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Differences in the phenotypes
and transcriptomic signatures
of chimeric antigen receptor
T lymphocytes manufactured
via electroporation or
lentiviral transfection

Anna Niu", Jintao Zou", Xuan Hu®, Zhang Zhang*, Lingyu Su*?,
Jing Wang?, Xing Lu*?, Wei Zhang?, Wei Chen™
and Xiaopeng Zhang™

tBeijing Institute of Biotechnology, Beijing, China, 2Nanhu Laboratory, Jiaxing, Zhejiang, China

Chimeric antigen receptor (CAR)-T cell therapy is an innovative treatment for
CD19-expressing lymphomas. CAR-T cells are primarily manufactured via
lentivirus transfection or transposon electroporation. While anti-tumor efficacy
comparisons between the two methods have been conducted, there is a current
dearth of studies investigating the phenotypes and transcriptome alterations
induced in T cells by the two distinct manufacturing methods. Here, we
established CAR-T signatures using fluorescent imaging, flow cytometry, and
RNA-sequencing. A small fraction of CAR-T cells that were produced using the
PiggyBac transposon (PB CAR-T cells) exhibited much higher expression of CAR
than those produced using a lentivirus (Lenti CAR-T cells). PB and Lenti CAR-T cells
contained more cytotoxic T cell subsets than control T cells, and Lenti CAR-T cells
presented a more pronounced memory phenotype. RNA-sequencing further
revealed vast disparities between the two CAR-T cell groups, with PB CAR-T
cells exhibiting greater upregulation of cytokines, chemokines, and their receptors.
Intriguingly, PB CAR-T cells singularly expressed IL-9 and fewer cytokine release
syndrome-associated cytokines when activated by target cells. In addition, PB
CAR-T cells exerted faster in vitro cytotoxicity against CD19-expressing K562 cells
but similar in vivo anti-tumor efficacy with Lenti CAR-T. Taken together, these data
provide insights into the phenotypic alterations induced by lentiviral transfection or
transposon electroporation and will attract more attention to the clinical influence
of different manufacturing procedures.
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1 Introduction

Chimeric antigen receptor (CAR)-T cell therapy has been
revolutionized in hematologic malignancies with the recent
development and emergence of adoptive cell therapy. CARs
consist of two major functional components: extracellular
recognition and intracellular signal transduction molecules. CARs
comprise a single chain variable fragment (scFv), transmembrane
region, co-stimulation signaling domain, CD28 (1) or 4-1BB (2)
domain, and CD3{ domain, which elicit profound and durable anti-
B cell leukemia responses (3). CAR-T cell therapy targeting CD19
was first approved by the US Food and Drug Administration in
2017 (4). The overall response rate of patients with B cell acute
lymphoblastic leukemia is 73%-83% (5-7) with an annual cost of
up to $1,615,000 (8). However, side effects, cytokine release
syndrome (9), and neurotoxicity (10) caused by CAR-T cells are
concerning barriers, and some patients achieve only about 50%
remission after receiving CAR-T cell therapy (11, 12). To achieve an
optimized risk/benefit ratio in patients receiving CAR-T cell
therapy, all factors affecting antigen binding, exhaustion,
duration, and signaling activation should be considered during
the design and manufacturing process, as even slight alterations
in the CAR design will alter the function and side effects of CAR-T
cell therapy (13).

The CAR gene transfer method may represent a critical factor
that affects the phenotype of CAR-T cells. The predominant
manufacturing procedures have been confirmed to be safe and
effective and primarily involve lentiviral/retroviral transfection or
transposon electroporation (14, 15). Although replication-
competent lentivirus/retrovirus have been shown to cause
oncogenesis of gene-modified cells, data for 375 manufactured T
cell products with self-inactivated lentivirus/retrovirus exhibited
low safety risk for HIV and oncology patients (16). The lentiviral/
retroviral transfection system packages RNA encoding transgenes
and essential viral genome components, such as the Rev responsive
element (RRE), 5" long terminal repeat (LTR), 3’ LTR, and Psi
elements (17). Following infection of target cells, the RNA is reverse
transcribed into DNA and subsequently integrated into the cell
genome (18). Transposon systems generally comprise two vectors
encoding the enzyme and transgenes. In comparison, when
electroporated into cells and expressed, transposase excises
transposons from the plasmid and integrates them into the target
genome. In particular, the PiggyBac transposon system can
efficiently transpose between vectors and chromosomes via a “no
footprint cut-and-paste” mechanism. Recently, electroporation of
CAR plasmids into T cells was introduced, and their safety and
efficacy were assessed (19). We previously reported an optimized
electroporation method for constructing functional CAR-T cells
(20). In phase I clinical trials, the transposon system achieved a
2200-2500 fold expansion of CAR-T cells with 84% positivity after
co-culturing with feeder cells (19). Moreover, the use of minicircle
vectors in this system was less likely to cause genomic damage
during mutagenesis (21).

Lentivirus and transposon systems expose T cells to
considerably different stimuli. More specifically, the integrated
fragments differ due to the essential viral genome compounds
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required by the lentivirus for reverse transcription and nuclear
translocation, whereas reverse transcription is not required in the
transposon system. Additionally, the mode of entry into the cells
(viral infection versus electroporation) differs between the
two methods.

Functional comparisons of CAR-T cells produced using the two
manufacturing processes have been conducted in mouse xenograft
models by different groups (21, 22) and have shown similar anti-
tumor efficacy; however, there is a lack of comprehensive data on
the perturbation of intracellular signaling networks and
transcriptomes of T cells subjected to the distinct manufacturing
methods. Hence, in the current study, we sought to explore
phenotypic differences between CAR-T cells produced via
lentiviral transfection (Lenti CAR-T cells) or PiggyBac transposon
electroporation (PB CAR-T cells) using transcriptome analysis and
flow cytometry. We then determined the potential effects of these
differences on the anti-tumor efficacy of CAR-T cells.

2 Materials and methods
2.1 Primary cells and cell lines

Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation using Ficoll Paque Plus (Cytiva,
USA) from whole blood samples obtained from healthy donors. The
PBMCs were cultured in Xvivo 15 medium (Lonza, Belgium), and
cryopreserved in fetal bovine serum (FBS) containing 10% dimethyl
sulfoxide. CD19-expressing luciferase-tagged K562 cells (Shanghai
Genechem Co., Ltd.) were cultured in Iscove’s Modified Dulbecco’s
Medium (Lonza, Belgium) supplemented with 10% FBS and used as
target cells for the assessment of CAR-T cell cytotoxicity. Raji cells
were cultured in RPMI 1640 medium supplemented with 10% FBS
and used for the assessment of CAR-T cell efficacy in vivo.

