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Demonstrating the Manufacture of Human CAR-T Cells
in an Automated Stirred-Tank Bioreactor

Elena Costariol, Marco C. Rotondi, Arman Amini, Christopher J. Hewitt, Alvin W. Nienow,
Thomas R. J. Heathman, and Qasim A. Rafiq*

Chimeric antigen receptor T-cell (CAR-T) therapies have proven clinical
efficacy for the treatment of hematological malignancies. However, CAR-T cell
therapies are prohibitively expensive to manufacture. The authors
demonstrate the manufacture of human CAR-T cells from multiple donors in
an automated stirred-tank bioreactor. The authors successfully produced
functional human CAR-T cells from multiple donors under dynamic
conditions in a stirred-tank bioreactor, resulting in overall cell yields which
were significantly better than in static T-flask culture. At agitation speeds of
200 rpm and greater (up to 500 rpm), the CAR-T cells are able to proliferate
effectively, reaching viable cell densities of >5 × 106 cells ml-1 over 7 days.
This is comparable with current expansion systems and significantly better
than static expansion platforms (T-flasks and gas-permeable culture bags).
Importantly, engineered T-cells post-expansion retained expression of the
CAR gene and retained their cytolytic function even when grown at the
highest agitation intensity. This proves that power inputs used in this study
do not affect cell efficacy to target and kill the leukemia cells. This is the first
demonstration of human CAR-T cell manufacture in stirred-tank bioreactors
and the findings present significant implications and opportunities for
larger-scale allogeneic CAR-T production.
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1. Introduction

Engineered, gene-modified cell therapies
have emerged as a promising therapeu-
tic modality for hematological malignan-
cies. Chimeric antigen receptor (CAR) T-
cell therapies in particular have demon-
strated significant clinical efficacy for condi-
tions such as acute lymphoblastic leukemia
and non-Hodgkin’s lymphoma and have re-
ceived US Food and Drug Administration
(FDA) and European Medicines Agency
(EMA) regulatory approval (e.g., Novar-
tis’ Kymriah and Gilead’s Yescarta).[1] De-
spite the positive clinical outcomes, these
patient-specific therapies are expensive to
manufacture, cost in excess of $250 000 and
their current manufacture involves open,
manual processes.[2] To reduce the cost,
there is a need to improve CAR-T manufac-
ture and develop reproducible production
processes that minimize the need for hu-
man operator intervention and manual op-
erations.
For patient-specific therapies, such as

the current wave of autologous CAR-T
products, the approach to scale requires a high-throughput
parallel production of multiple, individual product batches.
Economies of scale cannot be achieved through a traditional
“scale-up approach,” rather must focus developing an efficient
and effective “scale-out” approach, which will necessitate auto-
mated, robust, and closed expansion technologies to ensure in-
dividual patient production and effective product segregation.
However, given the recent advances in gene-editing tools such as
CRISPR-Cas9, zinc finger nuclease, and transcription activator-
like effector nuclease, there is increasing focus on developing an
off-the-shelf allogeneic CAR-T therapy which would require bulk
production and where economies of scale are achieved via a tradi-
tional scale-up approach. This necessitates large-scale cell expan-
sion technologies, which canmanufacturemultiple cell doses per
batch and the use of bioreactor technologies with automated pro-
cess control capability.[3]

When selecting a suitable expansion platform for cell produc-
tion, it is important to consider multiple factors to mitigate clin-
ical and commercial risk. The propensity among clinical pro-
grams has been to employ easy-to-use platforms such as T-flasks,
G-rex bioreactors, and static culture bags. However, it is widely
recognized that such systems have poor monitoring and control
capability and are limited with respect to scalability.[2,4] All-in-one
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systems such as the CliniMACS Prodigy allow multiple process
steps to be combined, thereby simplifying the user interactions.
However, such systems can currently only be employed as part of
a scale-out strategy rather than scale-up due to the limited size of
the culture vessel.
The other key platforms under consideration, or currently em-

ployed in clinical programs, include hollow-fiber bioreactors and
rocking-motion bioreactors. Such systems allow for increased
scale (up to 2000 L) with process monitoring and control capa-
bility, and can accommodate different modes of operation, for
example, fed-batch and perfusion.
If these platforms are compared to stirred-tank bioreactors

(STRs), the latter clearly have significant potential advantages.
First, they already provide a robust cell expansion platform for
both autologous and allogeneic applications, with scales varying
from 100 mL through to >20 000 L for large-scale recombinant
protein production using Chinese hamster ovary (CHO) cells
and other mammalian cell types.[5] Second, such systems are
widely used in the biologics industry, have been characterized
extensively for cell production and a proven track record for
large-scale industrial manufacture, including recently, single-
use STRs up to 2000 L.[6] They have also now become extensively
used at scale for human mesenchymal stem cell culture on
microcarriers.[7] This usage increases the likelihood of adoption
for therapeutic development companies who have these manu-
facturing platforms in place and reduces the risk associated with
using such platforms for commercial manufacture. Third, STRs
have the added advantage that, unlike rocking-motion bioreac-
tors, they have well characterized and proven high-throughput
small-scale models, such as the ambr 15, the ambr 250, and
DASbox system among others, that allow working volumes as
low as 15–250 mL.[8,9] These high-throughput systems allow
multiple bioreactors to be run in parallel, increase experimental
data generation, and provide a well-established bioprocessing
pathway to increase in scale from the mL to the multi-liter
scale, thereby increasing process understanding and reducing
development timeframes. Fourth, STRs have a well-established
supply chain infrastructure through their current applica-
tion in the biopharma industry, significantly reducing supply
risk at scale, which is a constraint for the current alternative
technologies that often rely on single source suppliers and
low product manufacturing volumes. Finally, STRs have an
existing and well established pathway to enable full process
integration with upstream and downstream unit operations
to allow for successful interlinking and automation of mul-
tiple process unit operations, which will dramatically reduce
the current costs of manufacturing associated with direct
labor.
In light of the significant advantages STRs offer over ex-

pansion systems, the key uncertainty with their use for such
applications is whether they can produce T-cell therapies at
the required quality and specification to enable therapeutically
effective products. If this can be successfully demonstrated,
then therapies above a single-patient dose would be wise to
employ an STR. This paper attempts to address this research
question.
We previously reported the successful expansion of human

primary T-cells in automated STRs (ambr 250) at the 250 mL
scale in which it was shown that in spite of unsubstantiated

