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With an increasing number of lentiviral vector (LVV)-based cell and gene therapy candidates 
reaching clinical trials, scalable suspension cell culture processes using stirred tank reactors 
(STRs) are needed to meet future demands. However, to cost-effectively scale LVV produc-
tion in STRs requires process development which can be expensive and time consuming 
to perform in bench-top bioreactors. To address these issues, a multi-parametric approach 
for process development using a micro scale bioreactor system (Ambr® 15 cell culture sys-
tem, Sartorius) was assessed. Since the medium exchange process step cannot be linearly 
or methodically scaled-down from a bench-scale STR to a microbioreactor due to system 
differences, this study focused on adjusting to those differences by developing and testing 
three different medium exchange protocols. The implementation of one approach (Process 
2.0) using an automated cell settling medium exchange protocol produced results which 
closely aligned with an established LVV bench-scale process in transfection efficiency and 
productivity, as well as lowered variability between vessels in the cell culture workstation. 
In summary, this study demonstrates the suitability of the Ambr 15® system as a process 
screening tool which has the potential to reduce costs and timelines of the development of 
scalable LVV production systems in suspension culture.  
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LVVS FOR GENE THERAPY
Lentiviral vector (LVV) systems are recom-
binant viral vectors used for delivering ex 
vivo and in vivo gene therapies into primary 
cells and are commonly used to correct a 
gene associated with a monogenic disease 
[1].  In recent years there has been an ac-
celeration in the number of clinical studies 
utilizing LVVs and by March 2021 accord-
ing to ClinicalTrials.gov trial registry [2] 
there were 646 active studies listed. This 
increase is driven in part by the successful 
use of LVVs in chimeric antigen receptor 
(CAR) T-cells as cell therapy to treat blood 
cancers and includes the FDA approved 
Kymriah [3] to treat acute lymphoblastic 
leukemia (ALL). However, with Kymri-
ah for example retailing at a list price of 
$475,000 US Dollars [4], these types of 
therapies are currently often prohibitively 
expensive. One reason for the high price tag 
is that the manufacturing Cost of Goods 
(CoGs) is high, with LVV production rep-
resenting a large proportion of the costs [5]. 
Therefore, as LVV is becoming more widely 
used, scalable and efficient processes across 
the production workflow are critical if LVV 
is going to be successfully manufactured to 
deliver a consistent, pure, high-titer prod-
uct that is safe, efficient, and affordable. 
Thus, there is now a drive towards reducing 
LVV manufacturing costs to help ensure 
the commercial viability of many life-sav-
ing gene and cell therapies. 

ADDRESSING SCALABILITY TO 
REDUCE LVV PRODUCTION 
COST
Looking to produce LVVs for commercial 
use, adherent cell-based processes in tissue 
culture flasks can robustly produce suffi-
cient supply for clinical trials but are lim-
ited in their ability to scale to the demand 
required. Traditionally, these production 
processes are scaled-out by vessel number, 
but not scaled-up in size/volume, limiting 

the batch size to the number of flasks which 
can be successfully manipulated. For exam-
ple, during an adherent LVV production 
process only approximately 40 L can be 
produced in 40 vessels, whereas produc-
tion in a single 200 L STR increases the 
number of LVV units 5-fold volumetrically 
while the number of vessels to manipulate 
decreases significantly.  This consolidation 
of vessels and scale-up in volume thereby 
increases batch consistency while reducing 
the CoGs per unit of LVV, respectively.

Adherent systems are therefore limited when 
moving from clinical trials to the commer-
cial environment as they cannot be scaled-
up but only scaled-out, increasing manufac-
turing complexity and processing time. To 
improve the use of adherent technologies 
for commercial manufacture, automated 
systems which use stacking T-flasks or roller 
bottles have been used, as well as fixed bed 
bioreactors [7]. However, since adherent cell 
culture has several disadvantages, including 
having an additional processing step to de-
tach cells from the surface they are being 
cultured on and CoGs of LVV production 
being around 90% more expensive than sin-
gle-use stirred tank bioreactors (STRs) [5], 
this has led to the use of suspension cell lines 
in STRs becoming more common for com-
mercial manufacturing of LVVs.   

