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ARTICLE INFO ABSTRACT

Keywords: Chimeric antigen receptor (CAR) T cells have emerged as an effective immunotherapy for hematologic malig-

B-cell malignancies nancies. The non-signaling domain of CARs, comprising the spacer and transmembrane regions, is a key struc-

2211{9_[ . tural component that can be engineered to influence CAR expression and function. In this study, we evaluated
cel

three non-signaling domain configurations—IgG2.CH3/CD28, IgG2/CD28, and CD8/CD8—within a CD19 CAR
construct incorporating 4-1BB and interleukin-7 receptor alpha (IL-7Ra) signaling domains. CARs incorporating
the IgG2/CD28 domain exhibited reduced surface expression and diminished functional responses compared
with IgG2.CH3/CD28 and CD8/CD8 constructs. The CD8/CD8 configuration supported the highest CAR
expression and sustained surface density. In contrast, IgG2.CH3/CD28 CAR T cells displayed increased IL-2 and
TNF-a secretion and enhanced CD107a upregulation following antigen stimulation. In a serial tumor cell
rechallenge assay, 1gG2.CH3/CD28 CAR T cells maintained cytotoxic activity and persistence compared with
CD8/CD8 CAR T cells. In a NALM-6 xenograft model, IgG2.CH3/CD28 CAR T cells achieved durable tumor
control and were associated with improved survival relative to CD8/CD8 CAR T cells. Collectively, these findings
support the IgG2.CH3/CD28 non-signaling domain as a suitable structural component for CD19 CARs incorpo-
rating IL-7Ra signaling and provide insight into CAR design strategies aimed at improving T cell persistence and
anti-leukemic activity.

IL-7 receptor alpha (IL-7Ra)
Non-signaling domain

1. Introduction To overcome these limitations, advanced CAR engineering strategies

have focused on augmenting the intrinsic fitness and persistence of T

Adoptive cell transfer using T cells genetically engineered to express
chimeric antigen receptors (CARs) has emerged as a transformative
immunotherapy for hematologic malignancies. CAR T cells are designed
to recognize tumor-associated antigens through synthetic receptors,
enabling potent and antigen-specific cytotoxicity [1]. In particular,
CD19-directed CAR T cell therapy has revolutionized the treatment of
B-cell malignancies, leading to the regulatory approval of multiple
products [2]. Despite these advances, a substantial proportion of pa-
tients experience relapse, often associated with limited CAR T cell
persistence, T cell exhaustion, or antigen escape [3,4]. These challenges
highlight the need for next-generation CAR designs with improved
durability and functional fitness.

cells [5]. Our group previously established an IL-7Ra CAR platform by
incorporating intracellular signaling interleukin-7 receptor alpha
(IL-7Ra)—a key regulator of T cell homeostasis, survival, and memory
differentiation—into the CAR signaling domain. This approach
enhanced T cell proliferation, reduced activation-induced cell death,
and improved anti-tumor activity in the context of B7-H3-targeted CAR
T cells for solid tumors [6,7].

Beyond intracellular signaling domains, the non-signaling
domain—comprising the spacer and transmembrane regions—plays a
critical role in CAR performance. This structural component influences
CAR surface expression, stability, immunological synapse formation,
and antigen accessibility. Spacer length and composition can affect
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epitope engagement, while the transmembrane domain may modulate
receptor assembly and downstream signaling [8]. Optimization of the
non-signaling domain can substantially impact CAR expression and
cytotoxic function, highlighting that the optimal configuration is often
context-dependent and requires validation for each CAR target [9,10].

In this study, we evaluated the impact of different non-signaling
domains within a CAR construct incorporating IL-7Ra signaling in the
context of CD19 targeting. We compared three distinct configurations:
an IgG2.CH3 hinge/spacer with a CD28 transmembrane domain, an
IgG2 hinge with a CD28 transmembrane domain, and a CD8 hinge/
spacer with a CD8 transmembrane domain. We assessed how these
structural variations influence CAR expression, functional activity,
persistence, and anti-leukemic efficacy. This work aims to refine IL-
7Ra-based CAR design and provide the development of effective CD19
CAR T cell therapies.

2. Materials and methods
2.1. Cell lines and cultures

B-cell acute lymphoblastic leukemia cell line NALM-6 (CRL-3273),
Burkitt lymphoma cell line Raji (CCL-86), chronic myeloid leukemia cell
line K562 (CCL-243), and human embryonic kidney cell line 293 T (CRL-
3216) were purchased from the American Type Culture Collection
(ATCC). Cells were cultured in either Roswell Park Memorial Institute
(RPMI) 1640 Medium or Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, USA, Cat. No. 11965-092), supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA, Cat. No. 10270-106), 1% GlutaMax (Gibco,
USA, Cat. No. 35050-061), and 1% penicillin-streptomycin (Gibco, USA,
Cat. No. 15140-122). Cultures were incubated at 37 °C in a humidified
atmosphere containing 5% COz. All cell lines were routinely screened
using the MycoAlert™ Mycoplasma Detection Kit (Lonza) and were
confirmed to be Mycoplasma-free prior to use in all experiments.