concerns related to hydrodynamic stress, human primary T-cells
could be cultured in STRs and higher cell yields in comparison
to static T-flask controls while retaining the key cell quality
attributes.[10] Contrary to the prevailing concerns about the
growth of primary T-cells under agitated conditions in a STR,
not only did the T-cells grow better than the equivalent static T-
flask control, but higher cell yields were obtained with increasing
agitation speeds. The study also showed that the magnetic Dyn-
abeads failed to activate the cells in spinner flasks because they
attached to the magnetic stir bar; similarly at a very low impeller
speed and specific power in the bioreactor, the beads were not
suspended but the cells were. Successful culture was achieved at
higher speeds and specific powers in two different bioreactors,
one baffled with two impellers and one unbaffled with a single
larger impeller. It was also shown that when the specific power
profile in the two bioreactors matched, the culture performances
were essentially identical. Under conditions of adequate Dyn-
abeads suspension, the culture was improved compared to
T-flasks with respect to viable cell density and cell quality was
maintained.
While the previous study demonstrated the potential for

improved human primary T-cell growth in STRs, from a clinical
perspective, it is necessary to determine whether genetically-
engineered CAR-T cells can be grown in such systems and
whether the CAR-T cells retain expression of the CAR and
their functional ability to target and kill cancerous cells. In this
study, we investigate, for the first time, the expansion of CAR-T
cells from multiple donors in automated STRs with respect to
their cell growth kinetics and quality attributes, and investigate
whether the phenomenon of increasing cell density with increas-
ing agitation speeds (and increasing specific powers) continues
at even higher speeds (up to 500 rpm, 1164 × 10−4 W kg−1) than
investigated in the original study which only went up to 200 rpm
(74 × 10−4 W kg−1).

2. Results

2.1. CAR-T Cell Growth Kinetics under Different Agitation
Conditions

As described above, the growth kinetics and quality profile of
engineered CAR-T cells was investigated, for the first time, in
a STR. The unbaffled ambr 250 bioreactor was used and oper-
ated at agitation speeds of 100, 200, 300, 400, and 500 rpm. CAR-
T cells were grown in T-flasks as a static control. The feeding
regime was kept the same for all the conditions and the via-
bility and live cell concentration was assessed daily as were the
growth, metabolite flux, pH, and dO2 over the 7 days of culture
(Figures 1–4).
Although the difference was not found to be statistically signif-

icant (p > 0.05), higher final cell densities were achieved under
the agitated STR conditions (particularly at speeds ≥ 200 rpm)
compared to the static T-flask control (Figure 1A,B). This result
aligns with what was found previously with primary non-
transduced T-cells,[10] reinforcing the findings of the previous
study with primary T-cells.[10] Clearly, T-cells are able to not only
withstand the hydrodynamic forces in a STR, but have greater
proliferative capacity compared to static culture conditions.
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Figure 1. The growth of CAR-T cells from three donors over 7 days in the unbaffled ambr 250 STR at different agitation speeds (n = 3). The black arrow
indicates the medium addition on day 3 (100 mL), day 4 (50 mL), and a medium exchange (100 mL) on day 5. Data shown mean ± SD of results with
all 3 donors. Only 2 donors were used for the static control (HD12, HD16). A) Viable cell density (cells mL−1) and % viability. B) Fold expansion (total
number of viable cells on day 7/total number of viable cells at seeding). Each symbol represents one donor (star = HD12; circle = HD16; square =
HD18). Data shown mean ± SD. C) Final viable cell density (cells mL−1) at day 7 plotted against the specific power input (W kg−1 × 10−4) at the end of
each run. Data is shown mean ± SD of results with all 3 donors. No significant difference (p > 0.05) was found between the conditions analyzed with a
one-way ANOVA test.

At the lowest speed (100 rpm, 9.3 × 10−4 W kg−1), a final cell
density of 3.76 ± 0.69 × 106 viable cells mL−1 (Figure 1A) was
obtained, resulting in the lowest fold expansion (18.22 ± 0.42)
among the agitation conditions investigated in the ambr 250
bioreactor (Figure 1B). There was an improvement in the cell
growth when the agitation speed was increased to 200 rpm
(74 × 10−4 W kg−1), as was found in the previous study with pri-

mary T-cells,[10] with a final cell density of 4.99± 0.77× 106 viable
cells mL−1 and a fold increase of 24.67 ± 4.10.
The cell growth kinetics for the 200, 300, 400, and 500 rpm

agitation speeds were very similar, with the highest level of
growth obtained at 300 rpm, which resulted in a final cell den-
sity of 5.07 ± 0.21 × 106 viable cells mL−1 and a fold ex-
pansion at the harvest point of 25.70 ± 1.21. There was no
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statistically significant difference in CAR-T cell yield at day 7 at
any of the higher speeds of 200, 300, 400, or 500 rpm (Figure 1C)
even though the final specific power input (P/M) over the last
three days at the different speeds increased from 74 × 10−4 to
1164 × 10−4 W kg−1. Although speeds higher than 200 rpm did
not lead to higher levels of cell proliferation, likely due to nutrient
limitations in the medium (discussed later), the viability of CAR-
T cells at harvest was greater than 90% for all speeds, suggesting
that the cells were not adversely impacted by the higher agitation
rates and the associated fluid dynamic stresses. It is worth not-
ing that the highest P/M is higher than that typically used in free
suspension culture such as CHO cells.[5]

2.2. Metabolite Concentrations

The levels of glucose, lactate, glutamine, and ammonia in the
medium were measured off-line on a daily basis (Figure 2A–D).
For the runs at speeds of 200 rpm and above which exhibited sim-
ilar growth kinetics, the metabolites measured in the medium
follow a similar trend. In each case, the medium was depleted of
glucose and glutamine by day 3, which is the likely cause of the re-
duced growth rate at this time point and the concomitant increase
in pH (Figure 3, right hand side). The glucose and glutamine con-
centrations were consistently depleted throughout the course of
the culture despite the regular medium exchanges/additions (in-
dicated by arrows on Figure 2A–D); by day 6, the glucose and glu-
tamine concentrations reach close to 0 mmol L−1, at which point
the pH starts to plateau and then slowly increases (Figure 3, right
hand side).
With respect to specific metabolite consumption and produc-

tions rates (Figure 2E–I), it is noted that the 100 rpm agitation
intensity results in slightly higher values compared to the other
agitation conditions. However, this trend is to be expected given
that this is a per cell metric and in the other conditions, there
is an increase in the overall cell density resulting in a lower per
cell metabolite consumption or production rate given the start-
ing concentration ofmetabolites is the same in all the conditions.
The yield of lactate from glucose, presented in Figure 2G, shows
no significant difference between the five agitation rates, with the
mean values all below 2 mol−1, the maximum theoretical yield of
lactate from glucose. The specific glutamine consumption rate
(Figure 2H) shows a similar trend to glucose, the specific con-
sumption lowers as the speed increases. Once again, this lower-
ing is due to an increased number of cells in the 200–500 rpm
conditions and a limited amount of glutamine in the medium.
Specific ammonia production (Figure 2I) does not show any sig-
nificant difference among the tested conditions.

