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Purpose: Autologous chimeric antigen receptor (CAR) T cell therapy is one of the
most significant breakthroughs in hematological malignancies. However, a
three-week manufacturing cycle and ineffective T cell dysfunction in some
patients hinder the widespread application of auto-CAR T cell therapy. Studies
suggest that cord blood (CB), with its unique biological properties, could be an
optimal source for CAR T cells, providing a product with ‘off-the-shelf’
availability. Therefore, exploring the potential of CB as an immunotherapeutic
agent is essential for understanding and promoting the further use of CAR T cell
therapy.

Experimental design: We used CB to generate CB-derived CD19-targeting CAR
T (CB CD19-CART) cells. We assessed the anti-tumor capacity of CB CD19-CAR
T cells to kill diffuse large B cell lymphoma (DLBCL) in vitro and in vivo.

Results: CB CD19-CARTT cells showed the target-specific killing of CD19+ T cell
lymphoma cell line BV173 and CD19+ DLBCL cell line SUDHL-4, activated
various effector functions, and inhibited tumor progression in a mouse (BALB/c
nude) model. However, some exhaustion-associated genes were involved in off-
tumor cytotoxicity towards activated lymphocytes. Gene expression profiles
confirmed increased chemokines/chemokine receptors and exhaustion genes
in CB CD19-CAR T cells upon tumor stimulation compared to CB T cells. They
indicated inherent changes in the associated signaling pathways in the
constructed CB CAR T cells and targeted tumor processes.

Conclusion: CB CD19-CAR T cells represent a promising therapeutic strategy for
treating DLBCL. The unique biological properties and high availability of CB
CD19-CAR T cells make this approach feasible.
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Introduction

One of the developmental milestones in immunotherapy of
hematologic malignancies is chimeric antigen receptor (CAR) T cell
therapy (1). Genetically engineered T cells expressing CARs can
specifically target tumor cells (2). CAR is a fusion protein consisting
of an extracellular domain binding target antigen and linked to an
intracellular signaling domain. First-generation CARs were
designed using only the CD3( intracellular signaling domain of
the TCR/CD3 complex. Second- and third-generation CARs
contain costimulatory molecules fused to CD3(, such as CD28
and/or 4-1BB, which leads to enhanced proliferation, durable
activity, cytokine secretion, apoptotic resistance, and in vivo
persistence (2). Currently, the Food and Drug Administration has
approved the use of four CAR T programs as third-line therapy of
large B cell lymphoma (LBCL): BREYANZI (lisocabtagene
maraleucel) (3), Novartis’s KYMRIAH (tisagenlecleucel) (4),
Gilead’s YESCARTA (axicabtagene ciloleucel) (5), and Gilead’s
TECARTUS (brexucabtagene autoleucel) (6) and second-line
therapy of LBCL: YESCARTA (7). The overall response rate has
been observed to be as high as 73% with 54% complete response
(CR) rate (8). With this clinical success, CAR T cells have
revolutionized the treatment of relapsed/refractory (R/R) LBCL.

Use of autologous CAR T (auto-CAR T) cells targeting CD19 has
led to outstanding data for patients with R/R LBCL (9). However,
following leukapheresis, auto-CAR T cell engineering is a bespoke
fabrication procedures for all patients, leading to certain well-known
shortcomings, such as high out-of-pocket payments and prolonged
wait time. Some patients may show disease progression or may lose
eligibility for treatment-related complications over the waiting
period, causing delayed or failed availability of auto-CAR T cell
therapy (10). Moreover, auto-CAR T cells may be ineffective owing to
T cell dysfunction, wherein immunosuppression receptors are
expressed (11). The functional characteristics of auto-CAR T cells
are inversely affected by the previous accumulation effects of
chemotherapy (12). For these reasons, some patients fail to receive
autologous T cells for producing CAR T cell products (13). Finally,
the cost of this auto-CAR T cell therapeutic approach remains high
and it is not readily available for all patients, which is a challenge for
healthcare systems (14).

The ‘off-the-shelf allogeneic CAR T (allo-CAR T) cells from
healthy donors with simplified and standardized manufacturing are
expected to address these problems. Allo-CAR T cells host several
prospective advantages, for example lower and affordable costs,
owing to the application of scaled manufacturing processes and the
capacity to generate multiple CAR T cells from a single donor (15).
Allo-CAR T cells with pre-prepared and cryopreserved features can
be taken as needed, making therapy available instantly for patients
(15). In addition, a crucial difference is that allogeneic cell
manufacturing involves a batch of products, which can be used if
repetition is necessary. In contrast, a collection of autologous cells
can only be used to produce a single-cell product. The ‘off-the-shelf
allo-CAR T cells also can combinate with antibody targeting co-
inhibitory molecule (16). Clinical studies have shown that donor-
derived CAR T cells exhibit effective expansion in patients with
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acute lymphoblastic leukemia (ALL), achieving a high CR and
controllable safety (17). However, allogeneic approaches suffer
from two significant problems. First, allogeneic T cells may lead
to life-threatening graft-versus-host disease (GVHD). Second, the
host immune system may rapidly recognize and eradicate allogeneic
T cells, thereby limiting their anti-tumor activity (18).