2.2. Isolation and activation of primary human T lymphocytes

Ethics approval for the use of primary cells was obtained from the
Institutional Review Board, Faculty of Medicine, Chulalongkorn Uni-
versity (No. 0927/68). Peripheral blood mononuclear cells (PBMCs)
were obtained from human blood samples using density gradient
centrifugation with Ficoll-Paque™ Premium (Cytiva Cat. No.
17544202). T cells were activated in 24-well plates using T Cell Trans-
Act™ (Miltenyi Cat. No. 130-128-758) in complete TexMACS medium
(Miltenyi Biotec, Cat. No. 130-097-196) supplemented with 5% FBS,
10 ng/mL IL-7 (Miltenyi Biotec, Cat. No. 130-093-937), and 5 ng/mL
IL-15 (Miltenyi Biotec, Cat. No. 130-095-762) prior to further experi-
mental use.

2.3. Generation of CAR T cells

Lentiviruses were generated by co-transfecting 293 T cells with the
plasmid encoding the CD19-CAR (CD19-specific scFv, FMC63) con-
structs, and the packaging plasmids (pMD2.G, pMDLg/pRRE, and pRSV)
using GeneJuice® Transfection Reagent (Merckmillipore, Cat. No.
70967) according to the manufacturer’s instructions. The lentiviral su-
pernatants were collected at 48 and 72 h after transfection, filtered, and
then mixed with Lenti-X Concentrator and incubated the mixture at 4°C
for 30 min. The virus-containing pellet was collected by centrifuging at
1500 x g for 45 min at 4°C. Viral pellets were resuspended in TexMACS
medium and aliquoted for long-term storage at —80 °C.

Primary activated T cells were transduced with lentivirus at a mul-
tiplicity of infection (MOI) of 3. CAR T cells were subsequently main-
tained by changing the culture media with TexMACS medium,
supplemented with 10 ng/mL IL-7 (Miltenyi Biotec, Cat. No.
130-093-937) and 5 ng/mL IL-15 (Miltenyi Biotec, Cat. No.
130-095-762) every 3-4 days.
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2.4. Flow cytometric staining

The antibodies utilized in this study were as follows: for CAR
expression, PerCP/Cy5.5 anti-human CD3 (clone OKT3, Biolegend, USA,
Cat. No. 317336) and PE-labeled monoclonal anti-FMC63 antibody (Cat.
No. B73-H5253, Acro, USA). CAR T cell memory phenotype was iden-
tified by APC anti-human CD45RO (clone UCHL1, Biolegend, USA, Cat.
No. 304210), FITC anti-human CCR7 (clone G043H7, Biolegend, USA,
Cat. No. 353216). T cell subsets were identified by CD4-APC (clone
OKT4, Biolegend, USA, Cat. No. 317416) and CD8-PE (clone SK1, Bio-
legend, USA, Cat. No. 344706). Activation markers were assessed by
APC anti-human CD69 (clone FN50, Biolegend, USA, Cat. No. 310910)
and PE anti-human CD25 (clone FN50, Cat. No. 302606, Biolegend,
USA). Exhaustion marker expressions were investigated by FITC anti-
human PD-1 (clone EH12.2H7, Cat. No. 329904, Biolegend, USA), PE
anti-human TIGIT (clone A15153G, Biolegend, USA, Cat. No. 372704),
APC anti-human TIM-3 (clone F38-2E2, Biolegend, USA, Cat. No.
345012), and PE anti-human LAG-3 (clone 11C3C65, Biolegend, USA,
Cat. No. 369306). Cell death was assessed by Annexin V staining (Bio-
legend, USA, Cat. No. 640914). Flow cytometry was performed using a
BD Accuri™ C6 Plus flow cytometer (BD Biosciences, USA), and the data
were analyzed using FlowJo software v.10 (TreeStar, USA). Gating
strategies were illustrated in Supplementary Fig S1-2.

2.5. Cytotoxicity assay

NALM-6 and K562 cells (target cells) were co-cultured with effector
cellsat1:1, 1:2, and 1:4 (E:T ratio) for 24 h. For Raji cell line, target cells
were co-cultured with effector cells at 4:1, 2:1, and 1:1 for 24 h. The co-
cultured cells were harvested and stained with 7-AAD dye (BD Phar-
mingen™ Cat. No. 51-68981E) to exclude dead cells and APC anti-
human CD3 (clone OKT3, Biolegend, USA, Cat. No. 317318) to iden-
tify effector cells. Viable target and effector cell counts were determined
using an Accuri C6 flow cytometer with a fixed acquisition volume.
Specific lysis was calculated using the following formula:

Specific lysis (%) = 100 - ((N target cell after co-culture / N target
cell in target alone) x 100)

2.6. Cytokine analysis

The effector cells were co-cultured with tumor cells at a 1:1 ratio
without the addition of exogenous cytokines. The supernatant was
collected after co-culturing for 24 h. Secreted cytokines were assessed
using a BD cytometric bead array (CBA)(BD Biosciences, USA) according
to the manufacturer’s instructions.