2.3. pH and Dissolved Oxygen Concentration

The pH and dO2 were monitored throughout the duration of
7 days CAR-T expansion with the ambr bioreactor controller soft-
ware (Figure 3). The spikes observed in the dO2 profiles are due
to the opening of the cap of the bioreactor to allow medium addi-
tions and exchange. For all runs, a dO2 control by gas blending at
60% was started on day 5 after a 100 mL medium exchange. The

dO2 control is active only when the monitored dO2 drops below
60%, but does not lower the dO2 to 60% if the detected value is
higher.
The dO2 (Figure 3, left hand side) was ≈85% at inoculation

in all the conditions (100–500 rpm). This value fell slightly over
the first 3 days at 100 rpm but remained stable during this time
at the higher speeds. After medium addition on day 3, a drop in
dO2 occurred, due to an increase in volume (from 100 to 200 mL)
and due to an increased cell concentration at the lowest speed
(100 rpm) condition in which the kLa was lowest and could not
meet the oxygen demand of the CAR-T cells. At 200 rpm and
above, since the cell density and hence the oxygen uptake rate
was approximately the same for these agitation speeds, the drop
in dO2 is less pronounced as the speed is increased. This differ-
ence is due to the higher kLa resulting from the increase in agita-
tion. At day 5, when the dO2 control at 60% became operational,
that value was held at all speeds as indicated by the dO2 profiles
(Figure 3, left hand side).
The pH profiles (Figure 3, right hand side) are essentially the

same at each speed, roughly correlating as expected with the vi-
able cell concentration and with the lactate production and accu-
mulation in the medium. The rapid increase in the pH profiles
indicates the points at which medium additions or exchanges oc-
curred. In all conditions, there was a slight increase in the pH
prior to themediumaddition at day 3; this increasemay indicate a
reduction in cell expansion due to the glucose and glutamine lim-
itations in the medium. The same phenomena can be seen again
after day 6, when all the glucose and glutamine in the medium
have been consumed. The lowest pH was ≈6.4 on day 3 in the
runs at 100, 200, 300, and 400 rpm (Figure 3A–D).

2.4. Assessment of Cell Quality and Functionality

The immunophenotypic profile of CAR-T cells was assessed via
flow cytometry analysis at the beginning (pre-experiment) and
at the end of the expansion in the bioreactor and in the T-flask
(Figure 4A–D). The CD4 to CD8 ratio (Figure 4A) was higher,
although not significantly (p > 0.05), in the static control
(3.1 ± 0.7) compared to the ambr 250 at different speeds, where
it was closer to the desired 1:1 ratio. The CD8 positive subpop-
ulation of CAR-T cells was further analyzed in terms of naïve,
central memory, effector memory, and terminally differentiated
T-cells. The amount of naïve and terminally differentiated T-cells
was lower than 5% in all samples (data not shown). The cen-
tral memory subpopulation was higher in the pre-experiment
sample (39.6 ± 3.8) compared with the samples post-expansion
(Figure 4B). The effector memory percentage increased over the
7 days culture in the ambr 250 bioreactor; however, it was still
comparable to the static control (T-175 flask) (Figure 4C). As
with the findings with primary human T-cells in the previous
study,[10] the proportion of the cell subpopulation is not affected
by agitation and is similar irrespective of culture platform (static
T-flask or STR).
The expression of the CAR receptor was assessed by flow cy-

tometry at seeding (day 0) and at the end of the 7 days expansion
in the bioreactors and in the static control (Figure 4D). The CAR
expression at day 7 was normalized to the expression at day 0
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Figure 2. Metabolite concentration [mmol L−1] profiles and specific consumption or production rates [picomol cell−1 day−1] in the ambr 250 unbaffled
vessel at different impeller speeds. The black arrows indicate a medium addition/exchange. Data shown as mean ± SD, n = 3. A) Glucose concentration.
B) Lactate concentration. C) Glutamine concentration. D) Ammonia concentration. E) Specific glucose consumption rate. F) Specific lactate production
rate. G) Yields of lactate from glucose. Reference line at 2 is the maximum theoretical yield of lactate from glucose. H) Specific glutamine consumption
rate. I) Specific ammonia production rate. No significant difference (p > 0.05) was found between the conditions analyzed with a one-way ANOVA test.
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Figure 3. Representative dissolved oxygen (dO2; left hand side) and pH (right hand side) trends under different agitation as the medium volume
increases in the ambr 250 unbaffled vessel over 7 days. In all runs, dO2 control at 60% was introduced at day 5 after the medium exchange. A) 100 rpm,
B) 200 rpm, C) 300 rpm, D) 400 rpm, and E) 500 rpm.
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Figure 4. Phenotypic characterization of primary CAR-T cells and quantitative analysis of cytokines secreted [pg mL−1] when seeded in the ambr
250 bioreactor at different speeds. Data shown mean ± SD, n = 3. Each symbol represents one donor (star =HD12; circle =HD16; square =HD18). A)
CD4:CD8 ratio. B) CD8+ T central memory (CCR7+ CD45RO+) subpopulation percentage of the cells. C) CD8+ T effector memory (CCR7− CD45RO+)
subpopulation percentage in all the analyzed conditions. D) Normalized CAR expression at the end of the 7 days expansion. Each run has been normal-
ized to the starting CAR expression obtained for the specific condition at inoculation (day 0). Reference line at 1 shows the equivalence in CAR expression
between day 0 and day 7. Each symbol represents one donor (star = HD12; circle = HD16; square = HD18). E) Percentage of remaining target cells
(NALM6) from the functionality assay. F) INF-𝛾 concentration. G) TNF concentration. H) IL-2 concentration. No significant difference (p > 0.05) was
found between the conditions analyzed with a one-way ANOVA test.
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for each different donor and condition assessed, due to a variable
transduction efficiency for each run. The percentage of T-cells ex-
pressing the CAR in all the analyzed conditions do not show any
significant difference with the static control, suggesting that the
fluid dynamic stresses induced by the stirring do not cause CAR
shedding.
CAR-T cell functionality was assessed via an in vitro cell killing

