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Abstract

Relapsed/refractory B-precursor acute lymphoblastic leukemia (pre-B ALL) remains a major therapeutic challenge. Chi-
meric antigen receptor (CAR) T cells are promising treatment options. Central memory T cells (Tcm) and stem cell-like
memory T cells (Tscm) are known to promote sustained proliferation and persistence after T-cell therapy, constituting
essential preconditions for treatment efficacy. Therefore, we set up a protocol for anti-CD19 CAR T-cell generation aiming
at high Tcm/Tscm numbers. 100 ml peripheral blood from pediatric pre-B ALL patients was processed including CD4*/
CD8*-separation, T-cell activation with modified anti-CD3/-CD28 reagents and transduction with a 4-1BB-based second
generation CAR lentiviral vector. The process was performed on a closed, automated device requiring additional manual/
open steps under clean room conditions. The clinical situation of these critically ill and refractory patients with leukemia
leads to inconsistent cellular compositions at start of the procedure including high blast counts and low T-cell numbers
with exhausted phenotype. Nevertheless, a robust T-cell product was achieved (mean CD4* =50%, CD8" =39%, transduc-
tion=27%, Tcm=50%, Tscm =46%). Strong proliferative potential (up to > 100-fold), specific cytotoxicity and low expres-
sion of co-inhibitory molecules were documented. CAR T cells significantly released TH1 cytokines IFN-y, TNF-a and
IL-2 upon target-recognition. In conclusion, partly automated GMP-generation of CAR T cells from critically small blood
samples was feasible with a new stimulation protocol that leads to high functionality and expansion potential, balanced CD4/
CD8 ratios and a conversion to a Tcm/Tscm phenotype.
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Abbreviations
6-MP 6-Mercaptopurine

6-TG 6-Thioguanine

ARA-C Cytarabine

B-NHL B-cell non-Hodgkin’s lymphoma
cALL Common acute lymphoblastic leukemia
CNS Central nervous system

DNR Daunorubicin

FMO Fluorescence minus one

HIDAC High-dose cytarabine

HSA Human serum albumin

MOI Multiplicity of infection

MTX Methotrexate

PB Peripheral blood

PEG-ASP  Pegylated asparaginase

Pre-B ALL  B-precursor acute lymphoblastic leukemia
Tem Central memory T cells

TCT T-cell transduction

Teff Effector T cells

Tem Effector memory T cells

Tscm Stem cell-like memory T cells
VCN Vector copy number

VCR Vincristine

VP16 Etoposide

Introduction

Treatment with genetically modified T cells has the potential
to induce sustained clinical remissions even in patients with
relapsed or primary refractory disease. In particular, T cells
genetically directed against the B-cell lineage antigen CD19
are currently evaluated in more than 40 clinical phase I/II tri-
als. Preliminary results underline their enormous potential in
B-lineage malignancies. Especially in pediatric pre-B ALL,
response rates of up to 95% have been shown in refractory,
heavily pre-treated patients [S—10]. Those T cells are typi-
cally generated by retro- or lentiviral transduction of patient-
derived autologous T cells with a vector encoding for a chi-
meric antigen receptor (CAR) consisting of the anti-CD19
single-chain variable fragment (ScFv) fused to CD3( as a
domain of the T-cell receptor (TCR) complex [11]. How-
ever, low cell number in pediatric samples, exhausted T cells
under treatment protocols and the presence of leukemic cells
in the starting fraction are challenges for stable production
of functionally active CAR T-cell products.

Although the vast majority of pediatric ALL patients
respond to second generation anti-CD19 CAR T-cell treat-
ment, there are patients not responding or relapsing after
T-cell therapy. Leukemia relapse or initial non-response
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is typically caused by early loss or non-engraftment of
anti-CD19 CAR T cells [6, 12, 13]. Although associated
with B-cell aplasia, Maude et al. underlined the impact
of prolonged anti-CD19 CAR T-cell persistence through
sustained in vivo proliferation on long-term outcome of
pediatric ALL patients [12]. Thus, we aimed at generat-
ing CAR T cells with a T-cell phenotype in favor of high
proliferative potential. Central memory (Tcm) or stem
cell-like memory (Tscm) T cells are known to be best
candidates for a sustained in vivo response after adop-
tive T-cell transfer as they display good effector func-
tions while maintaining their high proliferative capacity
[14-16]. Moreover, leukemic cells are known to up-reg-
ulate inhibitory molecules such as PD-L1 to circumvent
T-cell mediated TH1 attack [17]. Generation of anti-CD19
CAR T cells with low sensitivity to inhibitory checkpoint
signals thus might play a crucial role for sustained remis-
sions after T-cell therapy [18].

