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Adeno-associated viruses (AAV) are established vectors for delivering gene-therapy payloads, 
however the cost of goods for the transfection reagents and DNA, along with challenges to 
scaling-up the transfection process, presents obstacles for industrialization of recombinant 
adeno-associated virus (rAAV) therapeutic products to overcome. The ELEVECTA® platform 
from CEVEC is a stable cell line with inducible AAV production which removes the need for 
costly transfection reagents and the need for transient transfection. In this work we show 
that vector production from an AAV producer cell line is scalable from the bench-scale 10 L 
production bioreactors to 50 L and 200 L using Pall AllegroTM STR 50 and STR 200 bioreac-
tors and paves the way for production up to 2000 L using Pall Allegro STR 2000 bioreactor. 
We also demonstrate good capacity, yield and scalability for the initial unit operations of the 
downstream process, harvest clarification and tangential flow filtration.
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INTRODUCTION
Gene therapies have the po-
tential to cure a wide range 
of genetic diseases. In the 
majority of cases the cargo is 
delivered to the target cells 
via viral vectors. On account 

of its non-pathogenic nature, 
recombinant adeno-associ-
ated virus (rAAV) is among 
the most widely used viral 
vectors for in vivo gene ther-
apies. In addition, AAV does 
not integrate into the genome 

and long-term expression is 
achieved by episomal vector 
genomes. AAV is currently 
used in about 250 clinical tri-
als [1]. However, there are still 
numerous challenges concern-
ing the production process.

UPSTREAM BIOPROCESSING
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Different rAAV production platforms are 
currently available and due to their varying 
key characteristics, they all have different pros 
and cons. For example, the need of plasmid 
DNA in GMP quality for transient transfec-
tion increases the cost of goods (COGs) and 
the transient transfection step makes scale-up 
difficult. Other platforms rely on an additional 
helper virus infection step, be it HSV, adenovi-
rus, or baculovirus, all add an additional com-
plication step to the rAAV production process 
while additionally increasing the COGs. 

ELEVECTA®, the novel rAAV produc-
tion platform based on stable rAAV producer 
cells, provides a completely new possibility of 
rAAV production by abolishing the need of 
any transient transfection or any helper virus 
infection step and enabling the manufac-
turing of viral vectors in suspension culture 
solely upon induction. For the generation of 
these stable rAAV producer cell lines, suspen-
sion CAP® cells were genetically modified to 
stably express Rep proteins, as well as the ade-
noviral helper functions E2A, E4orf6 and VA 
RNA. Resultant, so called Alpha AAV single 
cell clones were further genetically modified 
by stable integration of the capsid function 
and transgene flanked by the inverted termi-
nal repeats resulting in a fully stable inducible 
rAAV producer single cell line.

For the upstream process development, 
basal media, supplementation and the influ-
ence of operation parameters were tested at 
small-scale in order to develop a robust and 
scalable process for high-titer and quality 
rAAV production. The optimized process was 
then successfully transferred into single-use 

10 L BioBLU stirred-tank bioreactor (STR) 
(Eppendorf ). After reproducing the small-
scale results, the 10 L process was transferred 
to Pall and successfully reproduced. The pro-
cess was further scaled to 50 L and then to 
200 L using the Allegro STR system (Pall).

MATERIALS & METHODS
The stable ELEVECTA rAAV producer cells 
used for this study were generated at CEV-
EC Pharmaceuticals. The cell line is based on 
mammalian suspension CAP cells and have 
stably integrated all components necessary 
for the production of rAAV, namely the ad-
enovirus helper functions E1A, E1B, E2A, 
E4ORF6, VA RNA, as well as AAV replicase, 
AAV8 capsid and GFP as gene of interest 
(GOI) flanked by the AAV ITRs. As some of 
the integrated components are cytotoxic, ex-
pression of these is regulated by a doxycycline 
inducible promoter. Therefore, AAV produc-
tion is initiated by induction via doxycycline.

Stable ELEVECTA AAV producer cells 
were cultured in Protein Expression Medi-
um (Invitrogen) supplemented with 4  mM 
GlutaMAX (Invitrogen) in a 5% humidified 
incubator on an orbital shaker with a 2.5 cm 
throw at 200  rpm. Cells were sub-cultured 
until sufficient number of viable cells were 
available to inoculate the bioreactors.

