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Abstract 

The manufacturing of T cell therapies aims to achieve high yields of product with potent phenotypes. 
We have developed a novel bioreactor, Bioreactor with an Expandable Culture Area – Dual Chamber 
(BECA-D), which has previously demonstrated functionality for scaled T cell manufacturing. In this study, 
incorporation of a stirring mechanism into the double-chamber bioreactor design was tested to 
homogenize the media components between the two chambers. In addition to the improved media 
homogenization, the stirring culture was also observed to have higher yield and enrichment of central 
memory T cells, a T cell subpopulation that has been associated with improved therapeutic efficacy, as 
compared to a static control. BECA-D with a stirring mechanism (BECA-DS+), was evaluated for its 
performance in culturing T cells in comparison to a static control, BECA-D, and an industry benchmark, 
G-Rex10. BECA-DS+ was able to preferentially promote the enrichment of central memory T cells 
compared to the static cultures, indicative of the effect of the stirring mechanism. By achieving high T 
cell yields with a favorable subpopulation profile, the mechanical method of incorporating stirring into a 
double-chamber bioreactor such as BECA-D carries great potential as a useful research and 
manufacturing tool to support advanced T cell therapy manufacturing.  
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Introduction 

In the last decade, autologous T cell therapy has demonstrated its clinical efficacy, earning approvals 
from multiple regulatory agencies around the world [1–3]. Despite advancements in manufacturing 
technologies, scaled manufacturing of autologous cell therapies remains challenging, limiting their 
accessibility and driving up costs [4]. Early understanding of T cell manufacturing targeted high cell 
viability and yields. However, recent studies have shown that T cell subtypes are also important for the 
efficacy and persistence of the therapy [5]. The enrichment of less differentiated T cells - naïve T cells 
(TN), stem memory T cells (TSCM), and central memory T cells (TCM) – in a T cell therapy product has 
been observed to confer similar efficacy at a significantly lower dose than a matched non-enriched 
product [6]. This translates to a shorter culture period, potentially saving manufacturing costs and 
shortening turnaround times.  

Process controls can be implemented during manufacturing to direct T cell population differentiation 
and proliferation towards an enrichment of less differentiated T cells. The most common method would 
be the media supplementation of cytokines, such as IL-7 and IL-15 [7,8], and IL-21 [9,10], due to the 
ease of implementation and the availability of good manufacturing practice (GMP)-grade reagents. 
Media supplementation of other metabolites such as lactate [11,12] and amino acids [13,14] have also 
been observed to affect T cell memory population, however these methods are not as established as 
compared to cytokine supplementation. Apart from media supplementation, environmental control of 
the culture, notably control of pH [12,15] and dissolved oxygen (DO2) [16,17] levels of the culture, has 
shown potential in directing T cell differentiation. Currently, there are no mechanical methods that have 
been described in literature that can consistently enrich these desired memory T cell populations.  

We have previously reported on our work in developing a novel bioreactor, Bioreactor with Expandable 
Culture Area – Dual Chamber (BECA-D), to meet the specific culture needs of T cells and simplify the 
culture process (Figure 1A) [18]. This study describes our work in improving the performance of BECA-
D with a stirring mechanism to promote the homogenization of media between the chambers within the 
bioreactor and enrich for central memory T cells in the culture. The incorporation of the stirring 
mechanism was first tested with a simple double-chamber prototype bioreactor with fixed culture area, 
which resulted in an improved effect on T cell culture expansion yield and change in heterogeneity of 
memory subtypes towards the enrichment of TCM cells. The approach was then validated in BECA-D, 
and results compared with matched culture in G-Rex10, an industry benchmarked culture vessel for T 
cell culture [19–21], to establish the robustness of the mechanical method in the enrichment of TCM cells.  