Although CAR T-cell generation is well established in
many laboratories, it is a complex procedure originally
involving many hands-on/open steps [19]. To simplify and
to facilitate standardization of the process, a protocol for
partly automated large scale CAR T-cell manufacturing was
established on a closed, GMP-compatible device requiring
only few open hands-on steps [20]. As the activity protocol
has a modular structure, it can be adapted for various con-
ditions such as different starting cell counts, varied CD4/8
proportion, feeding or washing steps and final formulation.
Here, we demonstrate feasibility of partly automated, GMP-
compatible clinical-scale manufacturing of anti-CD19 CAR
T cells on a closed device even from very small pediatric
patients’ samples.

Materials and methods
Patients

Patients’ characteristics are shown in Table 1.

Peripheral blood mononuclear cell (PBMC)
generation

PBMCs were generated from 100 to 120 ml PB of pediat-
ric ALL patients by density gradient centrifugation (Bio-
coll, Biochrom, Berlin, Germany). Cells were frozen in 5%
human serum albumin (HSA) (Biotest, Dreieich, Germany)
containing 10% DMSO (Sigma, Taufkirchen, Germany).
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Table 1 Characteristics of patients and anti-CD19 CAR T-cell products

Patient CAROO1 Patient CAR002  Patient CAR003 Patient CAR004
Patient-related information
Gender Female Female Female Female
Age at time-point of blood 18 15 14 18
sampling
Diagnosis cALL cALL cALL cALL relapse
Age at diagnosis 17 15 14 18
Initial diagnosis: 13
CNS state Negative Negative Negative Negative
Cytogenetics TEL deletion 12p13 BCR-ABL fusion My™* High-hyperdiploid karyotype
MLL deletion 11q23
ABL trisomy 9q34
Treatment protocol CoALL Protocol 08/09 EsPhALL- CoALL Protocol 08/09 ALL REZ BFM Protocol
CoALL Proto-
col 08/09
Day of blood sampling according Before start of day 92 treatment =~ Before treatment Before treatment After first R2 block
to protocol
Systemic chemotherapy received Prednisolone None None Dexamethasone

for current diagnosis until date
of blood sampling

Disease activity at time-point of
blood sampling

Process-related information

Volume of blood sample (ml)

T-cell count after CD4/8 separa-
tion

T-cell count of final product

T-cell transduction rate (%)

Absolute number of CAR* T
cells in final product

DNR, VCR, HIDAC, PEG-ASP,
MTX, VP16, ARA-C, 6-MP,
6-TG

MRD negative

120
1.74x 107

3.35%x10°
40.4
1.35%10°

VCR, MTC, PEG-ASP,
ARA-C
IDA, CPM, 6-TG, 6-MP,

VDS, IFO, DNR
71% blasts in PB 64% blasts in PB MRD negative
100 100 100

4.89% 107 3.86x 107 9.36x 10°
1.53x10° 4.87x108 8.87x10°

19.6 19.3 28.5

3.00x10% 9.40x 107 2.53x10%

cALL common acute lymphoblastic leukemia, CNS central nervous system, DNR daunorubicin, VCR vincristine, HIDAC high-dose cytarabine,
PEG-ASP pegylated asparaginase, MTX methotrexate, VP16 etoposide, ARA-C cytarabine, 6-MP 6-mercaptopurine, 6-7G 6-thioguanine, MRD
minimal residual disease, PB peripheral blood

Flow cytometry

Cells were stained for CD3-FITC, CD8-APC-Vio 770,
CD4-VioGreen, CD69-PE-Vio 770, CD25-PE, CD137-
APC, CD56-PE, CD14-PerCP, CD19-PE-Vio 770, 7-AAD,
CD45RO-PE-Vio 770, CD62L-VioBlue, CD95-APC,
CD95-PE, OX-40-PE-Vio 770 (Miltenyi Biotec), CD4-
BV650, CTLA-4-APC, CD3-BUV395 (Becton, Dickinson
and Company (BD), Franklin Lakes, NJ, USA), CD8-PE/
Cy7, CD137-BV421, CD56-BV421, 2B4-APC, BTLA-
BV421, CD10-APC, TIM-3-BV785, PD-1-BV421, CTLA-
4-PE/Cy7, PD-L1-BV421, CD8-PerCP/Cy5.5 (Biolegend,
San Diego, CA, USA), VISTA-APC (R&D Systems, Min-
neapolis, MN, USA), TIGIT-APC, LAG-3-PE, Fixable
Viability Dye eFluor 780 (eBioscience/Thermo Fisher Sci-
entific, Waltham, MA, USA). Transduction rate was evalu-
ated by staining with 5 ng/ml Biotin-Protein L. (GenScript,

Piscataway, NJ, USA) and anti-Biotin-APC or -PE (Miltenyi
Biotec). Intracellular stains for IFN-y-PE (BD) and TNF-a-
PacificBlue (Biolegend) were performed using Fix and Perm
Cell Permeabilization Kit (Thermo Fisher Scientific). Flow
cytometric measurements were performed on a MACSQuant
Analyzer 10 (Miltenyi Biotec) or BD LSRFortessa (BD).