The bioreactors were operated in batch 
mode using the conditions described in 
Table 1 and were sampled daily. The cell con-
centration and viability were measured using 
a Vi-CELL® XR (Beckman Coulter). Offline 

  f TABLE 1
Bioreactor control parameters and setpoints: agitation and airflow rate were bioreac-
tor specific and are described in the relevant section.

Parameter Setpoint/target Units
pH 7.15 ± 0.1 –
Temperature 37 °C
Dissolved oxygen 40 %
Agitation direction Upflow –
Target inoculation concentration 0.8 to 1.0 106 cells/mL
Cell concentration for induction on day 3 ≥3.5 106 cells/mL
Harvest 6 d post-induction 
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pH and dissolved gases were measured us-
ing a BioProfile FLEX® (Nova Biomedical). 
Culture pH was controlled using CO2 and a 
70 g/L solution of sodium bicarbonate (Mer-
ck). Foam was controlled by the manual addi-
tion of Emulsion C antifoam (Merck) diluted 
1 in 20 in ultrapure water.

For inoculation, the number of viable cells 
required to achieve the target seeding density 
was calculated and added to the bioreactor, for 
each bioreactor this equated to approximately 
20% of the final bioreactor volume. Expres-
sion of AAV was induced by the addition of 
doxycycline hydrochloride (Merck or Alfa 
Aesar) to a final concentration of 1  µg/mL 
and additional treatment with a proprietary 
supplement. On harvest day, DENARASE® 
(c-LEcta) was added to a final concentration 
of 7.5 units/mL and incubated for 2.0 h.

The bench-scale bioreactor was a single-use 
BioBLU 10c (Eppendorf ) and was connected 
to a BioFlo® 320 control tower (Eppendorf ). 
The large-scale bioreactors were Allegro STR 
50 and STR 200 single-use bioreactors (Pall) 
and were controlled from the standard con-
troller. For both BioBLU and Allegro biore-
actors, culture pH and dissolved oxygen were 
measured using conventional reusable probes 
(Mettler Toledo). 

Depth filtration was performed on materi-
al immediately following the bioreactor pro-
duction culture. Supracap® 50 (Pall) devices 
were used for the process development, while 
Supracap 100 (Pall), or Stax™ (Pall) capsules 
were used for the harvest at 10 L to 200 L 
production scale. For filterability trials, the 
filters were flushed with deionized water, 
however for processing the filters were addi-
tionally conditioned with equilibration buffer 
(Tris-buffered saline supplemented with 1% 
sorbitol (w/v) and 0.001% Poloxamer 188 
[w/v]). For the filterability trials, 500  mL 
of bioreactor harvest was available for each 
filtration train. The filters evaluated are de-
tailed in Table 2. In total three filter trains 
were evaluated, K700P-V100P, PDK11, and, 
PDP8-V100P. During clarification at the 
10 L production scale and above, the process 
was performed at 100  LMH based on the 

area of the V100P filter stage, in addition, 
23 L of equilibration buffer was used per m2 
to increase product recovery by displacement 
of the hold-up volume and dissociation of 
adsorbed product. Clarification of the 50  L 
and 200  L production scale batches was 
performed using an Allegro MVP advanced 
(Pall) automated pump skid.

Concentration was performed by tangen-
tial flow filtration (TFF) using OmegaTM 
(Pall) cassettes with a retention rating of 
100 kDa, equilibrated using the equilibration 
buffer. Process development and processing 
of material from 10 L production scale was 
performed using ÄKTA® Crossflow (Cytiva), 
while the concentration of material from 50 L 
and 200  L production scale was performed 
using an ÄKTA readyflux® system (Cytiva).

Viral titer determination was performed 
via qPCR (Agilent). Primer/dual-labelled 
probe combination directed against the SV-
40pA was used to measure the viral titer. As 
standard, linearized transgene plasmid with a 
defined copy number was used. Correct con-
centration of the used plasmid standard was 
confirmed via ddPCR (Biorad).