2.2 Construction of CD19-targeting CAR
transposon and lentiviral vectors

Constructs containing CD19-targeting CAR molecules—
including a CD8a signal peptide, clone FMC63 CD19-targeting
scFv, CD8a transmembrane domain, 4-1BB domain, and CD3{
domain—and TagGFP2 separated by a P2A sequence, were
produced. CAR expression was controlled by the EF-loa
promoter. The consensus EF-lo. promoter and CDI19-targeting
CAR open reading frame (ORF) were cloned into the pLenti
lentiviral gene expression vector (Origene, USA) and PiggyBac
dual promoter vector (System Biosciences, USA).

2.3 Electroporation of the CD19-targeting
CAR transposon

Electroporation was performed as previously described (20),
with slight modifications. In brief, PBMCs were stimulated with
anti-CD3/CD28-coated beads (Thermo Fisher Scientific, USA) at a
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bead-to-cell ratio of 1:1 for 3 days. Then cells were counted and
washed twice to remove the beads. Next, 1 x 10° primary T cells
were resuspended with 2.1 pg plasmids in 20 pL electroporation
buffer containing approximately 0.7 ug of the Super PiggyBac
transposase vector and 1.4 ug of the CD19-targeting CAR
transposon vector. The resulting mixture was immediately
transferred to 20-pL electroporation tubes and subjected to
electroporation condition (voltage = 500 V, time = 20 ms) within
an electroporator (Celetrix CTX-1500A LE, USA) and then gently
transferred into pre-warmed Xvivo 15 medium without antibiotics.

2.4 Manufacturing of CD19-targeting
CAR-T cells via lentiviral transfection

Lentivirus generation was performed as described previously
(22), with slight modifications. Second-generation lentiviral vectors
were also produced. The pLenti CD19-targeting CAR vector was co-
transfected into 293T cells with the packaging vector and the spike
glycoprotein of the vesicular stomatitis virus (VSV-G)-expressing
vector. Lentivirus was concentrated from the medium supernatant
with a lentivirus concentrator kit (Oligobio, China), detected via
flow cytometry, resuspended in phosphate buffer saline without
Mg2+ and Ca®", and frozen at -80°C. PBMCs were cultured for 24
hours before activation, suspended at a concentration of 1 x 10°
cells/mL, and incubated with anti-CD3/CD28-coated beads
(Thermo Fisher Scientific, USA) at a bead-to-cell ratio of 1:1.
After activation, T cells were infected with lentivirus at a
multiplicity of infection of 3.0. The media was refreshed 24 hours
post-transfection.

2.5 Flow cytometry analysis

1 x 10° CAR-T cells were stained with protein L labeled with
iFluor647 (GenScript, USA). iFluor647 was detected using GUAVA
easyCyte HT after separate detection of dead cells using acridine
orange/propidium iodide staining. Analysis of CAR-T cells was
conducted using the method described by Blom et al. (23). In brief,
manufactured T cells were stained with live/dead dye from the
Zombie Aqua Fixable Viability Kit (BioLegend) and primary
antibodies, according to manufacturers’ protocols, including Alexa
Fluor 700 conjugated anti-human CD3 antibody (Clone UCHT1),
PE-Cy7 conjugated anti-human CD4 antibody (Clone RPA-T4),
PerCP-Cy5.5 conjugated anti-human CD8 antibody (Clone SK1),
APC conjugated anti-human CD69 antibody (Clone FN50), Brilliant
Violet 605 anti-human CD62L antibody (Clone DREG-56), PE/
Dazzle 594 anti-human CD45RO antibody (Clone UCHLI1),
Brilliant Violet 421 anti-human PD-1 antibody (Clone EH12.2H7),
APC-conjugated anti-human CD107a (Clone H4A3), and PE-
conjugated anti-human Granzyme B (Clone QA18A28). Gates for
CD62L, CD45RO0, PD-1, and Granzyme B fluorescence were further
validated using fluorescence minus one control. Peripheral blood
collected from mice at 3 weeks post-infusion with T/CAR-T cells
were stained with PE-Cy7 conjugated anti-human CD3 antibody
(Clone UCHT1), Pacific Blue conjugated anti-human CD45 (Clone
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HI30), and FITC conjugated anti-human CD19 antibody (Clone
HIB19). All antibodies used in this study and their corresponding
isotypes were purchased from BioLegend company. The positives of
each marker were gated against an isotype control. The data were
analyzed using FlowJo V10.8.1.

2.6 RNA extraction, library construction,
sequencing, and validation

The PBMCs samples were collected from healthy donors and
samples from each donor were divided into three groups: control T
(untreated), Lenti CAR-T, and PB CAR-T. After manufacturing,
CAR-T cells were isolated with the flow cytometer Sony MA900.
The samples were frozen in liquid nitrogen until RNA extraction.
Total RNA was extracted from CAR-T cells using RNAiso Plus
(Takara, Japan). RNA quality was evaluated by Nanodrop
spectrophotometer (Thermo Fisher Scientific, USA). The
NEBNext Ultra RNA Library Prep Kit for Illumina reagent was
used to prepare the RNA library. The reference genome files were
downloaded from genome websites (https://www.ncbi.nlm.nih.gov/
genome/51?genome_assembly_id=1820449). The filtered reads
were mapped to the reference genome using the HISAT2 version
2.0.5. MicroRNAs were isolated using a miRNeasy Micro Kit
(QIAGEN, Germany) according to the manufacturer’s
instructions. Quality was assessed with an Agilent 4200
TapeStation, and quantity was determined using a Qubit 2.0
Fluorometer (Thermo Fisher Scientific, USA). The samples were
sent to Shanghai Personal Biotechnology Co,. Ltd. for mRNA
library construction and sequencing on an Illumina HiSeq
platform (Illumina).

To perform RT-qPCR validation, total RNA sample (1 ug) was
used for synthesis of cDNA and PCR amplification using the
HiScript II One Step RT-PCR Kit (Vazyme, China) as
manufacturers’ protocols described. Primers for RT-qPCR
analysis were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China). RT-qPCR was carried out with the Bio-Rad CFX384 Touch
real-time PCR detection system. The relative expression levels of the
selected genes were analyzed using the comparative CT method
(274€T). Each RT-qPCR analysis was repeated at least 4 times and
B-actin was used as the reference control.