assay using NALM6 as the target cells (Figure 4E). The function-
ality was retained in all culture conditions where it was found
to be comparable with that exhibited by the static CAR-T control
with less than 10% of the target NALM6 cells remaining after 24
h across all conditions.
In addition to the immunophenotypic profile and killing as-

say, the culture supernatant was used to perform a CBA as-
say and analyze the cytokines released in the medium after co-
culturing CAR-T cells with CD19 expressing cells (Figure 4F–
H). The CBA assay detects cytokines such as interferon-gamma
(INF-𝛾), interleukin-2 (IL-2), and tumor necrosis factor (TNF). As
shown in Figure 4F, INF-𝛾 was released in all the conditions with
no statistically significant difference between the static and dy-
namic conditions, as well as the TNF (Figure 4G). IL-2, an indi-
cator of CAR-T cell proliferation, was also detected in the super-
natant with again no statistically significant difference between
the static and dynamic conditions (Figure 4H). The limit of the
CBA assay is at 5000 pg mL−1 of detected cytokine; for levels
higher than that, the software extrapolates the value.We can how-
ever state that the concentration was higher than 5000 pg mL−1

for all the conditions, although the plotted values might not be
accurate.

3. Discussion

3.1. The Impact of Bioreactor Configuration and Agitation
Intensity on CAR-T Cells Growth Kinetics

The cells used in the current work are engineered CAR-T cells
expressing a second generation anti-CD19 CAR, building on the
previously published study which investigated non-engineered,
human primary T-cells cultured in the same unbaffled stirred
tank bioreactor.[10] As with that study, the CAR-T cells were
also grown in static T-flasks as a control and we obtained sim-
ilar findings; agitated conditions resulted in significantly higher
cell growth kinetics with equivalent cell quality and functional
profiles. This, we believe, demonstrates that T-cells (both non-
transduced and genetically modified T-cells) not only retain the
capacity to grow under dynamic, agitated conditions experienced
in a STR, but that higher cell densities can be achieved in com-
parison with static conditions in a T-flask.
Of the various agitation speeds investigated, the two lowest ag-

itation speeds employed in this study (100 and 200 rpm) were
identical to those used in the previous study.[10] However, given
that the results of the previous study suggested that the 200 rpm
condition resulted in improved growth compared to the 100 rpm
agitation speed, in this study, we investigated even higher speeds
(300, 400, and 500 rpm). We did this for two primary reasons:
First, in the earlier study, two different ambr 250 bioreactors

were used, one baffled and one unbaffled with three different
specific power inputs (P/M), the lowest P/M being less than that

used here at 3.1 × 10−4 W kg−1. At 9.3 × 10−4 W kg−1 as used
here (100 rpm unbaffled), an identical P/M was used in the baf-
fled and unbaffled bioreactors and essentially the same improved
performance with human primary T-cells was attained in both
configurations. The best performance was achieved at 74 × 10−4

W kg−1 (200 rpm) in the unbaffled case and it was speculated that
if the improvement was due to enhanced contact due to increas-
ing turbulence between cells and Dynabeads (magnetic beads
used for T-cell activation), further increases in P/M would lead
to further improvement. In this study, although the agitation in-
creases from 200 rpm up to 500 rpm (P/M from 74 × 10−4 to
1164 × 10−4 W kg−1), each of these cultures performed similarly
with respect to growth kinetics and cell quality, suggesting that
sufficient suspension of the Dynabeads has been achieved. As
in many cases involving particle suspension in stirred bioreac-
tors, once adequate suspension is achieved, little or no further
enhancement in the kinetics of a process is obtained by further
increases in agitation intensity.[11]

Second, by investigating the higher agitation speeds, it allowed
us to investigate and assess the sensitivity of the CAR-T cells to
hydrodynamic stresses associated with the higher agitation rates.
It was found that at all the agitation conditions from 100–500 rpm
(9.3 × 10−4 to 1164 × 10−4 W kg−1), the viability was above 90%
at harvest and the quality of the cells was as expected. Moreover,
although there was little increase in growth at speeds >200 rpm
(74 × 10−4 W kg−1), importantly, it was noted that the cells were
able to proliferate and remain >85% viable at agitation intensi-
ties up to 500 rpm (P/M as high as 1164 × 10−4 W kg−1), with no
adverse impact on growth potential, cell quality, or CAR-T func-
tionality. These results clearly show that the CAR-T cells cultured
in this study are not as sensitive to fluid dynamic stresses as gen-
erally believed[12] and they can be grown quite satisfactorily in
STRs. Indeed, since the faster growth led to both glucose and
glutamine becoming exhausted at day 3, a different feeding strat-
egymay well have led to higher cell densities at the higher speeds
if nutrients were not a limiting factor.
To assess the likelihood of fluid dynamic stress damaging cells,

the usual approach is to compare the size of the cell to that of the
Kolmogorov scale of turbulence, 𝜆K (m):

𝜆K = (𝜀Tmax∕𝜐3)−1∕4 (1)

where 𝜖Tmax (W kg−1) is themaximum specific energy dissipation
rate close to the impeller and 𝜐 (m2 s−1) is the kinematic viscos-
ity. If 𝜆K > size of the cell, it should not be damaged. The precise
value of the maximum to the mean specific energy dissipation
rate (=P/M) has proved difficult to measure but based on the lit-
erature, a reasonable but high value in order to assess the likeli-
hood of damage can be assumed.[13] Thus, assuming that 𝜖Tmax
is 50 times the mean specific energy dissipation rate (=P/M),[14]

then at 1164 × 10−4 W kg−1 𝜆K = 16 𝜇m ≈ size of CAR- T cell.
Thus, though higher speeds might lead to a deterioration in per-
formance, the lack of damage up to this speed is not contrary to
what is expected from turbulence theory.
Two other points. First, the lack of sensitivity to fluid dynamic

stresses over this range suggests that if higher cell densities can
be achieved by enhanced feeding strategies, higher kLa values
could be obtained in order tomeet the increased oxygen demand.
Second, it is not suggested that the unbaffled single impeller
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bioreactor is necessarily the configuration of choice. The fact that
with human primary T-cells growth was essentially the same in
a baffled two impeller bioreactor at the same P/M should still be
borne in mind.

