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The advent of CAR T cells targeting CD19 or BCMA on B cell
neoplasm demonstrated remarkable efficacy, but rapid relapses
and primary refractoriness remains challenging. A leading
cause of CAR T cell failure is their lack of expansion and
limited persistence. Long-lived, self-renewing multipotent T
memory stem cells (TSCM) and T central memory cells (TCM)
likely sustain superior tumor regression, but their low fre-
quencies in blood from cancer patients impose a major hurdle
for clinical CAR T production. We designed a clinically
compliant protocol for generating BCMA CAR T cells starting
with increased TSCM/TCM cell input. A CliniMACS Prodigy
process was combined with flow cytometry-based enrichment
of CD62L+CD95+ T cells. Although starting with only 15% of
standard T cell input, the selected TSCM/TCM material was effi-
ciently activated and transduced with a BCMA CAR-encoding
retrovirus. Cultivation in the presence of IL-7/IL-15 enabled
the harvest of CAR T cells containing an increased CD4+

TSCM fraction and 70% TSCM cells amongst CD8+. Strong cell
proliferation yielded cell numbers sufficient for clinical appli-
cation, while effector functions were maintained. Together,
adaptation of a standard CliniMACS Prodigy protocol to low
input numbers resulted in efficient retroviral transduction
with a high CAR T cell yield.
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INTRODUCTION
The clinical application of second-generation chimeric antigen recep-
tor (CAR) T cells targeted at the CD19 antigen on B cell neoplasm has
shown remarkable response rates ranging from 50% to 85% depend-
ing on the B cell malignancy, followed by extended disease-free and
overall survival rates.1–4 The second most frequently targeted antigen
is the B cell maturation antigen (BCMA), which is broadly expressed
in multiple myeloma. Clinical trials demonstrated high response rates
of BCMA CAR T cells as well, but median progression-free survival
was shorter than for CD19 CAR T cells.5,6 Frequent relapses in
CD19 and BCMA CAR T cell-treated patients, in conjunction with
the failure to achieve complete remissions, point to the medical
need to improve the efficacy of this innovative technology.7 One
main reason for CAR treatment failure is that CAR T cell expansion
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immediately after infusion ceases, and long-term persistence despite
initial tumor control is insufficient.8

To overcome the weakness of low CAR T cell fitness and proliferative
capacity, these properties inherent to current manufacturing proto-
cols can be avoided by enriching early memory CAR T cell subsets.
Although in adoptive transfer T effector memory cells (TEM) undergo
apoptosis earlier and persist only for a short time span, T central
memory cells (TCM) and T stem cell memory cells (TSCM) have
been suggested as differentiation stages that endow CAR- and
TCR-modified T cells with longer persistence.9–13 Notably, the fre-
quency of TSCM in the manufactured products was found to be posi-
tively correlated with CAR T cell expansion in vivo, and this feature
might even be a positive biomarker for anti-tumor efficacy.7 A high
degree of variability in T cell differentiation states among patients ex-
ists, which may strongly influence the final product composition.14

These variabilities are influenced by inherent properties of the patient,
but most likely disease histology, prior treatments, and age determine
the fitness of the T cell population.

To date, the only approved CAR T products are generated from autol-
ogous donors, their subset and differentiation heterogeneity makes
the application of a standardized protocol for Good Manufacturing
Practice (GMP)-compliant manufacturing desirable for several rea-
sons. First, it has been suggested that innovative protocols can over-
come initial T cell defects and result in TSCM-enriched CAR T cell
products that are qualitatively more similar to the ones generated
from healthy donors.7 Second, from a scientific view, starting with
well-defined TSCM and TCM make CAR T cell protocols more
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comparable regarding cell culture conditions, retro- or lentiviral
transduction, modular composition of CARs, costimulatory domains,
cytokine stimulation, and other crucial properties.

A bottleneck of TSCM enrichment is their paucity in peripheral blood
from patients pretreated with myelosuppressive chemotherapies.8 In
general, CAR T cell manufacturing involves multiple handling steps,
including separation, stimulation, transduction, and long-term culti-
vation.15 Protocols that additionally require T cell subset separation
cannot be consistently performed in a fully closed systems. For
example, previous protocols for the enrichment of TSCM and TCM

use sequential steps of streptamer-coated magnetic microbeads.9,11,16

The CliniMACS Prodigy system (also referred to as Prodigy) has
gained considerable attention for the clinical enrichment of CAR
T cell products within a fully closed system. It has been mostly
used for the production of lentivirally transduced CAR
T cells.7,14,15,17–25 To our knowledge, studies of g-retrovirally trans-
duced CAR T cells in the Prodigy aremissing, although g-retroviruses
have attractive biological and economic features that make them suit-
able for clinical applications. For example, they have an acceptable
oncogenic and genotoxic risk profile, their production on a clinical
scale is economic and affordable for academic institutions, and they
have proven efficiency and consistency in CD19 CAR T cell trials,
as seen for the approved product axicabtagene ciloleucel
(Yescarta).26,27

To simplify and accelerate the standardization of TSCM- and TCM-
dependent BCMA CAR T cell generation, we here combined a two-
step TSCM and TCM enrichment protocol with the closed GMP-
compatible Prodigy process. A magnetic-activated cell sorting
(MACS)-bead enrichment of CD4+ and CD8+ T cells performed on
the Prodigy was followed by an aseptic flow cytometry sorting step
to further select for a CD95+CD62L+ T cell population that was en-
riched for TCM and TSCM. Following reinsertion into the closed Prod-
igy system, we proved that the activation matrix can be adapted to the
needs of very low T cell input material and that the g-retroviral trans-
Figure 1. A clinical-scale g-retroviral transduction procedure for the generatio

(A) Graphical representation of the BCMA CAR T cell production process in the CliniMA

(light blue boxes) and subsequently stimulated with a-CD3/a-CD28 coated TransAct b

serum, 12.5 ng/mL IL-7, and 12.5 ng/mL IL-15. Retroviral transduction with an MOI of 2

was used from day 5 on. The final product was harvested between days 10 and 12 of cu

process (yellow boxes). (B) Flow cytometric analysis of the activation profile, as determ

Values represent mean fluorescence intensity (MFI) subtracted by a fluorescence minus

(right). (D) Cellular composition at different process steps, as determined by stainin

AAD�CD45+CD3+CD16+/CD56+; T cells, 7-AAD�CD45+CD3+CD16�/CD56�, addit

CD3�CD14�CD19�SSC-AlowCD16+/CD56+; eosinophils, 7-AAD�CD45+CD
CD3�CD14�CD19�SSC-AhighCD16+/CD56+; B cells, 7-AAD�CD45+CD3�CD14�CD1
in the same channel. APH, apheresis material; MACS, magnetically separated CD4+/CD

n = 3 Prodigy runs. (E) Quantitation of stem cells (debri�CD45+7-AAD�SSC-AlowCD3

product (HARV). (F) Ratio of CD4+ and CD8+ viable 7-AAD�CD45+CD3+ T cells in the w

and in CD4+ and CD8+ T cell subpopulations of the final product (HARV) were determin

process steps (MACS, day 7, day 10, and HARV) were determined. All samples were run

C, and D–G). Data are for n = 3 independent Prodigy runs.

Molecular
duction process is compatible with the Prodigy process. Activation
and transduction of sorted T cells in the presence of interleukin
(IL)-7 and IL-15 resulted in the generation of a larger fraction of
TSCM-like cells, which displayed phenotypic features of naturally
developing TSCM. The yield of BCMA CAR-transduced T cells ful-
filled the release criteria after 10–12 days, thus demonstrating the
feasibility to start with a small amount of a defined T cell subset
and yet to manufacture a clinical-scale product in a partly automated
and closed system.
RESULTS
Automated TCT process using the CliniMACS Prodigy leads to

high BCMA CAR T cell transduction rates and cell yield

To produce clinically relevant numbers of BCMA CAR T cells,28 the
Prodigy platform was chosen. This instrument integrates magnetic
bead cell separation and bioreactor functions in a closed system,
accessible by sterile tube welding. Leukapheresis material was used
within 24 h of donation, and cells were adjusted to an appropriate
dilution and then applied to the tubing set TS520 installed on the
Prodigy. In our T cell transduction (TCT) protocol, T cells were
initially enriched for CD4+ and CD8+ and then activated using
a-CD3/a-CD28 coated TransAct beads (Figure 1A). As input mate-
rial, 1 � 108 T cells (CD45+CD3+7-AAD�) were seeded. An activity
matrix that was different from the manufacturer’s recommendations
for the usage of lentivirus was programmed to control for the stepwise
execution of retroviral transduction (day 2), culture wash, medium
exchange volume and timing, volume adjustment, and shaker activity
(Table S1). The cells were expanded until days 10–12 and then cryo-
preserved for later analysis. For the first 5 days, TexMACS medium
supplemented with 1% human AB serum and the cytokines IL-7
and IL-15 (medium 1) were used. After that, serum was gradually
reduced by medium exchanges with serum-free TexMACS (medium
2, only IL-7 and IL-15) (Figure 1A). Microbial contamination was
excluded by an aerobic and anaerobic BACTEC test. In all process
steps, the results for the microbiological control were negative. We
conclude that our process established on the Prodigy platform is
n of BCMA CAR T cells results in high transduction and expansion rates

