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Abstract
Introduction: Primary human blood cells represent an es-
sential model system to study physiology and disease.
However, human blood is a limited resource. During healthy
donor plateletpheresis, the leukoreduction system chamber
(LRSC) reduces the leukocyte amount within the subsequent
platelet concentrate through saturated, fluidized, particle
bed filtration technology. Normally, the LRSC is discarded
after apheresis is completed. Compared to peripheral blood,
LRSC yields 10-fold mononuclear cell concentration.
Methods: To explore if those retained leukocytes are at-
tractive for research purposes, we isolated CD3+ T cells from
the usually discarded LRSCs via density gradient centrifu-
gation in order to manufacture CD19-targeted chimeric
antigen receptor (CAR) T cells. Results: Immunophenotypic
characterization revealed viable and normal CD4+ and CD8+
T-cell populations within LRSC, with low CD19+ B cell counts.
Magnetic-activated cell sorting (MACS) purified CD3+ T cells
were transduced with CD19 CAR-encoding lentiviral self-
inactivating vectors using concentrated viral supernatants.

Robust CD19 CAR cell surface expression on transduced
T cells was confirmed by flow cytometry. CD19 CAR T cells
were further enriched through anti-CAR MACS, yielding 80%
CAR+ T-cell populations. In vitro CAR T cell expansion to
clinically relevant numbers was achieved. To prove func-
tionality, CAR T cells were co-incubated with the human
CD19+ B cell precursor leukemia cell line Nalm6. Compared
to unmodified T cells, CD19 CAR T cells effectively eradicated
Nalm6 cells. Conclusion: Taken together, we can show that
lymphocytes isolated from LRSCs of plateletpheresis sets can
be efficiently used for the generation of functional CAR
T cells for experimental purposes. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

The scientific examination of primary human cells and
the analysis of the data obtained have become an im-
portant diagnostic and experimental tool in medical
research fields. In order to understand the underlying
biological processes of human cell physiology as well as
the associated pathologies, it is essential to study primary
human material. However, human blood is a limited
resource. Human blood cells are usually derived from
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blood drawn from patients or healthy donors through
peripheral vein puncture and blood collection. So-called
buffy coats represent another source of normal blood cells
[1]. This byproduct of about 60 mL remains during the
standard production process of erythrocyte concentrate
and fresh frozen plasma. The buffy coat is the fraction of
uncoagulated blood, which contains most of the white
blood cells and platelets. These cells aggregate into a thin
layer suspended between the red blood cells and the
supernatant plasma during density gradient centrifuga-
tion of whole blood donations [2]. Routinely, buffy coats
are pooled for thrombocyte concentrate production.
Alternatively, they are widely used for research purposes.
However, there is limited access due to blood shortage. In
our study, we used so-called leukoreduction system
chambers (LRSCs), a side product of thrombocyte
apheresis collection runs [3], to isolate and validate
human primary T cells for research purposes. In contrast
to buffy coats, LRSCs yet are not licensed for clinical
blood product supply. Similar to buffy coat donors, in-
formed consent is obtained from platelet donors before
thrombocyte apheresis. All donors are screened to ensure
good health condition and allow compliance with bio-
safety regulations in the use of otherwise untested
samples. Furthermore, blood products are not collected
from high-risk populations for blood-borne infections
and are tested for viral and bacterial infectious diseases
caused by human immunodeficiency virus, hepatitis B
virus, hepatitis C virus, Treponema pallidum, and West
Nile virus [4]. During plateletpheresis, the LRSC reduces
the leukocyte amount within the subsequent platelet
concentrate by using saturated, fluidized, particle bed
filtration technology [5]. As adoptive cell therapies have
gained significant importance in the past decades, and
chimeric antigen receptor (CAR) T-cell therapy has
proven successful in treating certain relapsed and re-
fractory hematological malignancies [6, 7], exploration
of new targets, improvement of manufacturing, and
novel model systems have become a main area of re-
search. Here, we isolated human T cells from the
usually discarded LRSCs with the aim of manufacturing
functional human CAR T cells. As the LRSC can be re-
moved under sterile conditions upon apheresis, application
of these cell reservoirs could be envisioned for GMP-grade
manufacturing of donor-derived T-cell products.

