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Abstract
Background  Aggressive subtypes of uterine endometrial carcinoma (UEC) often result in mortality due to recurrence 
of disease with chemoresistant tumor cells surrounded by an immune suppressive microenvironment. Current CAR-T 
cell therapies have shown limited efficacy in solid tumors, largely constrained by poor tumor infiltration, immune 
suppression, and the logistical limitations of autologous cell production, which hinder broad patient access.

Methods  In this study, we conducted comprehensive immunophenotyping of primary UEC patient samples 
and identified a therapeutic opportunity for CAR-engineered invariant natural killer T (CAR-NKT) cells capable of 
targeting both tumor cells and the immunosuppressive TME. Using a hematopoietic stem and progenitor cell (HSPC) 
engineering platform coupled with ex vivo differentiation culture, we generated allogeneic mesothelin-targeting 
CAR-NKT cells (AlloMCAR-NKT) with high purity and yield.

Results  AlloMCAR-NKT cells exhibited potent cytotoxic activity against UEC tumor cells and CD1d⁺ tumor-associated 
macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs). Importantly, compared to conventional CAR-T 
cells, AlloMCAR-NKT cells demonstrated an improved safety profile, showing no evidence of graft-versus-host disease 
(GvHD) and minimal cytokine release syndrome (CRS)-related toxicity.

Conclusion  These findings highlight the potential of AlloMCAR-NKT cells as a safe and effective off-the-shelf cellular 
immunotherapy for the treatment of UEC and potentially other solid tumors characterized by an immunosuppressive 
microenvironment.

Keywords  Uterine endometrial carcinoma (UEC), Chimeric antigen receptor (CAR), Natural killer T (NKT) cell, Stem 
cell engineering, Allogeneic CAR-NKT cells, Mesothelin (MSLN), Allogeneic cell therapy, Off-the-shelf, Potent antitumor 
activity, Tumor microenvironment (TME), Tumor-associated macrophage (TAM), Multiple tumor targeting mechanism, 
Antigen escape.
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Background
Carcinomas of the endometrium arising from the inner 
lining of the uterus pose a significant clinical challenge as 
the 5th leading cause of cancer-related death in women 
and is a malignancy for which survival has consistently 
decreased over the last 40 years. Since the 2000’s, inci-
dence of uterine cancers has steadily increased by about 
1% annually [1]. The spectrum of endometrial cancers 
includes endometrioid adenocarcinomas, which are often 
detected at early stages and, in low-risk patients, can fre-
quently be managed with non-invasive surgery alone. 
In contrast, high-risk histological subtypes, including 
uterine papillary serous carcinomas (UPSCs), clear cell 
adenocarcinomas, undifferentiated carcinomas, mixed 
adenocarcinomas, and carcinosarcomas, tend to pres-
ent at advanced stages and account for a disproportion-
ate share of mortality [2, 3]. Among these, UPSCs are 
particularly aggressive, presenting with advanced-stage 
disease in approximately half of cases [2]. Although they 
comprise about 10% of all endometrial cancers, they con-
tribute to 39% of deaths [2]. Patients diagnosed at stage 
III/IV have only a 33% 5-year survival rate despite receiv-
ing standard of care treatments including radical sur-
gery in conjunction with platinum-based chemotherapy 
and/or radiation [2, 4]. Contributing to these tumors’ 
aggressive biologic behavior is the presence of p53 muta-
tions in about 90% of uterine serous carcinoma cases 
coupled with an immunosuppressive microenvironment 
[5, 6]. While checkpoint inhibition has expanded treat-
ment options for some mismatch repair-deficient uter-
ine endometrial carcinomas (UECs), aggressive UPSCs 
are typically mismatch repair-proficient rendering this 
therapeutic option less effective [7]. Additionally, in the 
recurrent and advanced setting, a combination of lenva-
tinib and pembrolizumab is used to treat these tumors, 
though response rates are low and often not durable [8–
10]. Antibody drug conjugates (ADCs) targeting HER2 
have been utilized for the treatment of recurrent tumors, 
with reported median progression free survival (PFS) of 
approximately 11 months [11]. The persistent UEC treat-
ment challenges compounded by their aggressive nature 
and harrowing clinical outcomes emphasizes demand 
for novel research dedicated to overcoming the current 
treatment limitations.

Recognition of this critical research gap has prompted 
an increased interest in cell-based immunotherapies. One 
such approach is the use of chimeric antigen receptor 
(CAR)- engineered T (CAR-T) cell therapy, which entails 
genetic engineering T cells to express receptors capable 
of recognizing and killing tumor cells [12–14]. CAR-T 
cell therapy has demonstrated clinical success in treat-
ing hematological malignancies, and is now being inves-
tigated in solid tumors [15]. While CAR-T cell therapy 
has not yet received FDA approval for the treatment of 

solid tumors, several Phase I/II clinical trials are actively 
recruiting patients (NCT06215950, NCT06241456, 
NCT06658951, NCT04503278, NCT04627740). These 
trials aim to investigate the safety and efficacy of CAR-T 
cell construct in solid tumor indications, including those 
of uterine or endometrial origin. While promising, the 
application of CAR-T cells in the solid tumor setting is 
impacted by several inherent limitations and multifac-
eted challenges. For example, UECs often exhibit tumor 
heterogeneity leading to variable antigen expression 
and potential antigen escape [16]. The tumor microen-
vironement (TME) poses another challenge as it con-
tains several immunosuppressive cell populations such 
as regulatory T cells (Tregs), myeloid-derived suppres-
sor cells (MDSCs), and tumor-associated macrophages 
(TAMs) [17–21]. These cells secrete inhibitory cytokines 
leading to suppressed CAR-T function and potentially 
CAR-T cell exhaustion. Beyond cellular components, the 
TME presents physical and metabolic barriers including 
hypoxia and acidosis, which negatively effect CAR-T cell 
proliferation and metabolism [22]. Rapid tumor cells pro-
liferation created metabolic competition, further starving 
and impairing CAR-T cell activity. Furthermore CAR-T 
cell therapy can result in systemic toxicities, most nota-
bly cytokine release syndrome (CRS), a potentially severe 
inflammatory response caused by the rapid release of 
cytokines by activated CAR-T cells [23]. Lastly, the com-
plex and expensive CAR-T cell manufacturing process 
limits the scalability and widespread accessibility of this 
treatment [24]. These multifaceted limitations inherent 
to CAR-T cell therapy have prompted the development of 
alternate cell-based immunotherapy platforms that may 
be better poised to tackle the complexities of UECs and 
other solid malignancies.

CAR-NKT cells represent a novel and promising 
approach in cellular immunotherapy, characterized 
by potent antitumor activity, multiple tumor cell kill-
ing mechanisms, efficient trafficking and infiltration 
into solid tumors, and a unique ability to modulate the 
immunosuppressive TME [25–31]. Critically, because 
the invariant NKT TCR recognizes the non-polymorphic 
CD1d molecule rather than classical MHC antigens, 
CAR-NKT cells do not induce graft-versus-host disease 
(GvHD), enabling their use as off-the-shelf allogeneic cell 
products [32–36]. However, the low frequency of NKT 
cells in human peripheral blood (0.001–1%) presents 
a major barrier to the scalable generation of allogeneic 
CAR-NKT cells for clinical application [37, 38].

To overcome this limitation, we previously established 
a robust platform to generate allogeneic CAR-NKT cells 
using lentiviral engineering of human hematopoietic 
stem and progenitor cells (HSPCs) followed by ex vivo 
differentiation [39]. In the current study, we build upon 
this platform to develop allogeneic mesothelin-targeting 
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CAR-NKT (AlloMCAR-NKT) cells for the treatment 
of UEC. We performed a comprehensive evaluation of 
AlloMCAR-NKT cells using a combination of in vitro 
functional assays, in vivo xenograft models, primary UEC 
patient samples, patient-derived tumor cell lines, and sin-
gle-cell RNA sequencing. Key aspects analyzed included 
the manufacturing efficiency, phenotypic and functional 
characteristics, antitumor efficacy, and safety profile of 
AlloMCAR-NKT cells. This study provides strong pre-
clinical evidence supporting the translational potential of 
AlloMCAR-NKT cells as an effective and safe off-the-shelf 
immunotherapy for UEC.

Methods
Lentiviral vectors
A parental lentivector, pMNDW, was utilized to con-
struct the lentiviral vectors employed in this study [40, 
41]. The 2 A sequences derived from foot-and-mouth dis-
ease virus (F2A), porcine teschovirus-1 (P2A), and thosea 
asigna virus (T2A) were used to link the inserted genes 
to achieve co-expression. The Lenti/iNKT-MCAR vec-
tor was generated by inserting into the pMNDW parental 
backbone a synthetic tricistronic gene encoding human 
iNKT TCRα-F2A-iNKT TCRβ-P2A-MCAR (MCAR 
denotes an MSLN-specific CAR). The Lenti/iNKT-
MCAR-IL-15 vector was generated by inserting into the 
pMNDW parental backbone a synthetic tetracistronic 
gene encoding human iNKT TCRα-F2A-iNKT TCRβ-
P2A-MCAR-T2A-IL-15 (IL-15 represents the secreted 
form of human interleukin-15). The Lenti/MCAR vector 
was constructed by inserting a synthetic gene encoding 
MCAR into pMNDW. The Lenti/MCAR-IL-15 vector 
was constructed by inserting a synthetic bicictronic gene 
encoding MCAR-P2A-IL-15 into pMNDW. The Lenti/
FG vector was generated by inserting a synthetic bicis-
tronic gene encoding Fluc-P2A-EGFP into the pMNDW 
backbone. The Lenti/MSLN vector was constructed by 
inserting a synthetic gene encoding human MSLN into 
pMNDW. All synthetic gene fragments were obtained 
from GenScript (Piscataway, NJ, USA) and Integrated 
DNA Technologies (IDT; Coralville, IA, USA). Lentivi-
ral particles were generated utilizing HEK 293 T cells by 
employing a standardized transfection procedure with 
the Trans-IT-Lenti Transfection Reagent (Mirus Bio) 
[40, 41]. Subsequently, a concentration protocol was 
applied using Amicon TM Ultra Centrifugal Filter Units 
in accordance with the manufacturer’s specifications 
(MilliporeSigma).

Stable cell lines
Human UEC cell line HEC1B (cat. no. HTB-113) was 
purchased from the American Type Culture Collec-
tion (ATCC). OVCAR8 human ovarian cancer (OC) cell 
lines were generously provided by the Division of Cancer 

Treatment and Diagnosis (DCTD) Tumor Repository 
at the National Institutes of Health (NIH). To establish 
stable tumor cell lines that overexpress firefly luciferase 
and green fluorescent protein dual reporters (FG), the 
parental tumor cell lines were transduced with lentiviral 
vectors carrying the specific genes of interest (i.e., Lenti/
FG). 72 h after lentiviral transduction, the cells under-
went flow cytometry sorting to isolate the genetically 
modified cells (as identified as GFP+ cells) necessary for 
creating stable cell lines. The artificial antigen presenting 
cell (aAPC) line was generated by engineering the K562 
human chronic myelogenous leukemia cell line (ATCC, 
cat. no. CCL-243) to overexpress human CD80/CD83/
CD86/41BBL co-stimulatory receptors [39]. The aAPC-
MSLN cell lines were generated by further engineering 
the parental aAPC line to overexpress human MSLN.