2.7. Tumor cell rechallenge assay

Non-transduced and CAR T cells (1 x 10° cells/well) were co-
cultured with GFP* NALM-6 or Raji cells (1 x 10° cells/well) in Tex-
MACS medium containing 5% FBS at an E:T ratio of 1:1 using 24-well G-
rex plates (Wilson Wolf, Saint Paul, Minnesota, United States), without
exogenous cytokines. Every four days, T cells were harvested, assessed
with tumor cells by flow cytometry, and re-exposed to fresh target cells
at the initial ratio. CAR T cell function was assessed by quantifying live
cells with negative 7-AAD of GFP* tumor cells and CD3* T cells. The
absolute number of residual effector cells was subsequently determined
by multiplying the total viable cell count by the percentage of
CD3 + identified through flow cytometric analysis at each rechallenge
interval. The T cell functions were analyzed with exhaustion markers
(PD-1, TIGIT, LAG3, TIM3) and memory phenotypes (CD45RO, CCR7).

2.8. Xenograft mouse models

The animal procedures were reviewed and approved by the Chula-
longkorn University Animal Care and Use Committee, protocol No.
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Fig. 1. Design and kinetic expression of CD19 IL-7Ra CAR constructs with different non-signaling domains. (A) Schematic representation of the CD19 IL-7Ra CAR
constructs. Each construct contains an anti-FMC63 scFv, a non-signaling domain (IgG2.CH3, IgG2, or CD8a), a transmembrane domain (CD28 or CD8a), a 4-1BB, an
IL-7Ra, and a CD3¢ cytoplasmic domain. (B) Representative flow cytometry histograms showing CAR expression on transduced T cells at days 1, 2, 3, 4, 7, 11, and 14
post-transduction. Non-transduced (NT) T cells are shown in red, and CD19 IL-7Ra CAR T cells are shown in blue. (C-D) Quantification of CAR expression kinetics.
The percentage of CAR-positive T cells (C) and the mean fluorescence intensity (MFI) (D) were monitored over 14 days. Data are represented as mean + SEM from

three independent donors (n = 3). Statistical significance was determined by two-way ANOVA with Tukey's multiple comparisons test (

2473022. A total of 11 female NOD.Cg-Prkdescid I12rgtm1Wjl/SzJ
(NSG) mice at 6-7 weeks of age were engrafted intravenously (i.v.) with
0.25 x 106 NALM-6 cells. Following tumor establishment, mice were
randomly assigned to three experimental groups (NT, n = 3; IgG2.CH3/
CD28, n = 4; CD8/CD8, n = 4) based on baseline the bioluminescence
imaging (BLI) signals to ensure balanced initial tumor burdens. Seven
days post-engraftment, the mice were treated intravenously with
2 x 106 CART cells in PBS. Following CAR T cell infusion, tumor burden
was monitored every 3-4 days using the IVIS Spectrum In Vivo Imaging
System (PerkinElmer) and expressed as total flux (photons/s). Data
analysis was performed using uniform Regions of Interest (ROI) settings
across all groups to ensure objective quantification of the tumor burden.
Body weight, CAR T cell persistence in peripheral blood, and the onset of
GVHD were monitored weekly. All efforts were made to minimize ani-
mal suffering. Mice were humanely sacrificed when the 20% of body

p < 0.0001).

weight loss or showed signs of discomfort.

