batch mode. After the cells grew to the target viable
cell density for AAV production (typically 3 days post seeding), production of AAV production
was initiated with 1 pg/mL doxycycline.

Perfusion set-up:

[0059] The ATF-based perfusion set-up consisted of a stirred tank bioreactor connected to an
ATF unit. Cells were cultivated in a stirred-tank bioreactor, e.g. the single-use 3c vessel
(Eppendorf) vessel, BioFlo320 system (Eppendorf).

Perfusion-based AAV process:

[0060] A bioreactor was inoculated with a comparable low cell density (0.5%x10° to 1x10°
cells/mL), in PEM medium supplemented with 4 mM GlutaMAX. The process was operated in
batch mode for 3 days. Thereafter, perfusion was started, feeding with supplemented PEM
medium, following a cell specific perfusion rate (CSPR) of about 0.05 nL/cell/d to about 0.10

nL/cell/d. After the cells grew to about 20x10° viable cells/mL (day 7), induction of AAV
production was done with 1 pg/mL doxycycline. During production phase, perfusion rate was
maintained approximately constant in about 1 vvd.

[0061] Robust cell growth to 20x10° cells/mL in the three perfusion runs was observed (Fig.
3). Cell growth in perfusion bioreactor was comparable to the semi-perfusion experiment in
shake flask (Fig. 1). An approximately 5-fold increase of VCD at time of induction compared to
batch process was observed (Fig. 4).

[0062] In perfusion mode, genomic titer (vg/mL) was extraordinarily high (Figure 5).
Considering maximum titers, an increase of 42-fold was obtained in the CAP perfusion process
(average of three independent cultivations) compared to the reference batch process (average
of two independent cultivations). This was partly due to the higher VCD, but more importantly
due to a significant increase in the cell-specific virus yield (vg/cell) which was on average 9-fold
higher in perfusion (Fig. 7).

[0063] Unexpectedly, the proportion of full particles was also significantly increased in the
perfusion process (Fig. 6), as compared to the batch process. The maximum percentage of full
particles in perfusion (around 4 d.p.i.) was about 10-fold higher compared to the value
obtained in the reference batch process at the same timepoint. On average, the maximum
percentage of full AAV particle was 9.3-fold higher for the perfusion runs, when data of the
three perfusion runs and the two batch runs are compared. Possible explanations could be that
the perfusion environment contributed to a better AAV vector DNA amplification or to an
increased packaging of viral genomes into the AAV particle.
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[0064] Infectious AAV particles were determined by transduction assay. The ratio of
transduction units (TU) to viral genomes (VG) was calculated (TU:VG). For batch run 2, TU:VG
was determined from day 3 to day 6 post-induction (d.p.i.). The maximum value was obtained
on 3 d.p.i. For perfusion runs 1 and 2, the maximum value was also obtained on 3 d.p.i. The
ratio of TU:VG of each sample was therefore normalized to 3 d.p.i. for each run.

[0065] The result (Fig. 8) suggests that higher infectivity was maintained over time in perfusion
mode compared to batch. Between days 3 to 5 post-induction, about 30% of infectious AAV
particles lost infectivity in batch, while in perfusion mode (1 vvd), the loss was below 18% for
the same period.

Example 3:

[0066] Utilizing ATF perfusion for generation of a high cell density CAP producer cell culture

[0067] In order to determine if the significant increase in cell specific productivity, increase of
volumetric titer, as well as the increase in percentage of full particle was mainly due to the
perfusion mode before induction of AAV production, the following experiment was conducted.
The cells were cultured in perfusion mode in the N bioreactor as described in Example 2 until

the target viable cell density of 20x10° cells/mL was reached. However, directly after induction
of AAV production by doxycycline induction, the perfusion was stopped and the production
phase was operated in batch mode, that means no further media exchange was performed in
the production phase.

Perfusion set-up:

[0068] The ATF-based perfusion set-up consisted of a stirred tank bioreactor connected to an
ATF unit. Cells were cultivated in a stirred-tank bioreactor, e.g., the single-use 3c vessel
(Eppendorf) vessel, BioFlo320 system (Eppendorf).