RESULTS & DISCUSSION
Transfer of Bioreactor Parameters 
from BioBLU 10c to Allegro STR 50 
Bioreactor

As part of the characterization of the Alle-
gro STR bioreactor range, Pall has developed 

  f TABLE 2
Details of the filter media evaluated for harvest 
clarification.

Media grade Type Pore size (µm)
PDK11
(K900P/V100P)

Dual layer depth 20–2 

K900P Single layer depth 20–8 
V100P Single layer depth 4–2
PDP8
(T1500P/K700P)

Dual layer depth 30–6

K700P Single layer depth 15–6 
T1500P Single layer depth 30–12
EAV Membrane 0.2
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models to facilitate both transfer of processes 
from other bioreactors to the Allegro system 
and scale-up within the bioreactor range from 
50 L to 2000 L. The key parameters used for 
the transfer from the BioBLU were provided 
by the manufacturer (Table 3). These were used 
to determine the operating parameters in the 
Allegro STR 50 bioreactor (Table 3), using the 
aforementioned model of the Allegro system.

There are many ways that processes can be 
transferred from one system to another, the 
most commonly used being a combination of 
maintaining a combination of either power 
input per volume, tip speed, superficial gas 
velocity, VVM or kLa [2,3]. It is not possible 
to maintain all of these varied parameters 
exactly the same between systems due to de-
sign differences, and ultimately it is therefore 
necessary to fix on a subset of parameters for 
the transfer. Based on data obtained during 
characterization studies of Allegro STR bio-
reactor across different scales, it was decided 
to maintain the power input per volume and 
the superficial gas velocity constant, to ensure 
that similar mixing and mass transfer were 
achieved in the different systems.

The BioBLU 10c process was operated 
with agitation at 200  rpm and a constant 
air flow rate of 0.2 L/min. The power input 
per volume and superficial gas velocity of the 
process in the BioBLU 10c were determined 
(Table 4). Based on these values, the agitation 
speed and sparger air flow rate to operate at in 
the Allegro STR 50 bioreactor were calculat-
ed, resulting in an agitation speed of 128 rpm 
and an air flow rate of 0.8 L/min. Additional 
parameters that can be used for transfer were 
also calculated (Table 4).

Having determined the operating param-
eters required, the process was run in the 
BioBLU 10c and then the Allegro STR  50 
bioreactors. The BioBLU 10c was inoculated 
directly from shake-flask cultures to the final 
working volume using a 1 in 5 dilution. For 
the Allegro STR 50 bioreactor, to reduce the 
number of shake-flasks required, the bioreac-
tor was operated at an initial lower volume of 
12.5 L to generate sufficient cells. When the 
viable cell concentration was >4 x 105 cells/
mL, the bioreactor was drained to 9.7 L and 
the culture diluted 1 in 5 to the final working 
volume to achieve the desired seeding density.

  f TABLE 3
Key vessel characteristics used to calculate the equivalent operating parameters be-
tween the BioBLU 10c and the Allegro STR 50 bioreactor systems.

Bioreactor Impeller  
diameter (mm)

Working 
volume (L)

Vessel  
diameter (m)

Ungassed specific 
power number (Po)

BioBLU 10c 91.8 10 0.204 3.33
Allegro STR 50 185 50 0.38 1.9

  f TABLE 4
Key calculated parameters from transfer between bioreactors whilst maintaining con-
stant power input and superficial velocity.

Parameter BioBlu 10c Allegro STR 50
Power input per volume (W/m3)* 80 80
Superficial gas velocity (m/s)* 0.1 0.1
Agitation speed (rpm) 200 128
Sparger air flow rate (L/min) 0.2 0.8
kLa 2080 (/h) 3 2.5
Tip speed (m/s) 1 1.2
VVM 0.02 0.02
Kolmogorov length (µm) 58.4 58.3