T-cell transduction process

Material of the CliniMACS process was from Miltenyi Bio-
tec, Bergisch Gladbach, Germany, unless otherwise stated.
The CliniMACS Prodigy is an automated, closed system
constructed for large-scale generation of immunotherapeu-
tic T-cell products in a GMP-accredited way. It consists of
24 valves into which a sterile, closed tubing set is inserted
without direct contact to the device. All parts intended to
come into contact with the cellular product are sterile and
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single-use materials. The tubing set contains a single-use
culture chamber which is fixed into the CentriCult Unit of
the CliniMACS Prodigy where optimal culturing conditions
of 37 °C/5% CO, are achieved and the cell product can be
centrifuged and shaken during the process.

After written informed consent from patients/their par-
ents, 100—120 ml PB were taken from the patients’ central
venous access (Hickman catheter/port), PBMCs were gen-
erated and frozen. The frozen product was thawed in pre-
warmed TexMACS GMP medium and immediately trans-
ferred to the CliniMACS Prodigy on day 0 by sterile tube
welding without additional washing steps. Tubing set Clini-
MACS Prodigy TS520 was used together with TCT software
version 1.0. CliniMACS PBS/EDTA supplemented with
0.5% HSA (Grifols, Barcelona, Spain) served as process
buffer for separation with CliniMACS CD4/CD8 reagent.
Cell culture was set-up after selection for CD4*/CD8™ cells
by modular programming the activity matrix of the process
(Supplementary Table 1). Culture medium consisted of Tex-
MACS GMP medium, 3% human AB serum (Institute for
Clinical Transfusion Medicine, Ulm, Germany), 12.5 ng/ml
MACS GMP Recombinant Human IL-7 and IL-15. Medium
bag was exchanged for a fresh one on day 6 containing only
interleukins, no serum was added. For activation, one vial
TransAct T Cell Reagent-Large Scale, human was used
according to manufacturer’s recommendations (working
dilution of 17.5 of the vial). Activation reagent was washed
out together with the lentivirus on day 2 of the process, no
magnetic bead removal step was required. One day after
activation, T-cell transduction was performed with a second
generation CAR lentiviral vector encoding for anti-CD19
single-chain variable fragment (scFv), 4-1BB (CD137)
co-stimulatory domain and CD3( chain. ScFv sequence
was derived from mouse hybridoma FMC-63 (AA 1-267,
GenBank ID: HM852952.1), (GGGGS); was used as linker
domain as described by Schneider et al. [21]. Lentivirus was
thawed at room temperature and diluted with TexMACS
GMP medium to a final volume of 10 ml. The suspension
was transferred to a 150 ml Transfer Bag which was welded
to the tubing set. Multiplicity of infection (MOI) rates are
shown in Supplementary Table 2. Activation reagent/virus
were washed out on day 2. On day 12, cells were harvested
in a final volume of 100 ml TexMACS GMP medium. Cells
were frozen in 5% human serum albumin (Grifols, Barce-
lona, Spain) containing 10% DMSO (Sigma, Taufkirchen,
Germany). Flow cytometric/functionality analyses were
either performed immediately after harvest or from frozen
cells which were thawed in warm TexMACS GMP medium.
Untransduced MOCK controls were taken from reappli-
cation bag after separation for CD4/8. MOCK cells were
cultured in 48-well plates (Corning, Corning, New York,
USA) and treated similar to large scale runs except for trans-
duction. Samples were taken whenever needed using the
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automated sterile sampling system. In case three sampling
pouches were not sufficient, an additional Triple Sampling
Adapter was welded to the tubing set. Sterile tube weld-
ing was performed with an SC-201AH TSCD Sterile Tube
Welder (Terumo).

PBMC isolation, buffer/medium/virus preparation and
cryopreservation required grade A clean room conditions
(open/manual steps). Spiking and sealing procedures are
indicated in Fig. 1. All other steps were performed in the
closed device (CliniMACS Prodigy placed in clean room
grade B or C).

Small scale runs to compare CD4/CD8-separated cells
with PBMCs were performed similar to the large scale pro-
tocol. The amount of virus for transduction was calculated
based on the T-cell count. 1x 10° T cells were transduced
with 2 x 10 particles.

Cytotoxicity assay

Target cells were labeled according to CellTrace Violet Cell
Proliferation Kit (Thermo Fisher Scientific) and co-cultured
with CAR T cells for 24 h. Effector-cell count was calculated
based on transduction rate (CAR* cells) which was analyzed
by flow-cytometric staining for Protein-L. Absolute count
of remaining CellTrace Violet-positive cells was calculated
with the MACSQuant Analyzer 10 (Miltenyi Biotec) and set
into relation to the count of CellTrace Violet-positive cells
of control wells (target cells only).