3.2. Metabolites, pH, and dO2 Kinetics during CAR-T Cell
Proliferation

Once CAR-T cells are activated, they undergo extensive prolifer-
ation and significant changes in their metabolism. They switch
from a catabolic metabolism to an anabolic one in order to sup-
port the proliferation and new biomass formation.[15] Further-
more, the uptake of glucose and glutamine from the media is
essential for proliferation and expression of effector functions,
such as cytokine production and cytolytic molecules secretion.
Both nutrients are therefore crucial for T-cell expansion and were
monitored across the 7 days of culture (Figure 2).
In this work, the cells run out of glucose and glutamine on

day 3 and 7 in all conditions, while glucose drops below 2 mmol
L−1 on days 5 (before medium exchange) and 6. This drop could
be a potential explanation to why, at higher speeds, the cells did
not undergo better proliferation, as they run out of nutrients and
therefore do not have any for further expansion. When the glu-
cose becomes a limiting factor, the lactate production also slows
down. During rapid cell proliferation, glutamine uptake results
in intracellular nitrogen building up and secreted as ammonia in
order to avoid toxic effects on the cells. This result explains the
building up of ammonia in the medium which inversely corre-
lates with glutamine consumption.[15]

Glucose and glutamine consumption follow the same trend
(Figure 2E,F), indicating a higher consumption per cell per day
at lower speeds (100 and 200 rpm), to then reach the lower spe-
cific consumption at higher speeds (300–500 rpm). This differ-
ence is probably due to the available metabolites in these condi-
tions. Although at 200 rpm, the final cell density is similar to the
higher speeds, the available glutamine is slightly higher, justify-
ing the higher consumption rate per cell. When there are fewer
cells in the vessel (100 rpm), but the available metabolites are the
same, it is logical that the uptake per cell will be higher given
the greater availability of glucose/glutamine (Figure 2E,H). The
same pattern can be seen in the specific lactate production, where
the amount of lactate produced per cell is higher at lower speeds
(Figure 2F). However, none of the conditions showed a signifi-
cantly higher consumption or production of any of the metabo-
lites. Furthermore, the lactate yield from glucose was below the
theoretical limit of 2 for all the assessed speeds (Figure 2G).
It can be concluded that neither dO2 nor pH play a signifi-

cant role in this scenario, as the profiles do not show any sig-
nificant differences between the different speeds (Figure 3A–E).
However, at 500 rpm the dO2 from day 5 was still slightly higher
than 60% because of the higher kLa and therefore the dO2 con-
trol was not activated; but the overall culture performance was
still comparable to the other conditions. The pH profile follows
a similar trend for all the speeds, starting at 7.3–7.4 and drop-
ping to 6.4–6.5 between day 2 and 3, followed by a plateau. It has
been shown that lactic acid production causes a fall in the pHpro-
file and can impair proliferation in mammalian cell cultures if

pH reaches values lower than 6.6–6.8.[16,17] The lower pH conse-
quently restricts the formation of lactic acid and its accumulation
in the medium. The plateau in the pHmay therefore indicate the
moment when the CAR-T cells run out of glucose and glutamine
which combined with the low pH limits their proliferation and
lactate production. The same effect can be seen in the last day
of culture, when once again, the glutamine and glucose levels
are down to zero. This drop to complete depletion of metabo-
lites indicates a need to optimize the feeding strategy in order
to avoid a possible rate limitation with respect to nutrient pro-
vision. Culture under such conditions would establish whether
higher speeds can improve the proliferation of CAR-T cells, as it
has been shown that fluid dynamic stresses do not significantly
change it up to 500 rpm.

3.3. The Impact of the Fluid Dynamic Culture Environment on
the Quality and Functionality of CAR-T Cells

Previous studies showed how the stirring in an ambr 250 bioreac-
tor did not alter the phenotypic composition of the T-cell product
at speeds up to 200 rpm.[10] In this case, the speed range was
extended to 500 rpm (1164 × 10−4 W kg−1) and the cells used
were transduced with an anti-CD19 CAR. T-cells markers were
assessed on the day of the inoculation (pre-experiment) and at
harvest (day 7) (Figure 4). There are studies suggesting that the
desired CD4:CD8 ratio in the clinical products is 1:1.[18] The ratio
in the static condition was higher after the 7 day culture, while all
the conditions in the bioreactor showed a lower ratio compared
to the pre-experiment sample (Figure 4A). However, the lowest
ratio was ≈2, with no significant difference at different speeds. It
has been previously reported that T-cells cultured with IL-7 and
IL-15, rather than with IL-2, showed a higher proportion of CD8+
T-cells, which could help to lower the CD4:CD8 ratio toward the
desired value of 1.[19]

CD8+ T-cell subpopulation was further assessed in terms of
naïve, central memory, effector memory, and terminally differen-
tiated T-cells. The ideal CAR-T product should have a high num-
ber of naïve and central memory T-cell which increase the persis-
tence of the drug once reinfused in the patient.[20] The expanded
cells showed a more differentiated phenotype, with less central
memory cells (Figure 4B) and higher percentage of effectormem-
ory cells (Figure 4C). However, it is important to note that this
was irrespective of culture platform (static T-flask or STR). These
findings were expected due to the prolonged expansion protocol
(14 days in total), the use of IL-2 in the medium, and a double ac-
tivation of T-cells (when thawed and on day 0). The fact that there
was no significant difference between the static and dynamic con-
ditions demonstrates that fluid dynamic stresses associated with
higher agitation speeds does not impact the cell immunopheno-
typic profile.[10] In order to limit the differentiation of the T-cells,
a shorter protocol should be put in place and the IL-2 replaced
with different interleukins (IL-7, IL-15, and IL-21), which helps to
maintain the undifferentiated phenotype of T-cells.[21,22] Further-
more, cells grown with IL-7 and IL-15 (10 ng mL−1 each) showed
a higher efficacy in vivo compared to T-cells cultured with IL-2.[19]

The CAR expression was also assessed via flow cytome-
try staining on the day of the inoculation and after 7 days
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expansion in both platforms (ambr 250 and T-flask). At harvest
(day 7), each run was normalized to the percentage of cells ex-
pressing the CAR at inoculation (day 0), due to a variation in
the initial transduction efficiency obtained for each run, ranging
from 20% to 50%. At all speeds, the results were comparable to
the static condition, showing that agitation over the range used
here does not affect the CAR receptor shedding, expression nor
CAR-T cell proliferation (Figure 4D). However, at 500 rpm the
percentage of cells expressing the CAR is slightly (although not
statistically significant) lower than in all other conditions. This
difference might be an indication that, as hinted at by the esti-
mate of the Kolmogorov eddy size at this speed, fluid dynamic
stresses start to have an impact on the CAR receptor. Further in-
vestigations at a higher speed would be needed in order to prove
this hypothesis.
The functionality assay showed comparable killing of the tar-

get cells in all the assessed conditions (static and dynamic) (Fig-
ure 4E). Engineered T-cells retained their cytolytic function even
when grown at the highest agitation intensity (500 rpm, P/M
= 1164 × 10−4 W kg−1) proving that fluid dynamic stresses in
this study do not affect the final product efficacy in vitro. The
highest percentage of remaining NALM6 cells was found in the
co-culture with CAR-T cells grown in a static condition with
a mean of 9.68 ± 2.71%. Efficient killing of NALM6 cells was
proven in all assessed conditions, with <10% remaining NALM6
cells at 24 h. Although the normalized CAR expression was
found to be lower at 500 rpm, once the CAR-T cells were iso-
lated, they showed a low percentage of remaining target cells
(7.80± 2.05%) showing that they retained their cytolytic function
(Figure 4E).