Human CD34+ hematopoietic stem and progenitor cells 
(HSPCs) and periphery blood mononuclear cells (PBMCs)
Purified human CD34+ HSPCs derived from cord blood 
(CB) were purchased from HemaCare. Healthy donor 
PBMCs were provided by the UCLA/CFAR Virology 
Core Laboratory without identification information 
under federal and state regulations. Upon receipt, both 
HSPCs and PBMCs were promptly aliquoted and cryo-
preserved in liquid nitrogen for subsequent experimental 
use.

Primary patient sample collection and processing
Approval from the UCLA Office of the Human Research 
Protection Program (IRB#10–0727, IRB#20–1659) was 
granted for the procedures outlined in this study. All 
human specimens (ascites or solid tumor) were collected 
from patients who provided informed consent. Clinical 
information was obtained from the medical records. The 
study population consisted of patients diagnosed with 
uterine papillary serous carcinomas at chemonaive or 
recurrent disease states.

Fresh ascites specimens were collected and immedi-
ately processed in the laboratory. Tumor cells were iso-
lated through centrifugation, resuspended in ice cold 
cryopreservation buffer (FBS + 10% DMSO), and viably 
cryopreserved in vapor phase liquid nitrogen for long 
term storage. Solid tumor specimens were collected 
fresh and brought back to the laboratory for process-
ing. Specimens were minced into < 5  mm pieces prior 
to enzymatic (RPMI, collagenase, dispase, DNase) and 
mechanical (37˚C, 300 rpm shaking incubator) dissocia-
tion. The dissociated tumor cells were subjected to RBC 
lysis using the manufacturers protocol (BioLegend), 
strained through a 100 μm filter, then resuspended in ice 
cold cryopreservation buffer (FBS + 10%DMSO) prior to 
storage in vapor phase liquid nitrogen.
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Patient-derived tumor (PDT) cell line
A primary ascites specimen was obtained from a con-
sented patient diagnosed with high grade uterine papil-
lary serous endometrial carcinoma. Tumor cells were 
isolated from the ascites by centrifugation and plated in 
vitro with cell culture media (RPMI/10% FBS; rock inhib-
itor [Y-27632 2HCL, Selleckchem] supplemented for the 
first passage only). Tumor cells were serially passaged in 
RPMI/10% FBS in vitro for five passages. Genomic DNA 
was extracted from expanded cells and analyzed by short 
tandem repeat (STR) and single nucleotide polymor-
phism (SNP) to validate the relatedness of the PDT cell 
line to the primary parental ascites sample. STR and SNP 
results confirmed high relatedness. PDT cells were via-
bly cryopreserved in buffer (90% FBS + 10% DMSO) and 
stored in vapor phase liquid nitrogen for future experi-
mental use. The PDT cell line was further engineered 
using a Lenti/FG lentiviral vector and subsequently 
sorted for GFP⁺ cells for use in downstream experiments.

Enzyme-linked immunosorbent cytokine assays (ELISAs)
The ELISAs for measuring cytokines or biomarkers were 
conducted according to a standard protocol provided by 
BD Biosciences. Samples were collected and analyzed to 
quantify cytokines or biomarkers. The capture and bio-
tinylated antibodies used for cytokine detection were 
sourced from BD Biosciences, while the streptavidin-
HRP conjugate was obtained from Invitrogen. Human 
and mouse cytokine standards were purchased from 
eBioscience, and the Tetramethylbenzidine (TMB) sub-
strate was acquired from Thermo Scientific (cat. no. 
PI34021). Absorbance of the samples was measured 
at 450  nm using an Infinite M1000 microplate reader 
(Tecan).

Immunohistochemistry (IHC) staining
Immunohistochemistry was used to detect mesothelin 
and PAX8 in histologic sections of patient effusion sam-
ples. The primary antibodies used to detect tumor cells 
were anti-mesothelin (SP74, Abcam, 1:250) anti-Pax8 
(MRQ-50, Cell Marque, 1:500). The secondary antibodies 
used were biotinylated goat anti-rabbit (Jackson Immu-
noresearch, 1:1000) and biotinylated rabbit anti-mouse 
(Jackson Immunoresearch, 1:1000). The tertiary antibody 
used was streptavidin-conjugated horseradish peroxidase 
(Jackson Immunoresearch, 1:1000). 3,3’-diaminobenzi-
dine (DAB) chromagen (HK130-5 K, Biogenex) was used 
for detection.

Generation of HSPC-engineered Allo/15MCAR-NKT cells
 Allo/15MCAR-NKT cells were generated by differentiating 
gene engineered human cord blood CD34+ HSPCs in a 
5-stage clinically guided Ex Vivo HSPC-Derived CAR-
NKT Cell Culture method. The complete methodology 

and step-by-step protocols have been described in detail 
in previously published studies [39, 42–44]. Here, we 
provide a summary of the key steps involved in the cul-
ture and generation of Allo/15MCAR-NKT cells.

At Stage 0, the frozen stock of human CD34+ HSPCs 
was thawed and cultured in T cell X-VIVO 15 Serum-
Free Hematopoietic Stem Cell Medium supplemented 
with human Flt3L (50 ng/ml), SCF (50 ng/ml), TPO (50 
ng/ml), and IL-3 (20 ng/ml) for 24  h. Lentiviral trans-
duction was subsequently carried out for an additional 
24 h using the Lenti/iNKT-MCAR-IL-15 or Lenti/iNKT-
MCAR vector.

At Stage 1, gene-engineered HSPCs harvested were 
cultured in the feeder-free StemSpan™ SFEM II Medium 
supplemented with StemSpan™ Lymphoid Progenitor 
Expansion Supplement for 14 days. HSPCs were cultured 
in CELLSTAR®24-well Cell Culture Nontreated Multiwell 
Plates (VWR, cat. no. 82050-892). StemSpan™ Lymphoid 
Differentiation Coating Material (500 µl/well, diluted to a 
final concentration of 1X from a stock dilution of 100X) 
was applied to the plates and left for 2  h at room tem-
perature or overnight at 4°C. Subsequently, 500 µl of the 
transfected CD34+ HSPC suspension, with a density of 
2 × 104 cells/ml, was added to each pre-coated well. Half 
of the medium in each well was removed and replaced 
with fresh medium twice per week.

At Stage 2, the Stage 1 cells were harvested and cultured 
in the feeder-free StemSpan™ SFEM II Medium supple-
mented with StemSpan™ Lymphoid Progenitor Matu-
ration Supplement for ~ 7 days. StemSpan™ Lymphoid 
Differentiation Coating Material (1 ml/well, diluted to a 
final concentration of 1X) was applied to Non-Treated 
Falcon™ Polystyrene 6-well Microplates (Thermo Fisher 
Scientific, cat. no. 140675); 2  ml of the harvested Stage 
1 cells, resuspended with a density of 1 × 105 cells/ml, 
was added into each pre-coated well. The cell density was 
maintained at 1–2 × 106 cells per well during the Stage 2 
culturing. Cells were passaged 2–3 times per week with 
the addition of fresh medium for each passage.

At Stage 3, the Stage 2 cells were harvested and cul-
tured in the feeder-free StemSpan™ SFEM II Medium 
supplemented with StemSpan™ Lymphoid Progenitor 
Maturation Supplement, CD3/CD28/CD2 T Cell Acti-
vator, and human recombinant IL-15 (20 ng/ml) for 
~ 7 days. StemSpan™ Lymphoid Differentiation Coat-
ing Material (1  ml/well, diluted to a final concentration 
of 1X) was applied to Non-Treated Falcon™ Polystyrene 
6-well Microplates (Thermo Fisher Scientific, cat. no. 
08–772-49); 2  ml of the harvested Stage 2 cells, resus-
pended with a density of 5 × 105 cells/ml, was added into 
each pre-coated well. The cell density was maintained at 
1–2 × 106 cells per well during the Stage 3 culturing. Cells 
were passaged 2–3 times per week with the addition of 
fresh medium for each passage.
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At Stage 4, the Stage 3 cells were harvested and veri-
fied by flow cytometry to confirm their status as mature 
Allo15MCAR-NKT cells or their derivatives; then the 
cells underwent expansion stage via an aAPC-based 
expansion. aAPC-MSLN cells were irradiated at 10,000 
rads using a Rad Source RS-2000 X-Ray Irradiator (Rad 
Source Technologies). The Stage 3 mature Allo/U15MCAR-
NKT cells and derivatives were co-cultured with the irra-
diated aAPC-MSLN cells (with a ratio of 1:1). The cells 
were resuspended in expansion medium (the CTS™ OpTi-
mizer™ T-Cell Expansion Serum Free Medium (Thermo 
Fisher Scientific), or the homemade C10 medium) sup-
plemented with human IL-7 (10 ng/ml) and IL-15 (10 ng/
ml) at a density of 0.5–1.5 × 106 cells/ml; 2 ml cell suspen-
sion was seeded into each well of the Corning™ Costar™ 
Flat Bottom Cell Culture 6-well Plates. The cell den-
sity was maintained at 0.5–1.5 × 106 cells/ml during the 
expansion stage. Cells were passaged 2–3 times per week 
with the addition of fresh medium for each passage. The 
expanded Allo/U15MCAR-NKT cells were aliquoted and 
cryopreserved in CryoStor® Cell Cryopreservation Media 
CS10 using a Thermo Scientific™ CryoMed™ Controlled-
Rate Freezer 7450 (Thermo scientific) for stock.

Generation of PBMC-derived conventional αβ T cells
PBMCs from healthy donors were used to generate con-
ventional αβ T cells (hereafter referred to as T cells). T 
cell activation was achieved using one of two methods: 
(1) stimulation with Dynabead™ Human T-Activator 
CD3/CD28 (Thermo Fisher Scientific, Cat. No. 11131D) 
according to the manufacturer’s instructions, or (2) plate-
bound activation. For the latter, non-treated 24-well tis-
sue culture plates (Corning, Cat. No. 3738) were coated 
with Ultra-LEAF™ purified anti-human CD3 antibody 
(Clone OKT3, BioLegend, cat. no. 317325) at 1  µg/ml 
(500  µl/well) for 2  h at room temperature or overnight 
at 4  °C. PBMCs were then resuspended in C10 medium 
supplemented with 1  µg/ml Ultra-LEAF™ purified anti-
human CD28 antibody (Clone CD28.2, BioLegend, cat. 
no. 302933) and 30 ng/ml IL-2, and seeded into the 
pre-coated plates at a density of 1 × 106 cells/ml (1  ml/
well). Following activation, cells were maintained in C10 
medium supplemented with 20 ng/ml IL-2 and cultured 
for 2–3 weeks.

Generation of MSLN-targeting CAR-engineered 
conventional αβ T (MCAR-T) cells
PBMCs from healthy donors were utilized to gener-
ate conventional MCAR-T cells. To produce these cells, 
non-treated tissue culture 24-well plates (Corning, cat. 
no. 3738) were coated with Ultra-LEAF™ Purified Anti-
Human CD3 Antibody (Clone OKT3, BioLegend) at 
1  µg/ml (500  µl/well), at room temperature for 2  h or 
at 4  °C overnight. PBMCs were resuspended in the C10 

medium supplemented with 1 µg/ml Ultra-LEAF™ Puri-
fied Anti-Human CD28 Antibody (Clone CD28.2, Bio-
Legend) and 30 ng/ml IL-2, followed by seeding in the 
pre-coated plates at 1 × 106 cells/ml (1  ml/well). After 2 
days, the cells were transduced with Lenti/MCAR viruses 
for a period of 24  h. Conventional MCAR-T cells were 
expanded for approximately two weeks in C10 medium, 
with CAR expression confirmed by flow cytometry, fol-
lowed by cryopreservation for subsequent use. In this 
study, all MCAR-T cells used in the in vitro tumor cell 
killing assays and in vivo human cancer xenograft mouse 
models were normalized according to the proportion of 
CAR⁺ cells.