Materials and Methods

Human Cell Lines
HEK293T cells were cultivated in Dulbecco’s modified Eagle

medium (Gibco, Carlsbad, USA) supplemented with 10% fetal calf
serum (Bio&Sell, Feucht/Nürnberg, Germany), 2% L-glutamine
(Bio&Sell, Feucht/Nürnberg, Germany), and 1% penicillin-
streptomycin (PAN Biotech, Aidenbach, Germany) in humidi-
fied incubators at 37°C and 5% CO2. Human Nalm6 B cell pre-

cursor leukemia cells (ATCC, USA) were cultured in RPMI with
10% fetal calf serum. Cell lines were regularly tested for myco-
plasma contamination via polymerase chain reaction. Origin of the
cells was validated by short tandem repeat profiling.

CAR Construct, Lentiviral Expression Vector, and Viral
Particle Production
The second-generation CAR construct (CTL019-alike CAR

[8]) used in this study is composed of a CD8 leader sequence as a
signal peptide followed by the FMC63 CD19 single-chain variable
fragment for CD19 antigen recognition. The connection to the
intracellular domains is mediated by a CD8 hinge domain. The 4-
1BB intracellular costimulatory domain, which has been revealed
to promote CAR T cell persistency and differentiation towards a
central memory phenotype, is followed by the CD3ζ signaling
domain in a distal position [9]. For CAR T-cell generation, a
LeGO-derived [10] lentiviral expression vector encoding the CD19
CAR (CTL019) and the enhanced green fluorescence protein
(EGFP) separated by an internal ribosomal entry site (IRES) el-
ement was generated. The final construct was verified by se-
quencing. For viral particle production, HEK293T cells were
transfected using a standardized polyethylenimine transfection
protocol [11]. The resulting lentiviral supernatant was collected
48 h post-transfection, filtered through a 0.22 μm filter unit and
concentrated through centrifugation at 20,000 rpm at 10°C for 2 h.
Resuspended lentiviral particles were directly applied to the isolated
activated T cells to induce transduction.

Isolation, Cultivation, and Transduction of Primary Human
T Cells
LRSCs were obtained from our thrombocyte apheresis col-

lection center in the Division of Transfusion Medicine, Cell
Therapeutics and Haemostaseology, LMU Munich. The Trima
apheresis devices were equipped with the Trima Accel software
version 7 (Terumo BCT, USA). The leukocyte counts of healthy
thrombocyte donors were determined by automated blood cell
analysis before donation (Sysmex XN-350 Cell Analyzer). Pe-
ripheral blood mononuclear cells (MNCs) were carefully isolated
from LRSC (ethics certificate LMU #18-821) of utilized Trima
Accel thrombopheresis sets (Terumo BCT) via density gradient
centrifugation with Ficoll-Paque Plus (Cytiva, California, USA).
After several washing steps with 1×PBS and a red blood cell lysis
step with ice-cold distilled water, MNCs were obtained. Such
LRSC-derived MNCs were counted via trypan blue staining. T
lymphocytes were enriched from the MNCs using a magnetic-
activated cell sorting (MACS) PAN T cell isolation kit (Miltenyi,
Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. The T lymphocytes were then cultured in RPMI 1640
supplemented with HEPES, GlutaMAX (Gibco, Carlsbad, CA,
USA), 10% heat-inactivated human serum (Bio&Sell, Feucht/
Nürnberg, Germany), 1% L-glutamine (Bio&Sell), and 1%
penicillin-streptomycin (PAN Biotech, Aidenbach, Germany).
T cells were activated with anti-CD3/CD28 paramagnetic beads
(Dynabeads™; Gibco, Carlsbad, CA, USA) at a 1:2 bead:cell ratio.
IL-2 (PeproTech, Cranbury, NJ, USA) was added every other day
at a final concentration of 100 IU/mL. One day after T-cell iso-
lation and pre-stimulation, concentrated lentiviral particles from 8
transfected 10 cm HEK293T dishes were resuspended in T-cell
media and directly applied to 2 × 105 T cells. Transduction ef-
ficiency was determined via flow cytometry by assessing the
percentage of EGFP+ cells at day 4 post-transduction. Thereafter,
successfully transduced T cells were enriched using MACS
technology with biotinylated anti-CD19-CAR (FMC63 idiotype)
antibodies and paramagnetic anti-Biotin microbeads (Miltenyi,
Bergisch Gladbach, Germany).
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Flow Cytometry
CAR detection was performed with an anti-FMC63 idiotype

antibody (Miltenyi). CD3 (OKT3), CD4 (OKT4), CD8 (SK1), CCR7
(G043H7), CD95 (DX2), CD45RA (HI100), CD45RO (UCHL1),
Tim3 (F38-2E2), LAG3 (7H2C65), CD25 (BC96), CD69 (FN50),

