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Background: Chimeric antigen receptor T (CAR-T) cell therapy is more effective
in relapsed or refractory diffuse large B cell lymphoma (DLBCL) than other
therapies, but a high proportion of patients relapse after CAR-T cell therapy
owing to antigen escape, limited persistence of CAR-T cells, and
immunosuppression in the tumor microenvironment. CAR-T cell exhaustion is
a major cause of relapse. Epigenetic modifications can regulate T cell activation,
maturation and depletion; they can be applied to reduce T cell depletion,
improve infiltration, and promote memory phenotype formation to reduce
relapse after CAR-T cell therapy.

Purpose: We propose to develop and validate in vitro the function of novel CAR-
T cells for the treatment of DLBCL, which simultaneously express an anti-CD19
CAR with lysine-specific demethylase 1 (LSD1) short hairpin (sh)RNA to prevent
depletion and prolong the survival of CAR-T cells.

Methods: We designed an shRNA sequence targeting LSD1 mRNA, and created a
vector with the following elements: the U6 promoter driving expression of the
LSD1 shRNA sequence, the EFla promoter driving a second-generation anti-
CD19 CAR sequence encoding an anti-CD19 single-chain variable fragment
(FMC63), the CD8 hinge and transmembrane structural domains, the CD28 co-
stimulatory structural domain, and the CD3{-activating structural domain. The
MFG-LSD1 shRNA anti-CD19 CAR plasmid was first constructed, then packaged
in retroviral vectors and transduced into human primary peripheral blood
mononuclear cell-derived T cells to generate the corresponding CAR-T cells.
We examined by flow cytometry the efficiency of two CAR-T cells in killing U-
2932 cells (a human DLBCL line) upon co-culture with RNAU6 anti-CD19 CAR-T
cells or LSD1 shRNA anti-CD19 CAR-T cells. We analyzed Ki-67 staining of the
CAR-T cells by flow cytometry on days O, 5, and 10, and counted the cells to
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assess expansion. We also used flow cytometry to detect the central memory T
cell (TCM) proportion.

Results: We detected the expression of the CAR in the CAR-T cells by flow
cytometry, and observed transduction rates of 31.5% for RNAU6 anti-CD19 CAR-
T cells and 60.7% for LSD1 shRNA anti-CD19 CAR-T cells. The killing efficiency of
LSD1 shRNA anti-CD19 CAR-T cells was significantly higher than that of RNAU6
anti-CD19 CAR-T cells at the low effector target ratio. We further found that LSD1
shRNA anti-CD19 CAR-T cells secreted more IFN-yand granzyme B than RNAU6
anti-CD19 CAR-T cells. CAR-T cells proliferated after U-2932 cell stimulation and
were able to sustain proliferation. After stimulation via U-2932 cell co-culture,
both RNAU6 anti-CD19 CAR-T and LSD1 shRNA anti-CD19 CAR-T populations
had increased proportions of cells with the TCM phenotype, with a higher
percentage among LSD1 shRNA anti-CD19 CAR-T cells.

Conclusion: We developed a novel, feasible CD19-LSD1 shRNA CAR-T cell
strategy for the treatment of DLBCL. Our in vitro assay results showed that
LSD1 shRNA anti-CD19 CAR-T cells more effectively killed target cells than
RNAUG6 anti-CD19 CAR-T cells, and developed a higher proportion of TCM
phenotype cells. LSD1 shRNA anti-CD19 CAR-T cells may represent a potential
treatment for DLBCL.

LSD1 shRNA, diffuse large B cell lymphoma (DLBCL), anti-CD19 CAR-T cells, in vitro

functional validation, cell therapy

1 Introduction

Chimeric antigen receptor T (CAR-T) cell therapy has been a
major breakthrough in the treatment of diffuse large B cell lymphoma
(DLBCL). The transformation of T cells through genetic engineering
into novel killer cells that target CD19 is highly specific, efficient, and
clinically effective. Using this system, the recognition of tumor
antigens is not dependent on major histocompatibility complex
and the system enhances the targeted killing and persistence of
effector T cells (1-4). CAR-T cell therapy targeting the B
lymphocyte surface antigen CD19 is most effective for relapsed and
refractory lymphomas (5-8), and several CAR-T products are
currently approved as second-line therapeutic regimens for relapsed
and refractory large B cell lymphomas, including DLBCL (9-12). In
addition, in patients with relapsed or refractory large B cell
lymphoma, second-line treatment with CAR-T cells significantly
prolongs overall survival compared with standard therapy (13, 14).
Despite the unprecedented success of CAR-T cell therapy in the
treatment of relapsed and refractory B cell tumors, a notable
percentage of patients relapse after CAR-T cell therapy owing to
antigenic escape, the limited persistence of CAR-T cells, and
immunosuppression in the tumor microenvironment (15).