2.7 Principle component analysis and
pathway analysis

Comparison was made between the Read Count values for each
gene as the original expression of that gene. The expression was
then standardized with fragments per kilobase of exon per million
mapped fragments (FPKM). Differences in gene expression were
analyzed with DESeq software (version 1.39.0) under the following
screening conditions: log, fold change > 1, P-value < 0.05. Principal
component analysis (PCA) was then performed as described
previously (24). Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis was performed using differentially expressed
genes with an adjusted P-value of < 0.01. The number of
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differentially enriched genes in KEGG pathway was calculated.
Gene Set Enrichment Analysis (GSEA, https://www.gsea-
msigdb.org) was performed to investigate distinct genesets
between PB and Lenti CAR-T groups.

2.8 Enzyme-linked immunosorbent assay

After CAR-T cells manufacturing or coculturing with target cells,
cytokine analysis was performed by using ELISA, according to the
manufacturers’ protocols. The concentration of IFN-y, TNF-0, GM-
CSF, CXCLI10, IL-6, IL-10, IL-12, and CCL2 was measured by an Ella
automated immunoassay kit (Bio-Techne, USA). Concentrations of IL-
9 and Granzyme B were determined using enzyme-linked
immunosorbent assay kits (Dakewei, China or Neobioscience, China).

2.9 In vitro anti-tumor efficacy

Luciferase-expressing K562 CD19 cells were co-cultured with
CAR-T cells at desired effector-to-target (E:T) ratios for either 4 or
24 hours. Following co-culture, luciferin substrate was introduced to
the system at a final concentration of 0.3 mg/mL. Relative
luminescence units (RLUs) were measured using a SpectraMax M5
plate reader (Molecular Devices, CA). The lysis rates of tumor cells
were calculated by the following formula: %tumor cell
lysis =100% x (1 - RLU (experimental -background)/(target cell
max-background).

The cytotoxicity of CAR-T cells was further evaluated using the
xCELLigence Real-Time Cellular Analysis DP platform (Agilent
Technologies, CA). This system measures a dimensionless
parameter called cell index (CI) to determine the viability of the
cell and tumor lysis rate. Briefly, K562-CD19-luc cells were plated at a
concentration of 2.5 x 10* cells per well in 200 uL of cell culture
medium in 16-well E-plates. After seeding, the cells were cultured on
the xCELLigence instrument in a humidified incubator at 37°C with
5% CO, for 24 hours. Subsequently, T/CAR-T cells were seeded onto
the E-plates at an E:T ratio of 2.5:1. Continuous impedance
measurements were then monitored every 5 minutes for up to 72
hours. Four replicates were set for each group. The cell index was
normalized to the time point of addition of the T/CAR-T cells. The
lysis rates of tumor cells were calculated by the following formula:
[1 - Normalized Cliyeatment/Normalized Cligrget onty] X 100%.

2.10 In vivo anti-tumor efficacy

Six-week-old NSG (NOD—PrkchCidIIngeml/Smoc) mice were
intravenously injected with 1x10° Raji cells via the tail vein. Two
weeks after tumor cell inoculation, the mice received intravenous
treatment with 1.5x10° CAR-T cells. Serum samples were collected
at 4 hours and 24 hours post-infusion of CAR-T cells. Peripheral blood
samples were obtained three weeks post-infusion and analyzed for the
presence of CD19" Raji cells by flow cytometry. Animals used in this
study were reviewed and approved by the Animal Care and Use
Committee of the Beijing Institute of Biotechnology.
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2.11 Statistical analysis

Data were presented as the mean + standard deviation (SD) in
triplicate. Flow cytometry data were analyzed using BD FlowJo
software (version 10.8.1). To determine P-values, one-way ANOVA
with Tukey’s multiple comparison test or student’s ¢-test was applied.
GraphPad Prism 9.0 was used to perform statistical analyses.

3 Results

3.1 Production of CAR-T cells by
electroporation and lentiviral transfection

T cells isolated from healthy donors were used to manufacture
Lenti CAR-T cells and PB CAR-T cells. To minimize technical bias,
both manufacturing processes were carried out following the same
schedule (Figure 1A). The two vector systems share a consensus
ORF and promoter (Figure 1B). Higher green and red fluorescent
intensities of PB CAR T cells were shown in Figure 1C, compared
with Lenti CAR-T cells. Moreover, the percentage of CAR-positive
T cells was adjusted to approximately 30% for both groups on day 6
(Figures 1D, E). The mean fluorescence intensity (MFI) values of PB
CAR-T cells were significantly higher than those of Lenti CAR-T
cells (Figure 1F), suggesting relatively weak expression of CAR
molecules following lentiviral transfection. The reduced CAR
expression in Lenti CAR-T cells may be attributed to excessive
viral elements integrated into the genome of the target cells.

3.2 Analysis of CAR-T cell cytotoxicity,
activation, and exhaustion

Flow cytometry was performed to characterize the two CAR-T
cell groups. The analysis pipeline was shown in Supplementary
Figure 1. The CD4" and CD8" gates divided the T cells into four
subsets: CD4", CD8", CD4" CD8" (double-positive, DP), and CD4
CD8 (double-negative, DN). These subsets were further gated
using CD69, granzyme B, and programmed cell death-1 (PD-1)
as markers of T cell activation, cytotoxicity, and exhaustion,
respectively (25). Given that the DP T cell subset only accounted
for ~6% of the total T cells, markers of DP T cells were not analyzed.

Granzyme B, secreted by cytotoxic T lymphocytes, triggers
target cell DNA cleavage and apoptosis by binding to its receptor
and being released by perforin (26). The proportion of granzyme B*
cells was consistently high, ranging from 80% to 90% across all
groups (Figures 2A-D), as evidenced by CD107a staining
(Supplementary Figure 2A, B). Following CAR transfection, the
proportion of granzyme B" cells in the PB groups slightly increased.
(Figures 2A-C), with the CAR-T cell groups exhibiting the highest
proportion of granzyme B" cells in the CD8" subset (Figures 2C).
No significant difference was observed in CD69 expression between
PB CAR-T cells and Lenti CAR-T cells (Supplementary Figures 2C-
2F). Expression of PD-1, which is a member of the CD28
superfamily that negatively regulates T cells upon activation by
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FIGURE 1

Production of CAR-T cells via PiggyBac transposon electroporation or lentiviral transfection. (A) CAR-T cell manufacturing schedule. (B) CAR
insertion fragments used in the study. The scFv of CAR is derived from mAb clone FMC63 that binds human CD19 and was generated by fusing the
VL and VH regions via a 3x G4S linker peptide. The scFv was attached to modified human CD8a hinge and CD8a transmembrane regions that were
fused to the 4-1BB (cytoplasmic) and CD3{ (cytoplasmic) domains. (C) Representative fluorescent images of CAR-positive T cells. Transfection
efficiency after 48 hours was demonstrated by fluorescence microscopy images with Bio-Tek Cytation 5. (D—F) Flow cytometry detection of CAR
expression on the surface of transduced CAR-T cells on day 6. Lenti CAR-T cells and PB CAR-T were generated by Lentivirus transfection and
plasmid electroporation, respectively. (D) iFluor 647 Protein L that binds to the variable light chains of scFv can be used for the detection of CAR
expression in 1 x 10° cells at a 1:100 dilution ratio. Untransduced T cells were used as control groups. Representative flow cytometry plots of CAR-
positive T cells. (E) Statistical analysis of CAR-positive percentages (n = 3). (F) Statistical analysis of mean fluorescent intensity (MFI) values represents
the mean fluorescence intensity of iFluor 647 protein L (n = 3). One-way ANOVA with Tukey's multiple comparison test. **P < 0.01

PD-L1 or PD-L2 (27), was similar in T cells before and after CAR
insertion (Supplementary Figure 3), indicating that neither
manufacturing process induced T cell exhaustion.