CS Prodigy. CD4/CD8 T cells are magnetically separated in the CliniMACS Prodigy
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Table 1. Quantification of process efficiency using bulk T cells as input material in P1–P3

Run Starting Cell No. Process Duration
CD4/CD8
Ratio in HARV Expansion Ratea

T Cell No.
in HARV

Transduction Rate
of CD45+CD3+ in HARV

CAR T Cell No.
in HARV VCN

P1 1 � 108 10 days 71.2%/26.7% 59� 3.17 � 109 72.15% 2.29 � 109 2.6

P2 1 � 108 12 days 70.1%/29.5% 85� 4.11 � 109 82.95% 3.41 � 109 3.2

P3 1 � 108 12 days 48.5%/49.5% 188� 3.08 � 109 80.10% 2.46 � 109 3.4

aThe expansion rate was calculated from day 2 on.
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GMP compliant and can be properly controlled in all critical handling
steps.

To explore the efficiency of retroviral transduction, TransAct bead-
stimulated CD4 and CD8 T cells were transduced by spinoculation
with addition of the transduction enhancer Vectofusin-1 on day 2.
A SIN vector-based BCMA CAR g-retrovirus at an MOI of 2 was
applied. Increased CD69 and CD25 expression indicated a T cell acti-
vation peak (Figure 1B). As observed also by others,21 T cell numbers
after 2 days of activation declined more than half (day 0, input cell
number 1 � 108; day 2, 0.16 � 108 to 0.54 � 108). Expansion rates
between day 2 and harvest were 59-, 85-, and 188-fold (Table 1).
Cultivation was terminated when >2 � 109 T cells were obtained.
Over the cultivation period of 10 or 12 days, T cells expanded rapidly
to clinically relevant numbers of viable CD45+CD3+CAR+7-AAD�

CAR+ T cells (2.29 � 109 to 3.41 � 109) (Figure 1C; Table 1).

Magnetic separation of CD4+ and CD8+ T cells led to an enrich-
ment of CD45+CD3+CD16�CD56� T cells from 45.50% (±4.63%
SEM) in the apheresis starting material (APH) to 78.17% (±4.64%
SEM) in the MACS fraction. In the harvested product (HARV),
strongly enriched populations of 88.00% (±0.65% SEM) T cells
and 10.35% (±0.54% SEM) NKT cells (CD45+CD3+CD16+CD56+)
were recovered (Figures 1D and S1A). An important safety measure
is the determination of residual hematopoietic stem cells, as
this cell population is more susceptible to retrovirus-induced malig-
nant transformation.29,30 Stem cell frequencies, defined as
CD45intCD34+7-AAD� and gated according to the International
Society of Hematotherapy and Graft Engineering (ISHAGE) guide-
lines31,32 (Figure S1B), decreased to undetectable numbers in the
final product (HARV) (Figure 1E).

The CD4/CD8 T cell ratios showed a predominance of CD4 T cells
(CD4/CD8 ratio about 65%:35%) in the MACS-enriched input mate-
rial, which was maintained over the whole cultivation phase (Fig-
ure 1F). T cell transduction rates between 72% and 83% were
achieved, while the vector copy number (VCN) per transduced
T cell remained between 2.6 and 3.4 retroviral copies, thus represent-
ing an acceptable risk profile (Figure 1G; Table 1). In the CAR+ T cell
population, a modest shift of the CD4/CD8 ratio from day 7 to the
harvested product toward CD8+ T cells (Figure 1H) was obtained.
In summary, g-retroviral transduction in an automated bioreactor
system yielded efficient retroviral transduction and expansion rates
of BCMA CAR T cells.
184 Molecular Therapy: Methods & Clinical Development Vol. 24 March
BCMA CAR T cells show efficient target cell killing and cytokine

release in vitro

To determine the functional capacity of BCMA CAR T cells pro-
duced on a clinical scale, a chromium release assay was performed.
BCMA CAR T cells were co-cultured with [51Cr]-labeled BCMA-
high multiple myeloma target cell lines, NCI-H929 and OPM-2, re-
sulting in an efficient cytolytic activity at different effector to target
ratios; BCMA� REH B-acute lymphoblastic leukemia (B-ALL)
cells were not killed (Figure 2A). Killing of BCMAhigh multiple
myeloma cell lines positively correlated with BCMA surface
expression (Figure 2B).

To further assess the antigen specificity and effector capacity of
BCMA CAR T cells, they were co-cultured with BCMAlow-expressing
B-NHL target cell lines. In the presence of JeKo-1 (mantle cell lym-
phoma [MCL]) and DOHH-2 (diffuse large B cell lymphoma
[DLBCL]) cell lines, BCMA CAR T cells released profound amounts
of IFN-g, IL-2, and TNF-a; they produced only background cytokine
levels when challenged with BCMA� REH cells (Figure 2C). For these
BCMAlow-expressing B-NHL cell lines, a correlation of BCMA sur-
face density with effector cytokine release was not found (Figure 2D).
Together, clinical-scale BCMA CAR T cell production endowed
T cells with CAR-dependent effector functions. Considering all
analytical results, the essential acceptance criteria regarding purity,
quantity, safety, and potency were met.

Development of a Prodigy process using TCM and TSCM cells as

starting material for BCMA CAR T cell production

In runs P1, P2, and P3, here referred to as bulk runs, cell harvest
yielded high frequencies of TCM (CD3+CD95+CD62L+CD45RO+)
in the CD4+ (96.87% ± 1.06% SEM) and CD8+ (82.02% ± 3.28%
SEM) compartment (Figure 3A). On the other hand, only minor
amounts of TSCM cells (CD3+CD95+CD62L+CD45RO�) were gener-
ated, which were found mostly in the CD8+ T cell compartment
(9.46% ± 3.36% SEM) compared with CD4+ T cells (0.26% ± 0.06%
SEM) (Figures 3A and S2A).

To facilitate a broader application of TCM and TSCM for CAR T cell
production, avoiding further pharmacological interference with
T cell maturation,9,33–35 we here designed a flow cytometry-based
TCM and TSCM enrichment protocol in combination with the Prod-
igy process (Figure 3B). CD4 and CD8 T cells were retrieved after
MACS bead separation on the Prodigy, and this population was
antibody-stained for CD95+CD62L+ expression to enrich for TCM
2022



Figure 2. BCMA CAR T cells show antigen-specific effector functions toward BCMA-carrying tumor cell lines

(A) In a cytotoxicity assay, [51Cr]-labeled cell lines with BCMA expression (NCI-H929 and OPM-2) and without BCMA expression (REH) (each 5� 103) were co-cultured with

BCMA CAR T cells at the indicated ratios for 4 h. Target cell lysis as [51Cr] release was measured in duplicate in a g-scintillation counter, and the results are displayed as

mean ± SEM. (B) The expression of BCMA molecules on the surface of target cells was determined in a QuantiBRITE assay in three independent measurements and is

displayed as mean ± SEM. (C) T cells (5 � 104) from run P1 (72.15% CAR+), P2 (82.95% CAR+), and P3 (80.10% CAR+) were incubated in a 1:1 ratio with cell lines either

expressing BCMAlow (JeKo-1, DOHH-2) or a BCMA-negative cell line (REH); n = 3 replicates per run. As a control, spontaneous cytokine release was determined by T cell

culture only (min), and maximum release was stimulated with PMA/ionomycin (PMA/Iono); n = 1–3 replicates per run. Cell-free supernatants were harvested after 22 h to

measure IFN-g, IL-2, and TNF-a by ELISA. Bars represent mean ± SEM. (D) Expression of BCMAmolecules on the surface of B-NHL target cells in this assay was determined

using a QuantiBRITE assay in three independent measurements displaying mean ± SEM. Data are for n = 3 independent Prodigy runs.
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and TSCM subsets simultaneously. Next, cells were gently sorted by
flow cytometry under aseptic conditions (Figure 3C). The T cell
fraction obtained after MACS enrichment and the fluorescence-acti-
vated cell sorting (FACS)-sorted fraction were additionally stained
(Figure S2B) to better discriminate TSCM (CD95+CD62L+CD45RA+

