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« Various CAR designs
were evaluated for
allogeneic CAR-NKT
cells in treating solid
tumors to identify
optimal antitumor
efficacy.

The 4-1BB
costimulatory domain
was selected, as it
conferred superior
antitumor activity and
robust in vivo
persistence to CAR-
NKT cells.

Chimeric antigen receptor (CAR)-engineered cell therapies have revolutionized cancer
immunotherapy and are expanding into other diseases, including autoimmune disorders.
Optimizing CAR design, particularly the choice of costimulatory domains and the
incorporation of immune-enhancing genes, has been critical to improving efficacy and
safety in CAR-based cell therapy. Although the functional impact of CD28 and 4-1BB
costimulatory domains, alone or in combination, has been extensively studied in CAR T
cells, comparable insights into CAR-engineered invariant natural killer T (CAR-NKT) cells
remain limited. CAR-NKT cells represent a promising platform for solid tumor therapy
owing to their intrinsic tumor-homing and infiltration capacities. In this study, we
systematically compared 4 CAR designs: CD28, 4-1BB, dual CD28/4-1BB, and an NK receptor
(NKG2D/2B4)-based construct, in allogeneic hematopoietic stem and progenitor cell-
engineered, mesothelin-targeting CAR-NKT cells. Among these, the 4-1BB-containing CAR
conferred superior antitumor activity, demonstrating potent and sustained cytotoxicity
against diverse solid tumors as well as enhanced in vivo persistence. Importantly, these
CAR-NKT cells exhibited a favorable safety profile, with no risk of graft vs host response,
minimal tissue toxicity, and no dysregulated growth. Collectively, this study provides the
first systematic evaluation of costimulatory domain selection in allogeneic CAR-NKT cells,
identifies 4-1BB as a leading design, and establishes a translational path toward clinical
development of allogeneic CAR-NKT cell therapy for solid tumors.

Adoptive cell therapies, most notably chimeric antigen receptor—engineered T (CAR T)-cell therapy,
have transformed the treatment of hematologic malignancies, achieving durable remissions in patients
with otherwise refractory disease.'™ However, their success has not extended to solid tumors, in which
barriers such as the immunosuppressive tumor microenvironment (TME), antigen heterogeneity, and
limited persistence have constrained therapeutic efficacy.”® To overcome these challenges, various
strategies have been pursued to enhance CAR T-cell performance. Modifications to CAR design
include the optimization of extracellular antigen-binding domains, engineering of hinge and
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transmembrane regions, incorporation of distinct costimulatory
domains (CD28, 4-1BB, or dual constructs), and addition of
cytokine-supporting modules (eg, interleukin-12 [IL-12], IL-15, or
IL-18) to bolster expansion and survival.® 2 Combination
approaches with immune-modulating agents, such as checkpoint
blockade antibodies, oncolytic viruses, or tumor-targeted vaccines,
have been investigated to counteract immune suppression and
broaden antitumor activity."®'®> Among these efforts, the refine-
ment of CAR architecture, particularly the choice of costimulatory
domains, remains a central focus because it profoundly influences
the proliferation, persistence, and effector function of CAR T cells.

Distinct costimulatory domains significantly influence effector cell
biology, shaping activation thresholds, cytokine production,
persistence, and metabolic fitness.''"'*'° In CAR T cells, CD28
and 4-1BB domains have been most extensively studied: CD28
signaling enhances phosphatidylinositol 3-kinase/Akt/mTORCH1
activity, promoting glycolysis, rapid proliferation, and strong
effector functions, whereas 4-1BB signaling favors mitochondrial
oxidative phosphorylation, central memory differentiation, and long-
term persistence.’® Beyond CAR T cells, other engineered
immune cell platforms have adopted unique CAR designs tailored
to their intrinsic biology. For example, studies in CAR-engineered
natural killer (NK) cells demonstrated that a construct incorpo-
rating the NKG2D transmembrane domain, 2B4 costimulatory
domain, and CDS3C(-enabled robust antigen-specific signaling
might represent an optimal configuration for NK cells."” In the
context of CAR-engineered invariant NKT (CAR-NKT) cells, cos-
timulatory domains can similarly dictate functional outcomes. For
instance, compared with CD28-based CARs, GD2-targeted CAR-
NKT cells with 4-1BB signaling were shown to polarize towarda T
helper 1 phenotype, characterized by increased interferon gamma
(IFN-y) and granulocyte-macrophage colony-stimulating factor
production and reduced secretion of IL-4 and IL-10."® However,
systematic studies directly comparing the impact of different
costimulatory domains on CAR-NKT cell function remain limited.