Proliferation assay

T cells were labeled according to CellTrace Violet Cell Pro-
liferation Kit (Thermo Fisher Scientific) and co-cultured
with Jeko cells at an E:T ratio of 5:1 (2x 10* target cells).
Effector-cell count was calculated based on transduction rate
(CAR™ cells) which was analyzed by Protein-L stain. T cells
were re-stimulated every 24 h with 2 x 10* target cells. Cell
proliferation was measured on a MACSQuant Analyzer 10
(Miltenyi Biotec) before stimulation with targets and 24 h
after each re-stimulation.

MACSPlex assay

CAR T cells were co-cultured with target cells at an E:T
ratio of 1:2. Effector-cell count was calculated based on
transduction rate (CAR™ cells) analyzed by flow-cytometric
staining for Protein-L. Supernatant of co-cultures was har-
vested after 24 h and frozen at — 20 °C. For analysis, super-
natant was thawed and diluted 1:5 with buffer supplied with
the MACSPIlex Cytokine 12 kit (Miltenyi Biotec). Flow-
cytometric measurement was performed according to sup-
plier’s information.
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Fig. 1 Schematic representation of T-cell transduction (TCT) process
on the CliniMACS Prodigy: PBMCs from pediatric ALL patients
were thawed and immediately transferred to the device on day O.
After automated CD4/8 separation and CD3/28 activation, transduc-
tion with the lentiviral anti-CD19 CAR vector was performed on day
1. CAR T cells were expanded for 12 days until final CAR T-cell
product was harvested from the device. For the clinical setting, the

qPCR

To determine lentiviral copy numbers, real-time qPCR was
used. Amplification of vector-specific sequences (gag) was
compared to host-specific sequences (PTBP2) using Tagman
Fast Advanced Master Mix (Thermo Fisher Scientific) and
the BIO-RAD CFX96 Touch Real-Time PCR Detection
System.

Statistics

Statistical analyses were performed using Graphpad Prism 7.

CliniMACS Prodigy is currently located in GMP grade B or C. Open
steps (GMP grade A), spiking (1) and sealing (T) procedures are indi-
cated in the lower part of the figure. Cells are cultured in safety level
S2. Due to multiple washing and dilution steps, the final product is
downscaled to safety level S1. PBMC peripheral blood mononuclear
cells, PB peripheral blood, CAR chimeric antigen receptor, GMP
good manufacturing practice

Results

Anti-CD19 CAR T-cell generation using small
peripheral blood samples from pediatric ALL
patients

Autologous anti-CD19 chimeric antigen receptor (CAR)
T-cell products were generated on the CliniMACS Prod-
igy from 100 to 120 ml peripheral blood of four different
pediatric patients. The CliniMACS Prodigy is an auto-
mated, closed system constructed for large-scale genera-
tion of T-cell products in a GMP-accredited way (Fig. 1).
Patients’ characteristics are shown in Table 1. Patients’ age
ranged from 14 to 18 years (mean 16.25 years). All four
patients were female and suffered from B-precursor acute
lymphoblastic leukemia (common ALL, cALL), either after
relapse (n=1) or after primary diagnosis (n=3). None of the
patients had central nervous system (CNS) disease. Patients
were either pre-treated with standard chemotherapy accord-
ing to CoALL 08/09 protocol (n=1) or ALL REZ BFM
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2012 protocol (n=1), respectively, or evaluated at time-point
of diagnosis, and thus prior to chemotherapeutic treatment
(n=2). Blood of pre-treated patients was taken between
two cycles of chemotherapy after lymphocyte counts had
resolved to > 500/ul. Blood was not taken during treatment
with corticosteroids to avoid inhibitory effects on the T cells.
At time-point of sampling, minimal residual disease of two
patients was lower than detection limit by polymerase chain
reaction (PCR) in the bone marrow, whereas the other two
patients suffered from morphological disease (71 or 64%
blasts in peripheral blood, respectively).

Initial T-cell count of the starting fraction of the four
patients ranged between 9.36 x 10° and 4.89 x 107 T cells
(mean 2.86 x 107) after CD4/8 separation. Although the
process is optimized for an initial cell product of 1x 108 T
cells, generation of sufficient amounts of anti-CD19 CAR
T cells was feasible from these very low T-cell numbers
(Table 1). After 12 days of expansion on the CliniMACS
Prodigy, a mean of 4.99 x 108 CAR™ T cells (range 9.4 x 10’
to 1.35% 109) was achieved, suitable for the treatment of a
100 kg patient with a dose of up to 4.99 x 10° CAR™ T cells/
kg body weight.