CD45RO�), TCM (CD95+CD62L+CD45RA�CD45RO+), T effector
(TEFF; CD95

+CD62L�CD45RA+CD45RO�), TEM (CD95+CD62L�

CD45RA�CD45RO+), and naive T (TN; CD95
�CD62L+CD45RA+

CD45RO�) subpopulations. FACS resulted in a >5-fold enrichment
of TCM (56.55% ± 5.98% SEM) compared with the MACS fraction
(10.64% ± 1.66% SEM). Similarly, we obtained a >3-fold enrichment
of the TSCM population compared with the MACS fraction (MACS,
3.54% ± 0.51% SEM; FACS, 11.89% ± 3.82% SEM) and a further
enrichment at the end of the culture (HARV, 32.05% ± 7.01%
SEM) (Figure 3C). To avoid extended FACS intervals (>2 h) that
might impair the viability of the enriched T cell product, total
T cell yield after cell sorting was intentionally limited to 15% of
the numbers usually used in bulk runs (P1–P3) as input material
for the Prodigy process (Table 2). TCM and TSCM subsets were
not further separated but instead reapplied by sterile welding to
the Prodigy tubing set. Combined TCM and TSCM were then
cultured under the same stimulation conditions as for bulk
runs, including IL-7 and IL-15 in the medium to better preserve a
Molecular
memory phenotype (Figure 3B).36,37 However, the activity
matrix was adapted according to the lower input of T cell numbers
(Table 2).

Throughout the culture process, CD4+ and CD8+ T cell subsets
were monitored for their memory phenotype (Figures 3D and
S2B). Compared with the MACS products, FACS enriched CD4+

TCM cells >4-fold (64.44% ± 6.82% SEM) and >5-fold for CD4+

TSCM (12.18% ± 5.79% SEM), respectively. Strikingly, CD8+ TCM

cells were enriched >9-fold (24.14% ± 2.77% SEM), and the
CD8+ TSCM subset was increased by >10-fold (42.70% ± 3.94%
SEM). During culturing, TSCM increased to a frequency of
15.73% (±4.50% SEM) for CD4+ and, most interestingly, to
63.33% (±6.69% SEM) for CD8+ T cells in the HARV fraction
(Figure 3D). The frequencies of TEM (12.10% ± 0.08% SEM
CD4+, 1.57% ± 0.31% SEM CD8+) and TEFF (2.01% ± 0.44%
SEM CD4+, 7.12% ± 0.92% SEM CD8+) subsets in the HARV frac-
tion remained at minor levels. Most strikingly, when directly
comparing the frequencies of TSCM in either CD4+ or CD8+

T cell populations between bulk runs (P1–P3) and TCM/TSCM

runs (P4–P6) in the final product (HARV), there was a significant
increase in the proportions of TSCM for the TCM/TSCM runs
(Figure 3E).
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Some open process steps under a safety working benchwere required to
performcell sortingbyFACS, includingdisconnecting the reapplication
bag containing MACS-separated cells, cell staining, and collection ves-
sels, which might bear a risk for contamination. Because of careful
aseptic handling, the microbiological controls of an in-process sample
and the final product using aerobic and anaerobic culture bottles were
negative.

Taken together, a combination of sterile cell sorting and an auto-
mated Prodigy bioreactor expansion allowed us to start with a small
T cell input of a defined phenotype. This process resulted in engi-
neered T cells with a preferential TCM and TSCM phenotype.

TCM and TSCM can be efficiently transduced with the BCMA CAR

g-retrovirus and expanded in an automated bioreactor process

In the TCM/TSCM-enriched fractions of runs P4, P5, and P6, also
referred to as TCM/TSCM runs, the activation markers CD69 and
CD25 were upregulated to a similar level at day 7 compared
with the mixed T cell population in bulk runs (Figure 4A). It
was not possible to determine the activation marker expression
earlier, because of residual fluorescent sorting antibodies bound
to the cells.

TCM/TSCM proliferated strongly during the cultivation course. At cell
harvest, TCM/TSCM runs yielded between 1.49 � 109 and 2.28 � 109

T cells (CD45+CD3+7-AAD�). This reflected an expansion rate of
166- to 706-fold, calculated from day 2, when initial cell numbers
dropped because of activation induced cell death. T cell viability re-
mained high at the end of each run (7-AAD�) (Figure 4B; Table
2). Other non-T cell leukocyte subpopulations were efficiently
reduced during CD4 and CD8 magnetic bead selection and decreased
even stronger after FACS and throughout the bioreactor process (Fig-
ures 4C and S3A).

At cell harvest, a highly enriched cell product of 94.52% (±1.32%
SEM) T cells and 4.13% (±1.21% SEM) NKT cells was recovered (Fig-
Figure 3. TCM/TSCM T cells can be enriched using FACS and are suitable for BC

(A) CD4+ T cells (left) and CD8+ T cells (right) from bulk runs P1–P3 were analyzed for

population was done as follows: T central memory (TCM), CD95
+CD62L+CD45RO+;

CD95+CD62L�CD45RO+; T effector (TEFF), CD95
+CD62L�CD45RO�; T naive (TN),

Schematic representation of the BCMA CAR T cell process with an integrated aseptic s

usingmagnetic cell sorting on the CliniMACS Prodigy platform (day 0). MACS-enriched T

CD95+CD62L+ TCM/TSCM subsets on a droplet sorter located under a laminar flow hood

bioreactor and stimulated with a-CD3/a-CD28 coated TransAct beads. Media were u

product harvest was done as indicated. T cells were formulated and cryopreserved betw

cell phenotype were analyzed during the whole process (yellow boxes). (C) CD4/CD8MA

enriched population. Cells in the sort gate were analyzed pre-sort (left FACS plot) (MAC

percentages of cells defined as CD95+CD62L+ TCM/TSCM. On the right, bar graph show

fraction, and the final product (HARV). Subpopulations were gated as follows: TCM, C

CD95+CD62L�CD45RO+CD45RA�; TEFF, CD95
+CD62L�CD45RO�CD45RA+; TN, CD

were analyzed for T cell subsets at defined intervals (MACS, sort, day 10, HARV). Sub

Comparison of the frequency of TSCM in CD4+ T cells (upper panel) and CD8+ T cells (lo

Statistical analysis was done using a Mann-Whitney U test. All samples were run in tech

data for n = 3 independent Prodigy runs for each condition: bulk runs and TCM/TSCM ru

Molecular
ure 4C). Residual CD45intCD34+ stem cells were essentially undetect-
able upon cell harvest (Figure 4D). During the culturing process, the
CD4+ T cell subset increased, and reciprocally, the CD8+ fraction
decreased (Figure 4E). Mixed TCM/TSCM fractions were retrovirally
transduced with anMOI of 2 at 46 h after seeding. Transduction rates
were between 41.1% and 62.6% and thus lower compared with the
non-sorted T cell population (Figures 4F and 1G; Table 1). Indeed,
we observed modestly lower transduction rates for TCM and TSCM

compared with TEM and TEFF for all CD3+ T cells and, even more
strikingly, for CD8+ T cell subsets (Figure S3B). The VCN per trans-
duced T cell was between 2.4 and 3 retroviral copies per cell (Table 2).
When gated on CAR+ T cells first, a modest shift toward the CD8+

subset occurred in the harvested product (Figure 4G). Together,
regarding key parameters of the production process (Table 2), both
groups, bulk runs and TCM/TSCM runs, had a similar amount of sta-
tistical variance within each group being compared.