Allo-CAR T cells are primarily derived from peripheral blood
mononuclear cells (PBMCs) and not often from cord blood (CB).
CB transplantation has been successfully used to cure hematologic
malignancies in recent decades, owing to decreased graft failure
rates and transplantation-related mortality. Research indicates that
the exceptional biological characteristics of CB cells may result in
improved anti-cancer efficacy. Therefore, CB could be an ideal
option for immunotherapy, offering products that are readily
accessible ‘off-the-shelf (19). CB-derived CAR-NK cell therapy
has been successfully used to treat hematologic malignancies. 73%
(8/11) of patients responded to treatment with CB-derived CARNK
cells without developing major toxic effects (20). Through genetic
manipulation and stimulation of costimulatory molecules, the
formerly naive CB T-cell has been directed to differentiate into
effector T cells (21). In a mouse model of ALL, CB-derived CAR T
cells show a higher naive T cells proportion and better tumor
growth inhibition than PB-derived CAR T cells from R/R ALL
patients (22). However, the number of clinical trials using CB-
derived CAR T cells products is limited. Thus, we generated CB-
derived CD19-targeting CAR T cells and assessed the anti-tumor
activity of CB CD19-CAR T cells in diffuse large B cell
lymphoma (DLBCL).

Materials and methods

Cell lines, cell culture, and
animal experiments

SUDHL-4, DB, BV173, and K562 cells were obtained from the
Stem Cell Bank of the Chinese Academy of Sciences. All cell lines
were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (Gibco, Billings, MT, USA). All cell lines were
authenticated by Short Tandem Repeat profiling and regularly
tested negative for mycoplasma contamination.

This study used male BALB/c nude (BALB/c-nu) mice aged 5-6
weeks, purchased from Hunan Slake Jingda Experimental Co., Ltd.
Ethical approval was received from the Medical Research Ethics
Committee of the Second Affiliated Hospital of Nanchang
University, and written informed consent was obtained. A total of
1 x 10° SUDHL-4 cells suspended in a mixture of 100 uL Matrigel
and PBS were subcutaneously injected into the backs of BALB/c-nu
immunodeficient mice. Definition tumor engraftment at day 9,
mice were then randomly divided and received CB CD19-CAR T
cells in treatment groups and CB T cells in control groups at day 10,
and tumor measurement was monitored every 3 days (n=7 per
group). After experimental observation, the mice were euthanatized
following the painless cervical dislocation, and their tumors were
collected for subsequent analyses.
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CD19-CAR construct design and lentiviral
vector production

The construct of generating the CD19 CAR lentiviral was
performed based on the methods previously published in a patent
(CN 108753774 B). The scFv (VL-linker-VH) sequence of CD19
CAR was encoded using synthetic DNA technology (GENEWIZ,
China). Next, the CAR was subcloned into a second generation with
a 4-1BB costimulatory domain. A truncated version of the CD19
CAR was created by deleting the cytoplasmic domains. 293T cells
transfected with packaging plasmids and the scFv vector, including
CAR construct, generate lentiviruses products. The viral
supernatant was harvested after 48-72h, concentrated and stored
at —196°C until further use.

T-cell isolation, culture, and transduction

According to the manufacturer’s instructions, we isolated CD3
+ T cells from fresh cord blood by CD3 positive selection
microbeads (Miltenyi Biotech, Germany). For activating the T
cells, we resuspended the isolated CD3+ T cells (1 x 10° cells/ml)
in X-VIVO 15 medium (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 5% human AB serum (Thermo Fisher
Scientific) and 200 U/mL recombinant human IL-2 (PeproTech,
USA) at 37°C in 5% CO,. Sterile, non-tissue-culture-treated 24-
well plates were coated with Retronectin (Thermo Fisher Scientific)
at 6 pg/cm® and left to stand overnight at 37°C in 5% CO,. Next,
the lentivirus supernatant was transferred to plates, and then T
cells activated using recombinant human interleukin-2 (250 U/mL)
were added, followed by incubation at 37°C for 24h after
centrifugation. The medium was changed 24h later and every
other day afterwards.

Cytotoxicity and multiplex cytokine assay

All anti-human antibodies, including CD45RA-APC
(Cat: 550855), CD3-FITC (Cat: 555339), CD4-APC-Cy7 (Cat:
557871), CD8-PerPCy5.5 (Cat: 560662), CCR7-PE (Cat: 552176),
CD27-PE-Cy7 (Cat: 560609), CD28-BV711 (Cat: 563131), Fixable
Viability Stain (FVS) (Cat: 562247), PD-1-BV421 (Cat: 562584),
and TIM-3-BV605 (Cat: 747961), were purchased from BD
Pharmingen (BD Biosciences, Franklin Lakes, NJ, USA). Tumor
cells were labeled with 2 puM intracellular tracing reagent
carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen,
Waltham, MA, USA), and dead cells were marked with FVS. All
flow cytometric analyses were performed using a BD FACSCanto
(BD Biosciences) and analyzed with FlowJo Version 10 (Tree Star,
Ashland, OR, USA). The capacity of CB CD19-CAR T cells
recognizing and killing target cells was evaluated by analyzing the
percentage of CFSE-labelled target cells after coculturing for 24 h at
different effector: target (E: T) ratios of 1:1, 2:1, 5:1, 10:1.
Supernatants were harvested after 48 h, and multiple cytokines
(IL-2, IL-4, IL-6, IL-10, TNF-0, and IFN-y) were detected using the
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BD Cytometric Bead Array (CBA) Human Th1/Th2 Cytokine Kit
(BD Pharmingen) by flow cytometry.

RNA sequencing analysis

CB T and CB CD19-CAR T cells were collected (three biological
replicates) as samples for RNA-seq analysis. This RNA-seq was also
used to analyze CB CD19-CAR T cells before and after co-culture
with SUDHL-4 cells an E: T ratio of 1:1 for 48h. cDNA library
construction, library purification, and transcriptome sequencing
were executed using the DNBseq platform according to the
instructions provided by Kindstar Global Company
(www.kindstar.com.cn). For RNA-seq data, the gene expression
levels were quantified in fragments per kb of exon model per million
mapped reads exon model. The differentially expressed genes
(DEGs) were analyzed using EdgeR software and the significance
was adjusted P-value of <0.05 and absolute log* (absolute ratio
value) > 1.