3.3 Fewer PB CAR-T cells exhibit a memory
phenotype than Control T cells

CD62L and CD45RO are major plasma membrane markers that
distinguish central memory (CM; CD45RO"CD62L") T cells from

Frontiers in Immunology

effector memory (EM; CD45RO"CD62L") T cells (23). Tgy; function
as rapid effectors by migrating to inflamed sites through surface
chemokine receptors and adhesion proteins, whereas Tcy; shares
certain cell plasma membrane markers with naive T cells (28). The
proportion of T cells with a CM phenotype, compared with those of
the EM phenotype, was higher in each group (Figures 3A-D;
Supplementary Figure 4). Within the total T cell population, the
frequency of CM was higher than that of EM (Supplementary
Table 1). Compared with control T cells, the proportion of PB
CAR-T cells with an EM phenotype (Figure 3A), or CM
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phenotype, was lower in the total cell population and CD4" subsets
(Figures 3A, B). No significant difference was observed in memory
phenotypes among the CD8" and DN subsets (Figures 3C, D).
Collectively, these data suggest that fewer PB CAR-T cells exhibit a
pronounced memory phenotype, which may be due to the
susceptibility of memory T cells to electroporation in the
manufacturing process (29).

3.4 Transcriptomic comparison of Lenti
and PB CAR-T cells

To identify transcriptome-wide alterations induced by the different
manufacturing methods, RNA-sequencing (RNA-seq) was conducted
on samples obtained from three healthy donors. PCA analysis revealed
a marked transcriptomic difference between Lenti and PB CAR-T cells
(Figures 4A, B), suggesting that Lenti and PB CAR-T cells may be two
distinct cell populations despite their similar flow cytometry profiles.
To gain a more comprehensive understanding of the functions of
differentially expressed genes in PB CAR-T cells compared to Lenti
CAR-T cells, we conducted KEGG pathway annotations and
enrichment analysis. Our results revealed that 67 pathways were
significantly overrepresented (adjusted P < 0.05), including

» o«

“cytokine-cytokine receptor interaction”, “chemokine signaling
pathway,” and “viral protein interaction with cytokine and cytokine
receptor” (Figure 4C). T cells execute their functions primarily by
secreting various cytokines and chemokines (23). The hierarchical

clustering (Figure 4D) and GSEA analysis (Supplementary Figure 5) of
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“cytokine-cytokine receptor interaction” pathway revealed the
upregulated cytokine synthesis in PB CAR-T. To further validate the
transcriptomic difference between the two CAR-Ts, we employed RT-
qPCR to quantify the transcription of upregulated genes in PB CAR-T.
The RT-qPCR assays confirmed that the mRNA levels of gm-csf, cxcll3,
ifn-y, il9, serpinel, il17f, il3, and ccl22 were higher in the PB CAR-T
groups than the Control T groups. Furthermore, in comparison to
Lenti CAR-T cells, the majority of these genes exhibited elevated
mRNA levels in PB CAR-T cells (as demonstrated in Supplementary
Figure 6). These findings suggest that PB CAR-T cells may possess a
proinflammatory phenotype.

3.5 PB CAR-T cells create an intensive
cytokine microenvironment in vitro

To validate the differences detected by RNA-seq, we performed a
quantitative cytokine analysis using ELISA. Numerous cytokines were
released into the media by PB CAR-T cells, including IFN-y, granzyme
B, interleukin (IL)-6, tumor necrosis factor (TNF)-0, Granulocyte-
macrophage colony-stimulating factor (GM-CSF), CXCLI10, IL-9, and
CCL2 (Figures 5A-H). Of these, IL-6, IL-9, IFN-y, TNF-o,, and GM-
CSF are critical soluble mediators of cytokine storms (30). These data
suggested that the electroporation of PB transposon vectors induced
the release of numerous high-concentration cytokines and a cytokine
storm-like microenvironment in vitro, which differed markedly from
the cytokine profile associated with CAR-T cells produced via lentiviral
transfection. To further investigate the effects of the electroporation
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process, we established a control group in which T cells were
electroporated with an empty vector. Higher concentrations of
granzyme B (Figure 5B), CXCL10 (Figure 5F), and IL-9 (Figure 5G)
were observed in this control group, indicating that the electroporation
process may have partially contributed to the proinflammatory
phenotype of PB CAR-T cells.

3.6 In vitro assessment of
anti-tumor efficacy

The CD19-expressing luciferase-tagged K562 human leukemia
cell line was used as target cells to assess CAR-T and T cell anti-
tumor efficacy. K562 cell cytotoxicity in the presence of CAR-T and
T cells was evaluated using a luciferin-based assay (31). The results
showed that at 4 hours post-co-culture, PB CAR-T cells (effector)
induced significantly higher K562 cell (target) cytotoxicity than
Lenti CAR-T cells at all effector-to-target ratios (E/T ratios) tested,
except for an E/T ratio of 1.25 (Figure 6A). However, at 24 hours
post-co-culture, PB CAR-T cells induced similar levels of K562 cell
cytotoxicity as Lenti CAR-T cells (Figure 6B). Subsequently, we
utilized the RTCA (xCELLigence Real-Time Cell Analyzer) method
to continuously monitor the cytotoxicity of CAR-T cells in real-
time. The RTCA assay revealed that PB CAR-T cells exhibited a
more rapid cytotoxic effect on K562 compared to Lenti CAR-T cells
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at an E/T ratio of 2.5 (Figure 6C), which was consistent with the
results obtained from the luciferin-based assay.