Materials and Methods 

Fabrication of a Double-chamber prototype Bioreactor 

The double-chamber prototype bioreactor (Figure 1A) was fabricated from hard plastics (polycarbonate 
and polypropylene). It consisted of a cell chamber sitting atop support struts, within a containing device 
with a lid. The cell chamber has a filter support base with polyethylene terephthalate (PET) membrane 
having pore size of 1.0 μm (Sterlitech), attached to it. The area beneath and surrounding the cell 



chamber forms the media chamber. Post-assembly sterilization was performed through autoclave at 
121ºC, for 20 minutes. All materials used in the construction of the prototype were tested in-house for 
biocompatibility with Peripheral Blood Mononuclear Cell (PBMC) culture.  

Culture of PBMCs in the Double-Chamber Prototype Bioreactor with (Stirring) and without (Static) 

The complete culture medium consisted of RPMI-1640 (Thermo Fisher Scientific), 10% heat inactivated 
Fetal Bovine Serum (FBS) (HyClone), and 2 mM L-glutamine (Thermo Fisher Scientific). This complete 
culture medium was used for all the experiments described in this manuscript. 

For both Static and Stirring culture, 95 mL of complete culture medium was added into the Media 
Chamber with 50 IU/mL IL-2 (STEMCELL Technologies). PBMCs (STEMCELL technologies) were 
thawed and seeded at 0.5 x 106 cells/cm2 in 6 mL of complete culture medium into the Cell Chamber 
with 50 IU/mL IL-2. 150 μL of activators (ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator 
(STEMCELL Technologies)) was added to the Cell Chamber. The culture was then incubated at 37°C 
under 5% CO2. On Day 7, half media change of the Media Chamber was performed. Culture was re-
activated by the addition of 150 μL of activators to the Cell Chamber. 50 IU/mL IL-2 was also added on 
Day 3 or 4, 7, 10 or 11 to the respective chambers based on their media volume. 

For Stirred cultures, an autoclaved polyetrafluoroethylene (PTFE) magnetic stirbar was placed into the 
Media Chamber on Day 0. The culture was transferred onto a stir plate (60 rpm) one day after activation 
(Day 1 and Day 8). The cultures were stirred for the periods of Days 1-7 and Days 8-14. 

Fabrication of BECA-D 

BECA-D (Figure 1A) was fabricated as described in a previous study [18]. Briefly, it was made from 
injection moulded virgin polystyrene and assembled via ultrasonic welding under an ISO 13485 certified 
environment. The plunger consists of a polycarbonate core with silicone rubber outer wall. The porous 
membrane was made from PET with a pore size of 1.0 μm. All materials used in the construction of 
BECA were tested in-house for biocompatibility with PBMC culture.  

Culture of PBMCs in BECA-D with stirring (BECA-DS+) and without stirring (BECA-D)   

For both BECA-D and BECA-DS+, 228 mL of complete culture medium was added to the Media 
Chamber with 50 IU/mL IL-2. PBMCs were thawed and seeded at 0.5 x 106 cells/cm2 in 6 mL of 
complete culture medium into the Cell Chamber with 50 IU/mL of IL-2. 150 μL of activators was added 
to the Cell Chamber. The culture was then incubated at 37°C under 5% CO2. On Day 7, half media 
change of the Media Chamber was performed. Culture area of the Cell Chamber was calculated based 
on the cell population and adjusted to maintain a cell density of 0.5 x 106 cells/cm2. Culture was re-
activated by the addition of 1:40 culture volume of activators to the Cell Chamber. 50 IU/mL IL-2 was 
also added on Day 3 or 4, 7, 10 or 11 to the respective chambers based on their media volume. 

For BECA-DS+, an autoclaved PTFE magnetic stirbar was placed into the Media Chamber on Day 0. 
BECA-DS+ was transferred onto a stir plate (60 rpm) one day after activation (Day 1 and Day 8). The 
cultures were stirred for the periods of Days 1-7 and Days 8-14.  