Statistical analyses

Statistical analyses were executed using GraphPad Prism 8.0
(GraphPad Software). Two-tailed Student’s t-test was used to
compare two groups to identify significant differences. A two-way
ANOVA with Tukey’s multiple comparison test was used for three
and more groups. For experiments in the animal tumor model, two-
way ANOVA was used to analyze tumor volume and weight.
Experimental data were collected from a minimum of three
independent experiments for each analysis. Data are presented as
the mean * standard error of means (SEM), and statistical
significance was set at P < 0.05.

Data availability

The data generated in this study are available upon request from
the corresponding author. Data were generated by the authors and
included in the article

Results

Generation and characterization of CB
CD19-CART cells

We generated a CD19scFv-based CAR construct with a 4-1BB
costimulatory domain and a CD3( signaling domain (Figures 1A,
B). CB T cells without CD19 CAR transduction were used as
control. Activated CB T cells were transfected with lentiviral
vectors, with consequential expression of CD19 CAR (Figure 1C).
Subsequently, we tested the immunophenotypes of CB CD19-CAR
T and CB T. Flow cytometry data indicated that the proportions of
CD4, CD8, TCR-0, and TCR-y cells did not differ between CB
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CD19-CAR T and CB T (Figures 1D, E). Following expansion, both
CB CD19-CAR T and CB T cells were enriched for naive T cells
(CD45RA+CCR7+; CD28+CD27+), indicating that they were
similarly cultured with no significant proliferation differences. We
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performed RNA-seq analysis of CB CD19-CAR and CB T cells
(Figures 1F, G). CB CD19-CAR T cells manifested changes in genes
related to adherens junction, cytokine-cytokine receptor
interaction, chemokine signaling pathway and antigen processing
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and presentation. This may be associated with the assembly of CAR
to enhance cell membrane’s function and T cell immune response.

CB CD19-CARTT cells specifically recognize
and kill BV173 cells

To investigate the cytolytic ability of CB CD19-CAR T cells for
distinguishing and eliminating CD19+ tumor cells, we first selected
BV173 cells (a CD19+ ALL cell line) for verification. Compared
with the CB T group and CD19-negative cell line K562 group, CB
CDI19-CAR T cells mediated cytotoxicity against the CFSE-labelled
BV173 cells (P < 0.05, n = 3; Figures 2A, B), indicating that CB T
cells expressing CAR constructs were able to eliminate tumor cell.
We also detected cytokine products of CB CD19-CAR T cells
following coculture with target tumor cells for the examination of
the effector function. Supernatants analyzed by the CBA assay
revealed that only BV173 group could elicit release of multiple
cytokines by CB CD19-CAR T cells (Figure 2C and Figure S1A),
further indicating that the CB CD19-CAR T cells exhibited specific
activation with target cell stimulation.

CB CD19-CAR T has potent anti-tumor
efficacy against CD19+ DLBCL cells in vitro
and in vivo

SUDHL-4 cells are DLBCL cells expressing CD19 markers that
can be recognized explicitly by CB CD19-CAR T cells. DB cells are
DLBCL cells that are not CD19-positive. To confirm their
cytotoxicity against CD19+DLBCL cells, we cocultured SUDHL-4
and DB cells with CB T and CB CD19-CAR T cells at different E: T
ratios of 1:1, 2:1, 5:1, 10:1. In contrast to CB T cells, CB CD19-CAR
T cells showed strong lysis function during coculture with SUDHL-
4 cells (P < 0.05, n = 3; Figures 3A, B). We observed cytotoxicity
towards SUDHL-4 cells but not DB cells, which was mirrored by the
anti-tumor activity post antigen stimulation (P < 0.05, n = 3;
Figures 3A, B). While the outgrowth of SUDHL-4 was not
affected by the dose of CB CD19-CAR T cells, the low amount (E:
T of 1:1) of CB CD19-CAR T cells still led to anti-tumor activity
against CB CD19-CAR T cells. CB CD19-CAR T cells cocultured
with SUDHL-4 cells also showed significantly higher cytokine
secretion, including IL-2, IL-4, IL-6, IL-10, TNF-o, and IFN-y
(Figure 3C and Figure S1B), further demonstrating the CD19-
dependent cytotoxicity of CB CD19-CAR T cells.

To evaluate the anti-lymphoma activity of CB CD19-CAR T
cells in vivo, we established a murine xenogeneic model using
SUDHL-4 cells. Subcutaneous injection of SUDHL-4 cells into the
backs of BALB/c-nu mice allowed the tumor to expand. Following
confirmation of tumor engraftment on day 9, animals received CB
CD19-CAR T cells or CB T cells on day 10. The growth of tumors
and their weight were followed in three groups (Figures 3D-F). CB
CD19-CAR T cells were able to control the growth of tumor
compared with CB T cells and untreated group, the representative
images and data from n = 4 mice per group (Figure 3D). No
significant decrease in mouse body weight or other toxicity signs
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was observed in any treatments, including CB T cells and CB CD19-
CARTT cells, suggesting little systemic toxicity with good tolerability
(Figure 3F). These results support the results of our in vitro study
and indicate that CB CD19-CAR T cells effectively inhibit tumor
growth in a DLBCL model.