KLa 2080 was determined between 20 and 80% dissolved oxygen.
*Parameters maintained constant during process transfer.
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The pre-induction specific growth rate of 
the cells in the Allegro STR  50 was higher 
than in the BioBLU 10c, at 0.025/h com-
pared to 0.021/h. The maximum viable cell 
concentration achieved was also higher at 
6.3 x 106 cells/mL in the Allegro STR 50 bio-
reactor compared to 4.8 x 106 cells/mL in the 
BioBLU 10c bioreactor (Figure 1). However, 
the overall profile was similar with growth 
cessation 24 h post-induction followed by a 
decline in viability for the remainder of the 
culture. The growth profile from the BioBLU 
10c was similar to that previously attained 
at CEVEC, confirming that the process was 
operating as expected. The reason for the dif-
ference in growth rate between the two biore-
actor systems was likely due to the difference 
in inoculation strategy, the BioBLU 10c was 
inoculated directly from shake-flasks, whilst 
the Allegro STR 50 bioreactor had an inoc-
ulum expansion step within the bioreactor 
prior to growth at the final volume. This is 
supported by the specific growth rate in the 
initial inoculum expansion phase in the Alle-
gro STR 50 bioreactor which was similar to 
that of the BioBLU 10c at 0.020/h (data not 
shown).

Viral genome concentration was mea-
sured by qPCR from 2 days post-induction 
until 6 days post-induction (final harvest), 
both in the supernatant and the whole lysed 
cell suspension (Figure 2). The amount of vi-
rus in the supernatant compared to the lysed 
suspension increased over the duration of 
the culture and by day 6 nearly all of the 
virus was in the supernatant. A similar viral 
genome yield was achieved at both scales, 
at harvest the viral yield in the supernatant 
for the BioBLU 10c lab-scale process was 
5.5 x 1013 vg/L (SD 1.26 x 1010, four assay 
replicates) and in the Allegro STR 50 cul-
ture was 4.6  x  1013 vg/L (SD 1.26  x  1010, 
four assay replicates).

Having achieved a successful transfer from 
the BioBLU 10c to the Allegro STR 50 bio-
reactor, an additional Allegro STR 50 biore-
actor was operated under identical conditions 
to confirm reproducibility prior to scaling-up. 
The cell growth and viability profiles for the 

two Allegro STR  50 runs were similar (Fig-
ure 3) and the viral titer was also comparable 
(Figure 4). The results confirmed that the AAV 
production process was reproducible. Hence, 
the process was scaled-up to 200 L.

Scale-Up from 50 to 200 L

To scale-up the process from the Allegro 
STR 50 to the Allegro STR 200 bioreactor, 

 f FIGURE 2
Viral genome titer measured by qPCR of the bioreactor 
cultures after induction of AAV production, error bars rep-
resent standard deviation (assay replicates).

 f FIGURE 1
Cell growth and viability profile from the BioBLU 10c and 
Allegro STR 50 cultures. 

AAV production was induced on day 3.
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the same parameters used for the technology 
transfer were maintained, namely the pow-
er input per volume and the superficial gas 
velocity. The agitation speed and sparger air 
flow rate required to operate at in the Allegro 
STR 200 bioreactor were calculated, resulting 
in an agitation speed of 96  rpm and an air 

flow rate of 2.1 L/min. Additional parameters 
that can be used for scale-up were also calcu-
lated (Table 5).

To generate sufficient cells for inoculation 
of the Allegro STR 200 bioreactor, cells were 
expanded using the Allegro STR  50 biore-
actor operated with the same parameters 
previously described. Then the 200  L pro-
duction bioreactor was seeded directly from 
the STR 50 L to achieve the final working 
volume.

The growth profiles for the two Allegro 
STR 200 bioreactor runs followed the same 
trends as observed in the two 50 L runs. The 
second STR  200 run was inoculated at the 
top of the target range and grew to a slightly 
higher cell concentration (Figure 3). Overall, 
the scale-up in terms of cell growth and via-
bility was considered successful.

The harvest viral genome titer on day 6 
post-induction, as measured by qPCR, for 
the supernatant and the whole lysed cell 
suspension for all the bioreactors is shown 
in Figure 4. The process scaled-up well, 

 f FIGURE 4
Harvest AAV titer on day 6 of the bioreactor cultures 
measured by qPCR, error bars represent standard deviation 
(assay replicates).

 f FIGURE 3
Growth and viability profiles for the 50 L and 200 L Allegro STR cultures. 