Perfusion/batch AAV process:

[0069] A bioreactor was inoculated with a comparable low cell density (0.5%x10° to 1x10°
cells/mL), in PEM medium supplemented with 4 mM GlutaMAX. The process was operated in
batch mode for 3 days. Thereafter, perfusion was started, feeding with supplemented PEM
medium, following a cell specific perfusion rate (CSPR) of about 0.05 nL/cell/d to about 0.10

nL/cell/d. After the cells grew to about 20x10° viable cells/mL, induction of AAV production was
done with 1 yg/mL doxycycline. After induction, perfusion was stopped.
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[0070] The perfusion culture followed the same growth profile as the previous runs (Fig. 3) and

2.0 x 10° cells/mL were reached at the time point of induction (Fig. 9). After the operational
mode shift to batch, the cell concentration was maintained for 24 hours post-induction.
Subsequently there was a drastic drop in cell concentration and viability. Interestingly, the
volumetric as well as cell specific productivity was extremely low, with genome titer 4 days
post-induction of about 40-fold lower compared to the reference batch process (Fig. 10). The
results indicate that not simply the perfusion mode before the induction and therefore the
increase of the viable cell density at the time point of induction is responsible for the
astonishing increase in the aforementioned volumetric productivity, cell specific productivity,
and increase in percentage of full AAV particle (Example 2).

[0071] The results of the present example (Example 3) show clearly that only when the
perfusion mode is continued further post-induction and therefore during the whole production
phase, ensuring the sustainability of the cells, an efficient AAV production with high cell specific
virus yield and increased percentage of full AAV particle is obtained.

Example 4:

[0072] Perfusion mode using stable HEK293 AAV producer cells for AAV production

[0073] This experiment was performed in order to demonstrate that the beneficial effects of
the perfusion process in respect to cell specific virus yield, volumetric productivity and the
increase percentage of full AAV particle is no limited to stable CAP AAV producer cells
(Example 2), but can be transferred to other AAV production systems. Therefore, a similar
perfusion process was developed for a stable HEK293 AAV producer pool. As an internal
control, AAV was also produced using HEK293 AAV producer pool cells cultured in shake flask
and operated in batch mode.

Batch process:

[0074] Cells were cultivated in 125 mL non-baffled shake flask with 30 mL culture volume. The

culture was inoculated with a comparable low cell density (0.5x108 to 1.0x10° cells/mL), in
PEM medium supplemented with 4 mM GlutaMAX. The process was operated in batch mode.
After a 3-day cell growth period, production of AAV production was initiated with 1 pg/mL
doxycycline.

Perfusion set-up:

[0075] The ATF-based perfusion set-up consisted of a stirred tank bioreactor connected to an
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ATF unit. Cells were cultivated in a stirred-tank bioreactor, e.g. the single-use 3c vessel
(Eppendorf) vessel, BioFlo320 system (Eppendorf).

Perfusion-based AAV process:

[0076] A bioreactor was inoculated with a comparable low cell density (0.5x10° to 1x108
cells/mL), in PEM medium supplemented with 4 mM GlutaMAX. The process was operated in
batch mode for 3 days. Thereafter, perfusion was started, feeding with supplemented PEM
medium, following a cell specific perfusion rate (CSPR) of about 0.05 nL/cell/d to about 0.10

nL/cell/d. After the cells grew to about 20x10° viable cells/mL (day 7), induction of AAV
production was done with 1 pg/mL doxycycline. During production phase, perfusion rate was
maintained approximately constant in about 1.25 vvd .

[0077] Cell growth to 20x108 cells/mL in perfusion with high viability was observed before
induction (Fig. 11), corresponding to approximately 6 times the viable cell density at time of
induction in batch (Fig. 12).

[0078] As already seen for the stable CAP AAV producer single cells in Example 2, an
enormous increase in volumetric productivity of about 30-fold (Fig.13) could be achieved by
cultivating stable HEK293 AAV producer pool cells in perfusion mode during the entire
production phase (i.e., before and after induction of AAV production). Again, the increase in
volumetric productivity was not simply due to the increase in the number of viable cells at the
time point of induction as this increase was only around 6-fold. Therefore, the overall titer
increase was achieved by a 5-fold higher cell-specific virus yield in perfusion mode when
compared to batch mode (Fig. 14).