Changes in genes expression of CB CD19-
CAR T cells following coculture

We analyzed the changes after CB CD19-CAR T cell interaction
with tumor cells. After 48h of coculture, CB CD19-CAR T cells
showed loss of the CCR-7 phenotype and naive T cells converted
them into terminally differentiated effector memory cells re-
expressing CD45RA (Tgyra) T cells; the formerly naive CB T cell
population promptly differentiated into an effector cell (Figure 4A).
The upregulation of immune checkpoint proteins might limit the
anti-tumor activity causing resistance of immune cell-mediated
therapy. Among them, programmed cell death protein-1 (PD-1)
and T cell immunoglobulin and mucin domain-containing protein
3 (TIM-3) have recently received increased attention for playing a
critical role in inhibition of T cell proliferation and function.
Therefore, we investigated changes in the expression of PD-1 and
TIM-3 on the surface of CB CD19-CAR T cells. As shown by our
flow cytometry results (Figure 4B), mean TIM-3 expression was
significantly higher in CB CD19-CAR T cells after coculture with
SUDHL-4 cells. PD-1 expression levels were not statistically
significant. CB-derived CAR T cells showed elevated immune
checkpoints after coculture with SUDHL-4, which might hinder
the ability of CB CAR T cells to expand and act continuously
in vivo.

To elucidate which gene is responsible for these changes, we
analyzed the RNA-seq data of CB CD19-CAR T cells cocultured
with or without SUDHL-4 cells. The resulting SUDHL-4 cells were
cultured for 48 h when CB CD19-CAR T cells were selected using
magnetic beads. We identified 3331 DEGs, 1584 upregulated and
1747 downregulated, in the two comparisons (Figure 5A). The top
50 DEGs following coculture was listed in Figure 5B. KEGG analysis
of the top DEGs showed that immune-related gene pathways were
mainly altered following coculture. A functional enrichment
analysis in all two comparisons showed that most of the KEGG
pathways were signal “focal adhesion” “cytokine-cytokine receptor
interaction,” and “chemokine signaling pathway,” which are
associated with recognition or killing by CAR T cells binding to
tumor cells (Figure 5C).

Next, we analyzed DEGs associated with immunity between CB
T subsets, CB CD19-CAR T subsets, and CB CD19-CAR T/
SUDHL-4 coculture subsets in our combined dataset. Hierarchical
clustering of 65 immune-related genes led to the identification of
chemokines/chemokine receptors (CXCL10, CCL2, CX3CRI,
CXCR4, and CCL5), costimulation (TNFRSFs gene families),
exhaustion- (NR4As gene families), and memory-associated genes
(IL7R and IL2RA) (Figure 5D). Coculture of CB CD19-CAR T cells
with SUDHL-4 cells significantly upregulated canonical exhaustion-
associated genes (NR4A3), costimulation genes (TNFSF9, TNFRSFS,
and TNFRSF9) and STATI, and downregulated memory-associated
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FIGURE 2

CB CD19-CART specifically kills CD19+ BV173 cells. (A) Representative dot plots of cytotoxicity assays showing specific on-target killing. The CFSE
+FVS+/CFSE+ ratio was used to determine the kill rate. (B) Data show mean + SEM of specific cytotoxicity experiments. (C) Statistical diagram of
cytokine concentration in CB T or CB-CD19-CAR T cells cocultured with BV173 cells at an E: T ratio of 1:1 for 24h. SEM, standard error of means; ns,

non-significant; ***P < 0.001, ****P < 0.0001.

genes (IL7R, CXCL10, and CXCR4) compared to coculture with CB
T cells. Notably, we found that genes associated with ferroptosis
(TFRC and SLC40A1) in CB CD19-CAR T/SUDHL-4 coculture
were more likely to be differentially expressed compared to CB T
and CB CD19-CAR T. Here, it may indicate the involvement of
ferroptosis in CB CD19-CAR T cell death (Figure 5D).
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Discussion

CART cell therapy has been presented as a second or even first-
line treatment in patients with R/R LBCL (23-25). The ‘oft-the-
shelf product is under intense investigation to enable higher and
broader availability of CAR T therapy. Several studies have shown
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Specific cytotoxicity of CB CD19-CAR T cells targeting CD19+ DLBCL cells. (A) Representative plots showing specific cytotoxicity of CB CD19-CAR T
cells against CD19+ DLBCL cells but not CD19- DLBCL cells. (B) Quantitative data of the cytotoxic activity of CB-CD19-CAR T cells and CB T cells
against DLBCL cell lines. Error bars represent SEM. (C) Cytokine concentration in CB T or CB-CD19-CAR T cells cocultured with SUDHL-4 cells at an
E: T ratio of 1.1 for 24h. (D) Representative tumor resectates from each group. (E, F) Data are expressed as mean + SEM of tumor masses and body
weight (n=4 mice per group). SEM, standard error of means; ns, non-significant; *P < 0.05; ***P < 0.001; ****P < 0.0001.

that CB, a lesser-used source of CAR T cells, is an effective source of
cancer immunotherapy (22, 26). For example, studies have used
primary cells from CB to culture-specific T cells that target acute
myeloid leukemia and ALL (27, 28). The activity of CB-derived
CAR T cells has also been confirmed in ALL cell lines and mouse
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models (22). Additionally, CAR-NK cells from CB cells have been
safely administered without complete HLA matching and showed
practical anti-tumor effects in NHL. Considering the unique
characteristics of CB, we designed a study on the application of
CB CDI19-CAR T cells in CD19+ DLBCL. CB CD19-CAR T cells
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significant; *P < 0.05; **P < 0.01

displayed cytotoxicity targeting the CD19+ T cell lymphoma cell
line BV173 and CD19+ DLBCL cell line SUDHL-4, triggered
secretion of multiple cytokines in coculture assays, and limited
tumor growth in a mouse model. Gene expression profiles
confirmed increased chemokines/chemokine receptors and
exhaustion genes in CB CD19-CAR T cells upon challenge with
tumor cells compared to CB T cells. Our results show that CB
CDI19-CAR T cells are a promising therapeutic strategy for
treating DLBCL.