To better understand the difference in the overall cytotoxicity
caused by PB and Lenti CAR-T cells, the abundance of numerous
cytokines was assessed before and after the cytotoxicity assay
(Figures 6D-L). Prior to co-culture, PB CAR-T cells exhibited a
proinflammatory phenotype with increased secretion of cytokines,
as suggested by the results of RNA-seq. However, at 4 hours post co-
culture, Lenti CAR-T cells higher levels of IFN-y (Figure 6D) and
GM-CSF (Figure 6L). Furthermore, at 24 hours post co-culture,
Lenti CAR-T cells secreted higher amounts of all tested cytokines
except for granzyme B (Figure 6E) and IL-9 (Figure 6G), which was
consistent with previous work demonstrating the cytokine release
syndrome elicited by Lenti CAR-T cells in vivo (13). The rapid and
effective cytotoxicity of PB CAR-T cells may be attributed to their
initial proinflammatory phenotype and subsequent substantial
secretion of IL-9 upon contact with target cells. IL-9 is reportedly
important in the anti-tumor immune response (32).

3.7 In vivo assessment of
anti-tumor efficacy

To evaluate the effects of two CAR-Ts on the anti-tumor
response, we conducted evaluation of their in vivo efficacy
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FIGURE 6

In vitro anti-tumor efficacy of PB and Lenti CAR-T cells. CAR-T cells at day 7 post-transfection were tested for anti-tumor efficacy. K562-CD19-luc
cells expressing luciferase were used as target cells. (A, B) Anti-tumor efficacy determined at 4 hours (A) and 24 hours (B) post-co-culture.

(C) Continuous monitoring of the anti-tumor efficacy determined based on the RTCA platform for 72 hours (E:T = 2.5:1). (D—L) Detection of human
cytokines and chemokines. Concentrations of IFN-y (D), granzyme B (E), IL-6 (F), IL-9 (G), IL-10 (H), TNF-a (1), CCL2 (J), CXCL10 (K) and GM-CSF

(L) in the medium before co-culture and at 4 and 24 hours post-coculture determined by Ella automated immunoassay or ELISA (n = 3). Significance
was determined using an unpaired t'-test for (A, B) One-way ANOVA with Tukey's multiple comparisons test for (D-L). *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001, ns, not significant (P >0.05)

(Figure 7A). Specifically, we collected blood PBMC from euthanized
NSG (NOD-Prkdc*““112rg"™ /Smoc) mice, staining with anti-
hCD19 antibody, and analyzed them using flow cytometry. Both
PB and Lenti CAR-T groups exhibited a significant reduction in the
percentage of CD19" CD3 cells, with no significant difference
observed between the two groups (refer to Figure 7B).
Furthermore, we quantified the concentrations of cytokines
secreted by human T/CAR-T cells in the serum of mice. The
results demonstrated that the concentrations of IFN-y and IL-9
were augmented in PB CAR-T cells relative to Lenti CAR-T cells at
4 hours post-infusion (Figures 7C, D), which subsequently declined
to levels below the limit of detection at 24 hours (data not shown).
Conversely, all other cytokines, including IL-6, IL-10, IL-12, GM-
CSF, TNF-0, CXCL10 and CCL2, were undetectable at both 4 and
24 hours. Overall, these data suggested that PB CAR-T and Lenti
CAR-T exhibit comparable in vivo anti-tumor efficacy.
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4 Discussion

Genetically modified T-cell therapy is a promising and
innovative treatment for deleterious leukemia (5). Previous
studies have proposed several methods of gene modification to
express CARs in T cells, including the prevailing lentivirus/
retrovirus and PiggyBac transposon systems (13). In this study,
we conducted a rigorous comparative analysis to assess the
disparities between Lenti and PB CAR-T cells. Our findings
indicated that these two types of CAR-T cells were distinct in
terms of their transcriptome and cytokine secretion. Specifically, the
PB CAR-T cells exhibited more rapid in vitro anti-tumor activity
compared to Lenti CAR-T cells, while demonstrating similar tumor
eradication ability in vivo as Lenti CAR-T cells.

For our analyses, the positivity rates of CAR-T cells
manufactured by lentivirus and electroporation were adjusted to a
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In vivo anti-tumor efficacy and cytokine production of PB and Lenti CAR-T. (A) Schematic of the mouse model. The Raji cells are injected into the
tail vein of mice and are allowed to grow for two weeks after injection. Then 1.5 million CAR-T cells were transferred into the mice via tail vein
injection on Day 14. After 4 hours and 24 hours, serum samples were collected for cytokine detection via facial vein. For three weeks, blood was
collected for flow cytometry analysis. (B) Percentages of human CD3” CD19* cells in mouse PBMCs collected on day 21 after CAR-T infusion
determined via Flow cytometry. (Tumor group n=3, *one died; Lenti control and ET control groups n=3; control group n=5, *two died; Lenti CAR-T
group n=5; PB CAR-T group n=5). The concentration of human IFN-y (C) and IL-9 (D) in serum determined at 4 hours after PB and Lenti CAR-T
infusion by ELISA or Ella automated immunoassay. The limit of detection of IL-9 ELISA kits was 39.0 pg/mL and presented as dotted lines. One-way
ANOVA with Tukey's multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns indicates not significant (P >0.05). All data

were presented as mean + standard deviation.

similar level (approximately 30%) to reduce potential confounding
variables. Interestingly, at similar CAR positivity rates, PB CAR-T
cells exhibited significantly brighter green fluorescence in certain
cells than Lenti CAR-T cells, indicating higher CAR expression,
which was confirmed by the Protein L staining assay. We postulate
that the distinct integration sites (21) may have contributed to the
divergent CAR expression profiles. Notably, during lentiviral
transfection, several viral components were co-integrated into
target cells with the CAR ORF (33-35), which may have hindered
the transcriptional efficiency of the target gene.

The number of CM T cells is related to the effectiveness of CAR-T
cell therapy (36). CAR-T cells manufactured using the transposon
system were previously reported to exhibit a CM phenotype elicited by
4-1BB co-stimulation signaling (37). Moreover, CD4" CAR-T cells
were recently reported to be the dominant cells for persistent remission
in leukemia patients treated with CAR-T cell therapy (38). Our data
demonstrated that the proportion of CD4" CM T cell subsets remained
highest among subsets after CAR transfection via both methods. For
CD4" CM subsets, PB CAR-T was lower than those in control CAR-T.
Although no significant difference was observed between Lenti and PB
CAR-T, the mean values of CD4" CM cells in Lenti CAR-T were
higher than those in PB CAR-T. In addition, the frequency of CD8"
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memory phenotypes did not differ. Furthermore, in total subsets, the
proportion of memory phenotypes of PB CAR-T cells was the lowest
among the three groups, which may imply electroporation-associated
toxicity against memory phenotypes (29). Taken together, Lenti CAR-
T may be more durable than PB CAR-T after infusion due to their
induction of T cell memory phenotypes.