[0079] As seen for the stable CAP AAV producer single cells (Example 2), the perfusion
process with the stable HEK293 AAV producer pool cells results in an approximately 4-fold
increase in the proportion of full AAV particles (Fig. 15) compared to the batch process. The
lower fold increase for the stable HEK293 perfusion process compared to the CAP perfusion
process is most likely due to the fact that a polyclonal pool was utilized for the HEK293
process, whereas a monoclonal single cell clone was utilized for the CAP perfusion process.

Example 5:

Enrichment of full AAV particle from perfusion material via AEX

[0080] Unexpectedly, it was found that while applying ATF perfusion for the production of AAV
particle with a fully stable AAV producer CAP cell line, a significant, about 9-fold increase in the
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ratio of full particle could be achieved when compared to the conventional batch process.

[0081] In order to test if by starting already with higher percentage of full particle, also a further
enrichment of full particles utilizing the AEX chromatography can be achieved, the following
experiment was performed.

[0082] Cell suspension from the retentate of a perfusion run with stable CAP AAV producer
cells (Example 2) was lysed and AAV particles were enriched by chromatography. The pooled
fractions containing the AAV particles were then subject to anion exchange chromatography. In
the elution gradient, full AAV particles were enriched in the fractions 2 for the perfusion AEX
run 1 and fractions 5-7 for the perfusion AEX run 2 (Fig. 16).

[0083] As shown in Figure 16, the separation of the material from the perfusion process
resulted in a percentage of full particles of up to 78 %.

[0084] In order to determine the ratio of the capsid proteins VP1, VP2, and VP3, the different
fractions from two distinct AEX experiments were separated on a SDS PAGE and visualized via
SyproRuby staining. As shown in Figure 17, over all fractions in both experiments the three
capsid proteins displayed the expected ratio of ~1:1:10, proving that the perfusion process is
not altering the composition of the AAV capsid.

[0085] In summary, this proves that the developed process with ATF perfusion is an
outstanding method to ensure high percentage of full AAV particles in the final product.

Discussion:

[0086] The present invention explicitly shows that the cell specific virus yield is significantly
increased in the perfusion process according to the present invention when compared to a
batch process (Fig. 7). This proves that the increase in titer seen in the present invention is not
only due to an increased viable cell density at the timepoint of induction but is due to an
increase in titer per cell.

[0087] Further, Example 3 and Figs. 9 and 10 show a perfusion process in which the viable
cell density was increased before induction of AAV production via doxycycline by perfusion
process but directly after induction the perfusion process was stopped. Therefore, the
production of AAV was in a batch process with high cell densities, proving that the increase in
productivity was not just by a high cell density at the timepoint of induction but due to the
perfusion process afterwards.

[0088] Furthermore, Example 4 and Figs. 11 to 15 show a perfusion process according to the
present invention with stable HEK293 AAV producer cells, proving that the increase in AAV
productivity (volumetric and cell specific) and improvement of AAV quality due to a higher full
vs. empty ratio is not restricted to CAP cells but also reproducible with another cell line, i.e.,
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HEK293.

[0089] Thus, the present invention advantageously provides not only an increase in the cell
specific productivity in the methods of the present invention, but also an increase in full vs.
empty AAV particles, both of which is unexpected and surprising. These advantageous
properties are not due to a mere increase in total cell number, as shown in Figs. 9 and 10, but
results from continued perfusion post-induction.
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Patentkrav

1. Fremgangsmade til fremstilling af Adeno-associeret virus (AAV), omfattende
trinnene:

(a) tilvejebringelse af en stabil AAV-producerende vaertscellelinje hvori alle gener,
der koder for de ngdvendige komponenter til produktionen af AAV, er stabilt
integreret i veertscellegenomet;

(b) dyrkning af cellerne i perfusionskultur under AAV-produktionstrinnet, hvor
perfusionskulturen omfatter kontinuerlig erstatning af brugt medium med friskt
medium, og hvor den kontinuerlige erstatning af brugt medium med friskt
medium fortsaetter efter induktionen af AAV-produktion,

hvor de fglgende gener er stabilt integreret i vaertscellegenomet:

generne der koder for AAV-Cap-proteinerne VP1, VP2 og VP3;

generne der koder for AAV-Rep-proteinerne Rep78 og Rep68,

generne der koder for AAV-Rep-proteinerne Rep52 og Rep40;

generne der koder for de adenovirale hjalperfunktioner E4orf6, E2ZA og VA-RNA,
generne der koder for Ad5-hjeelpergenerne E1A og E1B, og

genet af interesse (GOI) flankeret af AAV ITRer,

og hvor ekspressionen af de fire Rep-proteiner og ekspressionen af de adenovirale

hjeelperfunktioner E2A og E4orf6 er under kontrol af et inducerbart system.