2.9. Statistical analysis

All statistical tests were performed using GraphPad Prism software
v.7, which was used to analyze and visualize the results. One-way or
two-way ANOVA followed by Tukey’s multiple comparison test was
performed to assess differences between groups or between each group
and the indicated control. Survival determined from the time of tumor
cell injection was analyzed by the Kaplan-Meier method, and differences
in survival between groups were compared by the Gehan-Breslow-
Wilcoxon test. Data are presented as the mean + SEM from at least
three independent donors. *p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001 as significant.
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Fig. 2. CD19 IL-7Ra CAR T cells with different non-signaling domains show comparable expansion and phenotypes. (A) Proliferation of NT and CAR T cells was
measured for 11 days post-transduction. (B) On day 7 post-transduction, CAR T cell apoptosis was evaluated using Annexin V staining. The percentage of Annexin V-
positive cells within the CAR+ population was analyzed by flow cytometry. (C) Proportions of CD4* and CD8* T cells within the CD3 + populations at days 7 and 11.
(D) Memory phenotypes of CD4* and CD8" T cells at days 7 and 11, defined by CD45RO and CCR7 expression: Naive (CD45RO"CCR7*), Central Memory (CM,
CD45RO*CCR7*), Effector Memory (EM, CD45RO*CCR7"), and Terminal Effector Memory RA (EMRA, CD45RO™CCR7"). (E-F) Expression of activation markers
(CD25, CD69) (E) and exhaustion markers (PD-1, TIGIT, LAG3, TIM3) (F) on CD3 + cells at days 7 and 11. Data are represented as mean + SEM from three in-
dependent donors (n = 3). Statistical significance was determined by one-way ANOVA with Tukey's multiple comparisons test.
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Fig. 3. In vitro anti-tumor functionality of anti-CD19 CAR T cells. (A) CD19 expression on target cell lines NALM-6, Raji, and the CD19-negative control cell line
K562. (B) Cytotoxicity of CAR T cells co-cultured with NALM-6, Raji or K562 cells for 24 h at indicated Effector:Target (E:T) ratios. Data are represented as mean +
SEM from three independent donors (n = 3). Statistical significances were determined by one-way ANOVA (** p < 0.01, *** p < 0.001). (C) Proportions of CD4* and
CD8"* T cells after a 24-hour co-culture with NALM-6 cells. (D) Memory phenotypes of CD4* and CD8" T cells after co-culture. (E) Expression of the activation marker
CD25 and CD69 on T cells after co-culture. Data are represented as mean + SEM from three independent donors (n = 3). Statistical significances were determined by
one-way ANOVA with Tukey's multiple comparisons test. (** p < 0.01, *** p < 0.001, **** p < 0.0001). (F) Cytokine concentrations in supernatants from 24-hour
co-culture with NALM-6 cells. Data are represented as mean + SEM from three independent donors (n = 3). Statistical significances were determined by one-way
ANOVA with Tukey's multiple comparisons test. (*p < 0.05, **p < 0.01). (G) Degranulation of CAR T cells, measured by surface CD107a expression, after co-
culture. Data are represented as mean + SEM from seven independent donors (n = 7). Statistical significances were determined by one-way ANOVA with Tukey's
multiple comparisons test. (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (H) Expression of the exhaustion marker on T cells after co-culture. Data are
represented as mean + SEM from three independent donors (n = 3). Statistical significances were determined by one-way ANOVA with Tukey's multiple comparisons

test. (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results

3.1. CD8/CD8 non-signaling domain enhances CAR expression density in
CD19 IL-7Ra CAR T cells

CAR T cells incorporating the 4-1BB and IL-7Ra signaling domains
(41BB-IL-7Ra) were previously developed by our group and demon-
strated superior functionality in targeting the solid tumor antigen B7H3
[6]. In this study, we aimed to characterize the effect of different
non-signaling domains on CD19 CAR T cells engineered with an IL-7Ra
endodomain. Three commonly used non-signaling hinge/spacer do-
mains were evaluated. We engineered anti-CD19 CARs containing one of
the following designs: an IgG2.CH3 spacer with a CD28 transmembrane
(TM) domain (IgG2.CH3/CD28), an IgG2 spacer with a CD28 TM
domain (IgG2/CD28), or a CD8 spacer with a CD8 TM domain
(CD8/CD8) (Fig. 1A). To ensure equivalent exposure to viral particles, T
cells were transduced at a multiplicity of infection (MOI) of 3. CAR
expression kinetics were then monitored from day 1 to day 14
post-transduction (Fig. 1B). The 1gG2/CD28 construct yielded signifi-
cantly lower CAR expression measured by both the percentage of CAR*
cells and mean fluorescence intensity (MFI) compared with the IgG2.
CH3/CD28 and CD8/CD8 constructs (Fig. 1C-D). While both IgG2.
CH3/CD28 and CD8/CD8 constructs produced a high proportion of
CAR' T cells, the CD8/CD8 construct exhibited significantly higher peak
and sustained MFI than IgG2.CH3/CD28. To determine whether differ-
ences in CAR expression across non-signaling domains were specific to
the CD19 CAR context, we generated anti-B7H3/IL-7Ra CAR T cells
using the same three non-signaling domains. Consistently, the
IgG2/CD28 construct showed the lowest CAR expression compared with
the other two designs (Supplementary Fig S3A-C), whereas IgG2.
CH3/CD28 and CD8/CD8 resulted in comparable percentages of CAR*
cells and MFIL These results suggest that the CD8/CD8 and IgG2.
CH3/CD28 non-signaling domains yield high CAR expression in CD19
CAR T cells incorporating the IL-7Ra signaling domain.