3.4. Cytokine Secretion at Different Stirring Speeds

In order to assess the cytokines secreted by CAR-T cells, a cy-
tometric bead array (CBA) was used to measure the concentra-
tion of different cytokines in the cell culture supernatant after
co-culture with CD19 expressing cells. The cytometric bead array
is used to order confirm the functionality of CAR-T cells against
tumor cells in vitro, verifying the cytotoxicity data results.
A substantial secretion of proinflammatory cytokines (IL-2,

TNF, and INF-𝛾) was detected after 24 h of co-culture with
NALM6 cells (CD19 expressing cells), showing no significant
difference between the assessed conditions (Figure 4F–H). Al-
though for all three cytokines, the trend is similar, there is a
higher level of cytokine for the CAR-T cells grown at 200 and
300 rpm while it drops at higher speeds. The levels of INF-𝛾 are
in line with those found in previous work,[19,23] when CAR-T cells
are co-cultured with leukemia cells giving once again the confir-
mation of their functionality and cytotoxic abilities.

3.5. Comparison of the Culture of Human Primary T-Cells and
Primary Human CAR-T Cells

When comparing the findings using the same agitation speeds
(static T-flasks, 100 and 200 rpm) from the initial study[10]

which investigated the growth of non-engineered primary hu-

man T-cells, with the findings from this study using engineered
CAR-T cells, the final cell density values were 2.38 ± 0.25 × 106

viable cells mL−1 for the static T-flask control, 3.62 ± 0.23 × 106

viable cells mL−1 for the 100 rpm condition, and 4.65± 0.24× 106
viable cells mL−1 for the 200 rpm condition. For the primary hu-
man CAR-T cells, the equivalent values were 2.56 ± 1.38 × 106 vi-
able cells mL−1 in the T-flask, 3.76 ± 0.69 × 106 viable cells mL−1

at 100 rpm, and 4.99 ± 0.77 × 106 viable cells mL−1 at 200 rpm.
Thus, it can be concluded that the change from T-cells to CAR-
T cells under identical bioreactor culture conditions has made
an almost negligible impact on culture performance. This find-
ing would therefore suggest that process development activity
and growth optimization studies could be undertaken using non-
engineered primary T-cells with the expectation that genetically-
engineered CAR-T cells would perform similarly with respect to
growth kinetics.

3.6. Manufacturing Platforms for CAR-T Cell Production

Small-scale production of CAR-T cells typically involves static cell
expansion platforms, for example, T-flasks, gas-permeable bags,
and G-Rex vessels. These systems are operated in batch or fed
batch, require frequent manipulation (except for the G-Rex), and
are difficult to scale. The gene-modified cell therapy field has re-
cently seen the launch of closed all-in one-systems such as the Co-
coon (Lonza) and the Quantum Cell Expansion System (Terumo
BCT) and the CliniMACS Prodigy system (Miltenyi). However,
the majority of CAR-T products manufactured for clinical tri-
als and commercialization use a rocking motion bioreactor,[2,24]

which is a semi-closed systems that can provide better uniformity
in terms of oxygenation, nutrients, and pH across the cell culture
due to themixing occurring through the rocking of the bags.[25] A
cell density at harvest of 13.2–31 × 106 cells mL−1 in the rocking
motion platform operated under a continuous perfusion condi-
tion was reached after 13–18 days expansion.[26] While a 16–20
fold expansion was shown in the Prodigy System after 8 days.[27]

Here, in the best culture performance (300 rpm) in the
ambr 250 STR, the final cell density reached was ≈5 × 106

cells mL−1 over a 7 day culture, which gives roughly 12.5 × 108

total live cells in a relatively small volume (250 mL). Moreover,
the fold expansion at 300 rpm was 25.70 ± 1.21, which was
higher than the one reported in the CliniMACS Prodigy.[27]

If it is assumed an ≈40% CAR-T positive population at the
end of the run, this result would be 5 × 108 CAR positive
viable T-cells at harvest (for a transduction efficiency as low
as 20.5%, there would still be 2.56 × 108 CAR positive viable
T-cells at harvest). These numbers fall in the range of target
doses currently administered to patients in the FDA approved
CAR-T therapies (Table 1), making a small-scale, automated
STR potentially suitable for the manufacturing of personalized
medicines.
Although, the cell number in the ambr 250 is significantly

lower than the one reported in ref. [26], it must be noted that the
rocking motion bioreactor was operated in perfusion conditions
and the cells were expanded for longer (up to 18 days). Moreover,
there are concerns that cells in prolonged culturemay experience
exhaustion and a loss of key immunophenotypic properties.[28]
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Table 1. The target dose and the maximum total number of CAR positive viable T-cells injectable in patients treated with the two FDA approved CAR-T
products—YESCARTA and KYMRIAH (Data retrieved from FDA, 2019).

CAR-T product Target dose (CAR positive viable T-cells) Maximum total number of CAR
positive viable T-cells per dose

YESCARTA 2 × 106 per kg of bodyweight 2 × 108

KYMRIAH for pediatric and young adult B-cell ALL
(up to 50 kg of body weight)

0.2–5 × 106 per kg of bodyweight 2.5 × 108

KYMRIAH for pediatric and young adult B-cell ALL
(above 50 kg of body weight)

0.1–2.5 × 108 (irrespective of body weight) 2.5 × 108

KYMRIAH for adult relapsed or refractory diffuse
large B cell lymphoma

0.6–6 × 108 (irrespective of body weight) 6 × 108

Data obtained from "Approved Cellular and Gene Therapy Products", US FDA, 2020. Copyright 2020 US Food and Drug Administration.