2. Fremgangsmaden ifglge krav 1, hvor AAV’et er valgt fra gruppen bestdende af
AAV-serotype 1 (AAV1), AAV2, AAV3, AAV4, AAV5, AAV6, AAV7, AAVS, AAV9,
AAV10, AAV11, AAVDI], AAVDI8, AAVrh10, hybrider af to eller flere forskellige af
serotyperne, og serotyperne med mutationer som aandrer tropismen af AAV-

serotypen.

3. Fremgangsmaden ifslge krav 1 eller krav 2, hvor den stabile AAV-producerende
veertscellelinje er en cellelinje, valgt fra gruppen bestaende af CAP-celler,
AGE1.hn, HEK293, PER.C6, NSO1, COS-7, BHK, CHO, CV1, VERO, HelLa, MDCK,
BRL3A, W138 og HepG2 celler.

4. Fremgangsmaden ifslge et hvilket som helst af kravene 1 til 3, hvor
perfusionskultur udfgres i en omrgrt-tankbioreaktor (STR), orbitalt rystet

bioreaktor (OSB), vippelejebioreaktor, airlift-bioreaktor, rgrformet bioreaktor,
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2

hulfiberbioreaktor (HFBR), bioreaktor med fast leje eller bioreaktor med fluidiseret

leje.

5. Fremgangsmaden ifslge et hvilket som helst af kravene 1 til 4, hvor
perfusionsindretningen anvendt til perfusionskultur er et hulfiberfilter anvendt i
TFF-modus (tangential flow filtration) eller ATF-modus (alternating tangential
flow); en flydende membran, et spin-filter, et roterende cylinderformet filter, et
roterende diskfilter, en centrifuge, en gravitationsskilletank, en lamelskilletank, en

kompakt celleskilletank, en akustisk skilletank eller en hydrocyklon.

6. Fremgangsmaden ifslge krav 5, hvor perfusionsindretningen anvendt til

perfusionskultur er et hulfiberfilter anvendt i ATF-modus.

7. Fremgangsmaden ifslge et hvilket som helst af kravene 1 til 6, hvor den
kontinuerlige erstatning af brugt medium med friskt medium fortsaetter i mindst
24 timer, mindst 48 timer eller mindst 72 timer efter induktionen af AAV-

produktion, og/eller indtil hgst af AAV.

8. Fremgangsmaden ifslge et hvilket som helst af kravene 1 til 7, hvor den

cellespecifikke perfusionsrate (CSPR) er ca. 0,01 til ca. 0,20 nL/celle/dag.

9. Fremgangsmaden ifslge et hvilket som helst af kravene 1 til 8, hvor
perfusionsraten er ca. 1 til ca. 20 vvd (volumen af friskt medium/arbejdsvolumen

af reaktor/dag).

10. Fremgangsmaden ifglge et hvilket som helst af kravene 1 til 9, hvor
celledensiteten ved podning af perfusionskulturen er ca. 0,5x 106 til ca.
5x 106 celler/mL.

11. Fremgangsmaden ifglge et hvilket som helst af kravene 1 til 10, hvor
celledensiteten ved tidspunktet for induktionen af AAV-produktion er ca.

20x 106 celler/mL eller hgjere.
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12. Fremgangsmaden ifglge et hvilket som helst af kravene 1 til 11, hvor
fremgangsmaden yderligere omfatter trinnet med hgst af AAV fra

perfusionskulturretentatet.
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SEKVENSLISTE

Sekvenslisten er udeladt af skriftet og kan hentes fra det Europeaeiske Patent Register.

The Sequence Listing was omitted from the document and can be downloaded from the European
Patent Register.
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