CD14 (M5E2), CD11b, CD19 (HIB19), and the respective isotype
control antibodies were purchased from BioLegend (San Diego, CA,
USA). Measurement was performed on a Beckman Coulter (Brea,
CA, USA) CytoFLEX flow cytometer. Viability was assessed via
Zombie dye staining (BioLegend).

a b c

d e f   

g h
1

(For legend see next page.)
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Killing Assays
On day 12 after transduction, the enriched CD19 CAR T cells

and untransduced control T cells of the same donor were co-
cultured with luciferase-expressing CD19+ human Nalm6 cells
[12] at different effector:target (E:T) ratios (1:1, 0.5:1, 0.25:1) in a
96-well flat bottom plate. After 24 and 48 h of co-incubation,
luminescence was measured.

Statistical Analysis
Statistically significant differences were determined using

GraphPad Prism 8.0 with unpaired or paired two-tailed t tests and
two-way ANOVA followed by Sidak’s multiple comparison test.
For all statistical analyses, * indicates p < 0.05, ** indicates p < 0.01,
*** indicates p < 0.001, **** indicates p < 0.0001, and ns indicates
nonsignificant.

Results

Isolation and Characterization of MNCs from LRSCs
As a lymphocyte source for the CAR T-cell

manufacturing, we isolated MNCs out of LRSCs de-
rived from utilized thrombopheresis sets of healthy blood
donations. Donors for this study were chosen randomly.
The LRSC captures the leukocytes of the separated
plasma/thrombocyte layer within the centrifuge part of
the apheresis device (Fig. 1a–c). Each LRSC was sufficient
for one CAR T-cell production process. Sterile sealed
LRSCs were taken out of the apheresis sets and further
processed under cell culture conditions. Upon density
gradient centrifugation of approximately 7.5 mL of re-
sidual LRSC blood, an average amount of 3.6 × 108 ± 2.1 ×
108 MNCs per LRSC were obtained (Fig. 1d). Compared
to donor peripheral blood leukocyte counts before
thrombopheresis, LRSCs concentrated MNCs up to
10 times resulting in 50.8 × 103 ± 32.6 × 103 cells/µL in
LRSC versus 4.8 × 103 ± 1.3 × 103 cells/µL in the pe-
ripheral blood of thrombocyte donors prior apheresis
(Fig. 1e). As demonstrated by forward/side scatter profile
analyses, lymphocytes and monocytes represented the
vast majority of the obtained blood cells (Fig. 1f). Flow
cytometry analyses further revealed 42% ± 19% CD3+
cells within LRSC MNC populations, with CD3+ T
lymphocytes being the most prominent cell population
followed by CD14+ monocytes. The percentage of the
CD3+ population in LRSC-derived MNCs from healthy
donors ranged similar to CD3+ cell proportions in CAR T

leukapheresis bags derived from patients utilized for
manufacturing of clinical CAR T products, both with low
B cell counts (Fig. 1g). Flow cytometry also showed >95%
cell viability of isolated lymphocytes (Fig. 1h).

Immunophenotypical Subset Analysis and Enrichment
of LRSC-Derived CD3+ T Cells
Flow cytometry analyses of distinct LRSC samples

showed normal human T-cell subsets within the isolated
MNCs comprising naïve, central memory, stem cell
memory, effector memory, and terminally differentiated
effector memory T cells (Fig. 2a). The T cells displayed
typical CD4 and CD8 subpopulations [13] with a CD4/CD8
ratio of 3.2 ± 1.6 (Fig. 2b). Analysis of memory phenotype
properties based on CD45RA, CCR7, and CD95 surface
expression revealedmostly naïve T cells (Fig. 2c). Additional
characterization showed low expression of exhaustion and
activation markers of LRSC-derived CD3+ T cells (Fig. 2d).
Of note, LRSC CD3+ cells contained 8 +/− 5.1% γδT cells, a
promising cell source for allogenic CAR T cells [14]
(Fig. 2e). The MNC CD3+ cell fraction could be further
enriched by MACS via a negative selection resulting in a
pure CD3+ T-cell population (>95%) (Fig. 2f, g).