Culture of PBMCs in G-Rex10 

PBMCs were thawed and seeded at 0.5 x 106 cells/cm2 in 40 mL of complete culture medium with 50 
IU/mL of IL-2 and 1 mL of activators. The culture was then incubated at 37°C under 5% CO2. On Day 
7, half media change of the culture was performed. Culture was re-activated by the addition of 1 mL of 
activators. 50 IU/mL IL-2 was also added on Day 3 or 4, 7, 10 or 11.  

Cell Count and Viability 

Cell counts and viability were determined based on Trypan Blue exclusion method by diluting a sample 
of culture with 1:1 volume of 0.4% Trypan Blue Solution (Thermo Fisher Scientific), loaded onto a 
hemacytometer, and counted under an inverted microscope. Cell counts reported in this study are 
based on live cells. 

Glucose and Lactate Measurements 

Media samples were collected and analysed for glucose and lactate levels using the Cedex Bio 
Analyzer (Roche Diagnostics) with accordance to the manufacturer’s protocol.  



Phenotyping of memory T cells 

On Day 14, cells were harvested and processed for flow cytometry analysis. Cells were stained with 
Viobility 405/520 Fixable Dye, CD3-VioBlue, CD56-PE-Vio770, CD4-APC-Vio770, CD8-FITC, 
CD45RA-PerCP-Vio 700, and CD197 (CCR7)-PE (Miltenyi Biotec). MACSQuant Analyser 10 (Miltenyi 
Biotec) was used to acquire the data and MACSQuantify Software 2.13.3 (Miltenyi Biotec) was used for 
analyses.   

Statistical Analysis 

Statistical analyses were performed using Microsoft Excel (Office 365). Paired Student’s two-tailed t-
tests were performed to assess the statistical significance of differences between two groups within 
each of the donor sets. One sample two-tailed t-test was performed to assess the statistical significance 
of differences between a group and a defined value. A p-value of < 0.05 obtained from the test indicates 
a significant difference.  

Results 

Incorporation of a stirring mechanism within the double-chamber prototype bioreactor improved media 
exchange and cell yield  

We previously developed a novel bioreactor, BECA-D, consisting of two separate chambers – the Cell 
Chamber (CC) with an expandable culture area, and the Media Chamber (MC), separated by a porous 
membrane (Figure 1A).  Its performance in the culture of virus specific-T cells was validated in a 
previous study [22]. In that study, it was observed that the diffusion of glucose and lactate across the 
porous membrane to be inefficient, possibly hindering cell proliferation. We hypothesised that the 
incorporation of a stirring mechanism in the MC could improve homogenisation of glucose and lactate 
between the chambers (Figure 1B). This mechanism is expected to allow for glucose in the MC to be 
more available to the cells in the CC and to dilute lactate from the CC more efficiently to facilitate 
continuous cell growth leading to a higher cell yield. To study this, we fabricated a pair of simple double-
chamber prototype bioreactors with a fixed 12 cm2 culture area (Figure 1A) – one prototype with a 
stirbar added into the MC (Stirring) and one prototype without a stirbar as a control (Static).  

 

Fig 1. Incorporation of a stirring mechanism in a double-chamber bioreactor improves media exchange within bioreactor 
and promotes cell proliferation (A) Left: Design of BECA-D bioreactor. Red shaded area indicates area where cells are seeded 
and cultured. Red arrow indicates direction of expansion of culture area via pull of the internal plunger. Right: Design of double-
chamber prototype bioreactor. (B) Side view of media exchange (red arrows) between the cell and media chambers through the 
porous membrane. Introduction of stirring mechanism via a stirbar enhances media exchange. (C) Experimental plan for 
comparison of Static and Stirring double-chamber prototype bioreactors (D) Cell counts (solid lines, left axis) and viability (dashed 
lines, right axis) for both Static and Stirring cultures across Donor 1 to 4. * indicates significant difference in cell count values 



between Static and Stirring cultures with p-value <0.05. (E) Glucose and lactate concentrations in the cultures MC (solid lines) 
and CC (dashed lines) (F) Ratio of glucose and lactate concentrations between MC and CC. Red line indicates the ideal mixing 
ratio of 1.0. * In dicates a p-value of <0.05 and ** indicates a p-value of <0.01 for a one-sample T-test with the determined 
value of 1.0. Significant p-values are indicated in red above the data bars. (1.5 column fitting image) 