To assess the functional competence ofTCM/TSCM-derivedBCMACAR
T cells, a co-culture assay with B-NHL cell lines was performed. TCM/
TSCM BCMA CAR T cells produced high amounts of IFN-g, IL-2,
and TNF-a when challenged with BCMAlow-expressing DOHH-2
and JeKo-1 B-NHL cell lines. They produced only background levels
when challenged with REH BCMAneg cells (Figure 4H). As previously
observed for bulk runs, the release of effector cytokineswas independent
of BCMA surface expression levels, as DOHH-2 cells exhibited about 4
times more molecules compared with JeKo-1 cells (Figure 2D). To
directly compare the cytolytic capacity of bulk run-derived CD8+

BCMA CAR T cells with those from TCM/TSCM runs, CD8+ enriched
BCMA CAR T cells were co-cultured with BCMAhigh (MM.1SBCMA-

high.eGFP), BCMAlow (MM1.SBCMA-low.eGFP, JeKo-1.eGFP, DOHH-
2.eGFP), and BCMA� (REH.eGFP) target cells (Figure 5A). For the
MM.1SBCMA-high target cells, in this flow cytometry-based assay the ef-
ficiency of killing was nearly 100% for all effector CAR T cell prepara-
tions, even at very low effector to target ratios (Figure 5B). In contrast,
for the BCMAlow-expressing cell lines, a trend toward improved cyto-
lytic functionality for TCM- and TSCM-derived effectors was observed
MA CAR T cell production in the CliniMACS Prodigy

T cell subset composition at the indicated process steps. The gating for each sub-

T stem cell memory (TSCM), CD95
+CD62L+CD45RO�; T effector memory (TEM),

CD95�CD62L+CD45RO�. Representative gatings are shown in Figure S2A. (B)

orting of TCM and TSCM. CD4/CD8 T cells were retrieved from the apheresis material

cells were stainedwith anti-CD95 and anti-CD62L antibodies, followed by sorting for

(orange boxes). Sorted TCM/TSCM cells were then reinserted into the tubing set on the

sed as in Figure 1A. Retroviral transduction, serum-free media exchange, and final

een days 11 and 12 of culture. Culture conditions, absence of bacteria and fungi, and

CS-separated cells were stained and FACS-sorted for a TCM/TSCM (CD95+CD62L+)

S step) and post-sort (FACS step, right FACS plot). Numbers on the gates indicate

s the quantitative analysis of subset composition in the MACS, in the FACS-sorted

D95+CD62L+CD45RO+CD45RA�; TSCM, CD95
+CD62L+CD45RO�CD45RA+; TEM,

95�CD62L+CD45RO�CD45RA+. (D) CD4+ T cells (top) and CD8+ T cells (bottom)

populations were gated as in (C). Example dot plots are shown in Figure S2B. (E)

wer panel) in the harvest (HARV) gated according to gating scheme in Figure S2A.

nical duplicate, and results are displayed as mean ± SEM (A and C–E). Figures show

ns.
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Table 2. Quantification of process efficiency using enriched TCM/TSCM cells as starting material in P4–P6

Run
Starting Cell
No.

Process
Duration

CD4/CD8 Ratio in
HARV

Expansion
Ratea

T Cell No. in
HARV

Transduction Rate of CD45+CD3+ in
HARV

CAR T Cell No. in
HARV VCN

P4 0.12 � 108 11 days 73.2%/26.0% 166� 1.49 � 109 62.6% 0.93 � 109 3.0

P5 0.15 � 108 12 days 85.9%/9.6% 706� 2.20 � 109 41.1% 0.90 � 109 2.4

P6 0.14 � 108 12 days 85.9%/9.6% 305� 2.28 � 109 58.6% 1.34 � 109 ND

n.d., not done.
aThe expansion rate was calculated from day 2 on.
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(Figures 5C–5E). BCMA� REH cells were not killed specifically
(Figure 5F).

Repetitive antigen stimulation in vitro reveals comparable

effector functions and proliferative capacity of non-sorted and

TCM/TSCM-derived BCMA CAR T cells

Tomimic chronic antigen stimulation in vitro, a repetitive antigen stim-
ulation assay was performed.28,38 BCMA CAR T cells were recursively
co-culturedwith BCMAhighMM1.S.eGFP cells, whichwere replenished
every 3 days. As parameters of T cell exhaustion and functionality, tu-
mor cell killing, CAR T cell proliferation, IFN-g secretion, and sur-
face-deposited exhaustion markers were determined. Both types of
BCMA CAR T cell preparations, bulk derived or TCM/TSCM derived,
showed efficient and constant killing overfive roundsof co-culture (Fig-
ure 6A). Additionally, the production of IFN-g declined for both pro-
duction conditions; unexpectedly, this decrease was even stronger for
the TCM/TSCM-derived culture supernatants (Figure 6B).

The proliferation capacity was modestly reduced for the TCM/TSCM

runs from the second round of re-stimulation (Figure 6C), and repet-
itive antigen stimulation induced an enrichment of the CAR+ T cell
population to almost 100% (Figure 6D). The CD4/CD8 ratios shifted
toward a higher CD8+ fraction (Figure 6E). Interestingly, in the TCM/
TSCM runs (CD4/CD8, 85%:15%), which initially contained less CD8+

T cells than the bulk runs (CD4/CD8, 70%:30%), the CD8+ fraction
was enriched much stronger than in the non-sorted T cell population.
This may indicate a stronger proliferative potential of CD8+ TCM/
TSCM cells compared with CD4+ T cells. The kinetics of exhaustion
marker expression for TIM-3, PD-1 and LAG-3 behaved similarly
for both sets of conditions, except for LAG-3 in the CD8+ BCMA
CAR T cell subset (Figure 6F).

To adjust the proportions of CD8+ CAR+ T cell subsets (Figures 1G
and 1H vs. Figures 4F and 4G), we repeated the in vitro repetitive an-
tigen stimulation assay with separated CD8+ BCMA CAR T cells.
CD8+ CAR T cells from both preparations killed BCMAhigh

MM1.S.eGFP very efficiently over seven rounds of co-culture (Fig-
ure S4A). As observed before (Figure 6), IFN-g declined over time,
with the decrease being even stronger for the TCM/TSCM-derived cul-
ture supernatants (Figure S4B). CD8+ BCMA CAR T cells from bulk
runs initially proliferated till passage 4 (day 12) but thereafter
declined to a rate of only 1.5-fold. In contrast, CAR T cells from
TCM/TSCM runs did not expand substantially over the stimulation
188 Molecular Therapy: Methods & Clinical Development Vol. 24 March
period of 21 days (Figure S4C). The enrichment of the CAR+ CD8+

T cell population was much weaker compared with mixed CD4+

and CD8+ CAR+ T cells (Figure S4D). This indicated that the prolif-
eration rate and CAR T cell enrichment were strongly dependent on
the presence of CD4+ T cells in this assay.39

Phenotypic TSCM markers such as CCR7 and CD45RA were strongly
downregulated during recursive antigen challenge in both sets of CAR
T cell preparations, whereas the TSCM and T memory and activation
marker CD95 was upregulated and remained at a plateau. CD62L was
stronger expressed on bulk BCMA CAR T cells compared with the
TCM/TSCM run BCMA CAR T cell preparations. In conjunction
with an increasing CD45RO expression, this may indicate the induc-
tion of a growing number of antigen-experienced memory-type CAR
T cells (Figure 6G).

In addition to phenotypic marker characterization, we examined the
transcriptional profile of a limited set of genes indicative of TEFF, TCM,
or TSCM differentiation (Figure 6H). The TSCM and TCM regulating
transcription factor TCF7, which maintains stemness properties,
showed essentially no change in expression compared with the
MACS cell population; the latter predominantly consisted of naive
T cells and was set here as reference gene expression. Constitutive
activation of the TCF7-Wnt/b-catenin pathway in vivo favors the
generation of memory CD8+ T cells.40 Transcription factors that
are also shared between TSCM and TCM, such as ID3 and LEF1,
were largely indistinguishable between both CAR T cell production
conditions. ID3high is abundantly expressed in long-lived memory
cell precursors. ID3 itself is repressed by PRDM1 (BLIMP1), a strong
promoter of terminal effector cell differentiation. Similar to TCF7,
LEF1 is a downstream effector of the WNT signaling pathway and
thus cooperatively supports the development of memory precursor
and memory T cells.41 BCL2, a leading factor conferring anti-
apoptotic functions in memory T cell development, was also not
altered. The transcription factors PRDM1 (BLIMP1) and TBX21
(T-bet) were upregulated for all Prodigy runs, but TBX21 was 2.3-
fold higher in bulk runs (5.17 for P1/P2 vs. 2.18 for P4/P5), indicating
a predominance of terminal effector T cells. IFNG as a typical effector
T cell-associated gene function was higher upregulated for runs P1
and P2, suggesting that more terminal effector-like CAR T cells
existed. On the other hand, much lower expression for IFNG in
TCM/TSCM runs would be consistent with the stronger presence of
less differentiated TN and potentially TSCM cells as well (Figure 6H).
2022
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Taken together, BCMACAR T cells from bulk runs and those derived
from TCM/TSCM enrichment showed similar cytotoxic capacity.
Lower IFN-g secretion in the TCM/TSCM-enriched population was
consistent with the gene expression profile observed in BCMA CAR
T cell products from runs P4 and P5.