Lentiviral Vector Transduction of LRSC-Derived
Human CD3+ T Cells and Functional Validation of the
Subsequent Anti-CD19 CAR T Cells
For lentiviral transduction, we used a self-inactivating

lentiviral vector expressing a CTL019-alike CAR [8].
CTL019, the first CAR T-cell therapy approved by the FDA
in 2017, represents a second generation CAR with 4-1BB as
costimulatory domain. Within the LeGO backbone, ex-
pression of the CD19 CAR construct is driven by the spleen
focus-forming virus promoter [10] (Fig. 3a). The vector
backbone also includes an IRES element for co-expression
of EGFP, allowing convenient detection of transduced cells
by flow cytometry. For transduction, concentrated lentiviral
particles were used. Via flow cytometry, we verified stable
expression of the CD19-CAR-IRES-EGFP cassette through
EGFP and CD19 CAR surface marker detection (Fig. 3b).
EGFP expression is correlated to CAR surface expression,
with EGFP high expressors emitting high CD19 CAR
signals and vice versa (Fig. 3c). In order to achieve uniform
CAR T populations, CD19 CAR T cells were purified via

Fig. 1. Peripheral blood mononuclear cells (MNCs) isolation
from leukoreduction system chamber (LRSC) and live gate cell
type distribution analysis. a Schematic top view of the cen-
trifuge part within the apheresis device. Red and orange arrows
indicate direction of blood flow within the centrifuge part of the
apheresis device. b LRSC attained after routine thrombo-
pheresis procedure. c Simplified illustration of the principle
behind MNC entrapment in LRSCs. d LRSC MNC counts of
trypan blue stained MNCs upon Ficoll isolation. e Comparison
between LRSC and peripheral blood-derived MNC yields of

thrombocyte donors. Statistically significant differences were
detected by ratio-paired two-tailed t test. f FSC/SSC scatter
profile of LRSC-derived MNCs. g Cell subtype distribution of
LRSC-derived MNCs compared to CD3+ and CD19+ lym-
phocytes and CD14+ monocytes in CAR T leukapheresis bags.
Statistically significant differences were detected by unpaired
t test. h Viability of lymphocytes upon isolation from LRSC. Tc,
thrombocyte concentrate; FSC, forward scatter; SSC, side
scatter. ****p < 0.0001. Each data point represents results
derived from cells of a single LRSC.
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MACS with FMC63 paramagnetic beads. This enrichment
resulted in 80% CD19 CAR expressing CD3+ T cells
(Fig. 3d, e). Starting with 2 × 105 cells, in vitro expansion to

clinically relevant CD19 CAR T cell numbers could be
achieved in media containing IL-2 and anti-CD3/CD28
beads (Fig. 3f). Transduction efficiency remained unaltered

a

b dc

fe g

Fig. 2. Characterization and enrichment of LRSC-derived CD3+
T cells. a Representative gating strategy for CD3+ T lymphocyte
memory subsets: TEMRA CD45RA+CCR7−, TEM CD45RA−CCR7−,
TCM CD45RA−CCR7+ and CD45RA+CCR7+, TSCM

CD45RA+CCR7+CD95+, and Tnaïve CD45RA+CCR7+CD95−.
b, c CD4+/CD8+ T lymphocyte proportion and memory subsets
within the CD3+ population. Each symbol represents one donor.
d Exhaustion and activation marker expression levels within the
CD3+ population. Each symbol represents one donor. e Per-

centage of γδT cells in LRSC-derived CD3+ cells (left) and absolute
γδT cell numbers per LRSC (right). f Exemplary enrichment of
CD3+ cells via the PAN T cell isolation kit. g MACS CD3+ cell
selection resulted in >95% CD3+ T lymphocyte populations.
TEMRA, terminally differentiated effector memory; TEM, effector
memory; TCM, central memory; TSCM, stem cell memory; TCRγδ,
γδT cells. Statistically significant differences were detected by
paired two-tailed t test, ****p < 0.0001. Each data point represents
results derived from cells of a single LRSC.
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over expansion time (data not shown). Finally, to prove the
CAR T cells’ functionality in cytotoxicity studies, we
demonstrated effective killing of human CD19+ Nalm6

cells at low effector:target cell ratios upon co-incubation
with LRSC-derived CD19 CAR T cells. Untransduced
T cells served as control cells (Fig. 3g, h).