Results reported in ref. [27] showed a lower fold expansion in
the CliniMACS Prodigy compared to those presented in this
study. However, the lack of nutrients during culture seen here
suggest that once the feeding strategy in the stirred bioreactor
has been optimized or even switched from fed-batch to perfusion
mode, it would lead to an improved performance. In particular,
it should ensure that glucose and glutamine would not be a
limiting factor anymore and an equivalent performance, if not
better, could be achieved using STRs in comparison with rocking
motion systems. Moreover, platforms such as the ambr 250,
which allow for the simultaneous operation of 24 independent
bioreactors enable a level of throughput and flexibility not
currently seen in existing manufacturing platforms. With the
move toward allogeneic CAR-T production, STRs also have
proven scalability and it is not difficult to foresee multiple
doses of allogeneic treatments being manufactured in >5 L
stirred-tank bioreactors, with the potential for further scalability.
However, further studies on the comparability between small
scale and large scale bioreactors in terms of cell yields and
cell functionality are needed and is an area we are actively
investigating.
Although there are still open and manual process steps, trans-

ferring the process on tomanufacturing technology (e.g., a biore-
actor) that is far more amenable to future development toward a
fully closed and automated culture step represents a large step
forward on that journey and this study proves that their demon-
strated performance makes it possible.

4. Conclusions

This study demonstrated, for the first time, the expansion of
CAR-T cells in a STR. Building on previous work with primary T-
cells, the study investigated a range of agitation intensities from
100 rpm (9.3 × 10−4 W kg−1) up to 500 rpm (1164 × 10−4 W kg−1)
to understand the impact on CAR-T growth kinetics and quality.
Agitated STR conditions resulted in higher cell densities than the
static T-flask controls, with equivalent cell quality and function.
It was found that an increase from 100 to 200 rpm (74 × 10−4

W kg−1) led to higher cell yields (≈4 × 106 cells mL−1 compared
to ≈5 × 106 cells mL−1 respectively), which is in line with pre-
vious findings with primary T-cells. Similar cell densities were
obtained for the 200, 300, 400, and 500 rpm agitation intensi-

ties; all speeds gave higher cell densities than the static T-flask
control (≈2.5 × 106 cells mL−1). This finding reinforces the orig-
inal hypothesis that once sufficient agitation has been achieved
to ensure adequate suspension of the activating Dynabeads, the
cells are able to effectively proliferate. Importantly, we demon-
strated that at all agitation intensities, the quality and functional-
ity of the CAR-T cells remained intact, retaining expression of the
CAR gene and cytolytic functionality of >90% efficiency after 24
h, thereby proving that fluid dynamic stresses in this study do not
affect the CAR-T cell efficacy to target and kill the leukemia cells
in vitro. This study is the first demonstration of human CAR-T
cell expansion in STRs with the findings presenting significant
implications and opportunities for larger-scale allogeneic CAR-T
production.

5. Experimental Section
Lentiviral Production: Lentiviral supernatant was produced in house

using HEK 293T cell line transfected with packaging plasmids pMD2.G,
pCMV-dR8.74 (Addgene plasmids #12259 and #2203), and CD19-specific
CAR plasmid (gifted byMartin Pule;) using GeneJuice transfection reagent
(Merck Millipore Ltd., UK). The CD19-specific CAR used in this work com-
prised an FMC63 scFv, a CD8 alpha stalk with a 41BB-CD3𝜁 endodomain,
and it was transcriptionally lined to RQR8 containing the CD34 epitope.[29]

HEK293T cells were cultured using Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco Thermo Fisher Scientific, Loughborough, UK) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific,
Loughborough, UK) until 70% confluent. The medium was then changed
to DMEM Advanced serum free medium (Gibco Thermo Fisher Scien-
tific, Loughborough, UK) and the cells were transfected. The lentivirus was
harvested 24 and 48 h post-transfection, filtered using a 0.45 𝜇m filter
(Thermo Fisher Scientific, Loughborough, UK), and combined in a single
batch. The aliquots were kept at −80 °C until use.

T-Cell Isolation, Transduction, and Pre-Expansion: Fresh peripheral
blood mononuclear cells from three healthy human donors were pur-
chased from Cambridge Bioscience (Cambridge Bioscience, UK) and T-
cells were isolated as described in the previous paper.[10] The culture
medium used in this study was Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco Thermo Fisher Scientific, Loughborough, UK) sup-
plemented with 10% FBS, 2 mm L-Glutamine (Thermo Fisher Scientific,
Loughborough, UK), and 30 IU mL−1 interleukin-2 (IL-2; Milteny Biotech
Ltd., UK). The cells were thawed in complete RPMI medium and acti-
vated using a 1:1 ratio of cell to Dynabeads (Thermo Fisher Scientific,
Loughborough, UK) and seeded in a T175Nunc non-treated flask (Thermo
Fisher Scientific, Loughborough, UK) at 37 °C and 5% CO2 in a humidified
incubator.
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On day 1 after thawing, the cells were transduced using lentivirus. A 6-
well plate was coated overnight with 1 mL per well of a solution containing
20 𝜇g mL−1 of retronectin (Takara Bio, France). After incubating the plate
at 4 °C overnight, the well plate was washed with phosphate saline solution
and 1.5 × 106 cells were plated in each well. Each well was then topped up
with 4 mL of lentiviral supernatant produced in-house and supplemented
with IL-2 to achieve a final desired concentration of 100 IU. The plate was
then centrifuged at 1000 g for 40 min at 32 °C. Post-centrifugation, the
well plate was placed into a humidified incubator at 37 °C and 5% CO2.
24 h post-transduction, the cells were removed from retronectin, placed
in a Falcon tube, and centrifuged at 300 g for 5 min. The cells were then
re-suspended in complete RPMImedium and seeded into a T175 flask and
pre-expanded. Complete medium was added to the cells as needed in or-
der to maintain the cell density within the range of 1–3 × 106 cells mL−1.
7 days after thawing, the cells were re-activated using 1:1 Dynabeads to
cell ratio and seeded into a STR and T-flask (static control). The transduc-
tion efficiency was assessed via flow cytometry on the day of bioreactor
inoculation.

ambr 250 Stirred-Tank Bioreactor Culture: An “ambr 250 high through-
put” two bioreactor test system (Sartorius Stedim Biotech, UK) was used
for all bioreactor studies and was equipped with single-use unbaffled ves-
sels as described in the previous paper.[10] The single-use unbaffled ves-
sel had a diameter T = 60 mm and comprised of a single 3-segment 45°
pitched blade impeller (D = 30 mm) with a power number, Po = 2.1.[10]

The specific power input, P/M (W kg−1), into the medium (see Equa-
tion (2)) is

P∕M = Po𝜌N3D5∕M (2)

where P (W) is the power input, Po is the power number (dimensionless),
𝜌 (kg m−3) is the density of the medium (here assumed to have the same
physical properties as water), N (rev s−1) is the impeller speed, D (m) is
the impeller diameter, and M is the mass of medium in the bioreactor at
the end of the culture.