A single dose of CB can amplify 10° CAR T cells, and CB T cells
have an advantage over auto-CAR T cells because of insufficient T
cells in post-chemotherapy patients. T cells derived from CB also
possess a unique antigen-naive status (29). There is ample evidence
that demonstrates different subsets of naive T cells play distinct
roles in immunity (30) and that the stemness of anti-tumor T cells
can increase the potential of immunotherapy (31). CAR T cells
constructed with different costimulatory domains show different
features. We built CB CD19-CAR T cells using 4-1BB as a
costimulatory molecule, as CARs confer longer persistence in the
presence of 4-1BB (32). Additionally, 4-1BB-based T cells tend to
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behave like central memory-like T cells, improving mitochondrial
and expiratory capability and fatty acid metabolism (33). Moreover,
we argue that CB CD19-CAR T cells could specifically recognize
and kill the CD19+ ALL cell line BV173 and DLBCL cell line
SUDHL-4 in an antigen-specific manner in vitro and control tumor
progression in vivo. Overall, we determined that CB CD19-CAR T
cells show specific cytotoxicity and simultaneous cytokine
production can eftectively eliminate CD19+ DLBCL cells.
PBMCs-naive T cells cause severe GVHD in murine models
(34). However, T cells derived from CB were transformed into CAR
T cells after transfection with a surface antigen specific CAR
because these cells lack the CD3/TCRab complex; therefore, their
responses are not HLA-restricted (35), which is a characteristic of
the placenta. Different from all other tissue cells, extravillous
cytotrophoblast cells in the placenta express only HLA-C, HLA-E,
and HLA-G, and syncytiotrophoblast cells are HLA-negative (36);
these potential features result in minimal risk of GVHD (37).
Furthermore, this implies an additional reason for the decreased
risk of GVHD. The reactivity of CB T cells is reduced by impaired
nuclear factor of activated T cell signaling (38). We observed a
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SUDHL-4 cells. (D) Heatmap for immune-related gene sets of CB T group, CB CD19-CAR T alone group and after coculture with SUDHL-4 cells

group. DGEs, differentially expressed genes.

weight reduction in the CB CD19-CAR T cell group after treatment
compared with the control group, but it increased again after a

week. No diarrhea, rash, or jaundice, which are common symptoms
of GVHD, were observed during the observation period. We
concluded that CB CD19-CAR T cells were associated with

minimal GVHD.
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No response and secondary resistance after CAR T cell therapy
are clinical conundrums in the CAR T cell therapy era (39). CART
cell expansion and persistence are essential components for CAR T
efficacy, patients achieving CR, and preventing relapse. Defining
phenotypic and functional changes in CAR T cells is paramount for
developing practical CAR-T strategies (40). Our study also
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elucidated that after coculture with DLBCL cell lines, CB CD19-
CAR T cells show significantly upregulated TNFSF9, TNFRSFS,
TNFRSF9, and STATI compared with CB T and CB CD19-CAR T
cells. Several TNFR family members participate in sustaining T cell
responses after T cell activation (41). Another study demonstrated
that the STAT1 pathway defends T cells from NK cell-mediated
eradication involved in T cell survival (42). CB CD19-CAR T cells
may be activated by naive CB T cells to initiate the STAT1 signaling
pathway and TNK pathway and release cytokines to play an effector
role. However, we also found that NR4As gene families were
upregulated, and IL7R was downregulated in the coculture group
compared with CB CD19-CAR T alone. NR4As genes play an
essential role in T cell dysfunction and cause CAR T cells to enter
an exhausted or dysfunctional state in solid tumors (43, 44).
Previous reports have shown that IL7R blocks the development of
T cells, and patients with IL7R-inactivating mutations present with
severe combined immunodeficiency (45, 46). Short persistence and
early exhaustion of T cells are significant limitations to
immunotherapy efficacy and its broad application (47, 48). Thus,
targeting IL7R and NR4A is a promising CAR T cell therapy
strategy. Many strategies, such as designing CB-derived CAR T
cells with specificity to immunodeficiency genes and virus-specific
antigens (49), must be explored to address these problems.
Nevertheless, our work addresses a significant barrier to the
progress of this emerging class of therapeutic agents. These
possibilities will be examined in the future to develop CAR
T therapy.

In conclusion, we generated CB CD19-CAR T cells and
confirmed their anti-tumor activity against DLBCL cells. We also
studied the underlying cellular pathways in CB CAR-T cells and
explored their exhaustion mechanisms. The development of CB
CAR T cells as an ‘off-the-shelf CAR T cell readily available for
patients with R/R LBCL in an affordable and timely manner would
significantly get patients close to these therapeutics. Our trial results
could help inform patients who require immunotherapy of more
excellent choices.

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: BioProject via accession ID:
PRJNA924756 https://dataview.ncbi.nim.nih.gov/object/
PRJNA924756%reviewer=ktch835c5g69b09tia6qphv13f.

Ethics statement

The animal study was reviewed and approved by Department of
Hematology, The Second Affiliated Hospital of NanChang University.

Frontiers in Immunology

10.3389/fimmu.2023.1139482

Author contributions

TY and LY designed the study; TY, CL, and LY performed the
experiments and analyzed the data, TY and LY wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work and LY were supported by the National Natural
Science Foundation of China (grant numbers 81460030 and
81770221), and the Leading Talent Foundation of Jiangxi
Province (grant numbers 20225BCJ22001).