The prototypes were tested with four different sets of donor PBMCs (Donor 1-4) in a 14-day culture. 
Cells were seeded at 0.50 x 106 cells/cm2 with activation on Day 0 and Day 7, and a 50% media change 
on Day 7 (Figure 1C). The stirring mechanism was switched on from Day 1 to Day 7 and Day 8 to Day 
14 (Figure 1C). In all donors, the Stirring culture achieved higher cell yield compared to Static on Day 
14 for Donor 1 and Day 10/11 for Donor 2-4 (Figure 1D). Paired T-test analysis indicated a significant 
difference (p-value = 0.024) on Day 10/11 cell numbers between Stirring (101.18±34.60 x 106 cells) and 
Static (46.81±12.37 x 106 cells) cultures. Viability in the cultures remained high (>80%) in all four donors 
across the 14-day culture with the exception of Donor 4 Day 14 where the viability dropped to 66%, 
mirroring the drop in cell population between Day 10/11 to 14 (Figure 1D). 

Lactate and glucose levels in both chambers were measured on days 0, 3 or 4, 7, 10 or 11, and 14, 
showing a steady decrease of glucose levels and increase of lactate levels in the cultures, indicative of 
T cell proliferation (Figure 1E). Levels of glucose and lactate in the chambers was observed to be more 
closely matched in Stirring cultures compared to Static cultures. One sample t-test was performed to 
compare the ratio of glucose and lactate concentration in the chambers to the ideal value of 1.0 
(indicating perfect homogenization) (Figure 1F). Both the ratio of glucose and lactate levels in the Static 
cultures were observed to be significantly different from the ideal value of 1.0 on three days (Day 7, 
10/11, and 14 for glucose and Day 3/4, 7, and 10 for lactate) while those in Stirring cultures were 
observed to be significantly different on two days (Day 10/11 and 14 for glucose and Day 3/4 and 10/11 
for lactate). In all statistical analyses performed, the p-value calculated from comparing the chambers 
in Static cultures were lower than those from Stirring cultures. It was also observed that the glucose 
level in Stirring for Donors 2, 3, and 4 fell to below 0.5 mg/cell on Day 10/11, indicating that the glucose 
levels in these cultures might have been insufficient to support the growing culture resulting in the sharp 
drop in cell numbers observed on Day 14, 

Stirring mechanism within the double-chamber prototype bioreactor enriched both CD4 and CD8 
Central Memory T cells (TCM)  

The percentage of CD3 population in the cultures were assessed on Day 0 and Day 14, showing high 
percentage of CD3 cells in the culture (>90%) in both Stirring and Static cultures and no significant 
difference between the two types of cultures (Figure 2A). The same observation was made for the levels 
of CD4 helper and CD8 cytotoxic T cells indicating that the stirring mechanism did not influence the 
development and proliferation of bulk CD4 and CD8 T cells (Figure 2B). CD45RA and CCR7 expression 
for T cell memory subtypes in CD4 and CD8 T cell populations were assessed on Day 0 and Day 14 
with flow cytometry. These memory subtypes include naïve (TN), central memory (TCM), effector memory 
(TEM), and terminally differentiated effector memory (TEMRA) T cells (Figure 2C). In all cultures, TN and 
TEMRA populations decreased from Day 0 to Day 14 and T cells primarily expressed TEM and TCM markers 
on Day 14 (Figure 2D). Stirring cultures were observed to have significantly higher percentage of TCM 
cells compared to Static cultures in both CD4 (p-value = 0.031) and CD8 (p-value = 0.010) 
subpopulations. The opposite trend was observed for TEM population where Stirring cultures had 
significantly lower percentage of TEM cells compared to Static cultures in both CD4 (p-value = 0.028) 
and CD8 (p-value = 0.012) subpopulations (Figure 2E). 