CAR-T cell exhaustion is one of the major causes of relapse after
CAR-T cell therapy. In recent years, studies have demonstrated the
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ability of epigenetic mechanisms to regulate T cell activation,
maturation, and depletion. Genomic or DNA modifications,
histone modifications, and non-coding RNA modifications can
increase cell persistence and survival, reduce T cell depletion,
improve T cell infiltration, and promote memory phenotype
formation to overcome CAR-T cell therapy limitations (16).
Lysine-specific demethylase 1 (LSD1, also known as KDMIA,
AOF2, and BHCI110) is ubiquitously overexpressed in diverse
cancers, and abrogation of LSD1 expression inhibits the
proliferation, invasion, and migration of cancer cells (17). LSD1
specifically demethylates histone lysine residues H3K4mel/2 and
H3K9mel/2, and plays an important role in gene expression (18).
Targeting histone demethylase LSD1 with chemical inhibitors can
remodel the epigenome of activated and expanded CD8" T cells in
vitro and enhance their anti-tumor efficacy (19). Recent studies
have shown that LSD1 inhibition combined with TGF- and PD-1
blockade significantly increases CD8" T cell infiltration and
cytotoxicity. LSD1 contributes to the regulation of Thl cell
differentiation, and pharmacological inhibition of LSD1 induces
IFN-y production by Th1 cells, suggesting that LSD1 inhibition may
be a potential strategy to improve Thl cell differentiation and
cytotoxic T cell immune function (20). LSD1 deficiency enhances
tumor immunogenicity and T cell infiltration, so LSD1 inhibition
combined with PD-(L)1 blockade could be a novel cancer treatment
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strategy. Currently, many LSD1 inhibitors are under clinical
evaluation for cancer therapy (21). Given the important role of
LSD1 in T cells in the tumor microenvironment, we investigated the
effect of knocking down LSD1 expression in T cells on CAR-T cell
function. In this study, we developed a strategy for generating CAR-
T cells that simultaneously express an anti-CD19 CAR and LSD1
shRNA, with the aim of targeting CD19 and improving the efficacy
of CAR-T cell therapy by preventing T cell depletion.

2 Materials and methods
2.1 Experimental materials

We used the cell lines U-2932 (human diffuse large B
lymphoma), 293T (human embryonic kidney cells), Phoenix-ECO
(human retroviral packaging cell line), and PG13 (retroviral-
encapsulated TK-NIH3T3 cells); the Phoenix-ECO and PGI13
cells were obtained from the American Type Culture Collection,
and the U-2932 cell line was purchased from Genjing Bio. All cell
lines were verified by short tandem repeat testing by the providers.
We used the plasmids MFG-RNAU6 anti-CD19 CAR (CD19 CAR
retroviral vector) and MFG-LSD1 shRNA anti-CD19 CAR (LSD1
knockdown and CD19 CAR co-expression retroviral vector). The
main experimental reagents included OKT3 and IL-2 purchased
from Yiqiao Shenzhou, RetroNectin purchased from TAKARA,
polybrene purchased from MCE, diethyl pyrocarbonate-treated
water purchased from Biosharp Biologicals, aminobenzylpenicillin
purchased from Abcam, a Plasmid Extraction Kit purchased from
Kangwei Century, and an Annexin V-FITC/PI Apoptosis Kit
purchased from Prygene. The experiments were conducted with
biological safety cabinets and incubators from ESCO, general
optical microscopes and fluorescence microscopes from ZEISS,
centrifuges from ThermoFisher, flow cytometers from BD,
thermocyclers from Biorad, a qPCR unit from Roche, and water
purifiers from Milli-Q. We used commercially available antibodies,
including monoclonal anti-(G4S)n(B02H1) (APC); FITC-Labeled
Human CD19 (20-291), Protein, Fc Tag DMF Filed; and antibodies
against CD45RO, CD62L, and CD3.