3.2. CD19IL-7Ra CAR T cells with different non-signaling domains show
comparable expansion and phenotypes

High CAR surface expression can lead to ligand-independent clus-
tering and tonic signaling, potentially driving T cell exhaustion [11]. We
therefore investigated whether the differential CAR expression levels
observed across non-signaling domains were associated with changes in
T cell proliferation, apoptosis, or phenotype following transduction. We
observed comparable T cell expansion between CD19 IL-7Ra CAR T cells
containing the IgG2/CD28 and IgG2.CH3/CD28 constructs, whereas
CAR T cells incorporating the CD8/CD8 domain exhibited a modest
increase in expansion at day 11 post-transduction; however, this dif-
ference did not reach statistical significance (Fig. 2A). This increase was
not accompanied by elevated apoptosis, as the frequency of Annexin V*
cells at day 7 was similar across all constructs (Fig. 2B). We next
compared T cell phenotypes among the three constructs at days 7 and 11
post-transduction. The proportions of CD4* and CD8* T cells were
comparable between groups (Fig. 2C). For memory subset analysis,

CD45RO and CCR?7 expression within CD4* and CD8* T cell populations
was used to define naive (CD45RO"CCR7*), central memory (CM;
CD45RO*CCR7"), effector memory (EM; CD45RO*CCR7°), and termi-
nally differentiated effector (EMRA; CD45RO"CCR7") subsets. Both CD4*
T cells and CD8* T cells showed similar distributions of CD45RO and
CCR?7 expression across constructs (Fig. 2D). Furthermore, the expres-
sion of activation markers (CD25, CD69) and exhaustion markers (PD-1,
TIGIT, LAG-3, TIM-3) was comparable among all three CAR designs
(Fig. 2E-F). Collectively, these results indicate that the higher surface
CAR density observed with the CD8/CD8-based CD19 CAR does not
significantly alter the baseline phenotype of the resulting CAR T cells.

3.3. IgG2.CH3/CD28 and CD8/CD8 CD19 IL-7Ra CAR T cells exhibit
potent in vitro efficacy against CD19" cell lines

To evaluate the effect of the non-signaling domain on the antigen-
specific activity of anti-CD19 IL-7Ra CARs, we co-cultured CAR T cells
with CD19-positive cell lines (NALM-6 and Raji) and a CD19-negative
cell line (K562) (Fig. 3A). Co-cultures were performed for 24 h at
various effector-to-target ratios: 1:1, 1:2, and 1:4 for NALM-6 and K562,
and 4:1, 2:1, and 1:1 for Raji. These ratios were established based on our
preliminary optimization, which indicated that Raji cells require a
higher effector-to-target ratio in in vitro culture than NALM-6 cells. Non-
transduced T cells (NT) served as negative controls. All CD19 IL-7Ra
CAR T cells incorporate IgG2.CH3/CD28, 1gG2/CD28, and CD8/CD8
non-signaling domains mediated antigen-specific lysis of CD19 + cell
lines in a dose-dependent manner, while exhibiting no cytotoxicity to-
ward CD19-negative K562 cells, thereby confirming target specificity
(Fig. 3B). Notably, 1gG2/CD28 CAR T cells demonstrated significantly
reduced cytotoxicity against NALM-6 cells for 24 h compared with IgG2.
CH3/CD28 and CD8/CDS8, consistent with their lower CAR surface
expression.

T cell subset and memory phenotypes following co-culture with
NALM-6 were then analyzed. The proportions of CD4* and CD8" T cell
subsets did not differ significantly among constructs (Fig. 3C). Memory
phenotypes of CD19 IL-7Ra CAR T cells after antigen stimulation were
also comparable across the different hinge/spacer domains (Fig. 3D). To
examine activation status, we evaluated CD25 and CD69 expression
following antigen stimulation. CD25 expression remained comparable
among all constructs. In contrast, IgG2.CH3/CD28 and CD8/CD8 CAR T
cells displayed significantly higher CD69 expression than IgG2/CD28,
aligning with their enhanced cytotoxic activity (Fig. 3E). Supernatants
collected after 24 h of co-culture with NALM-6 were analyzed for
cytokine secretion. All CD19 IL-7Ra CAR T cells produced higher cyto-
kine levels compared with NT controls. Among the constructs, 1gG2.
CH3/CD28 exhibited significantly higher levels of IFN-y, TNF-«, and IL-
2 than the other non-signaling domains, whereas the CD8/CD8 CAR T
cells secreted higher levels of the regulatory cytokine IL-10. No statis-
tically significant differences in IL-4 and IL-6 levels were observed
among the three constructs (Fig. 3F).

We next evaluated CD107a expression, an indicator of T cell
degranulation, following stimulation with NALM-6 cells for 4 h. IgG2.
CH3/CD28 CAR T cells exhibited the highest CD107x expression levels,
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Fig. 4. CD19 IL-7Ra CAR T cells maintain sustained effector activity during repeated tumor cell rechallenge in vitro. (A) Schematic of the in vitro tumor cell
rechallenge assay. CAR T cells were co-cultured with NALM-6 or Raji-GFP target cells at 1:1 (E:T) ratio and restimulated with tumor cells every 4 days for five rounds.
(B-C) Absolute numbers of residual target tumor cells quantified at each round of NALM-6 (B) and Raji-GFP (C) co-cultures, reflecting sustained cytotoxic activity of
CAR T cells upon repeated antigen exposure. (D-E) Absolute numbers of effector CAR T cells measured throughout the tumor cell rechallenge assay in NALM-6 (D)
and Raji-GFP (E) co-cultures, indicating CAR T cell expansion and persistence during chronic antigen stimulation. Data are represented as mean + SEM from three
independent donors (n = 3). Statistical significance was determined by two-way ANOVA with Tukey's multiple comparisons test (****p < 0.0001). (F-G) Analysis of
T cell phenotypes at the third round of rechallenge with NALM-6 (F) or Raji (G) cells. (H-I) Exhaustion marker expression was assessed at the third round of
rechallenge with NALM-6 (H) or Raji (I) cells. Data are represented as mean + SEM from three independent donors (n = 3). Statistical significance was determined by

one-way ANOVA with Tukey's multiple comparisons test. (* p < 0.05, ** p < 0.01).