 

Fig 2. Stirring mechanism enriched for Central Memory T cells in culture. (A) Percentage CD3 population of PBMCs on Day 
0 and in Static and Stirring cultures on Day 14. Red line indicates 90% population of live lymphocytes in culture. (B) Percentage 
CD4 and CD8 population of CD3 PBMCs on Day 0 and in Static and Stirring cultures on Day 14. (C) Representative flow cytometry 
plot (Donor 2) for assessment of CCR7 and CD45RA markers in the Day 0 PBMC culture and Day 14 Static and Stirring cultures. 
Representative gating for TN, TCM, TEM, TEMRA in the CD4 and CD8 population are as shown. (D) Percentage of each T cell memory 
subtype in CD4 and CD8 population. (E) Percentage of TCM and TEM cells in CD4 and CD8 population. P-values indicated were 
calculated using paired t-test. n.s. not significant * p<0.05 (single column fitting image) 

Stirring mechanism in BECA-D improved cell proliferation and media homogenization 

To validate the robustness of the method, we repeated the experiment with the same four donor PBMCs 
(Donor 1 – 4) in the BECA-D bioreactor with a stirbar placed into the Media Chamber of one bioreactor 
(BECA-DS+) and its static control without the stirbar (BECA-D). Cell cultures were also evaluated with 
another T cell bioreactor (G-Rex10) that does not have a double-chamber design. 

The cells were seeded at 0.50 x 106 cells/cm2 and cultured using the same protocol with an additional 
step of expanding the culture area in BECA-D and BECA-DS+ on Day 7 (Figure 3A). The culture areas 
of BECA-D bioreactors were adjusted based on the cell numbers on Day 7 to decrease the cell density 
back to 0.5 x 106 cells/cm2 (Supplementary Figure 1A and 1B). Across all four donors, BECA-DS+ 
achieved the highest maximum yield compared to BECA-D and G-Rex10 (Figure 3B). Similar to the 
Stirred culture in the double-chamber prototype bioreactor (Figure 1D), BECA-DS+ experienced a 
decrease in culture growth for Donor 2-4 from Day 10/11 to 14. BECA-DS+ was able to improve cell 
proliferation with a significantly higher yield on Day 10/11 compared to BECA-D (p-value = 0.013) and 
G-rex10 (p-value = 0.037) (Figure 3C). Viability in the cultures remained high (>80%) in all four donors 
across the 14-day culture in all bioreactors (Figure 3B). 

The stirring mechanism in BECA-DS+ allowed for improved homogenization of media between the two 
chambers (Supplementary Figure 1C). The ratios of glucose and lactate levels in BECA-D were 
determined to be significantly different from the ideal value of 1.0 on Day 7 and 10/11 (glucose) and 
Day 3/4, 7, 10/11 and 14 (lactate). In BECA-DS+, the ratios were significantly different for only one day 



for glucose (Day 7) and two days for lactate (Day 3/4, 7) (Supplementary Figure 1D). Glucose 
availability per cell was calculated to determine whether the level of glucose of media could explain the 
slowing of cell growth in BECA-DS+ and G-Rex10 cultures from Day 10/11 to 14 in Donor 2, 3, and 4 
(Supplementary Figure 1E). Surprisingly, glucose availability in this study did not correlate to the culture 
growth in BECA-DS+. The only instance between Day 0 and 14 where the glucose/cell fell below 0.5 
mg/cell in BECA-D cultures was in Donor 2 on Day 11, however, this did not result in a drop in cell 
population as observed in the double-chamber cultures. In addition, the culture in Donor 4 on Day 10 
had higher glucose availability and yet had a decrease in cell population. The G-Rex10 cultures 
consistently had lower glucose availability due to G-Rex10’s lower media capacity (40 mL, starting 
glucose level: 78.5±0.3 mg for 5.0 x 106 cells) compared to BECA-D (234 mL, starting glucose level: 
458.9±1.8 mg for 6.0 x 106 cells) but this did not hinder the culture growth. For these cultures, it appears 
that glucose availability does not sufficiently explain the slowing down of cell proliferation from Day 
10/11 to 14.  