2.2 Cell culture methods

We cultured the 293T, Phoenix-ECO, and PG13 cells in
Dulbecco’s Modified Eagle Medium (Gibco, USA) supplemented
with 10% fetal bovine serum. U-2932 cells stably expressing firefly
luciferase were cultured in RPMI 1640 medium (Gibco) containing
10% fetal bovine serum. When culturing 293T cells—which are
relatively weakly adherent in suboptimal conditions—an obvious
patchy detachment phenomenon was occasionally observed. If the
shedding was not severe the cells were placed back into the medium
as soon as possible to continue the culture. In cases of large-scale
shedding, the cells were collected, re-digested, and dispersed
before inoculation.
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2.3 Construction, packaging, and biological
titer assays of retroviral vectors

The vector consisted of a U6 promoter followed by an LSD1
shRNA sequence, an EFla promoter followed by a second-
generation anti-CD19 CAR sequence encoding an anti-CD19
single-chain variable fragment (FMC63), a CD8 hinge and
transmembrane structural domain, a CD28 co-stimulatory
structural domain, and a CD3(-activating structural domain. The
heavy and light chains (FMC63) were separated by a (G4S)3 linker.
The G4S tag was used to detect transduction efficiency. The LSD1
shRNA sequence was 5-CCGGGCTCCAATACTGTTGGCA
CTACTCGAGTAGTGCCAACAGTATTGGAGCTTTTTG-3".
For retroviral vector packaging, we first used Phoenix-ECO cells to
produce a pro-retroviral vector, and then infected PG13 cells with
this pro-retroviral vector to form a stable virulence-producing
retroviral vector-packaging cell line. The stably transfected PG13
cell line was used to generate retroviral vectors for transducing
activated human T cells. We detected the biological titers of the viral
vectors by flow cytometry. First, 293T cells were seeded in 24-well
plates at a density of 1.5 x 10> cells/wells. Then, the retroviral
vectors were diluted to different ratios and added to the 24-well
plate, which was then subjected to centrifugation at 1,460 g and
32°C for 1 h. After 24 h of transduction, the medium in the well
plates was replaced with complete medium without retroviral
vectors. After a further 48 h, the cells in the well plates were
digested, stained, and assayed on a flow cytometer to calculate the
biological titers of the retroviral vectors.

2.4 Recovery of peripheral blood
mononuclear cells and T cell activation

We quickly transferred the tubes containing cells from the
liquid nitrogen tank to a pre-warmed 37°C water bath; after
thawing with shaking and confirming complete dissolution, we
used a pipette to slowly transfer the cells dropwise to a centrifuge
tube containing 9 mL of X-VIVO with 5% fetal bovine serum
(complete culture medium). The cells were centrifuged at 300 g for
10 min, after which the supernatant was removed and 1 mL of the
complete medium was used to resuspend the cells for counting.
Using the complete medium, the cell density was adjusted to 2 x
10%/mL. We added OKTS3 to a final concentration of 100 ng/mL and
IL-2 to a final concentration of 500 U/mL. We then seeded the cells
in six-well plates (2 mL cell suspension/well). The plates were
labeled with the cell name and time, then incubated at 37°C in
5% CO,.

2.5 T cell transduction and culture

After 48 h of stimulation, the T cells were removed from the
incubator and observed under the microscope for T cell cluster
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formation and to confirm the conditions were appropriate for
retroviral transduction. One day before transduction, we coated a
plate with RetroNectin by adding 1 mL of diluted RetroNectin (10
pg/mL) to one well of a 12-well plate (non-tissue culture-treated),
mixing gently, and marking the corresponding position in the plate.
We sealed the 12-well plate with a sealing film and excluded light by
wrapping in foil, then stored the plate at 4°C overnight; the
RetroNectin solution was aspirated on day 2 of transduction, and
the plate was washed with 1 mL of phosphate-buffered saline (PBS)
while the frozen viral vector was thawed at 4°C. We removed the
PBS and add 1 mL of retroviral vector, then centrifuged the plate at
1,460 g at a temperature of 32°C for 1 h. We resuspended the T cells
and used 10 UL of the cell samples for counting. We transferred 0.4
x 10° cells/well into a 1.5 mL centrifuge tube for transduction. The
T cells were centrifuged at 400 g for 5 min, after which the medium
was discarded and the cells were resuspended with 1 mL of
retroviral vector and mixed by adding polybrene at a final
concentration of 6 ug/uL. The centrifuged 12-well plate was
removed and the retroviral vector was removed. The cell
suspension was added dropwise to a 12-well plate coated with
RetroNectin. The 12-well plates were centrifuged at 1,460 g for 1 h
at 32°C. After centrifugation, the 12-well plates were returned to the
37°C incubator and incubated for at least 2 h. We collected the T cell
suspension from the wells and immediately added 500 pL of
retroviral vector to the well plates. Next, we centrifuged the T cell
suspension at 400 g for 5 min, then removed the cell supernatant,
added 500 pL of retroviral vector to resuspend the cells, added
polybrene, and mixed the cells before transferring to 12-well plates.
The plates were centrifuged at 1,460 g for 1 h at 32°C. After
centrifugation, the cells were returned to the 37°C incubator and
incubated for at least 2 h. We then collected the cell suspensions
from the wells, centrifuged at 400 g for 5 min, discarded the
supernatant, and resuspended the cells in fresh T cell complete
medium (1 mL/well). We added IL-2 (final concentration
500 U/mL) and assayed the T cell transduction efficiency after 48 h.