Generation of PBMC-derived IL-15-enhanced MCAR-
engineered NK (PBMC15MCAR-NK) cells
Healthy donor PBMCs were sorted with MACS via a 
Human NK Cell Isolation Kit (Miltenyi Biotech) to enrich 
NK cells, following the manufacturer’s instructions 
and previous studies [34]. The enriched NK cells were 
mixed with irradiated aAPCs at a ratio of 1:10, followed 
by culturing in C10 medium supplemented with 10 ng/
ml IL-7 and IL-15. On day 3, NK cells were transduced 
with Lenti/MCAR-IL15 viruses for 24 h. The resulting 
PBMC15MCAR-NK cells were expanded for about 1 week 
in C10 medium supplemented with 10 ng/ml IL-7 and 
IL-15. In this study, fresh-cultured PBMC15MCAR-NK 
cells were utilized in the in vitro tumor cell killing assays.

In vitro tumor cell killing assay
Human tumor cells (e.g., HEC1B-FG and HEC1B-
MSLN-FG; 1 × 104 cells per well in 96-well plate) were 
co-cultured with the indicated therapeutic cells (i.e., 
T, MCAR-T, and Allo/15MCAR-NKT cells) in Corning 
96-well clear bottom black plates for 24 h in C10 medium. 
The effector cell to target cell (E: T) ratio is indicated in 
the figure legends. At the end of culture, viable tumor 
cells were quantified by adding D-luciferin (150  µg/ml; 
Fisher Scientific, cat. no. 50–209-8110) to cell cultures, 
followed by the measurement of luciferase activity using 
an Infinite M1000 microplate reader (Tecan).

In vitro serial tumor cell killing assay
1 × 104 non-engineered tumor cells (e.g., PDT cells; 
referred to as stimulator cells) were co-cultured with 
2 × 105 therapeutic cells in a Corning 96-well clear bot-
tom black plate within C10 medium. Cultures were 
supplemented with a dose of 1 × 104 stimulator cells 
every 2 days. Stimulator cells were then substituted with 
1 × 104 of FG-engineered tumor cells (e.g., PDT-FG cells; 
referred to as indicator cells) 24  h prior to luminescent 
read-out of tumor killing. On the day of imaging, remain-
ing live indicator cells were quantified through addition 
of 100 µL of D-Luciferin (150  µg/ml) with subsequent 
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readout using an Infinite M1000 microplate reader 
(Tecan) to measure luciferase activity from residual indi-
cator cells.

In vitro assays using primary UEC patient samples
In one assay, the primary UEC patient samples were ana-
lyzed for tumor cell phenotype and the TME composi-
tion using flow cytometry. UEC tumor cells identified as 
CD45−CD31−FAP (fibroblast activation protein)− cells 
[45, 46], T cells were identified as CD45highCD3+ cells, 
CD4 T cells were identified as CD45highCD3+CD4+ T 
cells, CD8 T cells were identified as CD45highCD3+CD8+ 
T cells, B cells were identified as CD45highCD19+ 
or CD45highCD20+ cells, NK cells were identified as 
CD45highCD56+CD3− cells, monocytes were identified 
as CD45highCD11b+CD14+ cells, TAMs were identified 
as HLA-DRhighCD206high monocytes, and MDSCs were 
identified as HLA-DRlowCD206low monocytes. Surface 
expression of CAR targets and NK ligands on tumor 
or/and immune cells were also analyzed using flow 
cytometry.

In another assay, the primary UEC patient samples were 
used to study tumor cell killing by Allo/15MCAR-NKT or 
conventional MCAR-T cells. Tumor cells were pre-sorted 
using a Human Tumor Cell Isolation Kit (Miltenyi Bio-
tec, cat. no. 130-108-339), followed by co-culturing with 
various therapeutic cells (E: T ratio 1:1) in C10 medium 
in Corning 96-well Round Bottom Cell Culture plates for 
24 h. At the end of culture, cells were collected and live 
UEC tumor cells (identified as CD45−CD3−6B11− cells) 
was analyzed using flow cytometry. A total of 6 primary 
UEC patient samples were included in this assay.

In another assay, the primary UEC patient samples 
were used to study the TME targeting by Allo/15MCAR-
NKT cells or conventional MCAR-T cells. Patient sam-
ples were directly co-cultured with various therapeutic 
cells (ratio 1:1) in C10 medium in Corning 96-well Round 
Bottom Cell Culture plates for 24 h. At the end of culture, 
cells were collected, and the TME targeting was assessed 
using flow cytometry by quantifying live human TAM 
(identified as 6B11−MCAR−CD45+CD14+CD11b+HLA-
DRhighCD206high cells), MDSCs (identified as 
6B11−MCAR−CD45+CD14+CD11b+HLA-DRlowCD206low 
cells), T cells (identified as 6B11−MCAR−CD45+CD3+ 
cells), B cells (identified as 6B11−MCAR−CD45+CD
3−CD19+ cells or 6B11−MCAR−CD45+CD3−CD20+ cells), 
and NK cells (identified as 6B11−MCAR−CD45+CD
3−CD56+ cells). To investigate the CD1d-mediated killing 
mechanism, patient samples were directly co-cultured 
with Allo/15MCAR-NKT cells (ratio 2:1), and 10  µg/ml 
LEAF™ purified anti-human CD1d antibody (Clone 51.1, 
Biolegend) or LEAF™ purified mouse IgG2b k isotype 
control antibody (Clone MG2b-57, Biolegend) was added 

to the co-cultures. A total of 6 primary UEC patient sam-
ples were included in this assay.

In vivo bioluminescence live animal imaging (BLI)
BLI was conducted using the Spectral Advanced Molec-
ular Imaging (AMI) HTX system (Spectral Instrument 
Imaging). Live animal images were captured 5 min after 
intraperitoneal (i.p.) administration of D-Luciferin, with 
doses of 1  mg/mouse for tumor cell (e.g., HEC1B-FG 
cell) visualization. For tissue imaging, experimental mice 
received an i.p. injection of D-Luciferin with doses of 
10  mg/mouse. Mice were then euthanized, and tissues 
were collected for BLI. The imaging data were processed 
and analyzed using AURA imaging software (Spectral 
Instrument Imaging, version 3.2.0).

In vivo antitumor efficacy study: PDT-FG human UEC 
xenograft NSG mouse model
On Day 0, NSG mice received i.p. injection of human 
UEC tumor cells (PDT-FG, 5 × 106 cells per mouse). On 
Day 10, the experimental mice received i.p. injection of 
vehicle (100  µl PBS per mouse), Allo/15MCAR-NKT cells 
(10 × 106 MCAR+ cells in 100 µl PBS per mouse), or con-
trol MCAR-T cells (10 × 106 MCAR+ cells in 100 µl PBS 
per mouse). Over the experiment, mice were monitored 
for survival and their tumor load were measured using 
BLI. At the study endpoint, experimental mice were 
euthanized, and survival data were collected to generate 
Kaplan–Meier survival curves. All in vivo experiments 
in this study were independently repeated at least three 
times.

In vivo antitumor efficacy study: HEC1B(-MSLN)-FG human 
UEC xenograft NSG mouse model
On Day 0, NSG mice received i.p. injection of human 
UEC tumor cells (HEC1B-FG or HEC1B-MSLN-FG, 
5 × 105 cells per mouse). On Day 9, the experimental mice 
received i.p. injection of vehicle (100 µl PBS per mouse), 
Allo/15MCAR-NKT cells (3 × 106 or 10 × 106 MCAR+ 
cells in 100  µl PBS per mouse), or control MCAR-T 
cells (3 × 106 or 10 × 106 MCAR+ cells in 100 µl PBS per 
mouse). Over the experiment, mice were monitored 
for survival and their tumor load were measured using 
BLI. At the study endpoint, experimental mice were 
euthanized, and survival data were collected to generate 
Kaplan–Meier survival curves.

In vivo antitumor efficacy study: OVCAR8-FG human OC 
xenograft NSG mouse model
On Day 0, NSG mice received i.p. injection of human 
OC tumor cells (OVCAR8-FG, 5 × 105 cells per mouse). 
On Day 4, the experimental mice received i.p. injection 
of vehicle (100  µl PBS per mouse), Allo/15MCAR-NKT 
cells (3 × 106 MCAR+ cells in 100 µl PBS per mouse), or 
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control MCAR-T cells (3 × 106 MCAR+ cells in 100 µl PBS 
per mouse). Over the experiment, mice were monitored 
for survival and their tumor load were measured using 
BLI. At the study endpoint, experimental mice were 
euthanized, and survival data were collected to generate 
Kaplan–Meier survival curves.

In vivo graft-versus-host disease (GvHD) study
On Day 0, NSG mice received intravenously (i.v.) injec-
tion of Allo15MCAR-NKT cells (10 × 106 MCAR+ cells in 
100 µl PBS per mouse), or conventional MCAR-T cells 
(10 × 106 MCAR+ cells in 100 µl PBS per mouse). Over 
the experiment, mice were monitored for survival and 
their body weight and GvHD score were measured. A 
score ranging from 0 to 2 was assigned for each clinical 
GvHD sign, which includes body weight, activity, pos-
ture, skin thickening, diarrhea, and dishevelment [35].

In vivo cytokine release syndrome (CRS) study
On Day 0, NSG mice received i.p. injection of a high 
dose of HEC1B-MSLN-FG tumor cells (10 × 106 cells per 
mouse). On Day 10, the experimental mice received i.p. 
injection of vehicle (100 µl PBS per mouse), Allo15MCAR-
NKT cells (10 × 106 CAR+ cells in 100 µl PBS per mouse), 
or conventional MCAR-T cells (10 × 106 CAR+ cells in 
100 µl PBS per mouse). On Days 13, blood and peritoneal 
fluid samples were collected from the experimental mice, 
and the mouse IL-6 and SAA-3 were measured using 
ELISA. A Mouse SAA-3 ELISA Kit (Millipore Sigma) was 
used to measure SAA-3, following the manufacturer’s 
instructions.

Single cell RNA sequencing (scRNA-seq)
Freshly collected samples were immediately delivered 
to the UCLA TCGB Core for library construction and 
scRNA-seq.  Cells were quantified using a Cell Count-
ess II automated cell counter (Invitrogen/Thermo Fisher 
Scientific). A total of 10,000 cells from each experimen-
tal group were loaded on the Chromium platform (10X 
Genomics), and libraries were constructed using the 
Chromium Next GEM Single Cell 3’ Kit and the Chro-
mium Next GEMChip G Single.

Cell Kit (10X Genomics), according to themanufac-
turer’s instructions. Library quality was assessed using 
the D1000 ScreenTape on a 4200 TapeStation System 
(Agilent Technologies). Libraries were sequenced on an 
Illumina NovaSeq using the NovaSeq S4 Reagent Kit 
(100 cycles; Illumina). AddModuleScore was used to cal-
culate module scores of each list of gene signatures, and 
FeaturePlot function was used to visualize the expression 
of each signature in the UMAP plots [47, 48]. GSEA and 
gseaNb were used to calculate the enrichment score of 
effector, memory, and cytotoxic gene signatures in the 
indicated cell types.