Acknowledgments

We thank Editage (www.editage.com) for linguistic assistance
with the manuscript.

Conflict of interest

Authors HZ and YT were employed by the company Qilu Cell
Therapy Technology Co., Ltd.

The remaining 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.2023.1139482/
full#supplementary-material

frontiersin.org


https://dataview.ncbi.nim.nih.gov/object/PRJNA924756?reviewer=ktch835c5g69b09tia6qphv13f
https://dataview.ncbi.nim.nih.gov/object/PRJNA924756?reviewer=ktch835c5g69b09tia6qphv13f
http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1139482/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1139482/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1139482
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al.

References

1. Lin X, Lee S, Sharma P, George B, Scott J. Summary of us food and drug
administration chimeric antigen receptor (Car) T-cell biologics license application
approvals from a statistical perspective. J Clin Oncol (2022) 40(30):3501-9.
doi: 10.1200/JC0O.21.02558

2. June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. Car T cell
immunotherapy for human cancer. Science (2018) 359(6382):1361-5. doi: 10.1126/
science.aar6711

3. Food and Drug Administration (Fda). Center for biologics evaluation and
research. approval letter-breyanzi (2021). Available at: https://www.fda.gov/media/
145712/download.

4. Food and Drug Administration (Fda). Center for biologics evaluation and
research. approval letter-kymriah (2017). Available at: https://www.fda.gov/media/
106989/download.

5. Food and Drug Administration (Fda). Center for biologics evaluation and
research. approval letter-yescarta (2017). Available at: https://www.fda.gov/media/
108458/download.

6. Food and Drug Administration (Fda). Center for biologics evaluation and
research. approval letter-tecartus (2020). Available at: https://www.fda.gov/media/
140415/download.

7. Food and Drug Administration (Fda). Center for biologics evaluation and
research. approval letter-yescarta (2022). Available at: https://www.fda.gov/
downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/
ApprovedProducts/UCM573941.pdf.

8. Mullard A. Fda approves fourth car-T cell therapy. Nat Rev Drug Discovery
(2021) 20(3):166. doi: 10.1038/d41573-021-00031-9

9. Park JH, Geyer MB, Brentjens RJ. Cd19-targeted car T-cell therapeutics for
hematologic malignancies: interpreting clinical outcomes to date. Blood (2016) 127
(26):3312-20. doi: 10.1182/blood-2016-02-629063

10. Kohl U, Arsenieva S, Holzinger A, Abken H. Car T cells in trials: recent
achievements and challenges that remain in the production of modified T cells for
clinical applications. Hum Gene Ther (2018) 29(5):559-68. doi: 10.1089/hum.2017.254

11. Thommen DS, Schumacher TN. T Cell dysfunction in cancer. Cancer Cell
(2018) 33(4):547-62. doi: 10.1016/j.ccell.2018.03.012

12. Amini L, Silbert SK, Maude SL, Nastoupil L], Ramos CA, Brentjens R], et al.
Preparing for car T cell therapy: patient selection, bridging therapies and
lymphodepletion. Nat Rev Clin Oncol (2022) 19(5):342-55. doi: 10.1038/s41571-022-
00607-3

13. Salmikangas P, Kinsella N, Chamberlain P. Chimeric antigen receptor T-cells
(Car T-cells) for cancer immunotherapy - moving target for industry? Pharm Res
(2018) 35(8):152. doi: 10.1007/s11095-018-2436-z

14. Yip A, Webster RM. The market for chimeric antigen receptor T cell therapies.
Nat Rev Drug Discovery (2018) 17(3):161-2. doi: 10.1038/nrd.2017.266

15. Depil S, Duchateau P, Grupp SA, Mulfti G, Poirot L. ‘Off-the-Shelf’ allogeneic car
T cells: development and challenges. Nat Rev Drug Discovery (2020) 19(3):185-99.
doi: 10.1038/s41573-019-0051-2

16. Benjamin R. Advances in off-the-Shelf car T-cell therapy. Clin Adv Hematol
Oncol (2019) 17(3):155-7.

17. Pan ], Tan Y, Wang G, Deng B, Ling Z, Song W, et al. Donor-derived Cd7
chimeric antigen receptor T cells for T-cell acute lymphoblastic leukemia: first-in-
Human, phase I trial. J Clin Oncol (2021) 39(30):3340-51. doi: 10.1200/JCO.21.00389

18. The quest for off-the-Shelf car T cells. Cancer Discovery (2018) 8(7):787-8.
doi: 10.1158/2159-8290.CD-ND2018-005

19. Balassa K, Rocha V. Anticancer cellular immunotherapies derived from
umbilical cord blood. Expert Opin Biol Ther (2018) 18(2):121-34. doi: 10.1080/
14712598.2018.1402002

20. 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/NEJMo0al910607

21. Tammana S, Huang X, Wong M, Milone MC, Ma L, Levine BL, et al. 4-1bb and
Cd28 signaling plays a synergistic role in redirecting umbilical cord blood T cells
against b-cell malignancies. Hum Gene Ther (2010) 21(1):75-86. doi: 10.1089/
hum.2009.122

22. Liu DD, Hong WC, Qiu KY, Li XY, Liu Y, Zhu LW, et al. Umbilical cord blood: a
promising source for allogeneic car-T cells. Front Oncol (2022) 12:944248. doi: 10.3389/
fonc.2022.944248

23. Locke FL, Miklos DB, Jacobson CA, Perales MA, Kersten MJ, Oluwole OO, et al.
Axicabtagene ciloleucel as second-line therapy for Large b-cell lymphoma. N Engl |
Med (2022) 386(7):640-54. doi: 10.1056/NEJMoa2116133