2.6 Flow assay for T cell retroviral
transduction efficiency

CAR-T cells were removed from the incubator, mixed in their
culture supernatant, and sampled for cell viability and density. We
transferred 5x10° CAR-T cells to a 1.5 mL centrifuge tube and
centrifuged at 400 g for 5 min. Next, we discarded the supernatants,
add 1 mL of PBS to wash the cells once, and then centrifuged at 400
g for 5 min. We discarded the supernatants, then added 100 uL of
PBS to resuspend the cells, added 5 pL FITC-Labeled Human CD19
(20-291) Protein Antibody, mixed well, and incubated for 30 min at
4°C in a refrigerator, protected from light. After the incubation, we
centrifuged the cells at 400 g for 5min, discarded the supernatant
and washed once with 1 mL of PBS, centrifuged again at 400 g for 5
min, and then discarded the supernatant. We resuspended the cells
in 300 pL of PBS and assayed for transduction by flow cytometry.
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2.7 CAR-T cell-initiated in vitro
apoptosis assay

2.7.1 Cell preparation

We co-cultured the effector cells (pan-T cells or CAR-T cells)
with the target cells (tumor cells) at ratios of 4:1, 2:1, 1:1, and 0.5:1.
The target cells were first diluted to 4 x 10° cells/mL and then 100
uL of target cell suspension was added to each well (4 x 10* target
cells/well). The effector cells were diluted proportionally in X-VIVO
complete medium containing 500 U/mL IL-2. We added 100 pL of
each diluted effector cell suspension to the appropriate well. Then,
the 96-well plate was placed in a cell incubator for 16 h, after which
the cells were collected. We used flow cytometry to detect the target
cell killing efficiency of the effector cells.

2.7.2 In vitro killing efficiency by flow cytometry

The samples to be tested were grouped together. Target cells
that were not co-cultured with effector cells were used as controls,
and target cell apoptosis was detected by flow cytometry. The
collected cells were transferred to a 1.5 mL centrifuge tube and
centrifuged at 400 g for 5 min. Then, the supernatants were carefully
removed, the cells were washed by adding 1 mL of PBS, centrifuged
again at 400 g for 5 min, and the supernatants were discarded. This
procedure was repeated to wash the cells twice. We diluted the
binding buffer with deionized water at 1:10, and resuspended the
cellular precipitate by adding 250 pL of binding buffer to each
sample and adjusting to a concentration of 1 x 10°/mL. Then, we
transferred 100 pL of cell suspension to a 5 mL flow tube and added
5 pL of FITC-labeled Annexin-V Apoptosis Detection Reagent and
10 pL of propidium iodide solution. The suspensions were mixed
well and incubated at room temperature away from light for 15 min.
Finally, we added 400 uL of PBS to the reaction tube and collected
and analyzed the data using a flow cytometer.

2.8 CAR-T cell cytokine secretion assay

The effector cells and target cells were co-cultured for 16 h at a ratio
of 2:1, and then the supernatant was collected for a cytometric bead
array assay. We diluted the supernatant 2-fold or 10-fold with PBS,
added 25 pL of assay buffer to each well, transferred 25 UL of standards
or samples to the wells, and shook the capture microspheres for 30 s
before adding 25 UL to each well. After the sealing film was attached,
the plates were incubated at room temperature while being shaken in a
shaker at 500 rpm for 2 h, shielded from light. We then centrifuged the
plates at 250 g for 5 min, gently discarded the supernatant, and snapped
the plate onto a piece of paper to aspirate the liquid. Next, we added
200 UL of 1x wash solution to each well, incubated for 1 min, and then
discarded the supernatant after centrifuging at 250 g for 5 min. We
added 25 UL of detection antibody to each well, sealed, and incubated at
room temperature with shaking in a shaker at 500 rpm for 1 h, shielded
from light. After incubation, we added 25 pL of PE-labeled
streptavidin, sealed the plate, and incubated at room temperature
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with shaking in a shaker at 500 rpm for 30 min. Then, we centrifuged at
250 g for 5 min, and discarded the supernatant. We next added 200 uL
of 1x wash solution to each well, incubated for 1 min, centrifuged at
250 g for 5 min, discarded the supernatant, and added 150 UL of 1x
wash solution to each well to resuspend the microspheres and transfer
into tubes for detection. Finally, we performed a flow assay for TNF-o,
IFN-y, and granzyme B secretion.