 
Fig 3. BECA-DS+ preferentially promoted Central Memory T cell (TCM) proliferation. (A) Experimental plan for comparison 
of BECA-D, BECA-DS+, and G-Rex10 cultures. (B) Cell counts (solid lines, left axis) and viability (dashed lines, right axis) across 
Donor 1 to 4. (C) Average cell counts across Donor 1 to 4 for each day of culture (3 or 4, 7, 10 or 11, 14). (D) Percentage CD3 
population of PBMCs on Day 0 and in the three bioreactors on Day 14. Red line indicates 90% population of live lymphocytes in 
culture. (E) Percentage CD4 and CD8 population of CD3 PBMCs on Day 0 and in the three bioreactors on Day 14. (F) 
Representative flow cytometry plot (Donor 4) for assessment of CCR7 and CD45RA markers in the Day 0 PBMC culture and Day 
14 cultures. Representative gating for TN, TCM, TEM, TEMRA in the CD4 and CD8 population are as shown. (G) Percentage of each 
T cell memory subtype in CD4 and CD8 population. (E) Percentage of TCM and TEM cells in CD4 and CD8 population. P-values 
indicated were calculated using paired t-test. n.s. not significant * p<0.05. (1.5 column fitting image) 

Stirring mechanism in BECA-D enriched both CD4 and CD8 Central Memory T cells (TCM) 

The cultures were assessed for their T cell population phenotype via flow cytometry analysis on Day 
14. The percentage of CD3 cells in the cultures for three bioreactors was high (>85%) with cultures in 
BECA-DS+ and G-Rex10 having >90% of live lymphocytes being CD3+ cells (Figure 3D). Previously, 
we observed subtle but not statistically significant difference in CD4 and CD8 population in the Stirring 
and Static cultures in the double-chamber prototype bioreactor. In this experiment, the difference was 
more pronounced. There was a statistically significant difference between BECA-D and BECA-DS+ 
CD4 (p-value = 0.04) and CD8 (p-value = 0.03) populations and same was observed between BECA-
DS+ and G-Rex10 CD4 (p-value = 0.05) and CD8 (p-value = 0.04) population (Figure 3E). Interestingly, 
there was no significant difference in the CD4 and CD8 populations between BECA-D and G-Rex10 
(CD4 p-value = 0.61, CD8 p-value = 0.63) suggesting that the stirring mechanism in BECA-DS+ did 
skew the T cell population to have higher CD4 and lower CD8 population in culture. 

In line with the findings from the double-chamber prototype bioreactor study, assessment of CD45RA 
and CCR7 expression revealed that the T cells primarily expressed TCM and TEM markers on Day 14 
and that the stirred culture, BECA-DS+, has enriched TCM population and diminished TEM population 
compared to static cultures – BECA-D and G-Rex10 (Figure 3F and 3G). The enrichment of CD8 TCM 



population in BECA-DS+ cultures was statistically significant compared to BECA-D (p-value = 0.015) 
and G-Rex10 (p-value = 0.045). BECA-DS+ also has statistically significant lower percentage of CD8 
TEM population compared to BECA-D (p-value = 0.013) and G-Rex10 (p-value = 0.044). However, the 
same was not true for CD4 subpopulation. The higher percentage of TCM and lower percentage of TEM 
cells were only statistically significant when comparing BECA-DS+ with G-Rex10 cultures (TCM p-value 
= 0.012, TEM p-value = 0.012) and not when comparing BECA-DS+ with BECA-D cultures (TCM p-value 
= 0.071, TEM p-value = 0.071) (Figure 3H). 