All steps from a LVV production process 
in adherent culture systems can be substi-
tuted/replaced by corresponding steps in a 
suspension process. Processes in STRs can 
be scaled-up from the ~0.25 L lab-scale to 
a ~200-2000 L commercial-scale through 
process optimization and development, of-
fering the most flexible and cost-effective 
platform [5] to produce hundreds of liters of 
cell culture. Additionally, STRs also provide 
greater control of the culture environment 
than flask-based culture. Thus, these types 
of volumetrically-scalable suspension-based 
cell culture processes have the potential to 
meet future demands for LVV based thera-
pies in indications with large patient popu-
lations [6].
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PROCESS DEVELOPMENT OF 
LVV PRODUCTION
Process optimization for LVV production is 
performed in bench-scale (2–5 L) bioreactors 
for eventual scale-up to pilot and manufac-
turing scale STRs (50–1000 L). This rapid-
ly becomes cost-prohibitive when executing 
design of experiments or screening studies 
with numerous replicates to find the opti-
mum process conditions due to the high 
cost of reagents and consumables in tran-
sient transfection-based processes. The work 
is also operationally intensive and requires 
substantial lab infrastructure to run multiple 
systems. With the goal of lowering cost while 
increasing throughput during development, 
a microscale bioreactor system was evaluated 
which could reproducibly perform the LVV 
production process to screen for changes that 
significantly affect yield and consistency. 

MICROBIOREACTORS FOR 
PROCESS DEVELOPMENT 
Single-use (SU) microbioreactors for screen-
ing mammalian cell culture conditions have 
been widely adopted in major biopharma 
companies including AstraZeneca and Mer-
ck for process optimization and development 
since 2010 [8,9]. The drawback with many 
micro scale bioreactors is that they do not 
mimic the sparged, stirring action of a STR, 
and have no control over DO (dissolved ox-
ygen) and pH inside the vessel. Additional-
ly, not all micro scale bioreactors have the 
capacity for perfusion culture.  With these, 
pH, DO and perfusion capabilities in mind, 
the Ambr® 15 cell culture high throughput 
automated microbioreactor system (Sartori-
us), an established technology for mimicking 
benchtop STRs [10], was selected as the LVV 
screening platform.  The microbioreactor 
system mimics the characteristics of classical 
STRs at the miniature scale (10–15 mL) with 
each microbioreactor having its own agita-
tion impeller and gases supplied by sparging 
or overlay.  The system uses cost-effective, SU 

microbioreactors that are controlled by an 
automated cell culture workstation. Twen-
ty-four vessels (12 vessels across two cell cul-
ture stations) can be operated simultaneously 
with the benefit of independent gassing for 
DO/pH control and built-in liquid handling. 

High throughput tools with parallel pro-
cessing capability, such as the Ambr® 15 cell 
culture system, help to address a major manu-
facturing bottleneck. The system can be used 
as a screening tool for process development, 
clone selection and effective media optimiza-
tion in less time with reduced reagent use and 
labor saving [11]. Furthermore, the system 
has been shown to be an excellent tool for 
mimicking perfusion processes in small scale 
to increase the viable cell density of Chinese 
Hamster Ovary cells used for monoclonal an-
tibody production. The studies [12,13] used 
two approaches, a centrifugation method and 
a cell settling method for medium exchange, 
and these were used as the basis for method-
ology in this LVV study. 

PROOF-OF-CONCEPT STUDY: 
ADAPTING A MICROBIOREACTOR 
FOR LVV PRODUCTION
To determine if the micro bioreactor system 
could be used as a predictive screening tool 
for LVV production with a suspension cell 
line, a series of medium exchange protocols 
were assessed. Exchanging the culture medi-
um post-transfection is essential due to cyto-
toxicity issues caused by transfection reagents, 
which can adversely affect titer [14]. Several 
factors are easily scalable with the Ambr® 15 
cell culture system using existing protocols 
including medium loading and conditioning, 
inoculation, gassing control strategy, agita-
tion, and sampling. However, two operations: 
medium exchange and transfection liquid 
handling are less well defined for suspension 
cells and must be further developed for a ro-
bust, reproducible LVV production process. 

The aim of this study was to implement 
and optimize an automated microbioreac-
tor LVV production process for screening. 
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The study focused on optimizing the medi-
um exchange process step, a unit operation 
which can have a substantial impact on pro-
cess performance and LVV titer. Additionally, 
the medium exchange process step cannot be 
linearly or methodically scaled-down from 
a bench-scale STR due to system differenc-
es, mainly the lack of analogous mini/micro 
scale medium exchange technologies, liquid 
handling mechanisms, and ability to consis-
tently perform across 24 vessels in one pro-
cess run. 

Therefore, to adjust to system differences, 
an established proprietary LVV production 
process developed in a benchtop bioreactor 
was assessed in the SU microbioreactors and 
was redesigned through three iterations until 
it achieved culture characteristics and pro-
ductivities comparable to bench-scale. These 
included achieving similar culture growth 
rates and viability, transfection efficiencies 
and infectious titer.  