Histological analysis of mouse tissues
Mouse tissues were collected from mice and fixed in 
10% Neutral Buffered Formalin for 72  h, then embed-
ded in paraffin. Tissues were sectioned to 4  μm thick-
ness and stained with Hematoxylin and Eosin (H&E) by 
the UCLA Translational Pathology Core Laboratory, per 
the Core’s standard protocols. The sections were imaged 
on an Olympus BX51 upright microscope equipped with 
an Optronics Macrofire CCD camera (AU Optronics). 
The images were analyzed using Optronics PictureFrame 
software (AU Optronics).

Statistics
Graphpad Prism 9 software (Graphpad) was used for sta-
tistical data analysis. Student’s two-tailed t test was used 
for pairwise comparisons. Ordinary 1-way ANOVA fol-
lowed by Tukey’s or Dunnett’s multiple comparisons test 
was used for multiple comparisons. Log rank (Mantel-
Cox) test adjusted for multiple comparisons was used 
for Meier survival curves analysis. Data are presented 
as the mean ± SEM, unless otherwise indicated. In all 
figures and figure legends, “n” represents the number of 
samples or animals used in the indicated experiments. A 
P value of less than 0.05 was considered significant. ns, 
not significant.

Results
Primary UEC patient sample profiling highlights the 
unique therapeutic potential of CAR-NKT cells
We first conducted a comprehensive immunoprofiling 
of 6 primary UEC patient samples (Table S1), analyzing 
both tumor cells and the TME using hematoxylin and 
eosin (H&E) staining, immunohistochemistry (IHC), and 
flow cytometry (Fig. 1A). The goal was to identify action-
able tumor-associated markers for the rational design of 
targeted cellular immunotherapies.

H&E staining revealed pleomorphic neoplastic cells 
characterized by high nuclear-to-cytoplasmic ratios and 
prominent nucleoli, consistent with high-grade malig-
nancy (Fig. 1B). IHC analyses showed uniform nuclear 
positivity for PAX8 across all patient samples, confirm-
ing the Müllerian epithelial origin of the tumor cells (Fig. 
1B) [49]. Additionally, strong cytoplasmic staining for 
mesothelin (MSLN) was observed, supporting its rel-
evance as a potential target antigen for CAR-based thera-
pies (Fig. 1B) [50, 51]. Notably, MSLN expression varied 
among patients, indicating intertumoral heterogeneity, a 
common feature of UEC (Fig. 1B) [52]. Flow cytometry 
confirmed MSLN expression and further revealed that 
UEC tumor cells expressed high levels of natural killer 
receptor (NKR) ligands, including ULBP family mem-
bers and MICA/B (ligands for NKG2D), as well as CD112 
and CD155 (ligands for DNAM-1) (Fig. 1B and D and 
S1A). Additionally, analysis of a publicly available patient 
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Fig. 1  Primary uterine endometrial carcinoma (UEC) patient sample profiling highlights the unique therapeutic potential of CAR-NKT cells. A Schematics 
showing the comprehensive profiling of UEC patient samples using a series of experimental assays. H&E, Hematoxylin and Eosin staining; IHC, Immu-
nohistochemistry. B H&E and IHC staining of representative histologic sections of primary UEC patients’ samples. The H&E stains show a pleomorphic 
neoplasm with high nuclear to cytoplasmic ratios and prominent nuclei. All samples show positive nuclear staining for PAX8 as well as cytoplasmic stain-
ing for mesothelin (MSLN). Scale bar represents 100 μm (20x objective). C FACS plots showing the detection of CAR target (i.e., MSLN) and NKR ligands 
(i.e., ULBP-1 and CD155) on primary patient-derived tumor cells. D Quantification of (C) (n = 6). E FACS gating strategies for tumor cells and immune cells 
in the UEC TME. Gran, granulocyte; lymph, lymphocyte; mono, monocyte; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor cell; 
FAP, fibroblast activation protein; NK, natural killer cell. F TME immune cell proportions of primary UEC samples (n = 6). G and H FACS measurements of 
CD1d expression on the indicated immune cells in the UEC TME. G Representative FACS plots. H Quantification of (G) (n = 6). Data are presented as the 
mean ± SEM. ns, not significant, ****p < 0.0001 by one-way ANOVA (H)
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cohort dataset of 175 UEC cases revealed that tumor cells 
from 7 patients exhibited high MSLN expression, while 
114 patients showed medium expression (Figure S1B). 
Thus, approximately 69% of patients displayed medium-
to-high MSLN levels, supporting MSLN as a promising 
therapeutic target for UEC. Overall, these findings sug-
gest that UEC tumor cells are susceptible to both CAR-
mediated and NKR-mediated cytotoxic mechanisms.

To further define the immunosuppressive landscape 
of UEC, we used flow cytometry to analyze immune cell 
populations within the TME. In addition to granulocytes 
and lymphocytes (CD4 T, CD8 T, B, and NK cells), we 
observed a substantial population of tumor-associated 
macrophages (TAMs) and myeloid-derived suppressor 
cells (MDSCs), both of which are known to suppress anti-
tumor immunity and contribute to resistance to immu-
notherapy (Fig. 1E and F) [53–56]. Importantly, these 

Fig. 2 (See legend on next page.)
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immunosuppressive populations expressed significantly 
higher levels of CD1d, a non-polymorphic MHC class 
I-like molecule, compared to other immune cell subsets. 
This makes them amenable to targeting by invariant NKT 
cells through TCR/CD1d interactions (Figs. 1G, H, and 
S2).

In summary, the immunophenotypic characterization 
of primary UEC samples revealed a dual opportunity for 
CAR-NKT cell therapy: (1) direct targeting of tumor cells 
through both CAR and NKR-mediated mechanisms, and 
(2) modulation of the immunosuppressive microenviron-
ment via TCR/CD1d-dependent elimination of TAMs 
and MDSCs. These findings provide a strong rationale for 
the development of CAR-NKT cell-based immunothera-
pies as a promising, multifaceted approach for treating 
UEC.

Allogeneic MCAR-NKT cells can be generated from stem 
cell engineering and a clinically guided culture method 
with high purity and high yield
We aimed to develop a new therapeutic approach target-
ing UEC by leveraging human HSPC gene engineering in 
combination with an established ex vivo HSPC differen-
tiation method [39]. We previously utilized this platform 
to generate allogeneic BCMA-targeting and CD33-tar-
geting CAR-NKT cells, achieving high yield and purity 
[39, 57]. Given the high expression of MSLN on UEC 
tumor cells, we extended this platform to develop MSLN-
targeting CAR-NKT (MCAR-NKT) cells for UEC treat-
ment (Fig. 2A) [43].

Human cord blood (CB)-derived CD34⁺ HSPCs were 
transduced with either a Lenti/iNKT-MCAR vector or a 
Lenti/iNKT-MCAR-IL-15 vector (Fig. 2A and B). Both 
lentiviral constructs encoded the invariant NKT TCR α 
and β chains, previously cloned from healthy donor NKT 
cells and used in both autologous and allogeneic HSPC-
engineered NKT cell therapies [40, 41]. Additionally, 
both vectors carried a third-generation MSLN-targeting 

CAR construct consisting of the clinically validated SS1 
anti-MSLN single-chain variable fragment (scFv) fused to 
a CD28–4-1BB–CD3ζ intracellular signaling domain [58, 
59]. The IL-15–engineered vector additionally encoded a 
human secreted IL-15, which has been shown to enhance 
the persistence and antitumor efficacy of CAR-NKT cells 
in both preclinical and clinical settings [34, 39, 57, 60, 
61].

Following lentiviral transduction, engineered HSPCs 
were subjected to a 6-week ex vivo culture protocol 
to generate allogeneic CAR-NKT cells, with or with-
out IL-15 enhancement, named Allo15MCAR-NKT and 
AlloMCAR-NKT cells, respectively (Fig. 2B and C). Flow 
cytometry was used to monitor CAR-NKT cell expan-
sion and differentiation during culture (Fig.  2C). CAR-
NKT cells expanded from approximately 1% at week 1, to 
20% at week 2, 40–50% at week 3, 60–70% at week 4, and 
exceeded 97% purity by week 5 (Fig.  2C). Importantly, 
the final product demonstrated high phenotypic purity 
(> 97%), with nearly all NKT cells co-expressing the CAR 
due to co-integration of iNKT TCR and CAR in the same 
lentivector and selective expansion of NKT cells (Fig. 2C 
and D). Notably, the addition of IL-15 did not signifi-
cantly impact the development, CAR expression, or final 
purity of the engineered cells (Fig. 2C and D).

The differentiation of Allo/15MCAR-NKT cells faithfully 
recapitulated the canonical developmental trajectory of 
human endogenous NKT cells [62, 63]. Throughout the 
six-week culture period, the cells consistently expressed 
pan-T cell markers, including CD5 and CD7, indicating 
robust T-lineage commitment (Figure S3A). As differen-
tiation progressed, the population underwent a pheno-
typic shift from a naïve to a memory-like state, marked 
by upregulation of CD45RO and concomitant downreg-
ulation of CD45RA (Figure S3A). During the expansion 
phase, mature Allo/15MCAR-NKT cells further acquired 
the NK-associated receptor CD161, reflecting the acqui-
sition of a cytotoxic effector phenotype (Figure S3A).

(See figure on previous page.)
Fig. 2  Allogeneic MCAR-NKT cells can be generated from stem cell engineering and a clinically guided culture method with high purity, yield, and 
potent cytotoxicity. A Schematics showing the development of a human hematopoietic stem and progenitor cell (HSPC)-engineered allogeneic MSLN-
targeting CAR-armed NKT (AlloMCAR-NKT) cell product, as well as their IL-15-enhanced derivative (denoted as Allo15MCAR-NKT cells), for treating uterine 
endometrial carcinoma (UEC). Lenti/iNKT-MCAR-(IL-15), lentiviral vector encoding a pair of human iNKT TCR α and β chains, an MSLN-targeting CAR, with 
or without a human soluble IL-15. B Schematics showing the design of the indicated lentivectors. iNKT, a pair of human iNKT TCR α and β chains; MCAR, 
MSLN-targeting CAR; LTR, long terminal repeats; MNDU3, internal promoter derived from the MND retroviral LTR U3 region; Ψ, packaging sequence; RRE, 
rev-responsive element; cPPT, central polypurine tract; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element. C FACS monitoring of 
the generation of Allo/15MCAR-NKT cells over the 6-week culture. A 6B11 monoclonal antibody was used to stain iNKT TCR. D Purity of Allo/15MCAR-NKT 
cells (identified as iNKT TCR+CD3+MCAR+ cells; n = 6; n indicates different CB donors). E Yield of Allo/15MCAR-NKT cells (n = 6; n indicates different CB do-
nors). F ELISA analyses of IL-15 production by Allo/15MCAR-NKT cells (n = 6). G FACS detection of IL-15-related biomarker expression in Allo/15MCAR-NKT 
cells. H In vitro dysregulated growth assay. Allo/15MCAR-NKT cells were cultured in vitro with/out addition of IL-7/IL-15, followed by quantification of live 
cells over time (n = 4). I FACS detection of CD4/CD8 co-receptor expression on Allo/15MCAR-NKT cells. Healthy donor peripheral blood mononuclear cell 
(PBMC)-derived conventional MCAR-engineered T (MCAR-T) cells were included as a control. J FACS detection of NK receptor (NKR) expression, as well as 
intracellular cytokine and cytotoxic molecule production of Allo/15MCAR-NKT and conventional MCAR-T cells. K Single cell RNA sequencing (scRNA-seq) 
analysis of Allo/15MCAR-NKT cells. Heatmap showing the expression of representative signature genes. Each column indicates an individual gene. Each row 
indicates an individual cell. Representative of 1 (K) and > 6 (A–J) experiments. Data are presented as the mean ± SEM. ns, not significant, ****p < 0.0001 
by Student’s t test (D–F)
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Analysis of CD4 and CD8 co-receptor expression of 
Allo/15MCAR-NKT cells revealed a developmental pro-
gression consistent with established NKT cell biology [62, 
63]. The cells initially exhibited a double-negative (CD4⁻
CD8⁻; DN) phenotype, transitioned through a double-
positive (CD4⁺CD8⁺; DP) intermediate, and ultimately 
matured predominantly into DN or CD8 single-positive 
(CD8 SP) subsets (Figure S3B). The final Allo/15MCAR-
NKT product was largely enriched for DN and CD8 SP 
cells, with minimal CD4⁺ representation, consistent with 
prior in vitro NKT differentiation studies [40, 43, 44]. 
The preferential enrichment of DN and CD8 SP subsets, 
which are known for their potent cytotoxic capacity, is 
particularly advantageous for therapeutic applications in 
cancer immunotherapy [64–66].