Discussion 

Our previous study demonstrated the effectiveness and ease of use of BECA-D in the culture of Epstein-
Barr Virus-Specific T cells [10].  We hypothesized that enhancing the media exchange between the cell 
and media chambers could improve culture outcomes. In this study, we explored our hypothesis with a 
double-chamber prototype bioreactor and developed an iteration of BECA-D, BECA-DS+, which 
improved media exchange between the cell and media chambers through a stirring mechanism. The 
performances of the stirred cultures in both the double-chamber prototype bioreactor and BECA-DS+ 
was compared to static controls across a 14-day PBMC culture. As expected, the stirring mechanism 
did improve the glucose and lactate distribution between the chambers and resulted in a higher 
maximum cell yield on Day 14 for Donor 1 and Day 10/11 for Donors 2, 3, and 4. The cell yield in BECA-
DS+ was observed to be higher than that in G-Rex10, however, the performance of G-Rex10 could 
have been impaired by the non-ideal feeding scheme executed in this study. The glucose availability of 
G-Rex10 was measured to be consistently low at <0.5 mg/mL from Day 10/11 to 14. It is possible that 
adjustment of the feeding scheme with more frequent and higher volume media changes might result 
in an equivalent cell yield as BECA-DS+.  

Analysis of the T cell subtypes within the cultures revealed stark differences between the stirred cultures 
(Stirring and BECA-DS+) and static cultures (Static, BECA-D, and G-Rex10). Surprisingly, the CD4 and 
CD8 ratios (higher levels of CD8 cells) were consistent within the static cultures, whereas, the stirred 
cultures had a more balanced distribution of CD4 and CD8 cells. Assessment of T cell memory subtypes 
showed an enrichment of TCM cells in stirred cultures compared to static cultures. The observation that 
T cell subtype distributions differ between bioreactors is not novel as bioreactors have key features that 
may affect T cell metabolism and proliferation, such as improved gaseous exchange in gas permeable 
bioreactors [23] and high cell density in hollow fibre reactors [24]. It was unexpected to us that the static 
cultures had a more similar T cell subtype distribution considering that there are major design 
differences between the two static bioreactors, BECA-D and G-Rex10. The results reinforced the 
dominant effect of an ‘indirect mixing’ of a separate media chamber on the T cell culture, both in CD4 
CD8 distribution as well as enrichment of TCM.  

The enrichment of TCM cells, a less-differentiated T cell memory subtype, has been correlated with 
improved clinical outcomes and T cell persistence [7,25–28]. The improved efficacy of the less-
differentiated T cell population could possibly reduce the cell dosage per therapy and accelerate the 
manufacturing of T cell therapy products. Supplementation of cytokines in media (typically a cocktail 
involving permutations of IL2, IL7, IL-15, and IL-21) is a common practice to drive T cell expansion 
towards an enriched TCM population (personal communication) [29]. Other culture parameters have also 
been observed to affect TCM population including other media components [13,14], pH [12,15], and low 
DO2 levels (hypoxia) [16,17]. Compared to these methods, especially in those that requires temporal 
control, the double-chamber bioreactors (including BECA-DS+) adopt a direct distinct mechanical 
approach which does not require the use of additional GMP-grade reagents (in contrast to cytokine and 
media components methods) or specialized equipment (in contrast to hypoxia methods). In addition, 
cultures in the double-chamber bioreactors did not experience a decrease in proliferative capacity 
compared to cultures under hypoxia [16,17,30]. The use of the double-chamber bioreactor compared 
to the above methods for the enrichment of TCM population in culture can possibly reduce culture 
process complexity and cost for the manufacturing of less-differentiated but more efficacious T cell 
therapy products.  