24. Neelapu SS, Dickinson M, Munoz J, Ulrickson ML, Thieblemont C, Oluwole
OO0, et al. Axicabtagene ciloleucel as first-line therapy in high-risk Large b-cell
lymphoma: the phase 2 zuma-12 trial. Nat Med (2022) 28(4):735-42. doi: 10.1038/
541591-022-01731-4

Frontiers in Immunology

10.3389/fimmu.2023.1139482

25. Kamdar M, Solomon SR, Arnason J, Johnston PB, Glass B, Bachanova V, et al.
Lisocabtagene maraleucel versus standard of care with salvage chemotherapy followed
by autologous stem cell transplantation as second-line treatment in patients with
relapsed or refractory Large b-cell lymphoma (Transform): results from an interim
analysis of an open-label, randomised, phase 3 trial. Lancet (2022) 399(10343):2294-
308. doi: 10.1016/S0140-6736(22)00662-6

26. Cael B, Galaine J, Bardey I, Marton C, Fredon M, Biichle S, et al. Umbilical cord
blood as a source of less differentiated T cells to produce Cd123 car-T cells. Cancers
(Basel) (2022) 14(13). doi: 10.3390/cancers14133168

27. Hubner J, Hoseini SS, Suerth JD, Hoffmann D, Maluski M, Herbst J, et al.
Generation of genetically engineered precursor T-cells from human umbilical cord
blood using an optimized alpharetroviral vector platform. Mol Ther (2016) 24(7):1216—
26. doi: 10.1038/mt.2016.89

28. Micklethwaite KP, Savoldo B, Hanley PJ, Leen AM, Demmler-Harrison GJ,
Cooper LJ, et al. Derivation of human T lymphocytes from cord blood and peripheral
blood with antiviral and antileukemic specificity from a single culture as protection
against infection and relapse after stem cell transplantation. Blood (2010) 115
(13):2695-703. doi: 10.1182/blood-2009-09-242263

29. Szabolcs P, Park KD, Reese M, Marti L, Broadwater G, Kurtzberg J. Coexistent
naive phenotype and higher cycling rate of cord blood T cells as compared to adult
peripheral blood. Exp Hematol (2003) 31(8):708-14. doi: 10.1016/s0301-472x(03)
00160-7

30. Davenport MP, Smith NL, Rudd BD. Building a T cell compartment: how
immune cell development shapes function. Nat Rev Immunol (2020) 20(8):499-506.
doi: 10.1038/s41577-020-0332-3

31. Arcangeli S, Bove C, Mezzanotte C, Camisa B, Falcone L, Manfredi F, et al. Car T
cell manufacturing from Naive/Stem memory T lymphocytes enhances antitumor
responses while curtailing cytokine release syndrome. J Clin Invest (2022) 132(12).
doi: 10.1172/JCI150807

32. 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). doi: 10.1126/scisignal.aay8248

33. 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

34. Bleakley M, Sehga] A, Seropian S, Biernacki MA, Krakow EF, Dahlberg A, et al.
Naive T-cell depletion to prevent chronic graft-Versus-Host disease. J Clin Oncol
(2022) 40(11):1174-85. doi: 10.1200/JC0O.21.01755

35. Lo Presti V, Nierkens S, Boelens JJ, van Til NP. Use of cord blood derived T-cells
in cancer immunotherapy: milestones achieved and future perspectives. Expert Rev
Hematol (2018) 11(3):209-18. doi: 10.1080/17474086.2018.1431119

36. Juch H, Blaschitz A, Dohr G, Hutter H. Hla class I expression in the human
placenta. Wien Med Wochenschr (2012) 162(9-10):196-200. doi: 10.1007/s10354-012-
0070-7

37. Kwoczek J, Riese SB, Tischer S, Bak S, Lahrberg ], Oelke M, et al. Cord blood-
derived T cells allow the generation of a more naive tumor-reactive cytotoxic T-cell
phenotype. Transfusion (2018) 58(1):88-99. doi: 10.1111/trf.14365

38. Kadereit S, Mohammad SF, Miller RE, Woods KD, Listrom CD, McKinnon K,
et al. Reduced Nfatl protein expression in human umbsilical cord blood T lymphocytes.
Blood (1999) 94(9):3101-7. doi: 10.1182/blood.V94.9.3101

39. Bishop MR, Dickinson M, Purtill D, Barba P, Santoro A, Hamad N, et al.
Second-line tisagenlecleucel or standard care in aggressive b-cell lymphoma. N Engl |
Med (2022) 386(7):629-39. doi: 10.1056/NEJMoa2116596

40. Daniels KG, Wang S, Simic MS, Bhargava HK, Capponi S, Tonai Y, et al.
Decoding car T cell phenotype using combinatorial signaling motif libraries and
machine learning. Science (2022) 378(6625):1194-200. doi: 10.1126/
science.abq0225

41. Watts TH. Tnf/Tnfr family members in costimulation of T cell responses. Annu
Rev Immunol (2005) 23:23-68. doi: 10.1146/annurev.immunol.23.021704.115839

42. Kang YH, Biswas A, Field M, Snapper SB. Statl signaling shields T cells from nk
cell-mediated cytotoxicity. Nat Commun (2019) 10(1):912. doi: 10.1038/s41467-019-
08743-8

43. Liu X, Wang Y, Lu H, Li ], Yan X, Xiao M, et al. Genome-wide analysis identifies
Nr4al as a key mediator of T cell dysfunction. Nature (2019) 567(7749):525-9.
doi: 10.1038/s41586-019-0979-8