An important finding of our study is that PB CAR-T cells exhibited
higher basal cytokine levels than Lenti CAR-T cells prior to co-culture
with target cells. This result was further supported by our RNA-seq
data, which detected elevated expression of cytokines and chemokines
in PB CAR-T cells. Moreover, upon antigenic activation in vitro, PB
CAR-T cells released lower levels of IFN-y, IL-6, IL-10, TNF-o,, CCL2,
CXCL10, and GM-CSF than Lenti CAR-T cells, but demonstrated a
robust release of IL-9, indicative of a distinct anti-tumor response
pathway. In the in vivo experiments, the levels of cytokines were not as
significant as those observed in vitro, possibly due to the lower secretion
levels of cytokines that were not effectively detectable.

IL-9, a T-cell growth factor, is a member of the y-chain-receptor
cytokine family and is secreted by Th2 (T helper 2), Th9 (T helper 9),
Th17 (T helper 17), and NKT (natural killer T) cells (39). IL-9 has been
demonstrated to increase the longevity of Tc9 cells (40). Importantly,
the IL-9 signaling pathway has been found to be particularly effective in
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enhancing the anti-tumor response of CAR-T cells (41). Our data
revealed that the PB transposon system upregulates IL-9 expression in
T cells. Although IL-9 expression was reduced by day 7 post-
transfection, it was upregulated again in PB CAR-T cells upon
encountering tumor cells. The mechanisms underlying IL-9
upregulation in PB CAR-T cells remain to be elucidated.

In comparison to the safety of lentiviral/retroviral systems
observed in a cohort of 308 patients (16), a recent clinical trial on
PB CAR-T-cell lymphoma reported a concerning oncogenic effect of
transposon gene integration system (42). In this study, we did not
observe differentially expressed genes in PB CAR-T cells (versus Lenti
CAR-T) that were significantly enriched in tumor-associated
signaling pathways. However, a small fraction of PB CAR-T cells
exhibited a strong green fluorescent signal under similar proportions
of CAR positivity (Figure 1E), indicating that the number of inserted
CAR copies may be high in a few PB CAR-T cells, which may
increase the risk of oncogenic insertion mutagenesis. The oncogenic
potential of PB CAR-T cells requires further investigation via single-
cell RNA-seq or insertion mutagenesis analysis.

IL-6 is secreted by various immune and stromal cells and exerts
multiple functions (43). IL-6 is considered a hub cytokine in CRS
triggered by CAR-T cell therapy (30). In fact, the prognosis of CRS
was improved by tocilizumab, an IL-6 receptor (IL-6R) monoclonal
antibody that blocks IL-6 binding to IL-6R (44). In our study,
secretion of IL-6 by PB and Lenti CAR-T cells was unchanged at 4
hours after encountering tumor cells, however, Lenti CAR-T cells
released much higher levels of IL-6 into the media than PB CAR-T
cells at 24 hours. These data indicate that PB CAR-T may cause less
CRS in clinical applications; this conclusion is further supported by a
recent report on CAR-T cells manufactured via electroporation (45).

It is important to note that the original PBMCs used to produce
both CAR-T cell groups were from several donors; therefore, it will be
important to further validate our findings in an expanded group of
donors. Despite this limitation, these data revealed a large disparity
arising from the two main manufacturing methods used to produce
CAR-T cells. These findings shed new light on the effect of different
production methods on the phenotypes of seemingly similar cell
types and will inform the design of future cell-based therapies.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: NCBI Gene Expression Omnibus
under the accession number GEO: GSE212072.

References

1. Krause A, Guo HF, Latouche JB, Tan C, Cheung NK, Sadelain M. Antigen-
dependent CD28 signaling selectively enhances survival and proliferation in genetically
modified activated human primary T lymphocytes. ] Exp Med (1998) 188(4):619-26.
doi: 10.1084/jem.188.4.619

2. Philipson BI, O’Connor RS, May MJ, June CH, Albelda SM, Milone MC. 4-1BB
costimulation promotes CAR T cell survival through noncanonical NF-kappaB
signaling. Sci Signal (2020) 13(625):eaay8248. doi: 10.1126/scisignal.aay8248

Frontiers in Immunology

11

10.3389/fimmu.2023.1068625

Ethics statement

The donors’ privacy was protected and the study protocol
complied with The Helsinki Declaration. All donors provided
written informed consent, and this study was approved by Ethics
Committees (approval number: AF/SC-08/02.258).

Author contributions

Conceived and designed the experiments: WC, XZ, JZ, and AN;
analyzed the data: AN, JZ, and XH; contributed reagents/materials:
77, LS, JW, XL and WZ; wrote and revised the paper: AN, JZ, WC,
and XZ. All authors contributed to the article and approved the
submitted version.

Funding

This research was supported by the National Natural Science
Foundation of China (NSFC No. 82173787).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1068625/
full#supplementary-material

3. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, et al. T Cells with chimeric
antigen receptors have potent antitumor effects and can establish memory in patients with
advanced leukemia. Sci Transl Med (2011) 3(95):95ra73. doi: 10.1126/scitranslmed.3002842

4. Mullard A. FDA Approves first CAR T therapy. Nat Rev Drug Discovery (2017) 16
(10):669. doi: 10.1038/nrd.2017.196

5. Porter DL, Hwang WT, Frey NV, Lacey SF, Shaw PA, Loren AW, et al. Chimeric
antigen receptor T cells persist and induce sustained remissions in relapsed refractory

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1068625/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1068625/full#supplementary-material
https://doi.org/10.1084/jem.188.4.619
https://doi.org/10.1126/scisignal.aay8248
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1038/nrd.2017.196
https://doi.org/10.3389/fimmu.2023.1068625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Niu et al.

chronic lymphocytic leukemia. Sci Transl Med (2015) 7(303):303ra139. doi: 10.1126/
scitranslmed.aac541

6. Park JH, Riviere I, Gonen M, Wang X, Senechal B, Curran KJ, et al. Long-term
follow-up of CD19 CAR therapy in acute lymphoblastic leukemia. N Engl ] Med (2018)
378(5):449-59. doi: 10.1056/NEJMoal709919

7. Fry TJ, Shah NN, Orentas R], Stetler-Stevenson M, Yuan CM, Ramakrishna S, et al.
CD22-targeted CAR T cells induce remission in b-ALL that is naive or resistant to CD19-
targeted CAR immunotherapy. Nat Med (2018) 24(1):20-8. doi: 10.1038/nm.4441