CD8/CD8 showed intermediate levels, and IgG2/CD28 displayed the
lowest expression (Fig. 3G). The reduced CD107a expression observed in
IgG2/CD28 CAR T cells was consistent with their diminished cytotoxic
function. Finally, we assessed exhaustion markers expression after an-
tigen stimulation. No significant differences in PD1, TIGIT, LAG3, and
TIM3 expression were observed among all three constructs, although
LAG3 and TIM3 were upregulated in all CAR T groups compared with
NT (Fig. 3H).

3.4. CD19 IL-7Ra-CAR T cells incorporating IgG2.CH3/CD28
demonstrated reduced exhaustion markers in an in vitro tumor cell
rechallenge assay

The 1gG2/CD28 non-signaling domain demonstrates inferior CAR
expression and reduced cytotoxic functions compared with the other
non-signaling domains. Therefore, the subsequent comparative analysis
was restricted to the IgG2.CH3/CD28 and CD8/CD8 domains to deter-
mine their tumor control and T cell persistence in a repetitive tumor cell
rechallenge assay. CAR T cells were co-cultured with GFP-expressing
NALM-6 or Raji cells at 1:1 E:T ratio, and their cytotoxicity and T cell
persistence were assessed across five rounds of rechallenge with fresh
tumor cells every 4 days (Fig. 4A). After rechallenge with NALM-6 or
Raji cells, the CD19 IL-7Ra CAR T cells incorporated IgG2.CH3/CD28
and CD8/CD8 non-signaling domains effectively eliminated NALM-6
and Raji cells (Fig. 4B-C). Both CAR T cell constructs expanded
robustly compared with non-transduced (NT) T cells, with no significant
differences in T cell persistence between the two CAR designs
(Fig. 4D-E). After the third round of co-culture, both CAR T cell groups
exhibited a more differentiated phenotype compared with NT controls,
characterized by increased effector memory and EMRA populations,
with no significant differences between IgG2.CH3/CD28 and CD8/CD8
constructs in either target model (Fig. 4F-G). Exhaustion marker anal-
ysis following the third round of co-culture showed target-dependent
differences. In the NALM-6 model, IgG2.CH3/CD28 CAR T cells
showed higher LAG-3 and TIM-3 expression, whereas in the Raji model,
CD8/CD8 CAR T cells exhibited higher PD-1 expression compared with
1gG2.CH3/CD28 (Fig. 4H-I).

3.5. CD19 IL-7Ra CARs incorporating IgG2.CH3/CD28 suppresses tumor
burden and improves survival in a NALM-6 xenograft model

To investigate the therapeutic potential of CD19 IL-7Ra CARs
incorporating either IgG2.CH3/CD28 or CD8/CD8 non-signaling do-
mains, we employed a systemic NALM-6 xenograft model using NSG
mice. Mice were intravenously engrafted with 2.5 x 105 NALM-6-Luc
cells, followed by intravenous administration of 2.0 x 10° CAR T cells
seven days later (Fig. 5A). Tumor burden was monitored weekly by
bioluminescent imaging (BLI), and CAR T cell persistence in peripheral
blood was assessed by flow cytometric analysis of CD45*CD3* pop-
ulations. CD19 IL-7Ra CAR T cells incorporating IgG2.CH3/CD28
domain demonstrated markedly superior anti-tumor activity compared
with those incorporating the CD8/CD8 domain, as evidenced by a sig-
nificant reduction in tumor-derived bioluminescence signals over time
(Fig. 5B-D). Consistent with enhanced tumor control, mice were treated
with IgG2.CH3/CD28 CD19 IL-7Ra CAR T cells exhibited significantly
prolonged survival relative to the CD8/CD8 CAR T cell group (Fig. 5E).

No significant differences in body weight were observed among exper-
imental groups (Fig. 5F). Notably, peripheral blood analysis revealed
significantly higher levels of circulating CD45*CD3* CAR T cells at day
28 in mice receiving IgG2.CH3/CD28 CAR T cells, suggesting enhanced
in vivo persistence and/or proliferation (Fig. 5G). Collectively, these
results demonstrate that incorporating IgG2.CH3/CD28 non-signaling
domain provides favorable anti-tumor responses in the context of
CD19 CARs containing IL-7Ra.