In addition to high purity, the yield of allogeneic CAR-
NKT cells was remarkable (Fig. 2E). Based on a linear 
calculation, a single CB unit containing 1–5 × 106 CD34⁺ 
HSPCs yielded over 1012 Allo/15MCAR-NKT cells, which is 
sufficient for formulating approximately 1,000 to 10,000 
therapeutic doses (Fig. 2E) [67–69]. This scalability sup-
ports the feasibility of treating multiple patients from a 
single manufacturing run, significantly lowering cost and 
advancing the potential for off-the-shelf application.

To confirm successful IL-15 incorporation and func-
tion, we compared cytokine secretion profiles between 
AlloMCAR-NKT and Allo15MCAR-NKT cells. ELISA 
revealed significantly higher secretion of human IL-15 
from Allo15MCAR-NKT cells (Fig. 2F). Moreover, these 
cells expressed elevated levels of IL-15–associated 
markers, including phosphorylated STAT5 (pSTAT5), 
Bcl-2, and Bcl-xL, indicating functional IL-15 signal-
ing (Fig. 2G) [70, 71]. Given concerns about potential 
cytokine-driven autonomous proliferation, we evaluated 
the cytokine dependence of these cells using an in vitro 
dysregulated growth assay. Both AlloMCAR-NKT and 
Allo15MCAR-NKT cells failed to expand in the absence of 
exogenous IL-7 and IL-15, demonstrating that they retain 
cytokine dependence and suggesting a low risk of dysreg-
ulated or autonomous growth (Fig. 2H).

Allogeneic MCAR-NKT cells exhibit enhanced cytotoxic and 
effector characteristics compared to conventional MCAR-T 
cells
To further characterize the phenotype and functionality 
of Allo/15MCAR-NKT cells, we performed a side-by-side 
comparison with conventional MCAR-engineered T 
(MCAR-T) cells generated from healthy donor peripheral 
blood mononuclear cells (PBMCs) (Figures S3C-S3G). 
While MCAR-T cells exhibited high CAR expression 
levels (> 70%), a portion of the cells remained CAR-neg-
ative (Figures S3E and S3F). In contrast, nearly 100% of 
Allo/15MCAR-NKT cells co-expressed the MCAR con-
struct (Fig. 2B and C), thereby avoiding the heterogeneity 

commonly observed in conventional CAR-T products 
and ensuring a uniform, fully CAR-expressing therapeu-
tic population.

We first examined the CD4/CD8 subpopulation pro-
files of Allo/15MCAR-NKT cells in comparison to con-
ventional MCAR-T cells. Allo/15MCAR-NKT cells were 
predominantly composed of CD8 single-positive (SP) 
and double-negative (DN) populations, whereas conven-
tional MCAR-T cells included both CD4 SP and CD8 SP 
subsets (Fig. 2I). Although CD4 SP NKT cells have been 
reported to play important roles in modulating immune 
responses and supporting antitumor immunity, such 
as through cytokine production and TME modulation, 
CD8 SP and DN NKT cells are more frequently asso-
ciated with direct cytotoxicity and pro-inflammatory 
antitumor activity, making them well-suited for cancer 
immunotherapy [27, 37, 38, 42, 72]. Notably, the enrich-
ment of CD8 SP and DN CAR-NKT cells appears to be 
an intrinsic feature of our ex vivo differentiation protocol, 
as similar phenotypes were observed in other allogeneic 
CAR-engineered NKT cell products generated using the 
same method (Fig. 2I) [39, 57]. Future modifications to 
the culture conditions may enable the generation of CD4 
SP CAR-NKT cells, potentially broadening the therapeu-
tic applications of this platform.

Flow cytometry analysis revealed that, compared 
to conventional MCAR-T cells, Allo/15MCAR-NKT 
cells expressed significantly higher levels of natural 
killer receptors (NKRs), including NKG2D, DNAM-1, 
and NKp30 (Fig.  2J). This suggests that Allo/15MCAR-
NKT cells may possess intrinsic NKR-mediated cyto-
toxic potential against UEC tumor cells. Furthermore, 
Allo/15MCAR-NKT cells produced elevated levels of pro-
inflammatory cytokines (e.g., IFN-γ) and cytotoxic effec-
tor molecules (e.g., Perforin and Granzyme B), consistent 
with their predominant CD8 SP and DN phenotypes 
(Fig.  2I and J). These features collectively support their 
robust antitumor functionality.

We further characterized the transcriptional profile of 
Allo/15MCAR-NKT cells using single-cell RNA sequenc-
ing (scRNA-seq) (Fig.  2K). Compared to conventional 
MCAR-T cells, Allo/15MCAR-NKT cells exhibited reduced 
expression of T cell-associated genes, including CD2, 
CD6, LAT, SIT1, and GRAP2 (Fig. 2K). Conversely, they 
expressed higher levels of NK cell-related genes such as 
KLRC1, NCAM1, NCR3, KLRD1, and CD226 (Fig.  2K). 
Moreover, Allo/15MCAR-NKT cells displayed elevated 
expression of effector and cytotoxicity-associated genes, 
including CD69, HOPX, PRF1, GNLY, NKG7, NCR1, and 
GZMA (Fig.  2K). Gene set enrichment analysis (GSEA) 
confirmed that, relative to MCAR-T cells, Allo15MCAR-
NKT cells exhibited significant enrichment of pathways 
linked to effector function, memory formation, and cyto-
toxic gene programs (Figure S3H). These transcriptional 



Page 12 of 23Li et al. Experimental Hematology & Oncology           (2026) 15:14 

features suggest that Allo/15MCAR-NKT cells possess 
potent NK-like effector and cytotoxic functions, which 
may contribute to their enhanced antitumor activity 
against UEC.

Allogeneic MCAR-NKT cells simultaneously target UEC 
tumor cells and the tumor microenvironment (TME) in 
primary patient samples
We next assessed the antitumor efficacy of Allo/15MCAR-
NKT cells using primary UEC patient samples. The 

Fig. 3 (See legend on next page.)
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evaluation focused on two key aspects: (1) direct cytotox-
icity against tumor cells, and (2) the ability to target the 
UEC TME, specifically through the elimination of immu-
nosuppressive CD1d⁺ TAMs and MDSCs.

For the first set of assays, tumor cells were isolated 
from primary UEC patient samples and co-cultured with 
Allo/15MCAR-NKT cells (Fig. 3A). Conventional MCAR-
T cells served as controls. Across all six patient samples 
tested, Allo/15MCAR-NKT cells demonstrated superior 
tumor cell killing compared to MCAR-T cells (Fig. 3B). 
This enhanced efficacy may be attributed to the high 
cytotoxic potential of Allo/15MCAR-NKT cells, as well as 
their ability to recognize tumor targets via both CAR- 
and NKR-mediated mechanisms (Fig. 2J and K) [39, 57].

To further validate these findings, we established a sta-
ble MSLN⁺ patient-derived tumor (PDT) cell line from 
a primary UEC sample and engineered these cells to 
express firefly luciferase and enhanced green fluorescence 
protein (EGFP) dual reporters (FG) for real-time moni-
toring via flow cytometry and bioluminescence imaging 
(Fig.  3C and D). In an in vitro serial tumor cell killing 
assay, we compared the cytotoxic activity of AlloMCAR-
NKT, Allo15MCAR-NKT, and conventional MCAR-T cells 
(Fig. 3E). All three cell products exhibited tumor-killing 
activity; however, MCAR-T cells were the least effective, 
while Allo15MCAR-NKT cells demonstrated the most sus-
tained tumor control (Fig. 3F). These results underscore 
the enhanced and prolonged antitumor activity of alloge-
neic MCAR-NKT cells conferred by IL-15 engineering.

To evaluate in vivo efficacy, we developed a UEC xeno-
graft model using PDT-FG cells administered intraperi-
toneally (i.p.) to mimic peritoneal dissemination of UEC 
(Fig. 3G). Ten days post tumor inoculation, mice received 
i.p. injections of therapeutic cells, and tumor progres-
sion was monitored by bioluminescence imaging (BLI). 
Remarkably, both AlloMCAR-NKT and Allo15MCAR-NKT 
cells induced tumor eradication and prolonged survival 
(Fig. 3H and J). In contrast, while conventional MCAR-T 
cells achieved partial tumor suppression, eventual tumor 
relapse and mouse death were observed, likely due to 

both disease progression and xenogeneic graft-versus-
host disease (GvHD), a known limitation of allogeneic 
CAR-T cell therapies in preclinical and clinical settings 
(Fig. 3H and J) [73–77].

Tissue-level BLI revealed widespread dissemination of 
PDT-FG tumor cells to multiple organs, including the 
liver, spleen, kidneys, lungs, ovaries, uterus, pancreas, 
and gastrointestinal tract (Fig. 3K). Notably, Allo/15MCAR-
NKT cells effectively eliminated tumor cells across all 
metastatic sites, demonstrating broad in vivo antitumor 
activity (Fig.  3H). H&E and IHC staining further con-
firmed the depletion of MSLN⁺PAX8⁺ tumor cells in the 
peritoneal cavity by Allo15MCAR-NKT cells (Fig. 3L).

To investigate the ability of Allo/15MCAR-NKT cells 
to modulate the TME, we co-cultured primary UEC 
patient-derived cells with each of the three therapeutic 
cells (Fig. 3M). While conventional MCAR-T cells failed 
to eliminate TAMs and MDSCs, both AlloMCAR-NKT 
and Allo15MCAR-NKT cells demonstrated efficient kill-
ing of these immunosuppressive myeloid cell populations 
(Fig.  3N). Notably, CD1d blockade markedly reduced 
the killing of TAMs and MDSCs by AlloMCAR-NKT 
and Allo15MCAR-NKT cells, demonstrating that this kill-
ing is largely dependent on CD1d/NKT TCR–mediated 
recognition (Fig.  3O). Importantly, Allo/15MCAR-NKT 
cells did not target patient-derived T cells, B cells, or NK 
cells, consistent with their low or no expression of CD1d 
(Fig. 3P). These findings indicate that Allo/15MCAR-NKT 
cells can selectively eliminate CD1d⁺ TAMs and MDSCs 
through NKT TCR-mediated recognition, without harm-
ing normal immune cells.