AAV production was induced on day 3.
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achieving a similar viral genome yield at all 
scales. The original BioBLU 10c lab-scale 
process yield was 5.5 x 1013 vg/L (n=1 bio-
reactor) in the supernatant, whilst the av-
erage for the Allegro STR  50 cultures was 
6.2 x 1013 vg/L (n=2 bioreactors) and the Al-
legro STR 200 cultures was 5.7 x 1013 vg/L 
(n=2 bioreactors).

One concern regarding scale-up of 
mammalian cell culture processes is the 

accumulation of CO2 within the culture 
when the process is operated at larger vol-
umes [3]. The Allegro STR 50 and STR 200 
cultures followed similar CO2 profiles irre-
spective of scale and there was no evidence 
of CO2 accumulation as the cultures pro-
gressed (Figure 5).

This confirmed that the gassing strategy 
applied was sufficient to avoid CO2 accumu-
lation during further scale-up.

  f TABLE 5
Key calculated parameters for scale-up whilst maintaining constant power input and 
superficial gas velocity.

Parameter Allegro STR 50 Allegro STR 200
Power input per volume (W/m3)* 80 80
Superficial gas velocity (m/s)* 0.1 0.1
Agitation speed (rpm) 128 96
Sparger air flow rate (L/min) 0.8 2.1
kLa 2080 (/h) 2.5 2.5
Tip speed (m/s) 1.2 1.5
VVM 0.02 0.01
Kolmogorov length (µm) 58.3 58.3

*Parameters maintained constant.

 f FIGURE 5
The pCO2 profiles for the Allegro STR 50 and Allegro STR 200 cultures. 

Note: the increase in pCO2 at 41 h in 50 L-2 was the direct result of a pH offset based on the offline pH reading.
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Clarification development & 
scale-up

Development of the clarification process for 
the ELEVECTA production process was ap-
proached using historical knowledge to select 
suitable filters for AAV processing within 
the Pall Seitz® high performance depth filter 
range. These filters have a high capacity for 
the cellular debris from production culture 
and lysis process combined a high yield for 
AAV product. The selected filters contained 
a mixture of perlite and diatomaceous earth 
which are effective for clarification of AAV 
production processes. In addition, membrane 
filters we evaluated to further clarify the 
depth-filtered material reducing the particu-
late load for subsequent processing step.

Initial evaluation of clarification & 
bioburden reduction at small scale

The amount of material limited the depth 
filtration evaluation to three different depth 
filtration trains (Table 6). The filtration train 
of K700P and V100P reached a capacity of 
177 L/m2 at the terminal pressure (Figure 
6A). During the filtration process, the V100P 
did not show any pressure increase up to the 
point when the K700P filter shows break-
through at ≈110  L/m2. After which there 
was a steep increase in pressure from ≈150 L/
m2. The dual layer PDK11 filter provides no 
readout of the effect of each individual layers, 
from the overall pressure drop over the cap-
sule, there was a gradual increase in pressure 
and this rate increases to a maximal pressure 
drop of 0.98 bar at 242 L/m2 (Figure 6B). This 

can be approximated by a similar mechanism 
of breakthrough of the top layer at ≈150 L/
m2 followed by pressure build up on the lower 
layer. However, separate investigation of the 
individual layers would be necessary to un-
derstand the full impact of each layer. While 
both of these filtration trains worked well, the 
best filter train was comprised of PDP8 fol-
lowed by V100P. This filtration train was so 
effective that the material was exhausted be-
fore the pressure end-point was reached (Fig-
ure 6C). A resistive model was used to fit the 
data and extrapolate to a putative Pmax value 
to determine capacity of 315 L/m2 for PDP8 
and 464 L/m2 for V100P. 

Evaluation of the membrane filter EAV was 
performed on the material filtered through 
the PDP8/V100P filter train. The capacity of 
the EAV filter was 173 L/m2 before reaching 
1.0 bar (data not shown).

As seen in Figure 7 the vg/L titer post fil-
tration were comparable between the differ-
ent tested filtration trains as well as the start 
material.  