Anti-CD19 CART cells derived from pediatric
patients show high expansion potential
and transduction rates

T cells were activated on day O of the process with a new
anti-CD3/-CD28-based activation reagent (TransAct T
Cell Reagent-Large Scale, human) and were cultured in
the presence of IL-7 and IL-15. Microscope pictures of
the integrated microscope showed clustering of T cells 24
and 48 h after activation indicating efficient T-cell activa-
tion (Fig. 2a). When analyzed by flow cytometry 48 h after
activation, T cells expressed activation markers CD69,
CD25 and CD137 (Fig. 2b). Cell count/viability were eval-
uated on day 0, 2, 5, (6), 7, 9 and at the end of the pro-
cess by sterile sampling from the device. Mean expansion
rate of lymphocytes within the culture was 48-fold (range
14.7-102.4) although two out of four patients had received
corticosteroids in previous chemotherapy cycles (Fig. 2c).
A slight decrease in cell count was detectable on day 2 of
the process possibly due to cell death caused by thawing,
activation and transduction. Viability did not fall below a
mean of 95.8% during the process (Fig. 2d). For CAR002,
cell count decreased below detection threshold on day 2 of
the process and survival of T cells was confirmed by re-
concentration through additional centrifugation of the mate-
rial provided in the sampling pouch. Microscope pictures of
the culture chamber showed massive cell clumps associated
with the destruction of leukemic cells. Viability and cell
count resumed within the next three days of culture. A trend
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towards decreased T-cell expansion in the presence of blasts
was observed (Fig. 2e).

Lentiviral transduction was performed on day 1 after ster-
ile welding the virus-containing bag to the tubing set of the
device. A viral concentration of 2 x 10% particles per 100 ml
was used, irrespective of T-cell counts. Frequency of CAR™
T cells was analyzed by flow-cytometric stain for Biotin-
protein L and detected by anti-Biotin-APC or -PE (Fig. 3a).
Mean T-cell transduction rate at the end of the process was
26.95% (Fig. 3b). Multiplicity of infection (MOI) and cor-
responding transduction rates are shown in Supplementary
Table 2. Transduced cells consisted of mainly CD4 and CD8
T cells, although a small amount of CD3*/CD56" NKT cells
was also transduced. The cellular composition among CAR™*
cells showed a slight but not statistically significant predomi-
nance of CD4" T cells followed by CD8" T cells (Fig. 3c).
No B cells or leukemic blasts were transduced. Transduced
NKT cells displayed a predominant CD3*/CD8" NKT-cell
phenotype (Supplementary Figure 1). The number of viral
copies (vector copy number) determined by real-time PCR
of genomic DNA did not exceed 2.3 per cell (mean 1.72),
and thus met the requirements of authorities to decrease the
potential risk of insertional mutagenesis.

Balanced CD4/CD8 ratio with predominance of Tcm
and Tscm T-cell phenotype and low expression
of inhibitory checkpoint molecules

Cellular composition was evaluated by flow cytometry prior
to and after CD4/CD8 separation on day 0 as well as on
day 5 and at the end of the process (Fig. 4a). Gating strate-
gies/exemplary plots are shown in Supplementary Figure 4.
The patient-derived initial product showed a huge variety
in cellular composition including high blast and mono-
cyte counts and a mean of only 22% CD4" T cells (range
2.74-39.5%) and 16.73% CD8* T cells (range 1.7-28%).
Although CD4/8 separation led to enrichment of both cell
types (mean of 45.25% for CD4" cells and 20.84% for CD8*
cells), monocytes and blasts were still present in the cul-
ture after separation. Already after five days of IL-7/-15-
based expansion, no B cells, leukemic blasts or monocytes
were detectable anymore. The final product contained a
robust cellular composition with a mean of 50.3% CD4*
and 38.7% CD8" cells. A mean of 10.2% of the cells were
NKT cells. The T-cell phenotype of the initial and the final
product was analyzed by flow cytometric stain for CD62L,
CD45RO and CD95 (Fig. 4b). Gating strategy is shown in
Supplementary Figure 5. Whereas the initial product showed
a broad variety and rather exhausted phenotype, the final
CAR T-cell product consisted mostly of Tcm and Tscm cells
which are known to have excellent proliferative potential and
functionality in vivo. No increased expression of exhaus-
tion/senescence markers CD57, 2B4, PD-1 and LAG-3
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Fig.2 Activation, expan-

sion and viability during TCT
process. a Exemplary micro-
scope pictures of the T-cell
culture before, 24 and 48 h after
activation with CD3/CD28-
based TransAct T Cell Reagent
showed clustering of T cells

as a sign of T cell activation
(400-fold magnification, taken
with microscope included

in the CliniMACS Prodigy).