DISCUSSION
In this study we show that the generation of functionally active
BCMA CAR T cells in an automated GMP-compliant system can
be adapted to the needs of a preferential TCM and TSCM CAR T cell
production. We implemented a strategy for the production of clini-
cally relevant amounts of g-retrovirally transduced BCMA CAR
T cells, starting with a T cell population that contained heterogeneous
maturation stages. The automated CliniMACS Prodigy process
yielded high transduction rates, stable CD4/CD8 ratios, elimination
of hematopoietic stem cells, strong proliferative and cytotoxic capac-
ity, and preferential TCM differentiation. The g-retroviral system al-
lowed high transduction rates at low VCN integrations.

Although clinical advantages of CAR-engineered TCM cells in
lymphoid malignancies have been proposed, clinical exploitation of
potentially superior TSCM differentiated CAR T cells is hampered
by the relative paucity in circulation and lack of clinical grade proto-
cols for TSCM isolation.9,16,42–44 Here, we established a protocol in
which the automated GMP-compliant bioreactor protocol was com-
bined with a flow cytometry-based enrichment of TCM and TSCM

T cells as input material. As a drawback of this procedure, to our
knowledge, GMP-compliant FACS devices have currently no regula-
tory European Medicines Agency (EMA) approval. In contrast, mag-
netic bead sorting for the enrichment of T cells with TCM or TSCM

phenotypes requires several sequential manual open steps under clean
room conditions. In general, these steps are not only lengthy but are
of low efficiency, are error prone, and bear higher risks for contami-
nation. A flaw of our FACS protocol is the use of leukapheresis ma-
terial from healthy donors, which might not properly reflect the dura-
tion of the sorting process for T cells derived from leukopenic tumor
patients.

In our process, starting with only an eighth of the Prodigy standard
input material, the TCM- and TSCM-enriched fraction expanded to
clinically relevant numbers of BCMA CAR T cells, featuring compa-
rable cytotoxic effector functions, cytokine production, and low
expression of exhaustion markers. Of note, in a small-scale experi-
Figure 4. TCM and TSCM are efficiently transduced with the BCMA CAR encodin

(A) T cell activation determined by staining with anti-CD25 and anti-CD69 antibodies o

rescence intensity (MFI), minus an isotype control. (B) Total number of CD3+ T cells (left)

bioreactor process steps. Leukocyte subsets were defined as in Figure 1D. The pie cha

stem cells in the apheresis material (APH), in the MACS fraction, and in the final pro

AAD�CD45+CD3+ T cells in the culture over the whole process. (F) Frequency of CAR+

AAD�CD45+CD3+CD4+ and 7-AAD�CD45+CD3+CD8+) was determined for the final

Samples were run in duplicates, and results are displayed as mean only (C), or mean ± S

and P6 (58.6% CAR+) were co-cultured in a 1:1 ratio with cell lines expressing either BC

cytokine release was induced by T cell stimulation with PMA/ionomycin (PMA/Iono); min

2, and TNF-a by ELISA; bars represent mean ± SEM. Data are for n = 3 independent P
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ment, the use of similar starting cell numbers of either bulk or
TCM/TSCM input material from the same donor did not result in sta-
tistically different T cell expansion for TCM/TSCM input material,
either at low (1.5 � 105) or at high (1 � 106) T cell input cell
numbers (data not shown). Low input of T cells may well reflect
the situation of critically ill patients that have usually received mul-
tiple lines of myelosuppressive chemotherapy for the treatment of
multiple myeloma. Notably, in the T cell product, the proportion
of TSCM in the CD8+ subset was much higher than in the CD4+ pop-
ulation. Compared with non-sorted T cells in bulk runs, a larger frac-
tion of TSCM CAR T cells was generated in the 11- to 12-day produc-
tion process. Interestingly, in the repetitive antigen stimulation assay,
isolated CD8+ BCMA CAR T cells, derived from either TCM or TSCM

precursors, performed weaker than the non-sorted BCMA CAR
T cells, visible as lower proliferation rate. This suggests that CD4+

T cells have a crucial role in the maintenance of CD8+ T cell memory
and expansion, whereas a split production might be disadvantageous
in this regard.39 Furthermore, in vitro repetitive antigen stimulation
studies cannot fully recapitulate persistence in vivo. Others have
shown that engraftment and expansion of engineered T cells posi-
tively correlated with the infusion of early memory T cells7,10 and
that fully developed effector populations showed impaired in vivo
function after transfer.45 Accordingly, the true functional and prolif-
erative potential of TSCM and TCM CAR T cell populations are likely
to be much better assessed in clinical studies. An unexpected chal-
lenge in our aim to generate a preferential TCM- and TSCM-skewed
BCMA CAR T cell product was the phenotypic definition of TSCM

cells. In the pioneering work by Gattinoni et al.,46 TSCM were iden-
tified in peripheral human blood and characterized under homeo-
static conditions. The antigen-specific memory was defined by the
responsiveness of the TCRs toward previously encountered viral
and self-tumor antigens. These cells were found within a
CD45RO�CCR7+CD45RA+CD62L+CD27+CD28+ and IL-7Ra+

T cell compartment. They were discriminable from TN by the strong
co-expression of CD95, CD122, CXCR3, and other attributes. In
addition, the homeostatic chemokine receptor CCR7 was also used
as a characteristic TSCM maturation marker. When stimulated with
IL-15 alone, TSCM cells maintained CD45RA+CCR7+CD62L+

CD45RO� expression.46 In contrast, a strong a-CD3/a-CD28 stim-
ulation gradually upregulated CD45RO, characteristic of activated
memory T cells, while downregulating CD62L and CCR7. These
changes were interpreted as capacity of multipotent TSCM to give
rise to diverse progeny. Similar observations were made in our study
g g-retrovirus in the Prodigy process

n CD4+ and CD8+ viable 7-AAD�CD45+CD3+ T cells. Values represent mean fluo-

and their viability (7-AAD�) (right) was measured. (C) Cellular composition at different

rts represent the mean of n = 3 Prodigy runs. (D) Numbers of CD45intCD34+7-AAD�

duct (HARV) were determined as in Figure 1E. (E) Ratios of CD4+ and CD8+ 7-

T cells among all T cells (7-AAD�CD45+CD3+) and on the T cell subpopulations (7-

product (HARV). (G) CAR T cell transduction rate among CD4+ and CD8+ T cells.

EM (A, B, and D–G). (H) T cells (5 � 104) from P4 (62.6% CAR+), P5 (41.1% CAR+),

MAlow (JeKo-1 and DOHH-2) or BCMA� (REH); n = 3 replicates per run. Maximum

is T cells only. Cell-free supernatants were harvested after 22 h to measure IFN-g, IL-

rodigy runs.
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Figure 5. Similar cytolytic activity of bulk and TCM/TSCM-derived BCMA CAR T cells

(A) BCMA surface expression of the target tumor cell lines was determined in a QuantiBRITE assay in two or three independent measurements. Cell lines with (B) BCMAhigh

expression (MM.1SBCMA-high.eGFP), (C–E) BCMAlow expression (MM1.SBCMA-low.eGFP, JeKo-1.eGFP and DOHH-2.eGFP), and (F) without BCMA expression (REH.eGFP)

(each 5 � 104) were co-cultured with CAR T cells from bulk runs P1–P3 and TCM/TSCM runs P4–P6 at the indicated effector to target ratios for 24 h. Target cell lysis was

determined by tumor cell counting (7-AAD�CD3�GFP+) on a MACSQuant analyzer. The numbers of remaining tumor cells in the culture are normalized to tumor cells grown

without the addition of T cells. The results are displayed as mean ± SEM. Statistical analysis was performed using a Mann-Whitney U test for each E/T ratio. Data are for n = 3

independent Prodigy runs for each condition.
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where input TSCM were engineered to express a BCMA CAR. In this
process, a brief proliferation stimulus together with the introduction
of a retrovirus may affect differentiation processes in CAR T cells
and thus, prohibit a clear definition of TSCM phenotypes. As a result
of the complex T cell engineering during the BCMA CAR T biore-
actor process, CCR7 declined strongly. Thus, for the TCM/TSCM

isolation process, we here relied on the differentiation markers
CD95 and CD62L, while the in-process quality control involved
CD45RA, CD95, CD62L, and CD45RO. To further substantiate line-
age differentiation, we selected a few genes indicative of TSCM, TCM,
and TEFF. Because of a largely overlapping gene expression pattern
of memory defining TCF7, ID3, LEF1, and BCL247 gene expression
in TSCM and TCM, a difference between the bulk-derived and TCM/
TSCM-derived CAR T cell products was not obtained. Notably,
bulk runs already yielded up to 90% of all T cells with a TCM differ-
entiation, the size of which was similar to the combined TCM and
TSCM compartment in TCM/TSCM runs. On the other hand, strong
upregulation of the T-box transcription factor Eomesodermin
(EOMES) in CAR T cells in TCM/TSCM run P4 and low expression
Molecular
of its opposing partner TBX21 responsible for terminal effector
T cell differentiation would be consistent with a preferential memory
differentiation in the CAR T cell product. The increased expression
of TBX21 in the BCMA CAR T cell product indicated a skewing in
differentiation toward the Th1 (CD4+) and Tc1 (CD8+) lineages,
which corresponded to an increased production of IFN-g upon stim-
ulation with BCMA+ MM.1S cells.48,49 High expression of TBX21 in
T cells lacking concomitant high expression of EOMES also indi-
cated a differentiation toward TEM.