MEDIUM EXCHANGE PROTOCOLS 
A proprietary HEK293T cell line was inoc-
ulated at a proprietary low cell density and 
cultured for a set duration until the propri-
etary target cell density for transfection was 
reached.  The vessels were controlled at the 
targets of 37˚C, pH 7.0 ±0.2, and 50% DO 
by the Ambr® 15 system and with an impeller 
tip speed of 0.4 m/s. The viable cell densi-
ty (VCD) and percentage cell viability were 
measured using an automated cell counter- 
(Vi-CELL™ XR, Beckman Coulter) through-
out the culture duration. When cells achieved 
a target VCD, they were transfected using a 
proprietary transfection reagent with a pro-
prietary four-plasmid system encoding the 
core proteins and transgene for LVV assem-
bly.  A 5th reporter plasmid was included en-
coding the Green Fluorescent Protein (GFP) 
gene. After a set duration post transfection 
(proprietary), the medium was exchanged 
to ensure robust transfection and produc-
tion of functional LVV. Vector supernatants 
were harvested 48 hours post transfection 

and clarified by centrifugation (500 RPM for 
5 minutes) to remove cells.  LVV titer data 
for each production run was determined by 
qPCR of DNA extracted from a target cell 
line transduced with the LVV containing 
supernatants, reported as Transducing Units 
per milliliter (TU/mL). Productivity was also 
determined by quantitation of HIV-1 p24 
antigen concentration (ng/mL) using a pro-
prietary ELISA assay [15]. Transfection effi-
ciency (percentage GFP expression) was also 
measured by flow cytometry analysis on the 
production culture for each run at defined 
timepoints. These data were compared to the 
mean historic LVV titer data from 22 process 
runs in a benchtop bioreactor (2 L single-use 
bioreactors) generated using the same propri-
etary cell culture parameters. 

Three medium exchange methods were eval-
uated in this study (See Figure 1 for an over-
view of the processes evaluated.) Each of the 
processes for medium exchange varied in 
complexity and number of manual handling 
steps. 

	f Process 1.0: Microbioreactor vessels were 
manually removed from the cell culture 
station, the contents were transferred 
to sterile centrifuge tubes, these were 
centrifuged at 500 RPM for 5 minutes 
to spin down the cells into a pellet. The 
supernatant was then removed, fresh 
media added at an equivalent volume 
and cells were resuspended manually 
using a serological pipette. The culture 
volume was then transferred back to the 
microbioreactors by pipette, to be loaded 
back onto the automated bioreactor 
system. 

	f Process 1.5: The manual handling step 
of transferring the vessel contents into 
a centrifuge tube was omitted. Here, the 
microbioreactor vessels were centrifuged 
directly in specifically designed Ambr® 15 
centrifuge adapters and were centrifuged 
at 500 RPM for 5 minutes to pellet the 
cells in one corner of the vessel. Then 
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the supernatant was removed by pouring 
or aspiration, fresh media added, and 
cells were resuspended manually using a 

serological pipette.   The microbioreactors 
were then loaded back onto the automated 
bioreactor system. 

	f FIGURE 1
Different workflows for medium exchange with ambr® 15 cell culture system 
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	f Process 2.0:  Since both Process 1.0 and 
Process 1.5 required manual handling 
which was time-consuming and posed 
a contamination risk, an automated 
cell settling process (Process 2.0) was 
developed. This involves pausing the 
agitation of the microbioreactors and 
allowing the cells to settle before 
exchanging a portion of the supernatant 
with fresh media.  This is achieved by first 
drawing down the volume of each vessel in 
sequence using a 1-mL tip and then adding 
back an equivalent volume of fresh media 
once all the vessels of a cell culture station 
have been reduced in volume.  A settling 
time of 20 minutes prior to spent medium 
removal of the first vessel was sufficient 
for the majority of the cells to settle to the 
bottom, limiting a decrease in cell density 
due to the removed volume.  The Ambr® 15 
system can only perform one drawn down 
at a time, which lead to the final vessel of 
a cell culture station being accessed after 
~40 minutes of settling.  

This process eliminated manual handling 
steps by using predefined liquid handling 
scripts in the Ambr® 15 software to facilitate 
the medium exchange by the liquid handler. 

To determine if VCD or viability were 
compromised by the cell settling method for 

the medium exchange used in Process 2.0, 
VCD and viability data were measured be-
fore and directly after cell settling in three 
different experimental runs (designated ex-
periment 1, experiment 2 and experiment 
3) using the ViCELL XR automated cell 
counter (Figure 2).

EFFICIENCY OF LVV PRODUCTION 
WITH MEDIUM EXCHANGE 
PROCESS 1.0 AND PROCESS 1.5 

Titer and transfection efficiency data from 
Process 1.0 and Process 1.5 (Figure 3) showed 
that eliminating one pipetting step and using 
specifically designed centrifuge inserts en-
ables more consistent results between vessels 
with the Process 1.5 medium exchange proto-
col than using the Process 1.0 protocol.  