c
e

a

b

d

f g h

Fig. 3. Lentiviral transduction, CAR expression, expansion, and
killing activity of LRSC-manufactured CAR T cells. a Scheme of
the self-inactivating lentiviral vector encoding the CD19 CAR and
EGFP separated by an IRES sequence. b, c Primary human T cells
isolated from LRSCs were transduced with LeGO-CD19-CAR-i-
EGFP lentiviral vectors. Transduced T cells were stained with
CD19-CAR FMC63-Biotin/Biotin-PE and assessed by flow cy-
tometry. d MACS separation allowed for enrichment of CD19-
CAR-i-EGFP-expressing T cells. e Percentages of EGFP-
expressing T cells before and after MACS. Data represent
mean ± SD from 4 different donors. Statistically significant dif-
ferences were detected by paired two-tailed t test. f Dynabead-

aided expansion of transduced T cells in IL-2 rich media over the
span of 15 days resulting in up to 2 × 108 cells. The data show
representative results obtained from three independent biological
replicates. g, h Cell-associated luminescence level assessment of 24
and 48 h co-incubated transduced and enriched CAR T cells and
luciferase-expressing Nalm6 target cells at different effector:target
(E:T) ratios. The data show representative results obtained from
three independent biological replicates. SFFV, spleen focus-
forming virus promoter; IRES, internal ribosomal entry site;
WPRE, woodchuck hepatitis virus posttranscriptional regulatory
element; LTR, long terminal repeat; ScFv, single-chain fragment
variable; TM, transmembrane; sig, signaling.
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Discussion

Human primary blood cells are highly requested for
experimental studies in various research areas. There are
a few established methods to obtain immune cells from
buffy coats or direct blood samples. Here, we present a
further source of viable and functional leukocyte pop-
ulations, highly suitable for experimental CAR T-cell
research approaches. LRSCs represent an easily accessi-
ble and sterile source of donor-derived MNCs, which are
normally discarded after the plateletpheresis [15], and
compared to buffy coats are often provided for free.
MNCs from LRSCs provide high amounts of lymphocytes
that can be further enriched via MACS purification to
obtain pure CD3+ T-cell populations.

Other groups have already characterized viability and
composition of LRSC-derived cells [3, 16, 17] and showed
the principal feasibility for the generation of gene-
modified cells [18–20]. In our study, we could show
that isolated LRSC CD3+ T cells represent a very useful
starting population for the generation of human CAR
T cells for research purposes. The initial viability of CD3+
T cells ranged >95%. Lentiviral transduction and MACS
purification resulted in 80% CAR-expressing T cells with
robust killing efficiency measured via bioluminescence
measurements. The convenient procedure allowed the
rapid generation of clinically relevant CAR T cell
numbers. CAR T companies usually provide around
3×108 CAR T cells for infusion into patients as single
dosage [21]. Additionally, the here obtained cells can be
used for a variety of experimental approaches including
refinement of CAR T cell freezing/thawing protocols,
CAR T vector optimization, improvement of the CAR
T-cell expansion process, and in vivo CAR T xenograft
mouse experiments. Moreover, thrombocyte donors
normally are HLA class I and II characterized [22].
Therefore, LRSCs of thrombocyte donors are also an
attractive source to study CAR and TCR-engineered
T cells in the context of HLA expression and function.

In clinical routine, the manufacture of CAR T cells relies
on apheresis products with leukapheresis bags representing
the only established starting material. In a single case, B-cell
contamination has been suggested to bear side effects for
CD19 CAR T production [23, 24]. Compared to clinical
grade leukapheresis bags, CD19+ B-cell populations were
found not increased in LRSC-derived MNCs. Upon sterile
sealing of the LRSC from the apheresis set, application
under GMP conditions might also become feasible soon. Of
note, viability of LRSC-derived cells was recently shown to
be superior to standard apheresis collection methods [3]. It
can be envisioned, that such LRSCs, enlarged for greater
volumes, can also serve for collection of lymphocytes for
clinical CAR T-cell production in the future; however,
compatibility for further blood product processing, e.g.,

sterile docking to other bags, has yet to be developed. As
allogeneic, “off-the-shelf” CAR T cells gain more attention,
LRSC could also represent an economic surrogate source for
the manufacture and study of such CAR T cells.