21,50,51 In keeping with a smaller
proportion of acute effector BCMA CAR T cells from TCM/TSCM

runs P4 and P5, much lower gene expression for IFNG indicated
the stronger presence of less differentiated TN and potentially
TSCM cells as well, because the IFNG genetic locus is less accessible
in naive T cells.52,53 We conclude that the cells generated in TCM/
TSCM runs reflect a preferential TSCM/TCM maturation stage as signi-
fied by their surface marker expression and their mRNA profile.
However, further in vivo studies ideally involving clinical trials are
needed to confirm the phenotypic and functional relevance of this
phenotype.
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In a previous report,9 CAR-modified CD8+ memory stem cells were
generated by bead enrichment of TN cells, followed by cell activation
and culturing in the presence of IL-7, IL-21, and the GSK-3b inhibitor
TWS119. By activation of the Wnt/b-catenin signaling pathway, TN

preferentially differentiate into the TSCM lineage. In contrast to our re-
sults, significant differences in the release of IFN-g between a stan-
dard CD19 CAR T cell protocol and the TSCM-derived CD8+ CAR
T cell population were not detected. We conclude that substantial dif-
ferences in the generation of TCM and TSCM CAR T cell products
might account for these differences. Whereas we started with TCM

and TSCM cells that were supported by IL-7 and IL-15 in a clinical-
scale Prodigy protocol, Sabatino et al.9 used TN as input for the gen-
eration of TSCM-derived CD19 CAR T cells. In this process, Wnt/
b-catenin activation in conjunction with very low T cell expansion
rates are likely to induce different maturation pathways and other
functional outcomes. Priming naive CD8+ T cells in the presence of
IL-7 and IL-15 has been proposed to be an effective method to
generate TSCM from a TN input population.37 However, gene expres-
sion profiles of TN-derived TSCM generated in an IL-7/IL-21/TWS119
cell culture protocol, but not from an IL-7/IL-15 cell culture, have a
higher similarity to naturally occurring TSCM. We conclude that
different input differentiation stages, variable cytokine and pharma-
cological inhibitor cocktails, cell culture duration, and scale might
critically affect phenotypic and functional properties of the harvested
CAR T cell product. Moreover, the modular design of the CAR poten-
tially influences T cell differentiation by causing various levels of tonic
signaling.

Finally, in order to aim for a fully GMP-compliant FACS protocol
that can provide sufficient TSCM cells for a subsequent large-scale
Prodigy process, new sorting devices in conjunction with Conformité
Européenne (CE)-certified antibodies for fluorescent detection and
cell labeling are currently under development. This technical solution
may accelerate a broader and standardized application of TSCM as
starting population for CAR T cells with improved in vivo expansion,
longevity and extended tumor control.

For our CAR construct we used human CD28 as a costimulatory
domain, which has advantages regarding rapid tumor elimination54

and resistance upon immunosuppressive TGF-b signaling.55 Alterna-
tively, data suggest that CAR T cells equipped with a human 4-1BB
Figure 6. Sustained antigen exposure in vitro reveals similar effector function

BCMA CAR T cells from bulk runs P1/P2 and TCM/TSCM runs P4/P5 were co-cultured

retrieved and co-culturedwith freshMM1.SBCMA-high.eGFP target cells, for a total of 5 tra

MM1.SBCMA-high.eGFP target cells (7-AAD�CD3�GFP+) by flow cytometry analysis after

and analyzed using ELISA for IFN-g release (n = 4 replicates per run). (C) After each round

as the ratio of input T cells versus T cell numbers after 72 h. (D) Frequency of transduced

T cells among all CD3+ T cells was measured after each round. (F) Viable 7-AAD�CAR+

TIM-3, PD-1, and LAG-3. Data represent the MFI subtracted by the values of the isotyp

memory markers CCR7, CD45RA, CD95, CD62L, and CD45RO. Data represent MFI su

The mRNA expression of the depicted genes was determined using qRT-PCR and analy

of the house keeper gene B2M. Values are then depicted as gene regulation in the h

changes ranging from�6 to 7 are presented in the heatmap (left), and expression chang

(D), and (G) represent data from two independent experiments. (B), (F), and (H) represe
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costimulatory domain exhibit longer in vivo persistence, which is
likely caused by a different metabolic programming.56 In the absence
of side-by-side comparisons, it is unclear whether CAR T cells equip-
ped with a 4-1BB costimulatory domain in context of a preferential
TSCM phenotype will be of advantage for CAR T cell persistence, pro-
liferation, and prolonged tumor control. We infer, that the use of
selected T cell starting populations, either with preferential effector
functions or preferential stem-like T cells, must be adapted to the
needs of specific tumor entities. Although preclinical assessments
on the role of costimulatory domains, or CAR T cell differentiation
states can be indicative of anti-tumor efficacy and safety, a validation
of these aspects, or even proof of superiority over other constructs
applied to a specific tumor entity require comparative approaches.57

These must be conducted according to phase 3 clinical trial designs.
An important step in that regard will be the harmonization of the
T cell input material for which we propose to use TSCM.

MATERIAL AND METHODS
Human PBMCs

Leukapheresis from healthy volunteers was performed at the Charité
Stem Cell Facility (SCF Charité, Berlin, Germany). Written informed
consent was given by all apheresis donors. The study was performed
according to the Declaration of Helsinki and in accordance with local
ethical guidelines. An ethics vote was conducted at Charité-University
Medicine Berlin. Fresh apheresis material was stored overnight at 4�C
and further processed at room temperature the next day.

Retroviral vector

A BCMA CAR g-retroviral vector was generated as described.28 The
vector encodes a second-generation CAR with a fully humanized sin-
gle-chain variable fragment (scFv) directed toward BCMA, a CD28
costimulatory domain, and a CD3z activation domain, which endows
T cells with a high-affinity CAR directed against BCMA. This MP71
vector-based construct was subcloned into a g-retroviral self-inacti-
vating (SIN) vector pES.12-6 vector (BIONTECH Innovative
Manufacturing Services, Idar-Oberstein, Germany). A producer cell
clone, a primary seed bank and a master cell bank were generated us-
ing the 293VecGaLV producer cell line (BioVec, Québec, Canada). In
short, the CAR construct was cloned into the SIN g-retroviral vector
backbone and by targeted integration, a producer cell clone was
generated by Flp-recombinase-mediated cassette exchange (Flp-
of bulk- and TCM/TSCM-derived BCMA CAR T cells.

in a 1:1 ratio with MM1.SBCMA-high.eGFP target cells. After 72 h, CAR T cells were

nsfer rounds. Data are presented asmean ±SEM. (A) Quantification of residual viable

each round of co-culture. (B) Cell-free supernatants were harvested after each round

, viable 7-AAD�CD3+ T cells were counted, and the proliferation rate was calculated

CAR+ T cells was measured among viable CD3+ T cells. (E) Ratio of CD4+ to CD8+

CD4+ or CD8+ T cells were analyzed for their expression of the exhaustion markers

e control. (G) 7-AAD�CD3+CAR+ T cells were analyzed for their expression of T cell

btracted by the values of the isotype control and are displayed as mean ± SEM. (H)

zed with the DDCt method by first calculating each sample relative to the expression

arvested product relative (x-fold) to the corresponding MACS sample. Expression

es of IFNG is depicted as bar graph. A color scale is depicted on the bottom. (A), (C),

nt data from one experiment.
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RMCE) with the introduced sequence immobilized (BIONTECH
Innovative Manufacturing Services). Finally, a Cre-mediated cleanup
step was used to establish a safe retroviral producer cell line. The CAR
is under the control of a hEF1a promoter. Clinical grade viral super-
natant was produced and titrated on Jurkat cells (T-ALL). Retrovirus
was stored at �80�C.58,59 The viral supernatant was tested for repli-
cation-competent retrovirus (RCR) by direct inoculation and co-
cultivation method (293 enrichment cells and PG4 S+L detection
cells; assays performed by BIONTECH and BioReliance). No RCR
was detected in the viral supernatant.
Automated CAR T cell production