2.9 CAR-T cell proliferation assay in vitro

Effector and target cells were co-cultured at a ratio of 2:1 (5x10°
effector cells to 2.5x10° target cells), inoculated in 12-well culture
plates, and incubated for 0, 5, and 10 d. We prepared 70% ethanol,
which we cooled to 4°C. After the incubation period, we prepared
the target cells by washing twice with PBS, centrifuging at 350 g for
5 min, discarding the supernatant, and vortexing the cells; we added
3 mL of pre-cooled 70% ethanol dropwise into the cell solution
while vortexing, continued vortexing for 30 s, and then incubated
the cells for 1 h at —20°C. We washed the cells 3x with cell staining
buffer, and resuspended them in cell staining buffer at a
concentration at 0.5-10x10° cells/mL. An appropriate amount of
Ki-67 antibody was added to 100 uL of cells, which were incubated
for 30 min at room temperature away from light. We washed twice
with cell staining buffer, then resuspended the cells in 0.5 mL of cell
staining buffer and analyzed Ki-67 staining by flow cytometry.

2.10 CAR-T cell TCM ratio assay

Effector and target cells were co-cultured at a ratio of 2:1 (5x10°
effector cells and 2.5x10° target cells) and inoculated in 12-well
culture plates. We collected the cells after incubation for 0, 5, and
10 d. After incubation, we used CD45RO and CD62L antibodies to
differentiate between memory and effector T cell populations; TCM
were defined as expressing CD45RO and CD62L.

2.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism8
software. The data are shown as the mean + standard deviation.
For comparisons between two groups, the unpaired Student’s t-test
was performed. All experiments were performed at least three times to
establish reproducibility using at least independent donors.
Differences for which p < 0.05 were considered statistically significant.

3 Results

3.1 Successful construction of LSD1 shRNA
anti-CD19 CAR-T cells and shRNA
downregulation of LSD1 mRNA expression

We developed a strategy to generate CAR-T cells that
simultaneously express an anti-CD19 CAR with LSD1 shRNA.

Frontiers in Immunology

10.3389/fimmu.2024.1521778

We designed an shRNA sequence targeting LSD1 mRNA. The
vector consists of a U6 promoter followed by an LSD1 shRNA
sequence, an EFla promoter followed by a second-generation anti-
CD19 CAR sequence encoding an anti-CD19 scFv (FMC63), a CD8
hinge and transmembrane structural domain, a CD28 co-
stimulatory structural domain, and a CD3{-activating structural
domain (Figure 1A). After thawing healthy human peripheral blood
mononuclear cells, we added 100 ng/mL OKT3 and 500 U/mL IL-2
to activate and expand CD3" T cells; we transduced the modified
peripheral blood mononuclear cell-derived T cells with retroviral
vectors after 48 h. Then, after 48 h of transduction, we detected
CAR expression in the CAR-T cells using flow cytometry. The
transduction positivity rate for RNAU6 anti-CD19 CAR-T cells was
31.5%, and that for the LSD1 shRNA anti-CD19 CAR-T cells was
60.7% (Figures 1B-E). Downregulation of LSD1 mRNA expression
by the shRNA in human T cells was confirmed with quantitative
reverse transcription polymerase chain reaction experiments
(Figure 2). In the validation assay for the killing ability of LSD1
shRNA anti-CD19 CAR-T cells in vitro, we confirmed the high
CD19 expression levels of the U-2932 target cells (Figure 3).