Acknowledgments

We thank Sandra Moore (Aix-Marseille University, France) for
proofreading the manuscript and providing critical comments.

Statement of Ethics

Human peripheral blood mononuclear cells were derived from
LRSCs according to ethics certificate LMU #18-821.

Conflict of Interest Statement

The authors confirm that none of the material has been
published or is under consideration elsewhere. S.K. has received
honoraria from TCR2 Inc., Novartis, BMS, and GSK SK and is
inventor of several patents in the field of immuno-oncology. S.K.
received license fees from TCR2 Inc. and Carina Biotech. S.K.
received research support from TCR2 Inc., Tabby Therapeutics,
Plectonic GmbH, and Arcus Bioscience for work unrelated to the
manuscript. A.G. received research support from Tabby Thera-
peutics. The authors certify that there is no conflict of interest with
any financial organization regarding the material discussed in the
manuscript.

Funding Sources

C.W. is supported by a research grant from the Else Kröner-
Fresenius-Stiftung (2021_EKFS.92) and Stiftung Trans-
fusionsmedizin und Immunhämatologie (26092022). S.K. is
supported by “i-Target: immunotargeting of cancer” (funded by
the Elite Network of Bavaria), Melanoma Research Alliance (Grant
No. 409510 to S. Kobold), Marie Sklodowska-Curie Training
Network for Optimizing Adoptive T Cell Therapy of Cancer
(funded by the Horizon 2020 programme of the European Union;
Grant No. 955575), Else Kro€ner-Fresenius-Stiftung, German
Cancer Aid, the Wilhelm-Sander-Stiftung, Ernst Jung Stiftung,
Institutional Strategy LMU excellent of LMU Munich (within the
framework of the German Excellence Initiative), the Go-Bio-
Initiative, the m4-Award of the Bavarian Ministry for Economic
Affairs, Bundesministerium fu€r Bildung und Forschung, European
Research Council (Starting Grant No. 756017 and PoC Grant No.
101100460), Deutsche Forschungsgemeinschaft (DFG; KO5055-2-
1 and 510821390), by the SFB-TRR 338/1 2021–452881907, Fritz-
Bender Foundation, Deutsche José Carreras Leukämie Stiftung,
and Hector Foundation.

Author Contributions

The experiments were conceived and designed by Christian
Wichmann, Linping Chen-Wichmann, Sebastian Kobold, and
Christian Kellner. Stefani Xhaxho, Sophie Kreissig, Roland

LRSC as Starting Material for CAR T-Cell
Generation

Transfus Med Hemother
DOI: 10.1159/000532130

7

https://doi.org/10.1159/000532130


Windisch, Adrian Gottschlich, and Irmgard Kohler performed the
experiments. Essential advice and materials were provided by
Andreas Humpe. Christian Wichmann and Stefani Xhaxho wrote
the manuscript. All authors have approved the final version of the
manuscript.

Data Availability Statement

All data generated or analyzed during this study are included in
this article. Further inquiries can be directed to the corresponding
author.

References

1 Zammit V, Farrugia M, Baron B. Redirection
of transfusion waste and by-products for
xeno-free research applications. J Clin Transl
Res. 2020;5(2):50–9.

2 Sutton DW, Chen PC, Schmid-Schonbein
GW. Cell separation in the buffy coat. Bio-
rheology. 1988;25(4):663–73.

3 Weidinger TM, Keller AK, Weiss D, Zim-
mermann R, Eckstein R, Strasser EF. Pe-
ripheral blood mononuclear cells obtained
from leukoreduction system chambers show
better viability than those from leukapheresis.
Transfusion. 2011;51(9):2047–9.

4 Fiedler SA, Oberle D, Chudy M, Scheiblauer H,
Henseler O, Halbauer J, et al. Effectiveness of
blood donor screening by HIV, HCV, HBV-
NAT assays, as well as HBsAg and anti-HBc
immunoassays in Germany (2008–2015). Vox
Sang. 2019;114(5):443–50.