Automated CAR T cell production was performed on the Clini-
MACS Prodigy (Miltenyi Biotec, Bergisch-Gladbach, Germany) de-
vice using the GMP-grade TS520 tubing set for T cell transduction
and culture. The standard TCT protocol provided by the manufac-
turer was modified according to a retrovirus-optimized design. All
runs were performed using software version 1.3. Initially, the apher-
esis material was introduced into the device, washed with GMP-
grade PBS/EDTA (Miltenyi Biotec) supplemented with 0.5% HSA
(CSL Behring, Marburg, Germany), and magnetically separated us-
ing GMP-grade CD4 and CD8 Reagent (both from Miltenyi Biotec).
The enriched CD4+/CD8+ cells were seeded at a concentration of
1 � 108 T cells in medium 1, consisting of GMP-grade TexMACS
medium (Miltenyi Biotec), 1% AB serum (Sigma-Aldrich/Merck,
Darmstadt, Germany; or ZKT, Tübingen, Germany), 12.5 ng/mL
IL-7 and 12.5 ng/mL IL-15 (premium grade; Miltenyi Biotec).
T cells were activated immediately with GMP-grade TransAct
(a-CD3/a-CD28 coated beads) (Miltenyi Biotec). T cell transduc-
tion was performed 46 h after seeding with an MOI of 2 and the
addition of Vectofusin-1 in serum-free medium 2, consisting of
GMP-grade TexMACS medium with 12.5 ng/mL IL-7 and
12.5 ng/mL IL-15. Cells were spun at 400 � g for 2 h at 32�C. After
24 h, a culture wash was performed to remove the remaining virus
and activation beads. From day 5 on, medium 1 was gradually
exchanged with medium 2 to reduce the amount of residual AB
serum till the end of culture. Transduced CAR T cells were cultured
following a regime of frequent medium changes and agitation till
final formulation in NaCl (B. Braun, Melsungen, Germany) supple-
mented with 0.5% HSA between day 10 and day 12 of culture. After
the final formulation T cells were prepared for cryoconservation in a
1:1 ratio with NaCl supplemented with 5% HSA and 20% DMSO
(CryoSure, WAK-Chemie, Steinbach, Germany). Cells were stored
for further analysis in liquid nitrogen. For runs involving FACS
steps, medium 1 containing additionally 1% penicillin/streptomycin
(PAN-Biotech, Aidenbach, Germany; penicillin 10,000 U/mL and
streptomycin 10 mg/mL) and 1% gentamycin (10 mg/mL; Bio-
chrom, Berlin, Germany), and medium 2 containing additionally
1% penicillin/streptomycin were used. Supernatant from samplings
at day 10 did not contain infectious residual virus. This was shown
by a CAR-specific FACS stain (anti-IgG-PE) 3 days after spinocula-
tion (800 � g, 90 min, 32�C) of highly susceptible Jurkat T-ALL
cells with day 10 sampling supernatant (data not shown).
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Flow cytometry-based sorting of TCM and TSCM for automated

CAR T cell production

For sterile sorting of TCM and TSCM cells from CD4/CD8MACS sepa-
rated cells, the CD4+ and CD8+ T cell-containing MACS fraction was
recovered from the reapplication bag on the CliniMACS Prodigy by
sterile welding and prepared for droplet sorting under a flow hood.
Cells were washed with PBS/EDTA supplemented with 0.5% HSA
in 50 mL Falcon tubes. After staining with CD95-PE (clone
REA738 [Miltenyi Biotec] or clone DX2 [BioLegend, San Diego,
CA]) and CD62L-PEVio770 (clone 145/15; Miltenyi Biotec), cells
were sorted for CD95+CD62L+ TCM/TSCM cells using an Aria Fusion
II instrument (Becton Dickinson, Heidelberg, Germany) located un-
der a laminar flow hood. Cells were kept at 4�C for the whole sorting
procedure. Cells were sorted into HSA-coated tubes containing me-
dium 1, containing additionally 1% penicillin/streptomycin and 1%
gentamycin. After the sort, cells were resuspended in an appropriate
amount of medium 1 supplemented with 1% penicillin/streptomycin
and 1% gentamycin and then reapplied to the TS520 tubing set by
sterile welding of a transfer bag. The process was then continued as
described for the bulk T cell population. The flow cytometry sort
for TCM and TSCM was carried out using a 70 mm nozzle and a
maximum flow rate of 18,000 evts/s. To decrease the storage time
of sorted cells in sorting buffer, cells were stained and sorted in
batches, total processing times for each batch were usually shorter
than 2 h. After each batch purification, cells were washed and resus-
pended in medium 1 supplemented with 1% penicillin/streptomycin
and 1% gentamycin. All batches were then combined in a single trans-
fer bag.

Microbiological control

BACTEC bottles (aerobic and anaerobic; BD Biosciences, San Jose,
CA) were inoculated at multiple process steps with 500–1,000 mL
cellular product obtained from the apheresis material, on day 7 and
after the final formulation of the CAR T cells in NaCl with 0.5%
HSA, before cryopreservation. Microbiological control was carried
out according to European Pharmacopeia (EP) 2.6.27 at the Experi-
mental and Clinical Research Center (ZKP, Charité-University Med-
icine Berlin, Berlin, Germany) using the BD BACTEC Model 9050.

Flow cytometry

To assess the phenotype of T cells and the composition of the culture,
the following primary anti-human antibodies were used (all Miltenyi
Biotec, unless otherwise noted): CD45-VioBlue (REA747), CD197-
VioBlue (REA546), TIM-3-BV421 (F38-2E2; BioLegend), CD3-
BV510 (SK7; BioLegend), CD4-VioGreen (VIT4 or REA623),
CD45RA-VioGreen (REA562), CD3-FITC (REA613), CD34-FITC
(AC136), CD16-PE (REA423), CD56-PE (REA196), CD69-PE
(REA824), CD95-PE (REA738), PD-1-PE (EH12.2H7; BioLegend),
CD19-PE-Vio770 (REA675), CD62L-PE-Vio770 (145/15), CD8-PE-
Cy7 (HIT8a; BioLegend), CD14-APC (TÜK4 or REA599), CD25-
APC (REA945), CD45RO-APC (REA611), LAG-3-AF647
(11C3C65; BioLegend), CD4-APC-Cy7 (OKT4; BioLegend), CD8-
APC-Cy7 (HIT8a; BioLegend), and CD8-APC-Vio770 (REA734).
As isotype control for REA antibodies REA293 conjugated to
2022
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VioBlue, PE, PE-Vio770, or APC was used. Other isotype controls
that were used are mouse IgG1k conjugated to BV421, AF647, or
PE (MOPC-21; BioLegend). All cell stainings were done in MACS-
Quant running buffer, without a prior blocking step for Fc receptors.
Dead cell discrimination was always included by 7-AAD (Miltenyi
Biotech or BioLegend) staining. CAR T cells were detected with either
an anti-human IgG1-PE polyclonal goat-anti-human serum (South-
ern Biotec, Birmingham, AL) or a BCMA-FITC peptide (AcroBiosys-
tems, Newark, DE).

For the quantification of the absolute number of BCMAmolecules on
the target cell surfaces, QuantiBRITE PE calibration beads were used
according to the manufacturer’s instructions (BD Bioscience). FACS
samples were measured on a MACSQuant 10 flow cytometer (Milte-
nyi Biotec) and analyzed using FlowJo version 10.5.3 (TreeStar).