The stirring mechanism affects the availability of multiple culture media components across the 
chambers. This study reported only on the glucose and lactate levels in the media, and the improved 
diffusion of these metabolites does not sufficiently explain the effect on T cell differentiation observed. 
The availabilities of other media components have been reported to affect T cell differentiation, 
especially IL-2 [31,32] and activators [33–35]. Additional studies measuring these would be crucial in 
the elucidation of mechanism behind the TCM enrichment. Assessment of T cell subpopulations in earlier 
timepoints in the 14-day culture can also facilitate to determine whether the enrichment was due to an 



increase in proliferation potential of TCM cells, a decrease in proliferative potential of TEM cells, or a 
decrease in differentiation potential of the culture. Understanding these details in the mechanism would 
assist in creating a simpler process which could shorten the culture duration to enable shorter 
turnaround times in manufacturing.  

This study has demonstrated that a mechanical stirring mechanism introduced to a double-chamber 
bioreactor was able to consistently enrich less-differentiated T cell subpopulations while achieving 
yields similar to the static controls and commonly used industry T cell bioreactor, G-Rex10. The current 
execution for this method relies on a magnetic stirbar to engage the stirring mechanism which would 
not be compatible with processes involving the use of magnetic bead-based reagents such as the 
Dynabeads™ activators. The current chamber designs also have a substantially large media reservoir 
compared to G-Rex10 (101 and 234 mL vs 40 mL) hence increasing the cost for media and reagents 
consumed per run. As we elucidate the mechanism of action for this method, the design of the 
bioreactors will be improved upon to circumvent these restrictions and facilitate more workflows at a 
lower cost.   

As more cell therapies are expected to be approved in the next decade and the indications for T cell 
therapy expand, there is an urgent need to lower the cost and improve accessibility of these therapies. 
Recently, multiple bioreactor systems with advanced culture parameter controls have been launched 
to help address the manufacturing hurdles for the field (e.g. AVATAR from Xcell Biosciences, IRO from 
Ori Biotech, and Sefia expansion system from Cytiva). Towards the same goal, we report our bioreactor 
system, BECA-DS+, as a potential and effective manufacturing solution with unique advantage of 
enriching TCM cell production. Cell therapy developers and manufacturers can consider the use of these 
novel bioreactors to cater not only to the increase demand in manufacturing, but also the variety of 
culture needs for different therapies (e.g. low seed bioreactors for tumour-infiltrating T cells, small 
bioreactor capacity of highly efficacious cells).  Bioreactors with different tuneable features available for 
T cell culture would be crucial in the endeavour to evaluate critical process parameters (CPPs) and 
critical quality attributes (CQAs) during therapy process and product development. The expansion in 
the variety of bioreactors in the market will hopefully result in a more vibrant industry where cell therapy 
developers and manufacturers have an arsenal of tools available to produce the most efficacious 
therapy at the lowest cost that can be easily accessed by patients.  
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Supplementary Fig 1. (A) Culture areas of BECA-D, BECA-DS+, and G-Rex10 across four donors during the 14-day culture 
period. (B) Culture densities of the three bioreactors across four donors during the 14-day culture period. (C) Glucose and lactate 
concentrations in the cultures MC (solid lines) and CC (dashed lines) of BECA-D and BECA-DS+, and in G-Rex10. (D) Ratio of 
glucose and lactate concentrations between MC and CC in BECA-D and BECA-DS+. Red line indicates the ideal mixing ratio of 
1.0. * indicates a p-value of <0.05 and ** indicates a p-value of <0.01 for a one-sample T-test with the determined value of 1.0. 
Significant p-values are indicated in red above the data bars. (E) Heatmap of glucose per cell (mg/cell) in the three bioreactors 
across four donors during the 14-day culture period. Yellow dots indicate a value of <0.5 mg glucose/cell. (1.5 column fitting 
image) 