The filtration train of PDP8, V100P and 
EAV was chosen for scale-up. Although the 
PDP8 and V100P showed different capacity, 
a ratio of 1:1 was used better align with the 
discrete filter capsules available. The process 
development based on the small-scale tests al-
lowed determination of the depth filter area 
needed for the different production process 
scale with the constraint that the safety factor 
was 50% or greater (Table 7).  

Evaluation at 10 L

Following on from the clarification develop-
ment, the PDP8-V100P-EAV clarification fil-
tration train was evaluated using material from 
a 10 L bench-scale bioreactor, with the material 
identified for the development of further puri-
fication steps. The harvest of a 10 L bench-top 
bioreactor used a filter train of 0.05 m2 PDP8, 
0.05 m2 V100P and 0.21 m2 EAV, with a safe-
ty factor of 58% using Supracap 100 depth fil-
ters capsules. In this filter train the EAV filter 
is oversized based on filter sizing, however, this 
filter was used due to availability. 

  f TABLE 6
Processing parameter and filter identification for 
clarification process development.

Filter train Filter 1 Filter 2 Flux target 
(LMH)

1 K700P V100P 50
2 PDK11

(K900P/V100P)
n/a 50

3 PDP8
(T1500P/K700P)

V100P 100

4 EAV n/a 200
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The filtration of the bioreactor proceeded 
well. The differential pressure increased on 
the PDP8 filter up to 0.38 bar at the end of 
the process (Figure 8). There was little pressure 
build up on the V100P filter. At this scale the 
filter performance is effective and provides ex-
cellent quality material for subsequent devel-
opment steps. The step yield for this process 
step was 91.0 %.

Evaluation at 50 L

As the clarification at the 10 L production scale 
went without issue, scale up to clarification 

of the 50 L production was performed with-
out any changes to the filter train sizing as 
planned in Table 7. The filtration train con-
sisted of 0.25 m2 PDP8 and 0.3 m2 V100P 
depth filters and 0.42 m2 EAV membrane fil-
ter, and process set point was 100 LMH based 
on V100P. For this harvest, the Allegro MVP 
advanced was used, an automated pump skid 
with multiple inlet and outlet valves in addi-
tion to on-line data recording (Figure 9). After 
loading the entire contents of the bioreactor, 
11 L of equilibration buffer was used to flush 
the product from the filters post use. In total 
59.2 kg of filtrate was collected, and process 

 f FIGURE 6
Filter capacity for the different filtration trains evaluated from a 10 L production culture, using (A) K700P and V100P (B) 
PDK11 and (C) PDP8 and V100P filters (Supracap 50 capsules).
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was complete in 2 hours with a step yield of 
102.6%.

During the last third of the product load-
ing phase, from 30 L, the pressure drop across 
the PDP8 stage increased from 0.18 bar to 
0.33 bar. This is far below any increase that 
would be a concern for processing. There was 
no pressure increase observed for the other fil-
tration stages like the observations seen at the 
10 L production scale.

Evaluation at 200 L

With the confidence that the clarification train 
works well, the process was scaled up to har-
vest a 200 L STR using a filter train of 1.0 m2 
PDP8, 1.0 m2 V100P and 2.12 m2 EAV fil-
ters. When the bioreactor was drained, 40 L of 
equilibration buffer was used to flush the fil-
ter hold-up volume and desorb product from 
the filters (Figure 10). During filtration of the 
product a maximal differential pressure over 
the filter train of 0.33 bar was observed, well 
below the operational limit of the system. The 
pressure increase was shared between the two 

depth filter media. In total 240  L of filtrate 
was collected. This filtration process was per-
formed on two separate 200 L production cul-
tures with a step vg yield of 60.4% to 127%.

TFF development & scale-up

After clarification, the main objective is to 
reduce the volume that is going on to sub-
sequent purification steps in the downstream 
process and this is achieved by tangential flow 
filtration (TFF). Pall Omega TFF cassettes 
are well suited for AAV processing, the mem-
branes are made of low product-binding PES 
and the AAV-suitable 100 kDa MWCO re-
tention rated cassettes are available in a gam-
ma-irradiated format which removes the need 
for pre-process sanitization. The TFF devel-
opment study was performed immediately af-
ter clarification of the 10 L production vessel. 
This helps to mitigate against any storage re-
lated process artefacts and was also performed 
with the end process in mind. The final antic-
ipated production process in a GMP facility 
would be able to perform harvest, clarifica-
tion and TFF all within one shift. 