In conclusion, Allo/15MCAR-NKT cells exhibit superior 
antitumor activity against UEC tumor cells and possess 
a unique ability to target key immunosuppressive com-
ponents of the TME. Through the combined action of 
CAR-mediated, NKR-mediated, and TCR-mediated rec-
ognition, these cells effectively overcome tumor resis-
tance and immune evasion. Together, these features 
position Allo/15MCAR-NKT cells as a promising off-the-
shelf cellular immunotherapy for UEC.

(See figure on previous page.)
Fig. 3  Allogeneic MCAR-NKT cells simultaneously target UEC tumor cells and the tumor microenvironment (TME) in primary cancer patient samples. 
A and B Studying the in vitro antitumor efficacy of Allo/15MCAR-NKT cells using primary UEC patient samples. Conventional MCAR-T cells were included 
as a control. A total of 6 samples were included. A Experimental design. B Tumor cell killing data at 24 h (n = 3). C–L Studying the antitumor efficacy of 
Allo/15MCAR-NKT cells using an UEC patient-derived tumor (PDT) cell line and its xenograft mouse model. Conventional MCAR-T cells were included as a 
control. C Diagram showing the generation of PDT cells. D FACS detection of MSLN expression on the PDT cells. (E and F) Studying the antitumor efficacy 
of Allo/15MCAR-NKT cells using in vitro serial tumor cell killing assays. E Experimental design. F Tumor cell killing data (n = 4). G–L Studying the in vivo antitu-
mor efficacy of Allo/15MCAR-NKT cells in a PDT-FG xenograft model. G Experimental design. H BLI images showing tumor loads in experimental mice over 
time. I Quantification of H (n = 6-7). J Survival curve (n = 6-7). K BLI images showing the presence of PDT-FG tumor cells in various organs collected from 
the vehicle group of experimental mice on day 80. L H&E and immunohistochemistry (IHC) staining for PAX8 (a tumor lineage marker) and MSLN, show-
ing the presence of PDT-FG tumor cells in the cell pellets generated from the intraperitoneal wash of experimental mice. M–P Studying Allo/15MCAR-NKT 
cells targeting of UEC TME using primary UEC patient samples. Conventional MCAR-T cells were included as a control. A total of 6 primary UEC samples 
were analyzed. M Experimental design. N TAM/MDSC killing data at 24 h (n = 3). O TAM/MDSC killing data by Allo/15MCAR-NKT cells with CD1d blockade 
at 24 h (n = 3). Data from 1 representative UEC sample are presented. P Killing data of the indicated UEC TME cell components at 24 h (n = 3). Data from 
2 representative UEC samples are presented. Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, ***p < 0.001, 
****p < 0.0001 by one-way ANOVA (I and O), or log rank (Mantel-Cox) test adjusted for multiple comparisons (J)



Page 14 of 23Li et al. Experimental Hematology & Oncology           (2026) 15:14 

Allogeneic MCAR-NKT cells demonstrate superior in vivo 
antitumor efficacy in human UEC xenograft mouse models
To further investigate the antitumor efficacy of 
Allo/15MCAR-NKT cells, particularly under condi-
tions of tumor antigen loss, a common mechanism of 
immune evasion following CAR-T cell therapy [78, 79], 

we employed two human UEC cell lines: HEC1B-FG 
(HEC1B cells engineered to express FG) and HEC1B-
MSLN-FG (HEC1B-FG cells additionally overexpress-
ing MSLN) (Figures S4A and S4B). These two cell lines 
allowed us to model and assess CAR antigen-dependent 
and antigen-independent tumor killing.

Fig. 4 (See legend on next page.)
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In in vitro cytotoxicity assays, conventional MCAR-
T cells effectively eliminated MSLN⁺ tumor cells 
(HEC1B-MSLN-FG) but failed to kill MSLN⁻ tumor cells 
(HEC1B-FG), demonstrating exclusive dependence on 
CAR-mediated recognition (Figures S4C and S4D). In 
contrast, Allo15MCAR-NKT cells effectively killed both 
tumor cell lines, with enhanced cytotoxicity against 
MSLN⁺ cells at lower effector-to-target (E: T) ratios, 
indicating the use of both CAR-dependent and NKR-
mediated killing mechanisms (Figure S4D). This dual-
targeting capability enables Allo15MCAR-NKT cells to 
overcome antigen escape, a limitation for conventional 
CAR-T cells. Correlating with their superior cytotoxicity, 
Allo15MCAR-NKT cells exhibited increased expression of 
activation markers such as CD25 and CD69, and elevated 
production of cytotoxic effectors including Perforin and 
Granzyme B (Figures S4E and S4F).

To validate these findings in vivo, we established two 
xenograft UEC mouse models using HEC1B-MSLN-FG 
or HEC1B-FG cells to represent CAR antigen–positive 
and –negative tumors, respectively. In the HEC1B-
MSLN-FG model, low doses (3 × 106) of therapeutic cells 
(AlloMCAR-NKT, Allo15MCAR-NKT, and conventional 
MCAR-T) were administered intraperitoneally, and their 
antitumor activity was assessed (Fig. 4A). All three thera-
peutic products delayed tumor progression (Fig. 4B and 
D). However, only Allo15MCAR-NKT cells achieved com-
plete tumor eradication and long-term survival, whereas 
the other two therapies provided only partial tumor sup-
pression and limited survival benefit (Fig. 4B and D).

Further analyses of therapeutic cells collected from 
the peritoneal cavity revealed distinct differences in in 
vivo dynamics. Allo15MCAR-NKT cells exhibited robust 
expansion and long-term persistence, detectable until 
at least day 25, consistent with their superior antitumor 
effects (Fig. 4E and F). By contrast, AlloMCAR-NKT cells 
failed to expand, likely due to the low dose of adminis-
tration combined with the absence of IL-15 support, 
which may explain their limited efficacy (Fig.  4E and 
F). For conventional MCAR-T cells, tumor infiltration 

was observed; however, these cells displayed markedly 
reduced expansion compared to Allo15MCAR-NKT cells, 
accompanied by elevated expression of exhaustion mark-
ers (PD-1, CTLA-4, TIM-3, LAG-3, and TIGIT), reduced 
levels of the T cell memory marker CD45RO, and signifi-
cantly lower expression of cytotoxic molecules, including 
Perforin and Granzyme B (Fig. 4E and I). These features 
likely account for their inferior tumor control relative to 
Allo15MCAR-NKT cells. Collectively, these results dem-
onstrate that IL-15 engineering confers enhanced expan-
sion, persistence, and effector function to allogeneic 
MCAR-NKT cells, establishing Allo15MCAR-NKT cells as 
a lead therapeutic candidate for further development.

In the HEC1B-FG xenograft model, which mimics 
antigen escape, high doses (10 × 106) of therapeutic cells, 
including Allo15MCAR-NKT and conventional MCAR-
T cells, were administered intraperitoneally to evaluate 
their antitumor activity (Fig. 4J). Conventional MCAR-T 
cells failed to control tumor growth or improve survival 
(Fig. 4K and M). In contrast, Allo15MCAR-NKT cells sig-
nificantly suppressed tumor progression and extended 
survival, likely through their intrinsic NKR-mediated 
CAR-independent cytotoxicity (Fig.  4K and M). These 
results highlight the ability of Allo15MCAR-NKT cells to 
maintain antitumor activity even in the absence of CAR 
target antigens.

To further evaluate the superior antitumor potential of 
Allo15MCAR-NKT cells, we assessed their activity against 
human ovarian cancer (OC) OVCAR8-FG cells both 
in vitro and in vivo. Although OC represents a distinct 
tumor type, it shares key biological features with UEC, 
including a common Müllerian origin, hormonal influ-
ences, and similarly immunosuppressive TME [5, 7]. 
Importantly, OVCAR8-FG cells expressed high levels of 
MSLN, making them susceptible to MCAR-based target-
ing (Figures S4G and S4H). Both MCAR-T and Allo15M-
CAR-NKT cells effectively eliminated OVCAR8-FG cells; 
however, Allo15MCAR-NKT cells demonstrated signifi-
cantly enhanced cytotoxicity, likely due to their ability to 
engage multiple tumor-recognition mechanisms and 

(See figure on previous page.)
Fig. 4  Allogeneic MCAR-NKT cells demonstrate superior in vivo antitumor efficacy in human UEC xenograft mouse models. A–D Studying the in vivo 
antitumor efficacy of Allo15MCAR-NKT cells using a HEC1B-MSLN-FG human UEC xenograft NSG mouse model. Three types of therapeutic cells were 
included: AlloMCAR-NKT, Allo15MCAR-NKT, and conventional MCAR-T cells. 3 × 106 therapeutic cells were administered intraperitoneally. A Experimental 
design. B BLI images showing the presence of tumor cells in experimental mice over time. C Quantification of (B) (n = 3–4). D Kaplan–Meier survival 
curves of experimental mice over time (n = 3–4). E–I Studying the in vivo persistence and phenotype of Allo15MCAR-NKT cells. E FACS detection of the 
presence of therapeutic cells isolated from the peritoneal fluid of experimental mice at day 16 and 25. F Quantification of (E) (n = 3–4). G FACS detection 
of the exhaustion marker (i.e., PD-1, CTLA-4, TIM-3, LAG-3, and TIGIT) expression on Allo15MCAR-NKT and MCAR-T cells isolated from the peritoneal fluid 
of experimental mice at day 25. H Quantification of (G) (n = 3–4). Radar plots are shown, representing the average values calculated from all mice. I FACS 
analyses of the T cell memory marker (i.e., CD45RO) expression and cytotoxic molecule (i.e., Perforin and Granzyme B) production in Allo15MCAR-NKT and 
MCAR-T cells isolated from the peritoneal fluid of experimental mice at day 25 (n = 3–4). (J-M) Studying the in vivo antitumor efficacy of Allo15MCAR-NKT 
cells using a HEC1B-MSLN-FG human UEC xenograft NSG mouse model. Two types of therapeutic cells were included: Allo15MCAR-NKT and conventional 
MCAR-T cells. 10 × 106 therapeutic cells were administered intraperitoneally. J Experimental design. K BLI images showing the presence of tumor cells in 
experimental mice over time. L Quantification of (K) (n = 4–5). M Kaplan–Meier survival curves of experimental mice over time (n = 4–5). Representative of 
3 experiments. Data are presented as the mean ± SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student’s t test (I), by one-way 
ANOVA (C, F, and L) or by log rank (Mantel-Cox) test adjusted for multiple comparisons (D and M)
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Fig. 5 (See legend on next page.)
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their robust effector and cytolytic functions (Figure S4I). 
In an OVCAR8-FG xenograft mouse model, treatment 
with Allo15MCAR-NKT cells resulted in superior tumor 
control and extended mouse survival compared with 
MCAR-T cells (Figures S4J-S4M). These findings sug-
gest that Allo15MCAR-NKT cells represent a versatile and 
potent therapeutic platform for the treatment of UEC, 
OC, and potentially other solid tumors.

Allogeneic MCAR-NKT cells show high safety profile in 
human UEC xenograft mouse models
We then evaluated two critical safety aspects of Allo15M-
CAR-NKT cells. The first was GvHD, a major concern in 
allogeneic cell therapies, as it can lead to severe immune-
mediated damage to host tissues and multi-organ dys-
function [73, 76, 80]. The second was cytokine release 
syndrome (CRS), a common and potentially life-threat-
ening adverse effect associated with CAR-T cell therapy, 
characterized by excessive systemic inflammation, high 
fever, hypotension, and elevated levels of proinflamma-
tory cytokines such as IL-6 [81–84].