3.2 CD19-LSD1 shRNA CAR-T cells
effectively killed U-2932 cells

To determine the killing efficiency of each type of CAR-T cell,
we co-cultured RNAUG6 anti-CD19 CAR-T cells or LSD1 shRNA
anti-CD19 CAR-T cells with U-2932 cells (4:1, 2:1, 1:1, and 0.5:1)
and assessed U-2932 apoptosis by flow cytometry after 16 h
(Figure 4A). The early apoptosis and late apoptosis rates of the
U-2932-Luc cells were significantly higher in the LSD1 shRNA anti-
CD19 CAR-T co-culture group than in the RNAU6 anti-CD19
CAR-T group, indicative of superior killing efficiency by LSD1
shRNA anti-CD19 CAR-T cells (Figures 4B, C). We further found
that LSD1 shRNA anti-CD19 CAR-T cells had comparable levels of
TNF-a secretion to RNAU6 anti-CD19 CAR-T cells (Figure 4D),
but secreted more IFN-y, which is capable of indirectly killing
tumor cells and affecting immune regulation. They also secreted
more granzyme B, which is a cytotoxic molecule that can participate
in cancer cell killing by T cells (Figures 4E, F). Figure 5 shows a
representative image of cytokine secretion analyzed by flow
cytometry (Figure 5).

3.3 CD19-LSD1 shRNA CAR-T cells
proliferated upon exposure to target cells

After we co-cultured RNAUG6 anti-CD19-CAR-T cells or LSD1
shRNA anti-CD19 CAR-T cells with U-2932 cells (2:1), we assessed
CAR-T cell expansion by measuring Ki67 expression by flow
cytometry after 0, 5, and 10 d (Figures 6A, B). On day 0, only a
small percentage of CAR-T cells were Ki-67"; after U-2932 cell
stimulation, CAR-T cells significantly proliferated and sustained
that proliferation until day 10. We also co-cultured
carboxyfluorescein succinimidyl ester-labeled CD19 CAR-T cells
or LSD1 shRNA anti-CD19 CAR-T cells with U-2932 cells (3:1) and
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Construction and expression of the anti-CD19 chimeric antigen receptor. (A) Schematic diagram of the structure of the anti-CD19 chimeric antigen
receptor (CAR). (B) Untransduced human primary peripheral blood mononuclear cell-derived T cells. (C) RNAU6 anti-CD19 CAR-T cell transduction
efficiency. (D) LSD1 short hairpin (sh)RNA anti-CD19 CAR-T cell transduction efficiency. (E) Transduction efficiency of human T cells with anti-CD19

CAR retroviral vectors analyzed by flow cytometry (n = 3 donors).

evaluated the changes in fluorescence of CAR-T cells by flow
cytometry after 48, 72, and 96 h to statistically measure the
expansion level. CD19 CAR-T and LSD1 shRNA anti-CD19
CAR-T cells both displayed greater proliferation after incubation
with target cells for 72 and 96 h, and there was no statistical
difference between CD19 CAR-T and LSDI1 shRNA anti-CD19
CAR-T cell proliferation. The effect of LSD1 shRNA co-expression
on the proliferative capacity of CD19 CAR-T may be more marked
in in vivo experiments (Figure 6C).

3.4 CD19-LSD1 shRNA CAR-T cells
developed a higher proportion of TCM
than anti-CD19 CAR-T cells

TCM play an important role in CAR-T cell therapy, as they
provide long-term immune memory and antigen-specific responses.
CAR-T cell therapy uses genetic modification techniques to enable
T cells to recognize and attack tumor cells. In long-term
immunological memory responses, TCM respond rapidly and
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efficiently when they re-encounter their specific antigen, thereby
enhancing the anti-tumor effects of CAR-T cells. In addition, a high
percentage of TCM suggests that a therapeutic effect can be
achieved with a very small infusion dose, further suggesting a
favorable safety profile, which is critical to the success of CAR-T
cell therapy. Therefore, we utilized flow cytometry to detect the
percentage of TCM among the CAR-T cells. The percentage of cells
with a TCM phenotype increased for both RNAU6 anti-CD19-
CAR-T and LSDI shRNA anti-CD19 CAR-T after stimulation via
co-culture with U-2932 cells (Figures 7A, B). In conclusion, our
results suggested that LSD1 downregulation enhances the function
of CD19-specific CAR-T cells in vitro.

4 Discussion

CAR-T cell therapy, an effective method of immunotherapy for
relapsed and refractory hematologic tumors, requires CAR-T cell
preparation via the expansion of modified genetically engineered T
cells (22). Clinical applications require monitoring of CAR-T cells
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CAR-T cell in vitro killing assay. (A) Representative images of the flow cytometric apoptosis assay. LSD1 shRNA anti-CD19 CAR-T cells were co-
cultured with U-2932 cells over a effector target ratio gradient for 16 h. The apoptosis signals (Annexin V/propidium iodide [PI]) from target cells
were measured by flow cytometry. (B) Annexin-V*PI™: early apoptosis, (C) Annexin-V*PI™: early apoptosis, and Annexin-V*PI*: late apoptosis.