5 Riggert J, Humpe A, Simson G, Kohler M.
Quality and safety of platelet apheresis con-
centrates produced with a new leukocyte
reduction system. Vox Sang. 1998;74(3):
182–8.

6 Sermer D, Brentjens R. CAR T-cell therapy:
full speed ahead. Hematol Oncol. 2019;
37(Suppl 1):95–100.

7 Ghorashian S, Jacoby E, De Moerloose B,
Rives S, Bonney D, Shenton G, et al. Tisa-
genlecleucel therapy for relapsed or refrac-
tory B-cell acute lymphoblastic leukaemia in
infants and children younger than 3 years of
age at screening: an international, multi-
centre, retrospective cohort study. Lancet
Haematol. 2022;9(10):e766–75.

8 Grupp SA, Kalos M, Barrett D, Aplenc R,
Porter DL, Rheingold SR, et al. Chimeric
antigen receptor-modified T cells for acute
lymphoid leukemia. N Engl J Med. 2013;
368(16):1509–18.

9 Weinkove R, George P, Dasyam N, McLellan
AD. Selecting costimulatory domains for

chimeric antigen receptors: functional and
clinical considerations. Clin Transl Immunol.
2019;8(5):e1049.

10 Weber K, Thomaschewski M, Benten D,
Fehse B. RGB marking with lentiviral vectors
for multicolor clonal cell tracking. Nat Pro-
toc. 2012;7(5):839–49.

11 Windisch R, Kreissig S, Wichmann C. De-
fined human leukemic CD34+ liquid cultures
to study HDAC/transcriptional repressor
complexes. Methods Mol Biol. 2023;2589:
27–49.

12 Sandhofer N, Metzeler KH, Rothenberg M,
Herold T, Tiedt S, Groiß V, et al. Dual PI3K/
mTOR inhibition shows antileukemic activity
in MLL-rearranged acute myeloid leukemia.
Leukemia. 2015;29(4):828–38.

13 McBride JA, Striker R. Imbalance in the game
of T cells: what can the CD4/CD8 T-cell ratio
tell us about HIV and health? PLoS Pathog.
2017;13(11):e1006624.

14 Saura-Esteller J, de Jong M, King LA, Ensing
E, Winograd B, de Gruijl TD, et al. Gamma
delta T-cell based cancer immunotherapy:
past-present-future. Front Immunol. 2022;
13:915837.

15 Elfath M, Tahhan H, Mintz P, Dumont L,
Whitley P, Sawyer S, et al. Quality and clinical
response to transfusion of prestorage white
cell-reduced apheresis platelets prepared by
use of an in-line white cell-reduction system.
Transfusion. 1999;39(9):960–6.

16 Dietz AB, Bulur PA, Emery RL, Winters JL,
Epps DE, Zubair AC, et al. A novel source of
viable peripheral blood mononuclear cells
from leukoreduction system chambers.
Transfusion. 2006;46(12):2083–9.

17 Neron S, Thibault L, Dussault N, Cote G,
Ducas E, Pineault N, et al. Characterization of
mononuclear cells remaining in the leukor-
eduction system chambers of apheresis in-
struments after routine platelet collection: a

new source of viable human blood cells.
Transfusion. 2007;47(6):1042–9.

18 Boudreau G, Carli C, Lamarche C, Rulleau
C, Bonnaure G, Neron S, et al. Leukor-
eduction system chambers are a reliable
cellular source for the manufacturing of
T-cell therapeutics. Transfusion. 2019;
59(4):1300–11.

19 Zimmermann K, Kuehle J, Dragon AC, Galla
M, Kloth C, Rudek LS, et al. Design and
characterization of an “All-in-One” lentiviral
vector system combining constitutive anti-
G(D2) CAR expression and inducible cyto-
kines. Cancers. 2020;12(2):375.

20 Dragon AC, Zimmermann K, Nerreter T,
Sandfort D, Lahrberg J, Klöß S, et al. CAR-T
cells and TRUCKs that recognize an EBNA-
3C-derived epitope presented on HLA-B*35
control Epstein-Barr virus-associated lym-
phoproliferation. J Immunother Cancer.
2020;8(2):e000736.