When titer data from replicates are aver-
aged within a study where titers vary across 
conditions, Process 1.5 demonstrates well 
defined and reproducible trends for this out-
put (data not shown). However, there were 
still instances of variability between replicate 
vessels observed, albeit at low frequency.  
This allowed for the identification of trends 
in productivity during development exercis-
es but required the use of replicates or trip-
licates for each condition during the runs.

	f FIGURE 2
VCD and culture viability produced by Process 2.0 medium exchange protocol over 3 experimental runs.  

Each bar represents the mean of 24 vessels with error bars of standard deviation (SD) showing data reproducibility. Grey bars = pre-medium 
exchange and yellow = post-medium exchange.
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EFFICIENCY OF LVV PRODUCTION 
WITH MEDIUM EXCHANGE 
PROCESS 2.0 

A VCD of 2-3 x106cells/mL and cell vi-
ability of 95-98 % is consistently achieved 
across all microbioreactor replicates, as shown 
by Figure 3. These results indicate that VCD 
and cell viability are not compromised by the 
automated cell settling method used in Pro-
cess 2.0 for medium exchange. 

Furthermore, the average LVV titer achieved 
when using the Process 2.0 cell settling meth-
od for medium exchange in 10 Ambr® 15 mi-
crobioreactors was comparable to the average 
titer achieved using an established proprietary 
cell culture and medium exchange process run 
at bluebird bio in 22 bench scale bioreactors 
(Figure 4). 

COMPARATIVE ANALYSIS OF LVV 
PRODUCTION USING DIFFERENT 
MEDIUM EXCHANGE PROTOCOLS

To determine whether the Process 2.0 
medium exchange protocol is more robust 
than Processes 1.0/1.5 in terms of LVV yield 

predictability, the viral particle titer (p24 
amount in ng/mL) and the transfection effi-
ciency (%GFP+) from all three processes were 
plotted and analyzed statistically using an or-
dinary least squares (OLS) regression analysis. 
The results from the two methods of measuring 
process performance, which both correlate to 
infectious titer, have a positive correlation with 
Process 2.0 with a R2 value of 0.64 versus little 

	f FIGURE 3
Comparison of LVV infectious titer (TU/mL) and transfection efficiency (%GFP+) from Process 1.0 and Process 1.5 medium 
exchange protocols (each data point represents data from 1 microbioreactor). 

Note initial titer and %GFP+ values are proprietary so are not stated on the graph’s axes, but the graph’s axes are the same for direct visual 
comparison of the two plots. 

	f FIGURE 4
Averaged titer results (TU/ml) from bench-scale runs and 
microbioreactor vessels using the established processes 
with SD error bars. 
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correlation (R2 value of 0.0021) with Process-
es 1.0/1.5 (Figure 5). Therefore, this indicates 
that using the Process 2.0 cell settling method 
for medium exchange using the Ambr® 15 cell 
culture system offers an increase in process ro-
bustness. Process 2.0 also has a more consistent 
yield of LVV produced compared to the more 
manual Processes 1.0 and 1.5. This indicates 
that using an automated microbioreactor sys-
tem offers the benefits of less variable results 
which are often caused by different operators 
manually performing the same protocol in 
a different way. It also demonstrates that re-
duced operator input could lead to more ob-
jective and reliable process development data.

CONCLUSION
In this article, the development of a medium 
exchange protocol for a LVV production pro-
cess using an Ambr® 15 cell culture system 
has been described. The process developed 
focused on the medium exchange step, as this 
process step cannot be scaled-down from a 
bench-scale STR due to system differences. 
However, by adjusting to system differences 

and developing novel process steps and 
techniques through trialing three different 
medium exchange protocols, LVV titer and 
transfection data showed that the Ambr® 15 
system can meet the productivity of bench 
top bioreactors in terms of infectious titer. 
As the Ambr® 15 bioreactors utilize smaller 
volumes of media (10–15 mL) than bench-
top bioreactors they also have the potential 
to increase screening capacity, while making 
costs savings when performing this type of 
screening. 

From the three medium exchange processes 
assessed, the automated cell settling step, fol-
lowed by spent media removal and replenish-
ment used in Process 2.0, produced the lowest 
variability between microbioreactor vessels and 
improved overall LVV production. The imple-
mentation of Process 2.0 also produced results 
which closely aligned with LVV yield from an 
established bench-scale process. In summary 
this study, demonstrates the automation pow-
er of the Ambr® 15 cell culture system and its 
suitability as a process screening tool which 
can significantly reduce operator variability 

	f FIGURE 5
Plotted results of p24 production (ng/mL) versus transfection efficiency (%GFP+) under “Process 1.0/1.5” or “Process 2.0”.   

Linear regression was performed on all the data points, with each plot consisting of 3 separate runs..
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and handling time with process devel-
opment of LVV production in suspen-
sion culture. 
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