(D) TNF-a secretion. (E) IFN-vy secretion. (F) Granzyme B secretion. The levels of TNF-a (D), IFN-y (E), and granzyme B (F) secreted by CAR-T cells
after co-culture with U-2932 cells at an effector target ratio of 2:1 for 16 h, detected by cytometric bead array. Values are expressed as the mean +
standard deviation. The unpaired t-test was performed to compare between the groups. ***p < 0.001; **p < 0.01; *p < 0.05; and ns, p > 0.05

compared with RNAU6 anti-CD19 CAR-T cells.

to assess their cellular expansion and persistence in vivo. The
proliferative ability and persistence of CAR-T cells in vivo can be
monitored by flow and quantitative polymerase chain reaction
assays. To an extent, the proliferative level determines the anti-
tumor efficacy of CAR-T cells in vivo (23-25).

Manufacturing CAR-T cells involves the stimulation of single,
nucleated cells enriched for T cells with antibody-encapsulated beads
or plate-conjugated antibodies that induce T cell activation. This is
followed by genetic modification using retroviral vectors or other
delivery methods to facilitate the expression of CAR molecules on the
cell surface (26-28). Reagents used for in vitro CAR-T cell expansion
include culture media, serum, cytokines, and additional media
supplements that collectively have a marked impact on CAR-T cell
function. Moreover, specific conditions, such as the use of frozen,
single, nucleated cells; T cell enrichment stimulation methods; and
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gene delivery procedures all affect CAR-T cell expansion. The choice
of culture medium is the primary consideration for in vitro CAR-T
cell expansion (29). Our choice, X-VIVO medium, has been widely
used for T cell manufacturing. It is important to choose the right
medium to expand sufficient numbers of T cells to fulfill research or
clinical therapeutic needs (30, 31).

The generation of CAR-T cells requires the transfer of CAR
genes into primary T cells, usually via y-retroviral vectors. In this
study, we enabled the stable expression of CAR molecules on the
surface of T cells by infecting activated T cells with y-retroviral
vectors. The in vitro preparation of CAR-T cell products involves
the collection and preparation of lymphocytes from patients, and
encompasses a wide range of factors, such as the source of the T cells
and the method of preparation. It also requires a complex
evaluation of the products, entailing assessment of CAR-T cell
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viability, cell purity, microbial safety, and biological efficacy. A key
aspect of CAR-T cell product quality control is the evaluation of
target cell killing activity, which is closely related to efficacy. CAR-T
cell production is a multi-step process that requires precise, safe
management systems, including Good Manufacturing Practices and
online quality control and assurance, to ensure and enhance the
anti-tumor response and safety of the T cells. In this study, we
successfully constructed a new cell therapy product via
simultaneous expression of LSD1 shRNA and anti-CD19 CAR in
human T cells, without affecting the expression of the CAR, by
driving LSD1 shRNA expression under the U6 promoter and anti-
CD19 CAR expression under the EFla promoter. Current CAR-T
cell therapy products under clinical evaluation are mainly second-
generation CAR structures, which are limited by the short survival
time of the CAR-T cells in vivo and relapse after effective CAR-T
cell therapy (32). Our design provides a promising therapeutic
approach for optimizing second-generation CAR structures and co-
expressing novel shRNA-based regulatory factors to prevent T cell
depletion. LSD1 shRNA overexpression enhanced the killing
efficiency of CD19-specific CAR-T cells. Furthermore, the
therapeutic efficacy and durability of the CAR-T cells significantly
correlated with their differentiation status. The different stages of T
cell differentiation include naive T cells, stem cell central memory T
cells, TCM, effector memory T cells, effector T cells, and terminally
differentiated T cells. CAR-T cell products with high levels of naive
T cells, TCM, and stem cell central memory T cells have shown
excellent anti-tumor responses and in vivo persistence (33). Several
clinical T cell trials have reported a positive correlation between
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infusion of less differentiated T cells and better clinical outcomes;
thus, focusing on memory cell formation is one of the recent
strategies to improve CAR-T cell persistence (34). In this study,
co-expression of LSD1 shRNA in anti-CD19 CAR- T cells resulted
in a higher percentage of CAR-T cells with the TCM phenotype.
Elevated levels of TCM cells may be related to the long-term
persistence of T cells, which could further enhance the
effectiveness of CAR-T cell therapy.