4. Discussion

In this study, we optimized the non-signaling domain in CD19 IL-7Ra
CARs by comparing three common non-signaling domains with 4-1BB-
IL-7Ra-CD3( signaling domains. Previous studies have demonstrated
that the incorporation of IL-7Ra together with an IgG2.CH3/CD28
hinge/spacer enhances CAR T cell persistence and therapeutic efficacy
in B7H3-directed CAR T cells for glioblastoma [6]. Consistent with these
findings, we observed that CD19 IL-7Ra CARs with the IgG2.CH3/CD28
non-signaling domain outperformed those containing 1gG2/CD28 or
CD8/CD8 domains, exhibiting stronger antigen-dependent activation
and enhanced cytokine secretion in vitro. Moreover, 1gG2.CH3/CD28
CAR T cells effectively eradicated tumors and significantly prolonged
survival in vivo compared with CAR T cells incorporating the CD8/CD8
domain. These data highlight the non-signaling domain as a critical yet
often underappreciated determinant of CAR T-cell potency.

Previous studies have extensively explored CAR structural optimi-
zation to enhance T cell efficacy and persistence [2,12-15]. Among CAR
components, the spacer/hinge and transmembrane (TM) regions,
collectively referred to as the non-signaling domain, play critical roles in
modulating CAR expression, stability, and functional activity [13]. To
examine the contribution of these elements, we evaluated CAR con-
structs incorporating spacer/hinge/TM domains of varying length and
composition, including a long IgG2.CH3/CD28 spacer (148 amino
acids), an intermediate CD8/CD8 spacer (69 amino acids), and a short
IgG2/CD28 spacer (39 amino acids). Our data indicate that the short
IgG2/CD28 non-signaling domain resulted in poor CAR surface expres-
sion, leading to impaired CAR T cell function. These findings are
consistent with previous reports demonstrating that spacer length is a
critical determinant of CAR expression, with full-length spacers sup-
porting higher surface expression compared with shortened constructs
[13]. In addition to spacer length, the structural composition of the
non-signaling domain is a key factor influencing proper protein folding,
stability, and trafficking of the CAR to the cell surface [13]. The IgG2
constant heavy chain 3 (CH3) domain was therefore selected to provide
sufficient spacer length while minimizing off-target Fcy receptor in-
teractions that have been associated with full IgG-Fc spacers containing
both CH2 and CH3 domains [16-18].

Our results demonstrate that the CAR construct containing the CD8
spacer and CD8 transmembrane (CD8/CD8) domains exhibited signifi-
cantly higher and more sustained surface expression compared to the
IgG2.CH3/CD28 construct. This is consistent with previous studies
demonstrating superior CAR expression and stability in the CD8/CD8-
based anti-TIM3 CAR and GXMR-CAR [9,19]. Moreover, prior work
has suggested that the transmembrane domain can be the primary
determinant of surface expression levels rather than the spacer domain
in mVEGFR2-specific CARs [12]. Despite exhibiting lower CAR surface
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Tukey's multiple comparisons test (** p < 0.01). (E) Kaplan-Meier survival analysis of mice in each treatment group, Gehan- Breslow- Wilcoxon test (* p < 0.05),
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expression (MFI), the CD19 IL-7Ra CAR T cells incorporating the I1gG2.
CH3/CD28 non-signaling domain demonstrated higher CD69 expres-
sion, enhanced degranulation, and increased IFN-y, TNF-a, and IL-2
secretion compared with the CD8/CD8 construct following antigen
exposure. A previous study by Alabanza et al. also showed that, in CARs
containing CD28 co-stimulatory domains, constructs with CD28 hin-
ge/transmembrane regions resulted in higher cytokine secretion and
degranulation compared with similar CARs containing the CD8a hin-
ge/transmembrane domains [20]. In addition, the CD28 transmembrane
has been previously shown to heterodimerize with endogenous CD28, an
interaction that enhances downstream signaling, including IFN-y pro-
duction [14]. However, whether heterodimerization between the CD28
transmembrane domain in the CAR construct and endogenous CD28
contributes to the enhanced effector function observed in our IgG2.
CH3/CD28 construct remains unclear. Future mechanistic investigation,
such as co-immunoprecipitation or knockdown of endogenous CD28,
would be required to address this possibility.

In the present study, we observed differences in CAR T-cell killing
kinetics between the two CD19* target cell lines used. Under co-culture
conditions at an E:T ratio of 1:1 for 24 h, cytotoxicity against NALM-6
cells reached approximately 80-90%, whereas cytotoxicity against
Raji cells remained below 30%. This observation suggests that Raji cells
require higher E to T ratios to achieve comparable levels of tumor cell
killing and exhibit more resistance to CAR T cell-mediated cytotoxicity.
Such variability may reflect intrinsic differences between cancer cell
types, including antigen density, growth characteristics, or resistance to
immune-mediated killing [4,21]. In addition, our in vitro assays were
performed using established cell lines rather than primary
patient-derived samples. While commonly used cell line models enable
controlled comparison of CAR constructs, they do not fully capture the
biological heterogeneity of primary B-cell malignancies. Nevertheless,
the anti-tumor activity observed in vitro was supported by the NALM-6
xenograft model in vivo, which confirmed the results observed in vitro.