To address this gap, we systematically evaluated the impact of
distinct CAR architectures in human allogeneic CAR-NKT (M°CAR-
NKT) cells, generated from hematopoietic stem and progenitor cells
(HSPCs) using a clinically guided culture method.'®2° A°CAR-NKT
cells constitute an off-the-shelf immunotherapy platform with the
potential to overcome key limitations of conventional CAR T cells,
including resistance to the immunosuppressive TME, mitigation of
tumor antigen escape, and a reduced risk of toxicities such as
cytokine release syndrome.®'®?° Although prior studies have
incorporated 4-1BB costimulation into CAR-NKT cells for the
treatment of hematologic malignancies (eg, multiple myeloma) and
solid tumors (eg, ovarian cancer [0C]),5"92° direct comparative
analyses across diverse CAR designs have not been performed.
Defining the optimal CAR configuration is therefore critical to
advance the translational development and clinical implementation
of allogeneic CAR-NKT cell therapies.

Here, we systematically compared 4 mesothelin (MSLN)-targeted
CAR (MCAR) configurations engineered into A" CAR-NKT cells:
second-generation CARs incorporating either CD28 or 4-1BB
costimulatory domains, a third-generation CAR combining CD28
and 4-1BB, and an NK receptor (NKR)-based CAR incorporating
NKG2D and 2B4 signaling domains.'” Using this framework,
we evaluated the effects of CAR design on “'°CAR-NKT cell

activation, persistence, antitumor activity, and safety across mul-
tiple solid tumor models. Moreover, we conducted in-depth safety
assessments of allogeneic MSLN-targeting CAR-engineered NKT
(M'°MCAR-NKT) cells to support their potential advancement
toward translational and clinical development for the treatment of
diverse solid tumors.

Generation of A"°MCAR-NKT cells by incorporating 4
CAR designs

AleMCAR-NKT cells were generated from gene-engineered human
cord blood CD34* HSPCs using a 5-stage clinically guided cul-
ture method.®'9?° The starting HSPCs were engineered to
overexpress a transgenic human invariant NKT T-cell receptor
(TCR), an MSLN-targeting CAR and the secreted form of human
IL-15. Four distinct CAR constructs were individually incorporated,
resulting in the generation of ~'°MCAR1-, #°MCAR2-, ~'°MCARS-,
and ~"°"MCAR4-NKT cells.

In vivo antitumor efficacy study of A"°MCAR-NKT
cells: OVCARS8-FG human OC xenograft NSG mouse
model

On day 0, NSG mice received intraperitoneal (IP) inoculation of
OVCARS8-FG human OC cells (2 x 10%/L cells in 100 pL of
phosphate-buffered saline [PBS] per mouse). On day 4, the
experimental mice received an IP injection of vehicle (100 pL of
PBS per mouse), 4 groups of A"®MCAR-NKT cells (50 x 10%/uL
CAR* cells in 100 pL of PBS per mouse), or control MCAR-T cells
(50 x 10°%/uL CAR" cells in 100 pL of PBS per mouse). In this
experiment, MCAR-T cells were presorted to isolate CAR* cells,
which were then injected into the experimental mice. During the
experiment, the mice were monitored for survival and their tumor
loads were measured twice per week using live-animal biolumi-
nescence imaging. All animal experiment protocols were reviewed
and approved by the institutional animal care and use committee of
University of California, Los Angeles.

In vivo persistence study of A"°MCAR-NKT cells:
human OC xenograft NSG mouse model

On day 0, NSG mice received IP inoculation of OVCARS3-FG cells
(10 x 10%/uL cells in 100 pL of PBS per mouse). On day 0, the
experimental mice received an IP injection of ~"°MCAR-NKT cells
(50 x 10%/uL CAR™ cells in 100 puL of PBS per mouse) or control
MCAR-T cells (50 x 10%uL CAR* cells in 100 pL of PBS per
mouse). During the experiment, the mice were monitored for sur-
vival and their therapeutic cell persistence was measured weekly
by IP lavage and flow cytometry.

Additional experimental details are provided in the supplemental
Methods.

Generation and characterization of HSPC-
engineered CAR-NKT cells incorporating 4 CAR
designs

Human cord blood CD34*" HSPCs were transduced with a single
lentivector codelivering genes encoding a canonical invariant NKT
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TCR (a and B chains) together with 1 of 4 distinct MCAR
constructs (Figure 1A-B). The MCAR designs included (1) a third-
generation CD28/4-1BB dual-costimulatory construct (MCAR1),°
(2) a second-generation CD28-based construct (MCAR2), (3) a
second-generation 4-1BB-based construct (MCARS), and (4) an
NKG2D/2B4 NKR-based construct (MCAR4)'” (Figure 1B). All
vectors also contained a CD3( signaling domain and were engi-
neered to coexpress IL-15 to enhance persistence.'® Across all
constructs, transduction efficiency was comparable (Figure 1C-D).
Following transduction, CD34* HSPCs differentiated efficiently
into the NKT cell lineage using our previously described clinically
guided culture method (Figure 1E).'® All 4 resulting ~"°MCAR-NKT
cell products (denoted as A"°MCAR1-, A"°MCAR2-, A'°MCAR3-,
and AM"°MCAR4-NKT cells, respectively) uniformly expressed the
invariant NKT TCR with negligible bystander off T-cell contamina-
tion (Figure 1E). Notably, the final #"°MCAR-NKT cell populations
were consistently enriched for CD8" and double-negative subsets,
phenotypes associated with cytotoxic and proinflammatory func-
tionality (Figure 1F). Surface CAR expression was uniformly high
across constructs (Figure 1G), and all groups demonstrated
equivalent cell purity and vector copy number (Figure 1H-J).
Expansion kinetics showed robust yields with each design, with
projected scalability reaching ~10'2 cells per donor, sufficient for
thousands of therapeutic doses (Figure 1A,l). For comparison,
peripheral blood mononuclear cell (PBMC)-derived MCAR-T cells
were generated as a therapeutic control (Figure 1K) and displayed
the expected distribution of CD4* and CD8" single-positive phe-
notypes (Figure 1L).