Before activation

b T cells expressed various b c
activation markers 48 h after —
CD3/CD28 activation (n=2). X 100- B CD4' T cells 100 1
¢ A mean expansion rate of c [ CD8' T cells c
47.9-fold was achieved during -g 80 S 10 4
the process (overall cell count 4 60- 2
in culture chamber, n=4). d é b 14
Mean viability was higher than S 40 3
95% throughout the protocol S ae)
(n=4). For CAR002, cell count £ 201 2 0.1 1
decreased below detection @
thrGShOld on day 2 Of the prO‘ 0- x x x x x 0-01 T T T T Ll T T T Ll T T T T
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y confirmed by re-con Q' O 00 \o 00
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centrifugation of the material (:0 00"‘
provided in the sampling pouch. 66:’
e A trend towards decreased (,0 e
T-cell expansion in the presence £ 1000
of blasts was observed (gated on ° o Ww/o blasts
CD4*/CD8* T cells, n=2 for d = ,
each group) 100 - © # with blasts
<
N !+HI_H S 100
2 901 S
c
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T
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Day of process

was measurable on the CAR* or CAR™ T cells of the final
product (Fig. 4c). Only isolated expression of TIM-3 was
found on CAR™ and CAR™ T cells (data not shown). Low
sensitivity to inhibitory signals caused by leukemic cells
was detected by low surface expression of inhibitory check-
point molecules BTLA, PD-1, VISTA, TIGIT and CTLA-4
(Fig. 4d). A significantly different expression between CAR*
and CAR™ cells was not detectable.

TH1 driven specific functionality of anti-CD19 CART
cells

After co-culture with a CD19% cell line, anti-CD19 CAR
T cells dose-dependently killed up to 80% of the target

Day of process

cells at an E:T ratio of 5:1 (Fig. 5a). Anti-CD19 CAR T
cells co-cultured with a CD19™ cell line served as control.
CAR T cells proliferated up to 20-fold when co-cultured
with a CD19* cell line even after several re-stimulations
(Fig. 5b, ¢). In a second step, cytokine release was measured
in the co-culture supernatant by flow cytometry (Fig. 6a).
After contact to a CD19% cell line, CAR T cells were able
to secrete GM-CSF, IFN-y, IL-2, and TNF-a, indicating a
strong TH1 response of the CAR T cells. IL-5 and IL-10
were also secreted significantly higher compared to nega-
tive controls but stayed at very low concentrations (mean
of 63.36 pg/ml for IL-5, mean of 138.79 pg/ml for IL-10).
Interestingly, although many clinical studies detect high
amounts of IL-6 after anti-CD19 CAR T-cell infusion, a
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Fig.3 T-cell transduction with a Control

Stained sample

anti-CD19 CAR lentiviral
vector. a Transduction rate was
analyzed by flow cytometric
stain for Biotin-Protein L and
secondary stain for anti-Biotin-

0% 0%

0% 0% A
; ; —— Stained sample

FMO control
il — — mockK control

SsC

PE or -APC. Cells stained only
with the secondary antibody
(FMO) or untransduced T

cells were used as controls. b
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significant but only very low production of IL-6 was detect-
able after co-culture with target cell lines (mean 72.07 pg/
ml). PMA/Ionomycin-stimulated T cells served as positive,
CAR T cells co-cultured with a CD19™ cell line and untrans-
duced T cells co-cultured with a CD19* cell line served
as negative controls. For further analysis, we co-cultured
CAR T cells with autologous target cells using the nega-
tive fraction derived from CD4/8 separation on day O of the
process (termed here “autologous B cells/blasts”). The nega-
tive fraction consisted of mainly CD19* B cells and CD19%/
CD10* leukemic blasts (Supplementary Figure 2). When
co-cultured with these autologous B cells/blasts, CAR T
cells showed a similar THI1-based cytokine release profile
(Fig. 6b). Interestingly, compared to experiments with tar-
get cell lines, the supernatant of those co-cultures showed a
higher amount of IL-6 (mean of 1702.67 pg/ml) supporting
recent findings that not the CAR T cells but other immune
cells such as antigen-presenting cells might be responsible
for the high IL-6 levels associated with CAR T-cell treat-
ment. PMA/Ionomycin-stimulated T cells served as positive,
untransduced T cells co-cultured with autologous B cells/
blasts as negative control. To confirm the specific cytokine
release of CAR T cells, an intracellular cytokine stain of
CAR T cells after contact to a CD197 target cell line was
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performed for the two most relevant TH1 cytokines IFN-y
and TNF-a. A significant increase of IFN-y- and TNF-a-
positive cells was detected among CAR™ cells after con-
tact to the antigen, whereas CAR™ cells secreted IFN-y and
TNF-a to a significantly lower amount (Fig. 6¢).