This process requires only ultrafiltration, no 
buffer exchange is necessary. Prior to starting 
TFF, the clarified cell culture fluid was treat-
ed with stabilizing additives. TFF parameter 
scouting was performed using 2.0  L of the 
conditioned filtrate and a 0.02  m2 Omega 
100 kDa MWCO membrane. Cross-flow flux 
was scouted before TMP. A conversion of be-
tween 0.2 and 0.3 was the target for process-
ing. In the cross-flow flux excursion, 3.5 L/m2/
min (LMM) and 5.0 LMM have similar per-
meate flux but the conversion is more favor-
able for 3.5 LMM, so this parameter was taken 
forward (Table 8). TMP scouting experiments 

 f FIGURE 7
AAV titers after clarification with the different filter trains 
at small-scale. 

The start material corresponds to the titer in the bioreactor at time 
of harvest (day 6 post-induction). Error bars represent standard 
deviation (assay replicates).

  f TABLE 7
Filter capacity table, projected sizing from 10 L to 200 L and safety factors (SF; %).

Volume (L) PDP8 capacity – 315 L/m2 V100P capacity – 315 L/m2

Area projection (m2) Area used (m2) SF Area projection (m2) Area used (m2) SF
10 0.032 0.05 58% 0.032 0.05 58%
50 0.159 0.25 58% 0.159 0.30 89%
200 0.635 1.0 58% 0.635 1.0 58%
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showed increasing permeate flux with increas-
ing TMP as expected. A choice of TMP of 0.4 
bar or 0.55 bar would be acceptable, however 
the higher TMP reduces the unit operation 
time due to the higher permeate flux. 0.55 bar 
TMP and 3.5 LMM cross flow flux were cho-
sen for the concentration step.

The experiment proceeded to concentrate 
2.0  L to 100  mL – a 20-fold concentration. 
Over the concentration phase the permeate flux 
decayed from 1.13 to 0.75  LMM, 33% flux 
decay for a capacity of 81.5 L/m2. The product 
was recovered with an additional buffer flush. 

To verify these processing conditions, an 
initial scale-up was performed to concentrate 
the remaining 7.0  L of the clarified harvest 
using a 0.1 m2 Omega 100  kDa MWCO 
cassette. Here, using 0.55 bar TMP and 
3.5  LMM the maximum permeate flux ob-
served was 2.88  LMM which decayed to 
1.97  LMM after 20-fold concentration at 
a capacity of 76.5 L/m2 and a flux decay of 
31%. The whole ultrafiltration process and 
recovery was performed within 2 hours with 
a step vg yield of 182%. The flux for this con-
centration process is higher than was observed 
for the development, final flux of 1.97 LMM 
vs 0.75 LMM, this can be explained by both 
a lower loading and that the concentration 

development phase was performed after pa-
rameter scouting and so some fouling may 
have been present, a similar level of flux decay 
was seen in both instances.

As with the scale-up of the depth filter, the 
TFF cassettes are available in discrete sizes, 
however similar loading between the differ-
ent scale is the criteria for scale-up. For the 
50 L production process, 0.5 m2 of 100 kDa 
MWCO Omega T-series cassette was used to 
concentrate the harvest filtrate 20-fold (Fig-
ure 11). This was executed as an automated 

 f FIGURE 8
Clarification data for the harvest clarification from a 10 L 
production culture using Supracap 100 depth filters.

 f FIGURE 9
Harvest clarification data from 50 L production bioreactor using PDP8 Stax capsules and V100P 
Supracap 100 capsules, X-axis zeroed to initiation of product loading.
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method using an ÄKTA readyflux. Processing 
parameters were set to be 3.5 LMM retentate 
flow and TMP 0.55 bar. For the bulk of the 
process the retentate volume was 15  L, the 
final concentrated volume was 2.05  kg and 
0.85 kg of buffer was used to increase recov-
ery, the step yield was 86.1%. The initial flux 
was 1.5 LMM and this decayed to 0.7 LMM, 
a decay of 53% over the process for a prod-
uct loading of 96  L/m2. This process lasted 
slightly longer than the process from the 10 L 
production culture as the permeate flux was 
lower throughout, but the increased loading 
can account for this extended time as there 
is a larger amount to filter and also a high-
er degree of fouling when compared to the 
process at 10 L scale. The whole process was 
completed within 170 min.