Flow cytometry analysis of A®MCAR-NKT cells produced across
all 4 CAR designs revealed their elevated expression of NKRs
(NKG2D and DNAM-1) and cytotoxic effector molecules (perforin
and granzyme B), together with a T helper 1-biased cytokine
profile characterized by high IFN-y production (Figure 1M-N).

Collectively, these findings demonstrate the efficient generation of
AlMCAR-NKT cells across 4 distinct CAR designs and establish a
robust comparative framework for evaluating the influence of
costimulatory and receptor-based signaling domains in this
system.

In vitro antitumor capacity of CAR-NKT cells with 4
CAR designs against multiple solid tumor types

To assess the functional potency of CAR-NKT cells incorporating
distinct costimulatory domains, we evaluated their antitumor
activity against a panel of MSLN-expressing solid tumor cell lines.
OC, lung cancer, pancreatic cancer, and breast cancer models
were selected based on MSLN expression profiles obtained from
the Human Protein Atlas (supplemental Figure 1A). Notably, high
MSLN expression has been associated with poor overall survival
across multiple solid tumor types, underscoring its clinical rele-
vance as a therapeutic target (supplemental Figure 1B).52">?

AlMCAR-NKT cells are expected to eliminate tumor cells through
multiple surface receptors, including CAR-mediated recognition of
MSLN and NKR-mediated recognition of NK ligands expressed on
solid tumor cells. To test this dual recognition, we performed a
series of in vitro tumor cell killing assays using 12 human tumor
cell lines. These included 4 human OC cell lines (SKOV3-
FG, OVCAR8-FG, OVCARS3-FG, and MLSN-knockout
OVCARS8-FGMS"N"=: Figure 2A; supplemental Figure 2A), 2
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human lung cancer cell lines (A549-FG and H226-FG; Figure 2D),
2 human pancreatic cancer cell lines (CAPAN2-FG and ASPC1-
FG; Figure 2G), 2 human breast cancer cell lines (MDA-MB-
231-FG and HCC1806-FG; Figure 2J), and 2 human multiple
myeloma cell lines (ie, MM.1S-FG and MSLN-overexpressing
MM.1S-MSLN-FG; supplemental Figure 2D). All lines were
genetically engineered to express dual luciferase and enhanced
green fluorescence protein reporters (FG), enabling sensitive
monitoring by both flow cytometry and bioluminescence assays.
Notably, the 2 MM.1S cell lines are resistant to NK-mediated
killing, whereas the solid tumor cell lines are susceptible, thereby
providing an opportunity to examine NKR-dependent tumor killing
by A"MCAR-NKT cells.”® Furthermore, these tumor lines
expressed variable levels of MSLN, allowing the analysis of MCAR-
mediated tumor recognition (Figure 2B,EHK; supplemental
Figure 2B,E).

All 4 A°MCAR-NKT products efficiently lysed solid tumor cells
across cancer types and consistently outperformed MCAR-T cells
(Figure 2C/F|L; supplemental Figure 2C). Moreover, MCAR-T
cells were restricted to MSLN* tumor targets through MCAR-
MSLN interactions, whereas A"MCAR-NKT cells displayed
broader cytotoxicity that extended to MSLN™ targets, consistent
with dual CAR- and NKR-mediated recognition (Figure 2C,F|I.L;
supplemental Figure 2C). Across different effector-to-target
ratios, all 4 CAR-NKT cell constructs mediated robust tumor
killing with no significant differences observed in short-term cyto-
toxic assays (Figure 2C,F,l,L; supplemental Figure 2C). For the
NK-resistant MM.18S cell lines, neither *"°MCAR-NKT nor MCAR-T
cells mediated killing, suggesting that the ability of A"°MCAR-NKT
cells to lyse MSLN™ solid tumors relies on NKR-dependent
mechanisms (supplemental Figure 2F).

To assess the durability of antitumor activity, we conducted a serial
tumor cell killing assay (Figure 2M). In this setting, all 4 CAR-NKT
cell groups exhibited superior long-term cytotoxicity compared
with MCAR-T cells, which rapidly lost activity following antigen
modulation or loss (Figure 2N). Notably, among the CAR-NKT cell
designs, MCAR3 (a second-generation CAR containing a 4-1BB
costimulatory domain) demonstrated enhanced persistence
across repeated stimulations, maintaining superior tumor killing
over extended culture in 4 solid tumor lines (OVCARS, H226,
ASPC1, and HCC1806; Figure 2N). These in vitro results suggest
that the configuration of the costimulatory domain can influence
long-term functional fitness.”**® Specifically, 4-1BB signaling has
been implicated in promoting mitochondrial fitness, resistance to
exhaustion, and enhanced persistence in CAR T cells, which may
explain the superior durability observed with the MCARS3
design.'®?%27 Therefore, the strategic selection of costimulatory
domains may be critical for optimizing CAR-NKT cell function in
the context of solid tumors, in which chronic antigen stimulation is
a major barrier to efficacy.