The impeller was operated in the down-pumping mode of operation
(the direction that requires less specific power for particle suspension than
up-pumping impellers[30]), and the pH, dissolved oxygen (dO2), temper-
ature, and the headspace gas flow were measured continuously and mon-
itored throughout the experiment. The ambr 250 vessels were loaded and
connected to the control system and 80 mL of RPMI 1640 with 10% FBS
and 2 mm L-glutamine were placed in each vessel overnight to precon-
dition the pH probe. The seeding procedure and feeding strategy were
the same as that reported in the previous study,[10] with an initial seeding
density of 0.5 × 106 cells mL−1 in complete RPMI medium and medium
additions on day 3 (100 mL), and day 4 (50 mL). The medium exchange
on day 5 was performed by removing 100 mL of cell suspension from the
bioreactor and centrifuging at 350 g for 10 min, resuspended in 100 mL
complete RPMImedium, and then added back to the ambr 250 vessel. The
medium addition/exchange strategy in the T-flasks (static control) resem-
bled that of the ambr 250 bioreactors. The initial impeller agitation speeds
chosen for investigation were 100 and 200 rpm (9.3 × 10−4 and 74 × 10−4

W kg−1, respectively), the same agitation speeds investigated in ref. [10],
but as the culture demonstrated improved performance at the higher agi-
tation speed in the original study, it was decided to investigate even higher
agitation rates to see whether this trend would continue or adversely affect
cell growth. As a result, agitation rates investigated included 300, 400, and
500 rpm (251 × 10−4, 595 × 10−4, and 1164 × 10−4 W kg−1, respectively).

The headspace flow was regulated to 14.25 mL min−1 of N2, with 21%
O2 and with an additional flow of CO2 of 0.75 mL min−1, as described in
the previous paper.[10] A 60% dO2 control by gas blending with oxygen
was initiated on day 5 after the medium exchange.

Analytical Techniques: A daily 1 mL sample was obtained from each
vessel to measure cell density and viability with the NucleoCounter NC-
3000 (ChemoMetec A/S, Denmark) using Via 1-Cassette (ChemoMetec
A/S, Denmark) containing acridine orange and DAPI. The same sample
was the analyzed with the CuBiAn HT270 bioanalyser (Optocell GmbH
& Co., KG, Germany) to obtain glucose, lactate, glutamine, and ammo-
nia concentrations. Samples were taken before and after medium addi-

tion/exchange on days 3, 4, and 5. Once the metabolite date and viable
cell number were collected, specific growth rate, doubling time, fold in-
crease, and specific metabolite consumption rate were determined in the
same way reported in the previous paper.[10]

Immunophenotype Analysis: Phenotype analysis of the CAR-T cells was
performed on the day of the inoculation in the ambr 250 vessel (7 days after
thawing and 6 days after transduction) and at the end of the bioreactor
culture, 7 days after inoculation. The stained samples were run on a BD
LSRFortessa X-20 flow cytometer (BD Biosciences, UK) with five different
lasers with excitation at 355, 405, 488, 561, and 640 nm. Two different
panels of antibodies were used in this work, the first one was to assess the
T-cell differentiation and included the following antibodies: CD3-BUV396,
CD4-FITC, CD8-BUV737, CD197 (CCR7)-BV421, and CD45RO-PE-Cy7 (BD
Biosciences, UK).

The second panel was used to assess the expression of the CAR and in-
cluded the following antibodies: CD3-BUV396, CD4-FITC, CD8-BUV737,
CD34-PE (Thermo Fisher Scientific, UK).[10] A minimum of 50 000 events
were recorded for each sample and the data were analyzed using FlowJo
computer software (BD Biosciences, UK). Staining specificity was con-
firmed using fluorescence minus one controls for CCR7, CD45RO, and
CD34 for each sample.

Cytotoxicity Assay: T-cells expressing the CD19-CAR were isolated us-
ing a CD34MicroBead Kit (Milteny Biotech Ltd., UK) and LS columns (Mil-
teny Biotech Ltd., UK) following the manufacturer’s instructions. The anti-
body used in the kit is an anti-CD34 antibody QBEnd10, which binds to the
RQR8 protein. The cells were kept in a humidified incubator at 37 °C for
24 h before being used for cytotoxicity assays. Isolated CAR-T cells were
seeded at 1:1 effector:target ratio using 5 × 104 NALM6 targets per well in
a 96-well plate. Non-transduced T-cells from the same donors were plated
in co-culture with NALM6 at 1:1 effector:target ratio as a negative control.
CAR-mediated cytotoxicity was assessed 24 h after plating via flow cytome-
try. T-cells were identified via CD3 (BUV395) staining and SYTOX red dead
cell stain (Thermo Fisher Scientific, Loughborough, UK) was used to iden-
tify dead cells. Once the staining was performed, 25 𝜇L of CountBright
Absolute Counting Beads (Thermo Fisher Scientific, Loughborough, UK)
was added to each sample in order to enable the absolute cell count. The
absolute number of remaining live target cells in each condition was nor-
malized to the negative control (non-transduced T-cells co-cultured with
NALM6). The data were analyzed using FlowJo computer software.

Cytometric Bead Array Immunoassay: The same plating procedure was
followed as described for the cytotoxicity assay, using isolated CAR-T cells
and plating them in 96-well plates at 1:1 effector:target ratio using 5 × 104

NALM6 target cells per well. After 24 h, the plates were centrifuged at
300 g and 70 𝜇L of supernatant were removed and placed in a new 96
conical bottom well plate (Thermo Fisher Scientific, Loughborough, UK)
and placed at −80 °C until the CBA immunoassay (BD Biosciences, UK)
was performed as permanufacturer’s instructions. The samples were then
placed into a clear round bottom 96-well plate (Corning GmbH, Germany)
and run on the BS FACSVerse cytometer (BD Biosciences, UK) and data
were analyzed using BD FACSuite computer software.

Statistical Analysis: Data analysis was performed using GraphPad
Prism 7 software (GraphPad, La Jolla). Results are represented as mean
± SD. A one-way analysis of variance (ANOVA) test was used and values
were considered statistically significant when probability (p) values were
equal or below 0.05(*), 0.01(**), 0.001(***), or 0.0001(****).
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