In a similar manner to the TFF process 
at the 50  L scale, the 200  L process was 
performed using 2.5  m2 of Omega T-series 
100 kDa MWCO and an ÄKTA readyflux. 
As before, the TMP and retentate flux were 
set to 0.55 bar and 3.5 LMM respectively. A 
target of 20× volume reduction was set from 
the bioreactor volume. During the process the 
permeate flow rate decayed from 1.4 LMM to 
0.45 LMM for a loading of 91.6 L/m2 (Fig-
ure 12). The flux decay was greatest of all at 
this scale. The product was concentrated to 
8.75 kg retentate weight and 1.00 kg of equil-
ibration buffer was used to increase product 
recovery. In total 11.8  kg of concentrated 
product was recovered, a 17-fold volume re-
duction and a step vg yield 124% to 126%. 
The whole process took 2 hours 25 minutes.

 f FIGURE 10
Harvest clarification for a 200 L production culture using Stax capsules.

  f TABLE 8
TFF parameter scouting.

Cross flow flux 
(LMM)

TMP (bar) Retentate flow 
rate (mL/min)

Permeate flow rate 
(mL/min)

Permeate flux 
(LMM)

Conversion

3.5 0.40 65.1 23.1 1.215 0.26
5.0 0.40 93.3 22.4 1.220 0.19
2.0 0.40 37.2 20.9 1.052 0.35
3.5 0.41 65.1 19.6 1.027 0.22
3.5 0.54 65.3 24.0 1.365 0.27
3.5 0.69 65.8 29.4 1.535 0.31
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CONCLUSIONS
The production process for the stable AAV 
producer cell line from CEVEC was suc-
cessfully transferred from operation in the 
bench-scale BioBLU 10c vessel into the Al-
legro STR  50 bioreactor using the criteria 
of maintaining power input per volume and 
superficial gas velocity between the two bio-
reactors. While a difference was observed in 
the growth rate and maximum viable cell 

concentration between the two bioreactors, 
the viral titer was equivalent.

The process was scaled-up from the Al-
legro STR 50 to the Allegro STR 200 bio-
reactor using the same scaling strategy of 
maintaining power input per volume and 
superficial gas velocity, was successful, re-
sulting in the same growth profile and viral 
yield between the scales. Additionally, the 
process was also reproducible as replicate 

 f FIGURE 11
Ultrafiltration of the clarified harvest from a 50 L production culture using 0.5 m2 of Omega 
T-series 100 kDa MWCO flat sheet filter.

 f FIGURE 12
Ultrafiltration of the clarified harvest from a 200 L production culture using 2.5 m2 of Omega 
T-series 100 kDa MWCO flat sheet filter.
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runs at each scale resulted in similar growth 
and viral yields.

In this study, the process was scaled from 
10 L to 200 L, however, using the same scale-
up strategy the process could be scaled-up 
further, for example to the Allegro STR 2000 
bioreactor. The lack of CO2 accumulation 
as the process was scaled-up gives additional 
confidence to the approach chosen.

The initial downstream unit operations for 
this process were developed using small-scale 
devices. We successfully scaled this up to 10 L 
production scale where the performance was 

in line with expectations. From there we lin-
early scaled up to the 200 L production scale, 
and foresee no issues in further scale up.

These here shown study demonstrates, that 
due to the absence of any transient transfection 
step or helper-virus infection scale-up of the 
stable ELEVECTA AAV producer platform is 
straight forward and reproducible. The com-
bination of the stable AAV producer platform 
with the single-use easy to scale-up Allegro STR 
bioreactor allows hassle free upstream process 
development for AAV gene therapy products 
therefore reducing time to market and COGs.
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