To further elucidate the mechanism of action of '°MCAR-NKT
cells, we selected """MCAR3-NKT cells as a representative
construct. Scanning electron microscopy confirmed direct tumor
engagement and attack of OC cells by A"MCAR3-NKT cells
(supplemental Figure 3A). Flow cytometry analysis further revealed
upregulation of activation and degranulation markers (ie, CD69)
as well as the increased production of cytotoxic effector mole-
cules (ie, perforin and granzyme B) compared with conventional
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MCAR-T cells (supplemental Figure 3B-C). Importantly,
compared with NKT cells lacking CAR engineering and/or IL-15
enhancement, “'"°"MCARS-NKT cells exhibited the most durable
and potent tumor control, maintaining robust cytotoxic activity
against multiple MSLN* tumor targets, thereby indicating that the
combination of IL-15 signaling and CAR expression synergisti-
cally enhances both effector persistence and tumor clearance
capacity (supplemental Figure 3D-H).

In vivo antitumor efficacy of CAR-NKT cells with 4
CAR designs in multiple OC xenograft mouse models

To investigate the therapeutic potential of CAR-NKT cells incor-
porating distinct costimulatory domains, we established a series of
human OC xenograft models in NSG mice using OVCARS-FG
(Figure 3A), OVCARS3-FG (Figure 3E), and OVCAR8-FGMS-N"~
cell lines (Figure 3l), the latter serving as a model of MSLN antigen
escape. Following IP inoculation of tumor cells, mice were treated
with either conventional PBMC-derived MCAR-T cells or 1 of the 4
AlMCAR-NKT cell products. Across all 3 models, treatment with
AlPMCAR-NKT cells and conventional MCAR-T cells significantly
suppressed tumor growth and prolonged survival compared with
vehicle-treated controls, demonstrating robust antitumor efficacy
in vivo (Figure 3B-C,F-G,J-K).

A key distinction between conventional MCAR-T cells and A"°M-
CAR-NKT cells emerged in safety outcomes. In all 3 xenograft
models, MCAR-T cell-treated mice developed graft-versus-host
disease (GVHD) due to endogenous TCR recognition of xenoge-
neic mouse tissues, leading to morbidity and mortality unrelated to
tumor progression (Figure 3D,H,L). In contrast, none of the A"°M-
CAR-NKT cell treatment groups showed evidence of GVHD,
consistent with their uniform expression of the invariant NKT TCR,
which lacks cross-reactivity to murine tissues.”*%?° These results
highlight the favorable safety profile of the CAR-NKT cell platform
compared with conventional CAR T-cell approaches.

When comparing the 4 CAR designs, the NKR-based construct
(MCAR4) did not demonstrate improved tumor control over
MCAR-T cells, indicating that this receptor configuration is insuf-
ficient to drive potent antitumor activity in vivo for NKT cells
(Figure 3C,G,K). In contrast, the other 3 MCAR designs all
exhibited superior tumor clearance and survival benefit relative to
MCAR-T control cells (Figure 3C,G,K). Among these, *'°MCAR3-
NKT cells consistently outperformed the other groups, demon-
strating the most pronounced tumor regression and longest
survival across all 3 xenograft models (Figure 3D,H,L;
supplemental Figure 4). These in vivo findings validated our
in vitro serial killing assay results, further supporting the role of 4-
1BB costimulation in enhancing persistence and functional dura-
bility for CAR-NKT cells.

These results establish that all #'"MCAR-NKT cells with TCR-
based CAR designs surpass conventional MCAR-T cells and
identify the 4-1BB costimulatory design (MCAR3) as the most
effective configuration. Collectively, these findings position 4-1BB
as the optimal costimulatory domain for CAR-NKT cell therapy in
solid tumors, providing a strong rationale for its prioritization in
translational development.

In vivo persistence of CAR-NKT cells with 4 CAR
designs in an OC xenograft mouse model

To further characterize the dynamics of therapeutic cell engraft-
ment and maintenance in vivo, we performed a longitudinal
persistence study in an OVCAR3 OC xenograft NSG mouse
model. Mice received IP injections of tumor cells, followed by
treatment with either A"®MCAR-NKT cells or conventional MCAR-T
cells, and the therapeutic cell populations were monitored over
time by IP lavage and flow cytometry analysis (Figure 4A).