8. Whittington MD, McQueen RB, Ollendorf DA, Kumar VM, Chapman RH, Tice
JA, et al. Long-term survival and cost-effectiveness associated with axicabtagene
ciloleucel vs chemotherapy for treatment of b-cell lymphoma. JAMA Netw Open
(2019) 2(2):e190035. doi: 10.1001/jamanetworkopen.2019.0035

9. Neelapu SS, Tummala S, Kebriaei P, Wierda W, Gutierrez C, Locke FL, et al.
Chimeric antigen receptor T-cell therapy - assessment and management of toxicities.
Nat Rev Clin Oncol (2018) 15(1):47-62. doi: 10.1038/nrclinonc.2017.148

10. Gust J, Taraseviciute A, Turtle CJ. Neurotoxicity associated with CD19-targeted
CAR-T cell therapies. CNS Drugs (2018) 32(12):1091-1101. doi: 10.1007/s40263-018-
0582-9

11. Neelapu SS, Locke FL, Bartlett NL, Lekakis L], Miklos DB, Jacobson CA, et al.
Axicabtagene ciloleucel CAR T-cell therapy in refractory Large b-cell lymphoma. N
Engl ] Med (2017) 377(26):2531-44. doi: 10.1056/NEJMoal707447

12. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use of
CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N Engl ] Med
(2020) 382(6):545-53. doi: 10.1056/NEJMoa1910607

13. Larson RC, Maus MV. Recent advances and discoveries in the mechanisms and
functions of CAR T cells. Nat Rev Cancer. (2021) 21(3):145-61. doi: 10.1038/s41568-
020-00323-z

14. Schroder AR, Shinn P, Chen H, Berry C, Ecker JR, Bushman F. HIV-1
integration in the human genome favors active genes and local hotspots. Cell (2002)
110(4):521-9. doi: 10.1016/s0092-8674(02)00864-4

15. Mitchell RS, Beitzel BF, Schroder AR, Shinn P, Chen H, Berry CC, et al.
Retroviral DNA integration: ASLV, HIV, and MLV show distinct target site
preferences. PloS Biol (2004) 2(8):E234. doi: 10.1371/journal.pbio.0020234

16. Marcucci KT, Jadlowsky JK, Hwang WT, Suhoski-Davis M, Gonzalez VE,
Kulikovskaya I, et al. Retroviral and lentiviral safety analysis of gene-modified T cell
products and infused HIV and oncology patients. Mol Ther (2018) 26(1):269-79.
doi: 10.1016/j.ymthe.2017.10.012

17. Lever AM. HIV RNA Packaging and lentivirus-based vectors. Adv Pharmacol
(2000) 48:1-28. doi: 10.1016/s1054-3589(00)48002-6

18. Frankel AD, Young JA. HIV-1: fifteen proteins and an RNA. Annu Rev Biochem
(1998) 67:1-25. doi: 10.1146/annurev.biochem.67.1.1

19. Kebriaei P, Singh H, Huls MH, Figliola MJ, Bassett R, Olivares S, et al. Phase I
trials using sleeping beauty to generate CD19-specific CAR T cells. J Clin Invest. (2016)
126(9):3363-76. doi: 10.1172/JCI86721

20. Zhang Z, Qiu S, Zhang X, Chen W. Optimized DNA electroporation for primary
human T cell engineering. BMC Biotechnol (2018) 18(1):4. doi: 10.1186/512896-018-0419-0

21. Monjezi R, Miskey C, Gogishvili T, Schleef M, Schmeer M, Einsele H, et al.
Enhanced CAR T-cell engineering using non-viral sleeping beauty transposition from
minicircle vectors. Leukemia (2017) 31(1):186-194. doi: 10.1038/leu.2016.180

22. Lin Z, Liu X, Liu T, Gao H, Wang S, Zhu X, et al. Evaluation of nonviral
piggyBac and lentiviral vector in functions of CD19chimeric antigen receptor T cells
and their antitumor activity for CD19(+) tumor cells. Front Immunol (2022) 12:802705.
doi: 10.3389/fimmu.2021.802705

23. Blom B, Spits H. Development of human lymphoid cells. Annu Rev Immunol
(2006) 24:287-320. doi: 10.1146/annurev.immunol.24.021605.090612

24. Pimentel H, Bray NL, Puente S, Melsted P, Pachter L. Differential analysis of
RNA-seq incorporating quantification uncertainty. Nat Methods (2017) 14(7):687-90.
doi: 10.1038/nmeth.4324

Frontiers in Immunology

12

10.3389/fimmu.2023.1068625

25. He X, Xu C. PD-1: a driver or passenger of T cell exhaustion? Mol Cell (2020) 77
(5):930-1. doi: 10.1016/j.molcel.2020.02.013

26. Lord SJ, Rajotte RV, Korbutt GS, Bleackley RC. Granzyme b: a natural born
killer. Immunol Rev (2003) 193:31-8. doi: 10.1034/j.1600-065x.2003.00044.x

27. Jin HT, Ahmed R, Okazaki T. Role of PD-1 in regulating T-cell immunity. Curr
Top Microbiol Immunol (2011) 350:17-37. doi: 10.1007/82_2010_116

28. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory T
cell subsets: function, generation, and maintenance. Annu Rev Immunol (2004) 22:745-
63. doi: 10.1146/annurev.immunol.22.012703.104702

29. Aksoy P, Aksoy BA, Czech E, Hammerbacher J. Electroporation characteristics
of human primary T cells. bioRxiv (2018), 466243. doi: 10.1101/466243

30. Fajgenbaum DC, June CH. Cytokine storm. N Engl ] Med (2020) 383(23):2255-
73. doi: 10.1056/NEJMra2026131

31. Brown CE, Wright CL, Naranjo A, Vishwanath RP, Chang WC, Olivares S, et al.
Biophotonic cytotoxicity assay for high-throughput screening of cytolytic killing. J
Immunol Methods (2005) 297(1-2):39-52. doi: 10.1016/j.jim.2004.11.021

32. LuY, Hong S, Li H, Park ], Hong B, Wang L, et al. Th9 cells promote antitumor
immune responses in vivo. J Clin Invest (2012) 122(11):4160-71. doi: 10.1172/JCI65459

33. Perry C, Rayat A. Lentiviral vector bioprocessing. Viruses (2021) 13(2):268.
doi: 10.3390/v13020268

34. De Guzman RN, Wu ZR, Stalling CC, Pappalardo L, Borer PN, Summers MF.
Structure of the HIV-1 nucleocapsid protein bound to the SL3 psi-RNA recognition
element. Science (1998) 279(5349):384-8. doi: 10.1126/science.279.5349.384