Discussion

Several phase I/II trials have demonstrated strong anti-leu-
kemic potency of T cells genetically modified to express a
chimeric antigen receptor (CAR) against the B-cell lineage
antigen CD19 [5, 6]. Anti-CD19 CAR T cells are able to
induce complete remissions in up to 95% of patients suffer-
ing from relapsed/refractory B-cell malignancies after sev-
eral courses of second or even third/fourth line therapy [22].
A major hurdle that limited broad availability of this highly
effective treatment was the lack of simplified production of
a functionally active CAR T-cell product. In this study, we
provide a solution to produce CAR T cells against CD19*
malignancies in GMP centers with clean room grade B/C for
closed steps and grade A for open steps.

We used challenging blood products from pediatric
ALL patients with high variability in cellular composition
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Fig.4 Cellular composition
and T-cell phenotype of CAR
T cells. a Despite broad variety
in cellular composition of the
initial blood sample and after
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including high blast counts and low T-cell frequencies. A
balanced and stable CD4/8 ratio of the final CAR T-cell
product was achieved. No T-cell exhaustion was seen in the
final T-cell product. The majority of T cells in the product
showed a Tscm/Tcm phenotype determined by expression
of CD62L and CD95 or additional expression of CD45RO,
respectively. Although repeated stimulation does not reflect
in vivo persistence and clinical outcome, we confirm a

PD-1
Exhaustion markers

BTLA PD-1 VISTA TIGIT CTLA-4
Co-inhibitory molecules

LAG-3

sustained proliferation after short term re-stimulation
in vitro.

The generation of anti-CD19 CAR T cells is a time-con-
suming and technically challenging procedure consisting of
T-cell separation, activation, transduction with a retro- or
lentiviral vector and expansion. Current standard manu-
facturing protocols use large culture flasks or bioreactors
for expansion and include many open steps with hands-on
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Fig.5 Functionality analysis of CAR T cells. a CAR T cells showed
dose-dependent killing of the CD19" leukemic target cell line Raji
determined by flow cytometry-based functionality assay (n=4 CAR
T-cell products, technical duplicates or triplicates). CD19~ cell lines
U-266 and Molm-13 served as control (n=3 CAR T-cell products,
technical duplicates or triplicates). Two-tailed unpaired ¢ test was
performed to determine statistical significance. b Proliferation results
of patient-derived CAR T cells: CAR T cells or untransduced T
cells were co-cultured with CD19% cell line Jeko and re-stimulated
with the same cell line every 24 h. Proliferation assay was performed
before stimulation and every 24 h after stimulation. The figure shows
fold change of proliferating CAR T cells after co-culture compared
to T cells only. ¢ Proliferation in percentage of proliferating cells 24 h
after stimulation 1-4 compared to CAR T cells without stimulation

time of the personnel [19]. To facilitate CAR T-cell genera-
tion, the lentiviral transduction process on the CliniMACS
Prodigy was previously described by Mock et al. and Lock
et al. [20, 23]. Mock and colleagues used healthy donor
leukapheresis to compare the performance of nanomatrix
stimulation with conventional bead-based stimulation [20].
Lock et al. used an anti-CD20 CAR with a variety of starting
materials (leukapheresis, buffy coat, a single sample whole
blood—either derived from healthy donors, melanoma or
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adult diffuse large B-cell lymphoma patients) [23]. Here,
we transfer the process to small blood samples of pediatric
patients. In contrast to Mock et al. and Lock et al., we use
PBMC:s of pediatric patients suffering from acute lympho-
blastic leukemia which are transduced with a second genera-
tion anti-CD19 CAR virus designed for clinical application.
Encouraged by Lock and colleagues who already described
one successful run with a blood sample derived from an
adult melanoma patient [23], we used 100120 ml of periph-
eral blood from pediatric ALL patients. 2/4 initial samples
contained residual leukemic blasts. Since the transfer of the
protocol towards a clinical ALL trial is planned, the present
study was designed to achieve closest possible approxima-
tion of the starting material to reflect the clinical situation
of the pediatric ALL patients. Due to ethical restrictions,
for research use only, a leukapheresis from children has not
been possible. For clinical studies, especially in patients who
will not tolerate blood sampling of 100 ml or suffer from
very low T-cell counts, a leukapheresis still might be inevi-
table to standardize T-cell counts and guarantee sufficient
CAR T-cell numbers. Nevertheless, our work describes the
potential of this process to generate functional CAR T-cell
products even from very small, unstandardized and challeng-
ing pediatric ALL patient samples.