Conventional MCAR-T cells displayed a progressive and sustained
expansion throughout the study, ultimately reaching nearly 50% of
total live cells in the peritoneal cavity by week 12 (Figure 4B-C).
This marked expansion is likely driven by persistent antigen stim-
ulation in combination with xenogeneic reactivity of the endoge-
nous TCR, culminating in GVHD and subsequent mortality.°%°

In contrast, all 4 #"°MCAR-NKT cell groups expanded robustly
without eliciting GVHD, reaching peak levels around week 5,
followed by a gradual contraction phase and persistence detect-
able beyond week 12 (Figure 4B-C). Importantly, the persistence
profiles differed across CAR designs. “"°"MCAR4-NKT cells
demonstrated the weakest expansion and failed to persist beyond
week 10, consistent with their reduced antitumor efficacy
observed in vivo (Figure 4B-C). Conversely, AllopCARS-NKT cells
exhibited the most pronounced expansion, peaking at over 30% of
the total live cells by week 5, and maintained durable persistence
with >10% of cells still detectable at week 12 (Figure 4B-C).
These data reinforce the superior functional fitness of the 4-1BB-
based costimulatory design and align with its enhanced perfor-
mance in both serial kiling assays in vitro and tumor control
studies in vivo.

We then investigated the metabolic mechanisms underlying the
superior function of A"MCAR3-NKT cells bearing the 4-1BB
costimulatory domain. In the in vivo antitumor efficacy study,
AlPMCARS-NKT cells exhibited the strongest therapeutic perfor-
mance, followed by those containing the CD28 costimulatory
domain (Figure 3). To further elucidate the basis of this difference,
we compared these 2 therapeutic cell types collected from in vivo
experimental mice on day 30 and analyzed their metabolic profiles
(Figure 4D). Metabolic activity was quantified using the Seahorse

Generation and characterization of HSPC-engineered CAR-NKT cells incorporating 4 CAR designs. (A) Schematics showing the development of human
CD34" HSPC-engineered AloMCAR-NKT cell products. Panel A created with bioRender.com. Shen, S. (2025) https://bioRender.com/dvbadjw. (B) Design of 4 MCARs of the
Lenti/iNKT-MCAR-IL-15 lentivectors. (C) Intracellular expression of iNKT TCR (identified as TCR Vp11™) in CD34" HSPCs at 72 hours after lentivector transduction. (D)
Quantification of panel C (n = 4). (E) Fluorescence-activated cell sorting (FACS) monitoring of the generation of *'°MCAR-NKT cells over the 6-week culture. (F) FACS detection
of CD4/CD8 coreceptor expression on AloMCAR-NKT cells. (G) FACS detection of MCAR expression on AloMCAR-NKT cells. (H) Purity of AloMCAR-NKT cells (n = 4-6). (1)
Yield of A"MCAR-NKT cells (n = 4-6). (J) Vector copy number measurement of ~'®MCAR-NKT cells (n = 4-6). (K) Design of Lenti/MCAR lentivector, and schematics showing the
generation of healthy donor PBMC-derived MCAR-T cells. (L) FACS detection of CD4/CD8 coreceptor expression and MCAR expression on MCAR-T cells. (M) FACS detection
of NKRs, intracellular cytokines, and cytotoxic molecules in AloMCAR-NKT cells. (N) Quantification of panel M (n = 7). Representative of over 5 experiments. Data are presented
as the mean * standard error of the mean (SEM). **P<.001 and ****P<.0001 by 1-way analysis of variance (ANOVA; panels D,H-J,N). iNKT, invariant NKT; ns, not significant.
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In vivo antitumor efficacy of CAR-NKT cells with 4 CAR designs in multiple OC xenograft mouse models. (A-D) Studying the in vivo antitumor efficacy of
AllMCAR-NKT cells in an OVCAR8-FG human OC xenograft NSG mouse model. (A) Experimental design. (B) Live-animal bioluminescence imaging (BLI) images measuring
tumor loads in experimental mice over time. (C) Quantification of panel B (n = 4). (D) Kaplan-Meier survival curves (n = 4). (E-H) Studying the in vivo antitumor efficacy of
AlPMCAR-NKT cells in an OVCARS-FG human OC xenograft NSG mouse model. (E) Experimental design. (F) BLI images measuring tumor loads in experimental mice over time.
(G) Quantification of panel F (n = 5). (H) Kaplan-Meier survival curves (n = 5). (I-L) Studying the in vivo antitumor efficacy of ~'°MCAR-NKT cells in an OVCAR8-FGMSN—/~
human OC xenograft NSG mouse model. (I) Experimental design. (J) BLI images measuring tumor loads in experimental mice over time. (K) Quantification of panel J (n = 4).
(L) Kaplan-Meier survival curves (n = 4). Representative of 3 experiments. Data are presented as the mean + SEM. *P<.05 and **P<.01 by log-rank (Mantel-Cox) test adjusted
for multiple comparisons (panels D,H,L). min, minimum; max, maximum; TBL, total bioluminescence.