Although CAR-T cell therapy is an effective immunotherapy for
the treatment of relapsed and refractory hematologic tumors, its
success remains limited by poor in vivo expansion of CAR-T cells,
relapse after CAR-T cell therapy, and toxicity problems. In a long-
term follow-up of 101 patients with relapsed and refractory DLBCL
treated with tisagenlecleucel, 61 patients experienced disease
progression or died during the study period. The median
progression-free survival time was only 5.9 months (35).
Therefore, it is important to reconsider the structure of CAR-T
cells, including the ecto-structural domains, transmembrane
structural domains, and endo-structural domains, and the cell
preparation techniques and T cell sources, to improve the clinical
efficiency, persistence, infiltration, and resistance to apoptosis of
CAR-T cells (36). CARs are synthetic cell-surface receptors that
redirect cytotoxic immune cells to target cells expressing cell-
surface antigens independent of major histocompatibility complex
molecules. The primary function of a CAR is to replace the T cell
receptor-CD3 complex and deliver the initiating signals for T cell
activation. CARs usually consist of four structural domains: an
extracellular antigen-binding structural domain, a spacer or hinge
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Diagram of the overall technical approach.

region, a transmembrane structural domain, and an intracellular
signaling structural domain (37). CAR structures have evolved over
time and have now been upgraded to a fourth generation. The first-
generation CAR structure has only one intracellular CD3 signaling
domain; although it can exert certain anti-tumor activity, it cannot
transduce proliferative signals or induce the production of a large
number of cytokines, which makes the downstream killing effect on
tumors unsatisfactory. The second-generation CAR added an
intracellular co-stimulatory molecule, such as CD28/B7, ICOS, 4-
IBB (CD137), CD27, and OX40 (CD134). The co-stimulatory
molecule promotes the secretion of cytokines such as IL-2 by
CAR-T cells, thereby increasing the vitality of T cells and
prolonging T cell survival time. The third-generation CAR is
based on the second-generation with the addition of a co-
stimulatory molecule, mainly CD28 and CD137; it confers
stronger cytokine release and tumor-killing ability, but is also
prone to promoting the phenomenon of activation-induced cell
death. Fourth-generation CARs, also known as “armored CARs,”
are structurally different from the first three generations. The
introduction of pro-inflammatory cytokines (currently mainly IL-
12) and co-stimulatory ligands (4-1BBL and CD40L) has reduced
the incidence of adverse effects during pretreatment therapy and
elicited a wider range of anti-tumor immune effects (38).

LSD1 is overexpressed in several cancer types, and its aberrant
overexpression plays a critical role in cancer development and
progression. Several LSD1 inhibitors developed to date effectively
attenuate tumor growth both in vivo and in vitro. LSD1 is involved
in anti-tumor immunity, and LSD1 inhibition enhances the
responsiveness of CD8" T cells, thereby improving the efficacy of
T cell-based therapies (39). We found that overexpression of LSD1
shRNA enhanced the function of CD19-specific CAR-T cells and
increased the killing efficiency of LSD1 shRNA anti-CD19 CAR-T
cells compared with control CAR-T cells. Moreover, the efficacy and
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durability of the CAR-T cells were closely related to their
differentiation status. The longevity, persistence, and functionality
of T cells are key determinants of T cell-based therapies, and the
phenotype of the T cell product can have a profound impact on
treatment outcomes. Keeping T cells in a less differentiated state and
maintaining their plasticity and adaptability after in vitro
production and infusion may result in a stronger therapeutic
effect (40). In this study, co-expression of shLSDI in anti-CD19
CAR- T cells resulted in an increase in the proportion of CAR-T
cells with a TCM phenotype. Elevated proportions of TCM may be
associated with the long-term persistence of T cells, which could
further enhance the effectiveness of CAR-T cell therapy. This is
consistent with the finding that LSD1 inhibitor-treated CAR-T cells
showed a less differentiated phenotype, with an increased
proportion of TCM and similar initial T cells, along with a
decreased proportion of terminal effector T cells. The same study
found that LSD1 enhanced the expression of the CAR and levels of
HLA-DR after co-culture with tumor cells, suggesting enhanced
tumor-specific anti-tumor function (41). The overall technological
approach used in this study is illustrated in Figure 8. Although our
study yielded encouraging results in in vitro experiments, the in vivo
safety of the approach remains to be confirmed. In addition, the
mechanism by which LSD1 shRNA enhances the functionality of
CAR-T cells needs to be further explored. More research is needed
to deepen our understanding of this strategy to better utilize its
clinical value.
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