In contrast to conventional MCAR-T cells, Allo15M-
CAR-NKT cells did not induce GvHD, as indicated by 
minimal clinical symptoms, reduced body weight loss, 
and prolonged survival (Fig. 5A and D). Histopathologi-
cal analysis further revealed extensive immune cell infil-
tration in vital organs, including the lung and liver, in 
mice treated with conventional MCAR-T cells, whereas 
mice treated with Allo15MCAR-NKT cells showed no 
significant infiltration (Fig. 5E and F). The absence of 
GvHD was also observed with HSPC-derived non–CAR-
transduced NKT cells, indicating that this safety profile 
is an intrinsic property of the cell type (Figure S5). This 
lack of GvHD is likely attributable to the non-polymor-
phic nature of the invariant NKT TCR, which recognizes 
CD1d rather than mismatched MHC molecules, thereby 
avoiding alloreactivity [32–36, 85].

Furthermore, Allo15MCAR-NKT cells exhibited a 
favorable cytokine release profile. Mice treated with 
Allo15MCAR-NKT cells showed minimal CRS-associated 
toxicity, as evidenced by stable body weight and reduced 
levels of CRS biomarkers such as mouse IL-6 and serum 

amyloid A3 (SAA-3) (Fig. 5G and J). This reduced CRS 
risk may be due to the innate NK-like properties of 
Allo15MCAR-NKT cells and their ability to target CRS-
associated macrophages, as previously described (Fig. 2J 
and K, and Fig. 3M and O) [39, 86, 87].

Lastly, the enhanced in vivo persistence of Allo15MCAR-
NKT cells raises important translational considerations 
regarding long-term safety, particularly in tissues that 
express low levels of MSLN, such as pleura, pericar-
dium, and peritoneum [88]. To address this, we evaluated 
potential long-term tissue toxicity of Allo15MCAR-NKT 
cells. At 90 days post-infusion, multiple tissues were col-
lected from experimental mice, and histopathological 
analysis revealed no evidence of toxicity across a range of 
vital organs, including bone marrow, spleen, lung, liver, 
brain, and others (Fig. 5K and L). These findings suggest 
that Allo15MCAR-NKT cells maintain a favorable safety 
profile without causing on-target, off-tumor damage. 
Furthermore, as an allogeneic cell therapy, Allo15MCAR-
NKT cells are expected to be eliminated by host immune 
responses (e.g., T and NK cells) after the therapeutic win-
dow, similar to other allogeneic cell products [73, 74, 77, 
89, 90]. This natural clearance further mitigates concerns 
regarding long-term toxicity.

In summary, Allo15MCAR-NKT cells demonstrated 
robust antitumor efficacy against both CAR antigen–
positive and antigen–negative UEC tumor cells, as well 
as an excellent safety profile, including minimal GvHD 
and CRS risk. These findings support the development of 
Allo15MCAR-NKT cells as a potent and safe off-the-shelf 
cellular immunotherapy for UEC, with strong potential 
for clinical translation.

Allogeneic MCAR-NKT cells exhibit enhanced antitumor 
capacity compared to MCAR-engineered NK cells
With the recent advancement of CAR-engineered natural 
killer (CAR-NK) cell therapy, particularly those derived 
from induced pluripotent stem cells (iPSCs), these allo-
geneic platforms have demonstrated encouraging efficacy 
and safety in both preclinical studies and early clinical 
trials [91–96]. To strengthen the translational relevance 
of our work, we conducted a direct comparison between 

(See figure on previous page.)
Fig. 5  Allogeneic MCAR-NKT cells show high safety profile in human UEC xenograft mouse models. A–F Studying the GvHD risk of Allo15MCAR-NKT cells 
using a human xenograft NSG mouse model. A Experimental design. B Clinical GvHD score recorded over time (n = 5). The score was calculated as the 
sum of individual scores of 6 categories (body weight, activity, posture, skin thickening, diarrhea, and dishevelment; score 0–2 for each category). C Body 
weight measured over time (n = 5). D Kaplan–Meier survival curves (n = 5). E H&E-stained tissue images. Tissue were collected from experimental mice 
on day 50. Scale bar, 200 μm. F Quantification of (E) (n = 5). G–J Studying the CRS response induced by Allo15MCAR-NKT cells using a HEC1B-MSLN-FG 
human UEC xenograft NSG mouse model. G Experimental design. H Body weight of experimental mice over time (n = 5). I and J ELISA analyses of mouse 
IL-6 and SAA3 in mouse serum (I) or peritoneal fluid (J) (n = 5). Blank, samples collected from blank NSG mice; NT, samples collected from tumor-bearing 
mice receiving no therapeutic cell treatment; PF, peritoneal fluid. K and L Studying the long-term tissue toxicity of Allo15MCAR-NKT cells. Tissues from 
experimental mice were collected 90 days after injection with 10 × 106 Allo15MCAR-NKT cells. K Table showing the pathologist’s scores of individual mouse 
tissues. L H&E-stained tissue sections. Scale bar, 200 μm. Representative of 1 (K and L) or 3 (A–J) experiments. Data are presented as the mean ± SEM. ns, 
not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student’s t test (F), one-way ANOVA (I and J), two-way ANOVA (B and C), or log rank 
(Mantel-Cox) test adjusted for multiple comparisons (D)
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CAR-NKT and CAR-NK cells. Specifically, we evaluated 
IL-15–enhanced Allo15MCAR-NKT cells alongside human 
PBMC-derived IL-15–enhanced, MCAR-engineered NK 
(PBMC15MCAR-NK) cells.

For the generation of PBMC15MCAR-NK cells, CD56⁺ 
NK cells were isolated from human PBMCs using MACS, 
stimulated with artificial APCs, and transduced with a 
lentiviral vector encoding both MCAR and human IL-15, 
achieving a transduction efficiency of ~ 30–40% (Figures 
S6A and S6B). Although CAR expression remained sta-
ble, PBMC15MCAR-NK cells displayed limited expansion 
capacity, with only a 3–5-fold increase over one week of 
culture (Figure S6C). This restricted proliferative poten-
tial may hinder their feasibility as an off-the-shelf thera-
peutic product intended for broad patient application.

We next assessed the antitumor activity of the two 
engineered cell products using both short-term and 
long-term functional assays (Figures S6D-S6G). In the 
24-hour cytotoxicity assay, both Allo15MCAR-NKT and 
PBMC15MCAR-NK cells exhibited potent tumor cell killing 
against MSLN⁺ HEC1B-MSLN-FG and MSLN⁻ HEC1B-
FG human UEC cell lines (Figure S6E), indicating the 
capacity of both platforms to mediate tumor clearance 
through CAR-dependent and CAR-independent NKR-
mediated mechanisms. However, in the serial tumor kill-
ing assay, Allo15MCAR-NKT cells demonstrated superior 
durability, maintaining prolonged cytotoxic activity and 
achieving more sustained tumor control compared to 
PBMC15MCAR-NK cells (Figure S6G).

In conclusion, Allo15MCAR-NKT cells not only over-
come the expansion limitations of PBMC-derived CAR-
NK cells but also exhibit enhanced persistence and 
long-term tumor control, underscoring their potential as 
a more effective and scalable allogeneic cellular immuno-
therapy for UEC and other solid tumors.

Discussion
In this study, we present a comprehensive preclini-
cal evaluation of allogeneic MCAR-NKT cells, gen-
erated via a HSPC engineering platform combined 
with a six-week ex vivo differentiation culture (Fig. 2). 
This method yielded a highly pure (> 97%) population 
of functional CAR-NKT cells, characterized as NKT 
TCR⁺CD3⁺MCAR⁺ by flow cytometry (Fig. 2C and D). 
The high purity results from both the selective nature 
of the differentiation system, which exclusively supports 
NKT cell development, and the use of a single lentiviral 
construct encoding both the invariant NKT TCR and the 
MCAR, ensuring that all differentiated NKT cells uni-
formly express the CAR. Importantly, this manufacturing 
platform also supports high-yield cell production. Based 
on linear extrapolation, a single CB unit containing 1–5 
× 106 CD34⁺ HSPCs can generate over 1012 Allo/15MCAR-
NKT cells, which corresponds to approximately 1,000 to 

10,000 therapeutic doses based on current dosing strat-
egies for CAR-T cell therapies [74, 97, 98]. This level of 
scalability supports the production of large batches for 
treating multiple patients, substantially lowering manu-
facturing costs and making true off-the-shelf application 
feasible.

Functionally, allogeneic MCAR-NKT cells exhibited 
potent antitumor activity against UEC tumor cells across 
multiple experimental platforms, including in vitro cyto-
toxicity assays and in vivo xenograft mouse models uti-
lizing primary UEC patient samples, a patient-derived 
tumor cell line, and established UEC tumor cell lines 
(Figs. 3 and 4, and S4). Allogeneic MCAR-NKT cells 
consistently outperformed conventional MCAR-T cells 
in tumor killing, likely due to their enhanced effector 
function and dual tumor recognition mechanisms via 
both CAR and NKRs (Fig. 2J and K). This dual-targeting 
capability enabled effective elimination of tumor cells 
with low MSLN expression, addressing one of the key 
challenges of conventional CAR-T cell therapy—tumor 
antigen escape (Fig. 4J and M) [78, 79, 99]. Furthermore, 
IL-15-engineered Allo15MCAR-NKT cells exhibited supe-
rior cytotoxicity and persistence compared to non-IL-
15-engineered counterparts, underscoring the role of 
IL-15 in sustaining CAR-NKT functionality in vivo (Fig. 
4A and I). Based on these findings, Allo15MCAR-NKT 
cells were selected as the lead candidate for translational 
and clinical development.

In this study, we acknowledge the limitations of our in 
vivo xenograft mouse models, which utilized intraperito-
neal tumor implantation and intraperitoneal delivery of 
therapeutic cells (Figs. 3G and 4A, and J). Our model is 
physiologically relevant as patients with UPSC in many 
cases can have disseminated intraperitoneal disease. In 
addition our model provides direct interaction between 
therapeutic and tumor cells, which we hope to recapitu-
late in clinical trials. We also recognize this model does 
not fully capture the complexities of solid tumor growth 
in all clinically relevant settings. To better evaluate trans-
lational potential, future investigations should employ 
subcutaneous or orthotopic tumor models. Such sys-
tems would provide other relevant disease sites to assess 
the capacity of Allo15MCAR-NKT cells to traffic to tumor 
sites, infiltrate the TME, and maintain antitumor activity, 
which represent critical hurdles that remain major chal-
lenges for the clinical application of cell therapies in solid 
tumors including UEC [15, 17, 100, 101].

In addition to directly targeting tumor cells, allogeneic 
MCAR-NKT cells effectively modulated the immunosup-
pressive TME. Specifically, they selectively eliminated 
CD1d⁺ TAMs and MDSCs, without affecting CD1d⁻ 
immune cells such as T, B, and NK cells (Fig. 3M and 
O). This selective targeting preserves essential immune 
functions while overcoming immunosuppression, which 
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remains a major barrier to successful immunotherapy in 
solid tumors [20, 53, 79, 102, 103].