Vector copy number determination

Vector copy numbers (VCNs) were determined essentially as
described.28,38 Briefly, genomic DNA of 1� 106 cells was isolated us-
ing a genomic DNA isolation kit (Roboklon, Berlin. Germany), and
100 ng was used to perform qPCR detecting the woodchuck hepatitis
virus post-transcriptional regulatory element (WPRE) within the
viral insert, normalized to the endogenous polypyrimidine tract bind-
ing protein 2 (PTBP2). The primer and probe sequences used were as
follows:WPRE: forward: gaggagttgtggcccgttgt, reverse: tgacaggtggtgg-
caatgcc, probe: FAM-ctgtgtttgctgacgcaac-BHQ1; PTBP2: forward:
tctccattccctatcttcatgc, reverse: gttcccgcagaatggtgaggtg, probe: JOE-
atgttcctcggaccaacttg-BHQ1 (Eurofins Genomics, Ebersberg, Ger-
many). The reaction was performed using the Applied Biosystems
(Foster City, CA) StepOnePlus Real-Time PCR system in triplicate.
The conditions were as follows: initially 50�C for 2 min, 95�C for
20 s; 40 cycles of 95�C for 5 s, 56�C for 20 s, and 65�C for 20 s; and
primer concentration 330 nM, probe concentration 150 nM, 1�
ABI TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific,
Waltham, MA). The results were analyzed using StepOne software
version 2.2.2 (Thermo Fisher Scientific) and Excel (Microsoft, Red-
mond,WA). A standard curve was generated by parallel amplification
of 103–106 copies of a linearized standard plasmid (pQPCR-Stdx4).
The VCN per transduced cell was normalized to PTBP2 and the
transduction rate. The protocol, a reference clone with 1 copy, and
the standard plasmid were kindly provided by Dr. Michael Rothe
(Hannover Medical School, Germany).

Cell lines

Human multiple myeloma cell lines NCI-H929 and OPM-2 and the
B-NHL cell lines DOHH-2 and JeKo-1 (MCL) were obtained from
DSMZ (Braunschweig, Germany). The B-ALL cell line REH was ob-
tained from Dr. Stephan Mathas (MDC, Berlin, Germany), and the
identity was confirmed by a multiplex cell line authentication test
(Multiplexion, Heidelberg, Germany). All cell lines were expanded
upon receipt, and aliquots were frozen in liquid nitrogen. The multi-
ple myeloma MM.1S cell line60 was engineered to express eGFP and
luciferase61 and is termed MM1.SBCMA-high.eGFP in this report.
BCMAlow-expressing MM1.S cells (MM1.SBCMA-low.eGFP) were
Molecular
recovered from an NSG mouse injected with MM1.SBCMA-high.eGFP
cells. After in vivo growth, femur from this mouse was flushed, and
tumor cells were purified with CD138 microbeads (Miltenyi Biotec)
and expanded, and stocks were frozen in liquid nitrogen. The level
of surface-deposited BCMA was determined using FACS analysis.
eGFP-expressing cell lines (JeKo-1.eGFP, DOHH-2.eGFP, and RE-
H.eGFP) were generated by lentiviral transduction,28 exactly as
described. Cell stocks were stored in liquid nitrogen. All human sus-
pension cell lines were cultured in RPMI 1640 + L-glutamine
(Thermo Fisher Scientific) containing 10% fetal calf serum (FCS)
(Thermo Fisher Scientific or PAN-Biotech), 1% penicillin/strepto-
mycin, 1% non-essential amino acids, and 1% sodium pyruvate
(Thermo Fisher Scientific).

In vitro cytotoxicity assay

A standard [51Cr]-chromium release cytotoxicity assay was applied.
BCMA CAR T cells were thawed and cultured overnight in human
T cell medium (hTCM + 15% FCS) containing RPMI 1640 + L-gluta-
mine, 15% FCS, 1% penicillin/streptomycin, 1% non-essential amino
acids, and 1% sodium pyruvate, supplemented with 0.1 ng/mL IL-7
and 0.1 ng/mL IL-15 (both premium grade; Miltenyi Biotec). The
following day, target cells were labeled with 20 mCi [51Cr] sodium
chromate (PerkinElmer, Waltham, MA) for 90 min at 37�C. After
washing, 2 � 103 target cells were co-cultured in 96-well plates for
4 h at 37�C with CAR T cells at different effector-to-target (E/T)
cell ratios. Spontaneous release was determined from target cell su-
pernatant without CAR T cells. Maximum release was assessed using
target cell lysis induced by air drying. Cell-free supernatants were har-
vested and transferred to LUMA-scintillation plates and air-dried,
and the released [51Cr] was assessed using a Top g-Scintillation
Count Reader (PerkinElmer). Samples were run in triplicate. Specific
lysis was calculated as percentage lysis = (experimental lysis � spon-
taneous release) � 100/(maximum lysis � spontaneous release).

Additionally, a FACS-based in vitro cytotoxicity assay was used. CAR
T cells were thawed and cultured in hTCM + 10% FCS with the addi-
tion of 10 ng/mL IL-7, 10 ng/mL IL-15, 10 IU/mL IL-2 (all Miltenyi
Biotec, premium grade), and 5 mL/mL TransAct beads for 4 days.
T cells were then washed, counted, adjusted to the amount of
CAR+ T cells, and seeded at the indicated effector to target cell ratios
with 5 � 104 GFP+ target cells. The number of remaining viable (7-
AAD�) GFP+ tumor cells was determined after 24 h on a MACS-
Quant 10 flow cytometer and analyzed with FlowJo version 10.5.3.
Killing was determined by normalization to the number of tumor cells
grown without CAR T cells.

Cytokine-release assay

BCMA CAR T cells (5 � 104) were thawed and co-cultured at a 1:1
ratio with target cells (BCMA+ JeKo-1 and DOHH-2) and control
cells (BCMA� REH) in hTCM + 10% FCS. After 22 h, cell-free super-
natants were harvested and stored at�20�C till cytokine analysis. The
concentrations of IFN-g, IL-2, and TNF-a were measured using
ELISA (BD Biosciences) according to themanufacturer’s instructions.
Spontaneous release (min) was assessed by T cell culture without
Therapy: Methods & Clinical Development Vol. 24 March 2022 195
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target cells, and maximal release was induced by stimulation of T cells
with 1 mg/mL phorbol-12-myristate-13-acetate (PMA) and 50 mM
ionomycin (both Sigma-Aldrich/Merck).

Repetitive antigen stimulation assay

This assay was performed essentially as described.28,38 Briefly,
thawed BCMA CAR T cells were co-cultured in a 1:1 ratio with
MM1.SBCMA-high-eGFP+ target cells (5 � 105 cells each per well
of a 24-well plate) in hTCM + 10% FCS, in the presence of
0.1 ng/mL IL-7 and 0.1 ng/mL IL-15. After 72 h, cell-free superna-
tant was harvested and stored frozen until analysis. IFN-g secretion
was quantified using ELISA as described above. Cells were then
thoroughly resuspended, and an aliquot was used for counting
and flow cytometric analysis of remaining target cells (viable
7-AAD�GFP+CD3�). After calculation of the remaining viable
7-AAD�T cells, T cells were again seeded at a 1:1 ratio with fresh
MM1.SBCMA-high-eGFP+ target cells in new 24-well plates. Cells
were analyzed after each round of 72 h for the same parameters.

For the analysis of isolated CD8+ CAR T cells in the repetitive antigen
assay, BCMA CAR T cells were thawed and cultured in hTCM + 10%
FCS with the addition of 10 ng/mL IL-7, 10 ng/mL IL-15, 10 IU/mL
IL-2 (premium grade), and 5 mL/mL TransAct beads for 5 days. CD8+

T cells were then isolated using the human CD8+ T cell isolation kit
according to the manufacturer’s recommendations (Miltenyi Biotec)
and subsequently used for the repetitive antigen stimulation assay as
aforementioned. For the repetitive stimulation of CD8+ CAR T cells,
1 ng/mL IL-7, 1 ng/mL IL-15, and 10 IU/mL IL-2 were used to sup-
plement hTCM + 10% FCS.

Quantitative real-time PCR analysis

RNA was isolated from the MACS and HARV products of runs P1–
P4 using the RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA was
transcribed into cDNA using the SuperScript VILO cDNA Synthesis
kit (Thermo Fisher Scientific). Quantitative real-time PCR analysis
was performed using TaqMan Gene Expression Assays for TCF7,
BCL2, LEF1, ID3, TBX21, EOMES, PRDM1, IFNG, GZMB, and
B2M (Thermo Fisher Scientific) and the TaqMan Fast Advanced
Master Mix (Thermo Fisher Scientific). Reactions were performed
in duplicate using the Applied Biosystems StepOnePlus Real-Time
PCR system. Results were analyzed using StepOne software (version
2.2.2) and Excel. Relative gene expression was calculated using the
DDCt method by first normalizing each sample to the expression of
the housekeeping gene B2M (DCt) and then by normalizing each
CAR T cell HARV sample to its respective MACS sample (DDCt).

Statistical analysis

Results are expressed as arithmetic mean ± SEM if not otherwise
stated. For each run, each sample was measured in technical replicate.

Values of p < 0.05 were considered to indicate statistical significance,
as determined using the Mann-Whitney U test, as appropriate. Ana-
lyses were performed using Prism versions 6.0 and 9.0 (GraphPad
Software).
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