44. Chen J, Lopez-Moyado IF, Seo H, Lio CJ, Hempleman L], Sekiya T, et al. Nr4a
transcription factors limit car T cell function in solid tumours. Nature (2019) 567
(7749):530-4. doi: 10.1038/s41586-019-0985-x

45. Puel A, Ziegler SF, Buckley RH, Leonard WJ. Defective II7r expression in t(-)B
(+)Nk(+) severe combined immunodeficiency. Nat Genet (1998) 20(4):394-7.
doi: 10.1038/3877

frontiersin.org


https://doi.org/10.1200/JCO.21.02558
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1126/science.aar6711
https://www.fda.gov/media/145712/download
https://www.fda.gov/media/145712/download
https://www.fda.gov/media/106989/download
https://www.fda.gov/media/106989/download
https://www.fda.gov/media/108458/download
https://www.fda.gov/media/108458/download
https://www.fda.gov/media/140415/download
https://www.fda.gov/media/140415/download
https://www.fda.gov/downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/UCM573941.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/UCM573941.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/UCM573941.pdf
https://doi.org/10.1038/d41573-021-00031-9
https://doi.org/10.1182/blood-2016-02-629063
https://doi.org/10.1089/hum.2017.254
https://doi.org/10.1016/j.ccell.2018.03.012
https://doi.org/10.1038/s41571-022-00607-3
https://doi.org/10.1038/s41571-022-00607-3
https://doi.org/10.1007/s11095-018-2436-z
https://doi.org/10.1038/nrd.2017.266
https://doi.org/10.1038/s41573-019-0051-2
https://doi.org/10.1200/JCO.21.00389
https://doi.org/10.1158/2159-8290.CD-ND2018-005
https://doi.org/10.1080/14712598.2018.1402002
https://doi.org/10.1080/14712598.2018.1402002
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1089/hum.2009.122
https://doi.org/10.1089/hum.2009.122
https://doi.org/10.3389/fonc.2022.944248
https://doi.org/10.3389/fonc.2022.944248
https://doi.org/10.1056/NEJMoa2116133
https://doi.org/10.1038/s41591-022-01731-4
https://doi.org/10.1038/s41591-022-01731-4
https://doi.org/10.1016/S0140-6736(22)00662-6
https://doi.org/10.3390/cancers14133168
https://doi.org/10.1038/mt.2016.89
https://doi.org/10.1182/blood-2009-09-242263
https://doi.org/10.1016/s0301-472x(03)00160-7
https://doi.org/10.1016/s0301-472x(03)00160-7
https://doi.org/10.1038/s41577-020-0332-3
https://doi.org/10.1172/JCI150807
https://doi.org/10.1126/scisignal.aay8248
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1200/JCO.21.01755
https://doi.org/10.1080/17474086.2018.1431119
https://doi.org/10.1007/s10354-012-0070-7
https://doi.org/10.1007/s10354-012-0070-7
https://doi.org/10.1111/trf.14365
https://doi.org/10.1182/blood.V94.9.3101
https://doi.org/10.1056/NEJMoa2116596
https://doi.org/10.1126/science.abq0225
https://doi.org/10.1126/science.abq0225
https://doi.org/10.1146/annurev.immunol.23.021704.115839
https://doi.org/10.1038/s41467-019-08743-8
https://doi.org/10.1038/s41467-019-08743-8
https://doi.org/10.1038/s41586-019-0979-8
https://doi.org/10.1038/s41586-019-0985-x
https://doi.org/10.1038/3877
https://doi.org/10.3389/fimmu.2023.1139482
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yu et al. 10.3389/fimmu.2023.1139482

46. Han C, Ntziachristos P. T-All and the talented Mr Il7ralpha. Blood (2021) 138 48. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, et al. Chimeric
(12):1003-4. doi: 10.1182/blood.2021012184 antigen receptor T cells for sustained remissions in leukemia. N Engl ] Med (2014) 371
47. Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-Malinici I, Gohil M, Lundh §, et al. (16):1507-17. doi: 10.1056/NEJMoal1407222
Determinants of response and resistance to Cd19 chimeric antigen receptor (Car) T cell 49. Rossig C, Pule M, Altvater B, Saiagh S, Wright G, Ghorashian S, et al. Vaccination
therapy of chronic lymphocytic leukemia. Nat Med (2018) 24(5):563-71. doi: 10.1038/ to improve the persistence of Cd19car gene-modified T cells in relapsed pediatric acute
$41591-018-0010-1 lymphoblastic leukemia. Leukemia (2017) 31(5):1087-95. doi: 10.1038/leu.2017.39

Frontiers in Immunology 12 frontiersin.org


https://doi.org/10.1182/blood.2021012184
https://doi.org/10.1038/s41591-018-0010-1
https://doi.org/10.1038/s41591-018-0010-1
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1038/leu.2017.39
https://doi.org/10.3389/fimmu.2023.1139482
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cord blood-derived CD19-specific chimeric antigen receptor T cells: an off-the-shelf promising therapeutic option for treatment of diffuse large B-cell lymphoma
	Introduction
	Materials and methods
	Cell lines, cell culture, and animal experiments
	CD19-CAR construct design and lentiviral vector production
	T-cell isolation, culture, and transduction
	Cytotoxicity and multiplex cytokine assay
	RNA sequencing analysis
	Statistical analyses
	Data availability

	Results
	Generation and characterization of CB CD19-CAR T cells
	CB CD19-CAR T cells specifically recognize and kill BV173 cells
	CB CD19-CAR T has potent anti-tumor efficacy against CD19+ DLBCL cells in vitro and in vivo
	Changes in genes expression of CB CD19-CAR T cells following coculture

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