In vitro antitumor capacity of CAR-NKT cells with 4 CAR designs against multiple solid tumor types. (A-C) Studying the in vitro tumor cell killing capacity of
AllMCAR-NKT cells against OC cell lines. PBMC-derived MCAR-T cells were included as a therapeutic cell control. (A) Schematics showing the indicated human cell lines.
(B) FACS detection of MSLN on the indicated cell lines. (C) Tumor cell kiling data at 24 hours (n = 4). (D-F) Studying the tumor cell killing capacity of ~'°MCAR-NKT cells
against lung cancer cell lines. (D) Schematics showing the indicated human cell lines. (E) FACS detection of MSLN on the indicated cell lines. (F) Tumor cell killing data at
24 hours (n = 4). (G-l) Studying the tumor cell killing capacity of A"°MCAR-NKT cells against pancreatic cancer cell lines. (G) Schematics showing the indicated human cell lines.
(H) FACS detection of MSLN on the indicated cell lines. (I) Tumor cell killing data at 24 hours (n = 4). (J-L) Studying the tumor cell-killing capacity of #'"°MCAR-NKT cells against
breast cancer cell lines. (J) Schematics showing the indicated human cell lines. (K) FACS detection of MSLN on the indicated cell lines. (L) Tumor cell killing data at 24 hours
(n = 4). (M-N) Studying the long-term antitumor efficacy of “'®°MCAR-NKT cells against solid tumors. (M) Experimental design. (N) Tumor cell killing data measured over time
(n = 4). Panels A, D, G, and J created with bioRender.com. Shen, S. (2025) hitps://bioRender.com/dvbadjw. Representative of 3 experiments. Data are presented as the

mean £ SEM. 2A, foot-and-mouth disease virus 2A self-cleavage sequence; EGFP, enhanced green fluorescent protein; E:T ratio, effector-to-target ratio; Fluc, firefly luciferase;
hi, high; lo, low.
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In vivo performance of CAR-NKT cells with 4 CAR designs in an OC xenograft mouse model. (A) Experimental design to study the in vivo persistence of
AlPMCAR-NKT cells in an OVCAR3-FG human OC xenograft NSG mouse model. (B) FACS detection of ~"®MCAR-NKT cells collected from the peritoneal cavity of the
experimental mice over time. (C) Quantification of panel B (n = 3). (D) Experimental design to study the in vivo metabolic profiles of A"®°MCAR-NKT cells. "°MCAR2-NKT and
AllPMCARS-NKT cells were collected from the peritoneal fluid of experimental mice on day 30, FACS-sorted, and subjected to metabolic profiling assays. (E) Seahorse analysis of
oxygen consumption rate (OCR) in A"°MCAR-NKT cells (n = 3). (F) Seahorse analysis of extracellular acidification rate (ECAR) in “'°MCAR-NKT cells (n = 3). (G) Quantification
of basal and maximal OCR (left) and ECAR (right) showing enhanced mitochondrial respiration and glycolytic activity in AllMCARS3-NKT cells (n = 3). Representative of 3
experiments. Data are presented as the mean £ SEM. *P < .05, **P < .01, and ****P < .0001 by Student t test (panel G). N.A., not available.

consumption rates as well as elevated extracellular acidification
rates, indicating enhanced mitochondrial respiration and glycolytic
capacity (Figure 4E-G).

XF assay to measure oxidative phosphorylation and glycolytic
rates. Compared with ~"°MCAR2-NKT cells, *""MCAR3-NKT cells
displayed significantly higher basal and maximal oxygen
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In vitro safety study of CAR-NKT cells with
4-1BB CAR design. (A-B) Studying the GvH response of A B
AlPMCARS-NKT cells using an in vitro mixed-lymphocyte GvH response
reaction assay. (A) Experimental design. (B) Enzyme-linked MCAR-T or
immunosorbent assay analyses of IFN-y production on day 4. PBMC AlEMCAR3-NKT
N denotes no addition of stimulator PBMCs (n = 4). (C-D) (Stimulator) (Responder) =
Studying the dysregulated growth of A"°MCARS3-NKT cells. :E_’
(C) Experimental design. (D) Quantification of live A"”°MCAR- N Mix ¥ Z?‘
NKT cells with or without cytokine supplementation (n = 4). =
(E-F) Studying the normal immune cell targeting of ~'°MCARS- In vitro mixed
NKT cells. (E) Experimental design. (F) Quantification of live lymphocyte culture
T cells/B cells/NK cells/HSPCs after coculture with (MLR) assay N12345N12345
AlPMCARS-NKT cells (n = 4). Representative of 3 experiments. MCAR-T Alo\JCAR3-NKT
Data are presented as the mean = SEM. ****P < .0001 by
1-way ANOVA (panel B) and Student ¢ test (panels D,F). GvH, C D
graft-versus-host; ns, not significant. Dysregulated growth 3
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These findings highlight a key advantage of A""MCAR-NKT cells
over conventional MCAR-T cells: the ability to expand and persist
in vivo without inducing GVHD. Among the 4 tested CAR designs,
the 4-1BB-based MCARS construct exhibited the most favorable
persistence profile, accompanied by enhanced metabolic fitness.
This metabolic advantage likely contributes to the superior dura-
bility and functional capacity of A'°MCAR3-NKT cells. Based on
their sustained in vivo engraftment, robust antitumor efficacy, and
improved metabolic profile, ~'”°MCARS3-NKT cells were selected
for subsequent in-depth safety evaluations.