T-cell separation, activation, transduction, expansion
and harvest were performed in a closed sterile tubing set.
Open steps are isolation of PBMCs, preparation of buffers,
vector and media and cryopreservation of the final prod-
uct. All reagents are connected to the device by spiking or
sterile tube welding. Labeling of the cells with anti-CD4/-
CDS8 microbeads was performed in the culture chamber fol-
lowed by separation with the incorporated MACS column
and the magnet of the device. Small scale experiments from
healthy donors showed no significant impact of CD4/CD8
separation concerning expansion, transduction and T-cell
phenotype. Nevertheless, B-cell counts of the starting frac-
tion were significantly higher in the un-separated samples
(Supplementary Figure 3). Especially for patients with
residual leukemic blasts, CD4/CD8 separation is regarded
as a safety procedure to decrease blast counts in the culture.
Although sufficient enrichment of the patient-derived CD4/
CDS8 T cells was observed after magnetic separation, effort
needs to be spent on improving CD4/8 purity especially of
samples with high blast frequencies. Nevertheless, already
five days after separation, no malignant cells or B cells
were detectable in the culture chamber anymore, proofing
complete elimination of leukemic cells and thus excluding
a re-infusion of leukemic cells. Activation was performed
using a modified CD3/CD28 T-cell reagent, which is not
based on conventional magnetic bead technology but uses
a polymeric nanomatrix structure which is conjugated to
CD3/28 agonist. Thus, it does not require a magnetic bead
removal step but is washed out by centrifugation two days
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later. This procedure is anyway required to remove residual
lentivirus from the culture one day after transduction. As
lentiviral vectors are known to have a lower risk for muta-
tional oncogenesis than y-retroviral vectors [24], transduc-
tion was performed with a lentiviral vector encoding the
anti-CD19 CAR one day after activation and yielded suf-
ficient transduction rates. Because the process was initially
standardized for 1 x 108 T cells on day 0, a viral concentra-
tion of 2 x 10% particles/100 ml was used to reach an MOI
of 2. Here, due to extremely high variety of T-cell counts
and to achieve a constant concentration of viral particles,
we transduced with a standard dose of 2 x 108 viral particles,

irrespective of T-cell counts. Estimated MOI rates and cor-
responding transduction rates are shown in Supplementary
Table 2. Despite high variability in MOI rates, the vector
copy number did not exceed 2.3 per T cell, and thus met
the authority’s requirements. For use in clinical trials the
T-cell count can be adjusted to 1x 108 T cells/100 ml with
a viral concentration of 2 x 108 particles/100 ml, resulting
in a standardized MOI of 2. In contrast to other manufactur-
ing protocols [25], CD4 and CD8 T cells were not cultured
separately but within one culture chamber in the presence of
IL-7 and IL-15. T-cell proliferation within the culture was
up to > 100 fold despite challenging blood samples with low
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initial T-cell counts. Nevertheless, especially in the presence
of blasts, T-cell numbers might decrease to levels below
detection limit and could only be identified in the sampling
pouch after additional re-concentration. This decrease in
T-cell count might be caused by blast destruction and the
formation of free DNA. Fortunately, T-cell counts robustly
recovered from day 5 of the process until final formulation.

The final CAR T-cell product described here consists of
highly functional CAR T cells which were able to specifi-
cally lyse CD19% cell lines and secrete IFN-y and TNF-a
upon target-cell contact. Interestingly, IL-6 was not released
by CAR T cells co-cultured with leukemic target-cell lines
underlining recent findings that not CAR T cells but antigen-
presenting cells might be responsible for high IL-6 levels
observed during CAR-triggered cytokine release syndrome
[26]. We recently reported that the expression of exhaus-
tion/activation marker PD-1 is significantly higher on ALL
patients’ T cells compared to healthy donors and is induced
by T-cell attack against blasts [17]. The CAR T cells pro-
duced with the current protocol expressed rather low levels
of inhibitory checkpoint molecules such as PD-1, CTLA-
4, 2B4 and LAG-3 on their surface indicating a low sus-
ceptibility for inhibitory signals derived by the malignant
cell and confirming their non-exhausted, highly functional
phenotype.

In conclusion, a partly automated protocol for GMP-
compatible generation of CAR T cells in a closed system
was developed which yields high CAR T-cell counts even
from small pediatric patient blood samples. In case a leu-
kapheresis cannot be performed due to ethical restrictions
or the current clinical condition of the patient, this proto-
col enables the generation of a sufficient number of CAR T
cells even from 100 to 120 ml peripheral blood. The final
CAR T-cell product has a robust CD4/8 composition with
a favorable Tcm and Tscm phenotype, good functionality
and low expression of inhibitory checkpoint molecules.
The manufacturing protocol described here will enable safe
multi-center manufacturing of CAR T cells. The process
fulfils current requirements of regulatory authorities and
simplifies the complex procedure of CAR manufacturing
while minimizing the risk for contamination and operator-
to-operator variability. In vivo efficacy and safety of the cells
produced here will be evaluated in subsequent clinical trials.
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