35. Fernandes J, Jayaraman B, Frankel A. The HIV-1 rev response element: an RNA
scaffold that directs the cooperative assembly of a homo-oligomeric ribonucleoprotein
complex. RNA Biol (2012) 9(1):6-11. doi: 10.4161/rna.9.1.18178

36. Golubovskaya V, Wu L. Different subsets of T cells, memory, effector functions, and
CAR-T immunotherapy. Cancers (Basel) (2016) 8(3):36. doi: 10.3390/cancers8030036

37. Kawalekar OU, O’Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey ADJr.,
et al. Distinct signaling of coreceptors regulates specific metabolism pathways and
impacts memory development in CAR T cells. Immunity (2016) 44(2):380-90.
doi: 10.1016/j.immuni.2016.01.021

38. Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, et al.
Decade-long leukaemia remissions with persistence of CD4(+) CAR T cells. Nature
(2022) 602(7897):503-9. doi: 10.1038/s41586-021-04390-6

39. Noelle RJ, Nowak EC. Cellular sources and immune functions of interleukin-9.
Nat Rev Immunol (2010) 10(10):683-7. doi: 10.1038/nri2848

40. Xiao L, Ma X, Ye L, SuP, Xiong W, Bi E, et al. IL-9/STAT3/fatty acid oxidation-
mediated lipid peroxidation contributes to Tc9 cell longevity and enhanced antitumor
activity. J Clin Invest (2022) 132(7):e153247. doi: 10.1172/JCI153247

41. Kalbasi A, Siurala M, Su LL, Tariveranmoshabad M, Picton LK, Ravikumar P,
et al. Potentiating adoptive cell therapy using synthetic IL-9 receptors. Nature (2022)
607(7918):360-5. doi: 10.1038/s41586-022-04801-2

42. Bishop DC, Clancy LE, Simms R, Burgess J, Mathew G, Moezzi L, et al.
Development of CAR T-cell lymphoma in 2 of 10 patients effectively treated with
piggyBac-modified CD19 CAR T cells. Blood (2021) 138(16):1504-09. doi: 10.1182/
blood.2021010813

43. Copaescu A, Smibert O, Gibson A, Phillips EJ, Trubiano JA. The role of IL-6 and
other mediators in the cytokine storm associated with SARS-CoV-2 infection. J Allergy
Clin Immunol (2020) 146(3):518-34.e1. doi: 10.1016/j.jaci.2020.07.001

44. Le RQ, Li L, Yuan W, Shord SS, Nie L, Habtemariam BA, et al. FDA Approval
summary: tocilizumab for treatment of chimeric antigen receptor T cell-induced severe
or life-threatening cytokine release syndrome. Oncologist (2018) 23(8):943-7.
doi: 10.1634/theoncologist.2018-0028

45. Zhang J, Hu Y, Yang J, Li W, Zhang M, Wang Q, et al. Non-viral, specifically
targeted CAR-T cells achieve high safety and efficacy in b-NHL. Nature (2022)
609:369-374. doi: 10.1038/541586-022-05140-y

frontiersin.org


https://doi.org/10.1126/scitranslmed.aac541
https://doi.org/10.1126/scitranslmed.aac541
https://doi.org/10.1056/NEJMoa1709919
https://doi.org/10.1038/nm.4441
https://doi.org/10.1001/jamanetworkopen.2019.0035
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1007/s40263-018-0582-9
https://doi.org/10.1007/s40263-018-0582-9
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1038/s41568-020-00323-z
https://doi.org/10.1038/s41568-020-00323-z
https://doi.org/10.1016/s0092-8674(02)00864-4
https://doi.org/10.1371/journal.pbio.0020234
https://doi.org/10.1016/j.ymthe.2017.10.012
https://doi.org/10.1016/s1054-3589(00)48002-6
https://doi.org/10.1146/annurev.biochem.67.1.1
https://doi.org/10.1172/JCI86721
https://doi.org/10.1186/s12896-018-0419-0
https://doi.org/10.1038/leu.2016.180
https://doi.org/10.3389/fimmu.2021.802705
https://doi.org/10.1146/annurev.immunol.24.021605.090612
https://doi.org/10.1038/nmeth.4324
https://doi.org/10.1016/j.molcel.2020.02.013
https://doi.org/10.1034/j.1600-065x.2003.00044.x
https://doi.org/10.1007/82_2010_116
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.1101/466243
https://doi.org/10.1056/NEJMra2026131
https://doi.org/10.1016/j.jim.2004.11.021
https://doi.org/10.1172/JCI65459
https://doi.org/10.3390/v13020268
https://doi.org/10.1126/science.279.5349.384
https://doi.org/10.4161/rna.9.1.18178
https://doi.org/10.3390/cancers8030036
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1038/s41586-021-04390-6
https://doi.org/10.1038/nri2848
https://doi.org/10.1172/JCI153247
https://doi.org/10.1038/s41586-022-04801-2
https://doi.org/10.1182/blood.2021010813
https://doi.org/10.1182/blood.2021010813
https://doi.org/10.1016/j.jaci.2020.07.001
https://doi.org/10.1634/theoncologist.2018-0028
https://doi.org/10.1038/s41586-022-05140-y
https://doi.org/10.3389/fimmu.2023.1068625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Differences in the phenotypes and transcriptomic signatures of chimeric antigen receptor T lymphocytes manufactured via electroporation or lentiviral transfection
	1 Introduction
	2 Materials and methods
	2.1 Primary cells and cell lines
	2.2 Construction of CD19-targeting CAR transposon and lentiviral vectors
	2.3 Electroporation of the CD19-targeting CAR transposon
	2.4 Manufacturing of CD19-targeting CAR-T cells via lentiviral transfection
	2.5 Flow cytometry analysis
	2.6 RNA extraction, library construction, sequencing, and validation
	2.7 Principle component analysis and pathway analysis
	2.8 Enzyme-linked immunosorbent assay
	2.9 In vitro anti-tumor efficacy
	2.10 In vivo anti-tumor efficacy
	2.11 Statistical analysis

	3 Results
	3.1 Production of CAR-T cells by electroporation and lentiviral transfection
	3.2 Analysis of CAR-T cell cytotoxicity, activation, and exhaustion
	3.3 Fewer PB CAR-T cells exhibit a memory phenotype than Control T cells
	3.4 Transcriptomic comparison of Lenti and PB CAR-T cells
	3.5 PB CAR-T cells create an intensive cytokine microenvironment in vitro
	3.6 In vitro assessment of anti-tumor efficacy
	3.7 In vivo assessment of anti-tumor efficacy

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /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
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