In vitro safety study of CAR-NKT cells with 4-1BB
CAR design

In allogeneic cell therapy, a major safety concern is GVHD. GVHD
occurs when allogeneic effector cells recognize and attack host
tissues, leading to inflammation and organ damage.®*° In
contrast, allogeneic CAR-NKT cells leverage invariant NKT TCR
recognition of the nonpolymorphic CD1d molecule and are
therefore not expected to induce GVHD.*”*° To comprehensively
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assess the safety profile of “°MCARS3-NKT cells, we first evalu-
ated their potential to elicit graft vs host responses in an in vitro
mixed-lymphocyte reaction assay. “'""MCAR3-NKT cells were
cocultured with irradiated PBMCs from a diverse set of mis-
matched healthy donors (Figure 5A). Minimal IFN-y secretion was
detected from A"°MCARS3-NKT cells, in contrast to conventional
MCAR-T cells, which mounted a robust IFN-y response indicative
of strong alloreactivity (Figure 5B).

We next investigated whether ~'°MCAR3-NKT cells exhibit
cytokine-independent, dysregulated growth in vitro (Figure 5C).
AlPMCARS-NKT cells proliferated robustly in the presence of
exogenous IL-7 and IL-15, but their numbers declined sharply in
the absence of cytokine support (Figure 5D). These results confirm
that A"®MCARS-NKT cell persistence is dependent on physiologic
cytokine availability, thereby excluding the risk of autonomous,
dysregulated expansion.

Finally, to examine potential off-target cytotoxicity against healthy
immune populations, #""MCARS3-NKT cells were cocultured with



primary human T cells, B cells, NK cells, and HSPCs (Figure 5E).
The quantification of viable cells across all groups revealed no
significant loss after coculture (Figure 5F), demonstrating that
AlOMCAR3-NKT cells do not recognize or eliminate healthy
immune or progenitor subsets under in vitro conditions. Notably,
monocytes expressed higher levels of CD1d than other immune
cell populations, and they can be recognized and targeted by
AloMCARS-NKT cells, particularly in the presence of alpha-gal-
actosylceramide («GC) (supplemental Figure 5). In the TME, a
substantial proportion of monocytes differentiate into tumor-
associated macrophages and myeloid-derived suppressor cells,
both of which characteristically exhibit elevated CD1d expres-
sion.*"*° Therefore, ~'°MCARS3-NKT cells may have the capacity
to selectively eliminate these immunosuppressive myeloid pop-
ulations, highlighting their strong translational potential in modu-
lating the TME.

In vivo tissue toxicity evaluation of CAR-NKT cells
with 4-1BB CAR design

We also investigated the in vivo safety profile of ~'°MCAR-NKT
cells incorporating the 4-1BB costimulatory domain using NSG
xenograft mouse models. To assess tissue toxicity risk, experi-
mental mice were injected with escalating doses of ~'""MCAR3-
NKT cells (1 x 108, 3 x 10°, or 10 x 10° cells) and monitored
over a 90-day period (Figure 6A). Across all tested doses, the mice
maintained stable body weight (Figure 6B) and displayed 100%
survival without clinical signs of GVHD (Figure 6C).

To further evaluate long-term tissue safety, we performed
comprehensive histopathological analyses at day 90 postinfusion.
Organs including the bone marrow, spleen, ileum, pancreas, kid-
ney, lung, liver, heart, and brain were harvested and evaluated.
Across all examined tissues, no mice displayed major pathological
abnormalities (Figure 6D). Representative hematoxylin and eosin
staining of tissues confirmed the absence of tissue infiltration,
inflammatory lesions, or neoplastic growth in ~'°"MCAR3-NKT cell-
treated mice compared with untreated NSG controls (Figure 6E).

All these in vitro and in vivo results demonstrate that '°MCARS-
NKT cells exhibit a favorable safety profile, with no evidence of
GVHD, dysregulated growth, or off-target tissue toxicity. These
findings provide strong preclinical support for their translational
development as an allogeneic, off-the-shelf immunotherapy plat-
form for solid tumors.

In this study, we systematically evaluated 4 MCAR constructs
(CD28, 4-1BB, CD28-4-1BB, and NKG2D-2B4 costimulatory-
based) in HSPC-derived A"’ CAR-NKT cells to determine the
optimal design for solid tumor therapy. When functionally tested
against multiple cancer cell lines in vitro, the second-generation
CAR containing the 4-1BB costimulatory domain conferred
superior antitumor activity and persistence. These results were
recapitulated in vivo, with HSPC-derived CAR-NKT cells engi-
neered with the 4-1BB—based MCAR demonstrating the greatest
antitumor efficacy and survival benefit in an OC model compared
with other constructs. Notably, we included conventional CAR T
cells as benchmark controls because they represent the most
widely characterized platform in both preclinical and clinical
studies. A"CAR-NKT cells exhibited superior antitumor efficacy

and a more favorable safety profile compared with conventional
CAR T cells. Furthermore, when compared with PBMC-derived
CAR-NKT cells, A" CAR-NKT cells displayed distinct phenotypic
and functional characteristics, including a higher proportion of
CD8™ effector-like subsets and elevated expression of activating
NKRs, which contributed to their broader target recognition and
stronger antitumor activity (supplemental Figure 6). All these
findings underscore the pivotal role of costimulatory signaling in
shaping the functional potency of allogeneic CAR-NKT cells and
provide a rational framework for the design of next-generation
allogeneic CAR-NKT cell therapies for solid tumors.