Under chronic antigen exposure, [gG2.CH3/CD28 CAR T cells
exhibited cytotoxic activity to NALM-6 cells, although this sustained
activity was accompanied by increased LAG3 and TIM3 expression.
These markers likely reflect persistent activation or a production
exhaustion state rather than terminal dysfunction [22-24]. In contrast,
Raji’s rechallenge revealed a target-dependent divergence in exhaustion
profiles. The IgG2.CH3/CD28 CAR exhibited significantly lower PD-1
expression than the less effective CD8/CD8 CAR. This tumor-derived
exhaustion may reflect the higher CD19 antigen density in Raji or
additional immune mediators between NALM-6 and Raji cells [25-27].
In addition to exhaustion status, metabolic profiling—specifically oxy-
gen consumption rate (OCR) and extracellular acidification rate
(ECAR)—has also been shown to serve as an indicator of T-cell persis-
tence by distinguishing long-lived memory subsets from
exhaustion-prone effector cells within the tumor microenvironment
[28-30].

The IgG2.CH3/CD28 CAR achieved tumor eradication and yielded
longer survival in the NALM-6 xenograft model compared with the CD8/
CD8 CAR. Circulating CAR" cells were also detected at higher levels in
mice treated with IgG2.CH3/CD28 CAR T cells compared with the CD8/
CD8 group, suggesting enhanced persistence of this construct. The
increased systemic CAR" cell levels correlated with the reduced tumor
luminescence signal observed in mice receiving the 1gG2.CH3/CD28
construct. However, quantification of CAR* cells in the bone marrow or
spleen was not performed in the present study, which could have pro-
vided additional evidence supporting the enhanced persistence of 1gG2.
CH3/CD28 CAR T cells. These in vivo findings are consistent with our in
vitro results, in which 1gG2.CH3/CD28 CAR T cells exhibited higher T-
cell activation, degranulation, and Thl cytokine production (IFN-y,
TNF-a, and IL-2).

Interestingly, we also observed elevated secretion of the regulatory
cytokine IL-10 in CD8/CD8-based CAR T cells. The role of IL-10 in CAR
T-cell function remains controversial. Recent studies suggest that IL-10
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may alleviate T-cell exhaustion in cancer immunity through metabolic
reprogramming [31,32], whereas previous studies have demonstrated
that IL-10 neutralization can restore CAR T-cell activity [29]. Although
the underlying mechanisms were not investigated in the context of our
CAR constructs, our findings support a role for the non-signaling domain
in shaping the antigen-induced cytokine response profile of CAR T cells,
which may ultimately influence their anti-tumor capacity [16].

While our study provides a preclinical validation of an optimized
CAR construct, limitations must be acknowledged. Although the
immunodeficient NSG mouse models are standard for xenograft studies,
they lacks a complete immune system. This environment cannot fully
recapitulate the complex human tumor microenvironment, which in-
cludes suppressive myeloid cells and regulatory T cells [33]. In addition,
this model does not allow evaluation of the potential effects of CAR T
cells on endogenous bystander T cell activation, which has been re-
ported to contribute to durable anti-tumor responses in
immune-competent settings.

Our findings were primarily based on CD19 CAR constructs incor-
porating the widely used anti-CD19 scFv (FMC63). To assess whether
the observed effects were specific to this antigen context, we performed
parallel experiments using a B7-H3-targeted CAR construct. In this
system, the IgG2/CD28 construct consistently exhibited lower CAR
surface expression compared with the other two designs, whereas IgG2.
CH3/CD28 and CD8/CD8 showed comparable percentages of CAR* cells
and MFI. These results suggest that the impact of the non-signaling
domain may not be limited to a single antigen context. However, this
observation should not be generalized to conclude that the IgG2.CH3/
CD28 configuration would universally perform better across all target
antigens or with other scFv clones. Previous study demonstrated that
optimization of the transmembrane domain improved CAR internaliza-
tion and recycling, thereby enhancing anti-tumor activity [34].
Although investigation of these mechanisms was beyond the scope of the
current study, this represents an interesting direction for future work.

5. Conclusions

In summary, this study demonstrates that the non-signaling domain
is a critical determinant of CAR T-cell performance in the context of an
IL-7Ra-incorporated CD19 CAR platform. Among the designs tested, the
IgG2.CH3/CD28 non-signaling domain supported favorable CAR
expression, effector function, and persistence. Despite lower surface
CAR density compared with CD8/CD8, IgG2.CH3/CD28 CAR T cells
showed stronger antigen-dependent activation, sustained cytotoxicity
during repeated tumor exposure, and improved tumor control and sur-
vival in vivo. These findings support the 1gG2.CH3/CD28-4-1BB-IL-
7Raf configuration as a suitable design for CD19 CAR T cells.
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