21 Stefanski HE, Eaton A, Baggott C, Rossoff J,
Verneris MR, Prabhu S, et al. Higher doses of
tisagenlecleucel are associated with improved
outcomes: a report from the pediatric real-
world CAR consortium. Blood Adv. 2023;
7(4):541–8.

22 Karlstrom C, Linjama T, Edgren G, Laur-
onen J, Wikman A, Hoglund P. HLA-
selected platelets for platelet refractory
patients with HLA antibodies: a single-
center experience. Transfusion. 2019;
59(3):945–52.

23 Ruella M, Xu J, Barrett DM, Fraietta JA, Reich
TJ, Ambrose DE, et al. Induction of resistance
to chimeric antigen receptor T cell therapy by
transduction of a single leukemic B cell. Nat
Med. 2018;24(10):1499–503.

24 Chen GM, Melenhorst JJ, Tan K. B cell tar-
geting in CAR T cell therapy: side effect or
driver of CAR T cell function? Sci Transl
Med. 2022;14(650):eabn3353.

8 Transfus Med Hemother
DOI: 10.1159/000532130

Xhaxho et al.

https://www.karger.com/Article/FullText/532130?ref=1#ref1
https://www.karger.com/Article/FullText/532130?ref=1#ref1
https://www.karger.com/Article/FullText/532130?ref=2#ref2
https://www.karger.com/Article/FullText/532130?ref=2#ref2
https://www.karger.com/Article/FullText/532130?ref=3#ref3
https://www.karger.com/Article/FullText/532130?ref=4#ref4
https://www.karger.com/Article/FullText/532130?ref=4#ref4
https://www.karger.com/Article/FullText/532130?ref=5#ref5
https://www.karger.com/Article/FullText/532130?ref=6#ref6
https://www.karger.com/Article/FullText/532130?ref=7#ref7
https://www.karger.com/Article/FullText/532130?ref=7#ref7
https://www.karger.com/Article/FullText/532130?ref=8#ref8
https://www.karger.com/Article/FullText/532130?ref=9#ref9
https://www.karger.com/Article/FullText/532130?ref=10#ref10
https://www.karger.com/Article/FullText/532130?ref=10#ref10
https://www.karger.com/Article/FullText/532130?ref=11#ref11
https://www.karger.com/Article/FullText/532130?ref=12#ref12
https://www.karger.com/Article/FullText/532130?ref=13#ref13
https://www.karger.com/Article/FullText/532130?ref=14#ref14
https://www.karger.com/Article/FullText/532130?ref=15#ref15
https://www.karger.com/Article/FullText/532130?ref=16#ref16
https://www.karger.com/Article/FullText/532130?ref=17#ref17
https://www.karger.com/Article/FullText/532130?ref=18#ref18
https://www.karger.com/Article/FullText/532130?ref=19#ref19
https://www.karger.com/Article/FullText/532130?ref=20#ref20
https://www.karger.com/Article/FullText/532130?ref=21#ref21
https://www.karger.com/Article/FullText/532130?ref=22#ref22
https://www.karger.com/Article/FullText/532130?ref=23#ref23
https://www.karger.com/Article/FullText/532130?ref=23#ref23
https://www.karger.com/Article/FullText/532130?ref=24#ref24
https://www.karger.com/Article/FullText/532130?ref=24#ref24
https://doi.org/10.1159/000532130

	Efficient Chimeric Antigen Receptor T-Cell Generation Starting with Leukoreduction System Chambers of Thrombocyte Apheresis ...
	Introduction
	Materials and Methods
	Human Cell Lines
	CAR Construct, Lentiviral Expression Vector, and Viral Particle Production
	Isolation, Cultivation, and Transduction of Primary Human T Cells
	Flow Cytometry
	Killing Assays
	Statistical Analysis

	Results
	Isolation and Characterization of MNCs from LRSCs
	Immunophenotypical Subset Analysis and Enrichment of LRSC-Derived CD3+ T Cells
	Lentiviral Vector Transduction of LRSC-Derived Human CD3+ T Cells and Functional Validation of the Subsequent Anti-CD19 CAR ...

	Discussion
	Acknowledgments
	Statement of Ethics
	Conflict of Interest Statement
	Funding Sources
	Author Contributions
	Data Availability Statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