In this study, the CD28 CAR construct incorporates a CD28-
derived hinge, whereas the 4-1BB CAR construct utilizes a
CD8a-derived hinge (Figure 1B). The hinge or spacer domain
plays an important structural role in modulating CAR function by
influencing antigen accessibility, immune synapse formation, and
receptor flexibility, all of which can affect downstream signaling
strength, persistence, and potential toxicity.*®*” In this work, our
primary objective was to compare the overall performance of CAR
constructs bearing distinct costimulatory domains (CD28 vs 4-
1BB) within the allogeneic NKT platform, rather than to isolate the
specific contribution of hinge composition. Nonetheless, we
acknowledge that the hinge design could partially contribute to the
observed differences in CAR-NKT cell function, and this parameter
warrants systematic evaluation in future studies aimed at opti-
mizing CAR architecture for NKT cell-based immunotherapies.

Our studies employed ~"°CAR-NKT cells armored with constitutive
IL-15 expression, which is known to enhance persistence, expan-
sion, stem cell-memory formation, and antitumor function-
ality.®'9849 |15 signaling may also have complimentary effects
with costimulatory pathways, potentially synergizing with 4-1BB to
improve antitumor efficacy.®® This notion is supported by studies
of GD2-targeting CAR T cells in neuroblastoma, in which specific
cytokine—costimulatory combinations produced distinct functional
and phenotypic outcomes.®’ However, a recent clinical trial eval-
uating IL-15—armored GPC3-targeting CAR T cells for treating
patients with hepatocellular carcinoma reported significant cyto-
kine release syndrome toxicities,”® underscoring that IL-15—
mediated potency must be carefully balanced with safety. These
findings highlight the need for the thoughtful integration of IL-15 in
allogeneic CAR-NKT cell products, with attention to dosing,
regulation of IL-15 expression, and product design strategies that
mitigate systemic inflammation while preserving therapeutic
efficacy.

In our study, we observed no evidence of toxicity or off-tumor
damage in mice treated with ""MCAR-NKT cells, supporting a
favorable safety profile (Figure 6). Although we did not directly test
CAR binding to murine MSLN, the mouse MSLN shares high
sequence similarity with human MSLN and conserves all major
predicted structural features, suggesting comparable biochem-
istry.>® The absence of toxicity in our experiments therefore likely
reflects limited or no cross-reactivity of the CAR with murine MSLN
or insufficient binding affinity to trigger off-tumor activation in vivo.
However, we recognize that the definitive evaluation of off-tumor
binding will require future studies using a humanized MSLN
mouse model or a CAR construct engineered to recognize murine
MSLN, which will enable a more rigorous assessment of safety for
clinical translation.
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Figure 6. In vivo tissue toxicity evaluation of CAR-NKT cells with 4-1BB CAR design. (A) Experimental design to study the long-term toxicity of ~'°MCAR3-NKT cells
using a human xenograft NSG mouse model. (B) Body weight measured over time (n = 5). (C) Kaplan-Meier survival curves at different doses (n = 5). (D-E) Studying the tissue
toxicity of A"°MCARS3-NKT cells. Tissues from experimental mice were collected 90 days after injection with 10 x 10° A'"°MCARS3-NKT cells. Data were presented as pathologist's
scores of individual mouse tissues. (E) Hematoxylin and eosin-stained tissue sections. Scale bar, 200 pm. Representative of 2 experiments. Data are presented as the mean +

SEM. ns, by 2-way ANOVA (panel B) and log-rank (Mantel-Cox) test adjusted for multiple comparisons (panel C). ns, not significant.
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Finally, we acknowledge that this study was conducted in tumor-
bearing NSG mice, which, despite their broad use, have limita-
tions due to their lack of functional T, B, and NK cells and impaired
innate immunity. These deficiencies restrict the evaluation of
immune-tumor interactions, antigen-specific responses, and
potential immunotoxicities. Future studies will employ humanized
mouse models that support the development of a more complete
human immune system. Beyond OC, the generalizability of our
findings to other tumor types will necessitate further in vivo
investigation. Notably, the TME exhibits substantial heterogeneity
across anatomical locations; for instance, the liver exerts distinct
immunosuppressive influences that may attenuate the efficacy of
CAR-based therapies. Furthermore, MSLN was utilized as a pro-
totypical solid tumor antigen in this study; however, alternative
targets may require customized CAR architectures or cos-
timulatory domains to optimize therapeutic performance.
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