Safety remains a central concern in CAR-based thera-
pies. Allogeneic CAR-T cells require additional genetic 
modifications, such as TCR knockout, to prevent 
GvHD—modifications that may compromise cell fitness 
and persistence [74, 104–107]. In contrast, due to their 
invariant TCR that recognizes the non-polymorphic 
CD1d molecule, CAR-NKT cells are inherently GvHD-
sparing, as demonstrated in preclinical xenogeneic mod-
els (Fig. 5A and F). This intrinsic safety feature eliminates 
the need for further genetic manipulation, enabling 
ready-to-use off-the-shelf therapeutic products. CRS 
is another major toxicity associated with conventional 
CAR-T cell therapy [81, 82]. Although CRS is less com-
monly reported in solid tumor trials, potentially due to 
limited efficacy and infiltration of CAR-T cells, our find-
ings indicate that allogeneic MCAR-NKT cells pose a 
lower CRS risk than conventional CAR-T cells (Fig. 5G 
and J). This may be attributed to their innate NK-like 
phenotype and their capacity to eliminate CRS-promot-
ing macrophages, which are known to amplify systemic 
inflammation via CD40–CD40L signaling interactions 
[39, 82, 86, 87, 108].

Although long-term toxicity studies indicate that 
Allo15MCAR-NKT cells do not induce on-target, off-
tumor effects (Fig. 5K and L), the potential for off-
target toxicity related to the SS1 scFv used in the CAR 
remains an important consideration. A clinical trial led 
by the National Cancer Institute evaluated MCAR-T 
cells carrying the SS1 scFv in patients with mesothelin-
expressing tumors, including malignant mesothelioma 
(NCT01583686). The therapy demonstrated a manage-
able safety profile, but clinical efficacy was limited, with 
only one of 15 patients achieving stable disease [109]. 
Another trial conducted in patients with malignant pleu-
ral mesothelioma and pancreatic ductal adenocarcinoma 
(NCT01355965) also reported a favorable safety profile, 
with transient tumor responses in 2 of 18 patients [110]. 
However, in a separate study, two cases of severe pulmo-
nary toxicity were observed in the high-dose cohort of 
MCAR-T cells administered intravenously, highlighting 
that CAR-related toxicities remain a concern, particu-
larly at higher doses intended to improve efficacy [111]. 
Importantly, our proposed Allo15MCAR-NKT therapy 
belongs to the category of allogeneic cell products, which 
are ultimately eliminated by host immune responses, 
particularly host T and NK cells, after the therapeutic 
window. This natural clearance mechanism is expected 
to further mitigate the risk of long-term toxicity [76, 77, 
104, 112].

In addition to conventional CAR-T cell therapy, CAR-
NK cell therapy has emerged as a promising approach, 
offering notable advantages in terms of safety and 

versatility. Early clinical trial results have demonstrated 
encouraging efficacy of CAR-NK cells, particularly in 
B cell malignancies, where response rates are compara-
ble to those achieved with CAR-T cells but with mark-
edly reduced incidence of severe toxicities such as CRS, 
immune effector cell-associated neurotoxicity syndrome 
(ICANS), and GvHD [113–116]. Moreover, preclinical 
studies exploring diverse sources for generating CAR-NK 
cells, including PBMCs, umbilical cord blood, iPSCs, and 
NK cell lines such as NK-92, have further underscored 
the therapeutic potential of this platform [91, 93, 94, 117, 
118]. NK-based treatments are being explored in therapy 
of uterine cancers, highlighting the potential of NK-based 
approaches for UEC [119]. In our study, we performed a 
direct comparison between allogeneic CAR-NKT cells 
and CAR-NK cells, both engineered with MCAR and 
IL-15 (Figure S6). Long-term serial tumor killing assays 
revealed that CAR-NKT cells exhibited superior persis-
tence and sustained tumor suppression (Figure S6F and 
S6G), likely attributable to their T cell–like properties, as 
T cells are known to maintain longer in vivo persistence 
than NK cells [120–122]. Therefore, Allo15MCAR-NKT 
cells may provide a more durable and clinically advanta-
geous therapeutic strategy for UEC and potentially other 
solid tumors compared with PBMC-derived IL-15-en-
hanced CAR-NK cells.

Lastly, several important future directions emerge from 
this study. Here we utilize 6 clinical samples, 3 from asci-
tes and 3 from dissociated uterine tumors. Future work 
can expand on testing additional clinical samples with a 
larger cohort from effusion, uterine curettage and hys-
terectomy specimens to provide a more comprehensive 
understanding of tumor heterogeneity and the immune 
landscape in UEC. These diverse sample sources would 
enable more robust validation of therapeutic targets and 
deepen insights into the interactions between tumor cells 
and the immune microenvironment. Second, the current 
preclinical evaluation primarily relied on NSG xenograft 
models, which, although useful, lack the complexity of a 
fully functional human immune system. Follow-up stud-
ies using humanized mouse models and, ideally, non-
human primates will be essential to more accurately 
assess the persistence, immune interactions, and safety 
profile of allogeneic MCAR-NKT cells. Such efforts 
will be critical for translating these promising preclini-
cal findings into clinically relevant and safe therapeutic 
strategies for patients. Finally, we acknowledge that the 
current cell culture platform is research-grade. Develop-
ing a GMP-compliant platform, including GMP facilities, 
GMP-grade lentiviral vectors, and scalable manufactur-
ing systems such as G-REX, will be an essential next step 
to advance the clinical development of allogeneic MCAR-
NKT cells.
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Conclusion
In conclusion, this study demonstrates the feasibility and 
therapeutic potential of allogeneic MCAR-NKT cells as a 
safe, scalable, and effective off-the-shelf immunotherapy 
for UEC. By simultaneously targeting tumor cells and 
the immunosuppressive microenvironment, while avoid-
ing GvHD and tissue toxicity and minimizing CRS risk, 
allogeneic MCAR-NKT cells represent a transformative 
advance in the treatment of solid tumors. This work lays 
a strong foundation for future translational and clini-
cal efforts aimed at bringing CAR-NKT cell therapy to 
patients with UEC and potentially other hard-to-treat 
malignancies.
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pSTAT5	� Phosphorylated STAT5
SAA-3	� Serum amyloid A3
scRNA-seq	� Single cell RNA sequencing
SP	� Single-positive
TAM	� Tumor-associated macrophage
TME	� Tumor microenvironment
Treg	� Regulatory T cell
UEC	� Uterine endometrial carcinoma
UPSC	� Uterine papillary serous carcinoma
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Figure S1. Profiling primary UEC patient samples; related to Figure 1. 
(A) FACS plots showing the NKR ligand expression on primary UEC tumor cells. 

(B) MSLN mRNA expression across 175 UEC patient samples from the Human Protein Atlas 

(https://www.proteinatlas.org/ENSG00000102854-MSLN/cancer/endometrial+cancer). The 

box shows the median and interquartile range (IQR), whiskers extend to 1.5×IQR, and circles 

denote outliers. pTPM, protein-coding transcripts per million. 
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Figure S6. Comparison between Allo15MCAR-NKT and human PBMC-derived IL-15-
enhanced MCAR-engineered NK (PBMC15MCAR-NK) cells. 
(A) Schematics showing the generation of PBMC15MCAR-NK cells from healthy donor PBMCs. 

(B) FACS plots showing the MCAR expression on PBMC15MCAR-NK cells. Data from three 

independent PBMC donors are presented. 

(C) Fold expansion of PBMC15MCAR-NK cells (n = 3). 

(D and E) Comparison of the %"#$%&'(#antitumor efficacy of Allo15MCAR-NKT and PBMC15MCAR-

NK cells using a 24-hour %"#$%&'( tumor cell killing assay. (D) Experimental design. (E) Tumor 

cell killing data at 24 h (n = 4).  

(F and G) Comparison of the %"#$%&'(#antitumor efficacy of Allo15MCAR-NKT and PBMC15MCAR-

NK cells using a long-term %"#$%&'( serial tumor cell killing assay. (E) Experimental design. (F) 

Tumor cell killing data (n = 4).  

Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant; 

*p < 0.05, by two-way ANOVA (E). 
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Table S1. Primary UEC patient information 

Patient Age range Sample type Diagnosis Treatment status 
1 60-64 Ascites Uterine high-grade serous 

carcinoma (HGSC) 
Chemonaive 

2* 65-69 Ascites Uterine HGSC Chemonaive 
3 55-59 Dissociated tumor uterus origin Ovarian + uterine HGSC Chemonaive 
4 70-74 Dissociated tumor uterus origin Uterine HGSC Chemonaive 
5 65-69 Dissociated tumor uterus origin Uterine endometroid + HGSC Chemonaive 
6 65-69 Ascites Uterine HGSC Recurrent/Persistent  
 

*Sample used to generate PDT cell line.  
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Additional methods 

Mice 

NOD.Cg-PrkdcSCID Il2rgtm1Wjl /SzJ (NOD/SCID/IL-2Rγ-/- , NSG) mice were purchased from The 

Jackson Laboratory (Strain #:005557; RRID:IMSR_JAX:005557), and maintained in the 

animal facilities of UCLA under the following housing conditions: temperature ranging from 

20 °C to 26 °C, humidity maintained at 30% to 70%, a light cycle of On at 6:00 am and Off at 

6:00 pm, and room pressure set to negative. 6-10 weeks old mice were used for all 

experiments unless otherwise indicated. Notably, no differences were observed in tumor 

growth, survival, or disease symptoms between male and female mice in the xenograft models 

used in this study. All animal experiments were approved by the Institutional Animal Care and 

Use Committee of UCLA. All mice were bred and maintained under specific pathogen-free 

conditions, and all experiments were conducted in accordance with the animal care and use 

regulations of the Division of Laboratory Animal Medicine at the UCLA. Experimental mice 

were randomly assigned to treatment groups to avoid statistically significant differences in the 

baseline tumor burden. 

 

Media and reagents 

The X-VIVO 15 Serum-Free Hematopoietic Cell Medium (cat. no. 04418Q) was purchased 

from Lonza. The StemSpanTM T Cell Generation Kit (cat. no. 09940), comprising the 

StemSpanTM SFEM II Medium (cat. no. 09605), the StemSpanTM Lymphoid Progenitor 

Expansion Supplement (cat. no. 09915), the StemSpanTM LPMS (cat. no. 09930), the 

StemSpanTM Lymphoid Progenitor Differentiation Coating Material (cat. no. 09925), and the 

ImmunoCultTM Human CD3/CD28/CD2 T Cell Activator (cat. no.10970), and MethoCultTM 

H4330 MethycelluloseBased Medium (cat. no. 04330) were purchased from StemCell 

Technologies. The CTSTM OpTmizerTM T-Cell Expansion SFM (no phenol red, bottle format, 

cat. no. A3705001), the RPMI 1640 cell culture medium (cat. no. MT10040CV), and the DMEM 

cell culture medium (cat. no. MT10013CV) were purchased from Thermo Fisher Scientific. 

The CryoStor® Cell Cryopreservation Media CS10 (cat. no. C2874) and Iscove’s Modified 
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Dulbecco’s Medium (cat. no. I3390) was purchased from MilliporeSigma. The C10 medium 

was made of RPMI 1640 cell culture medium, supplemented with FBS (10% vol/vol), P/S/G 

(1% vol/vol), MEM NEAA (1% vol/vol), HEPES (10 mM), Sodium Pyruvate (1 mM), Beta-

Mercaptoethanol (β-ME) (50 µM), and Normocin (100 µg/ml). The homemade D10 medium 

was made of DMEM supplemented with FBS (10% vol/vol), P/S/G (1% vol/vol), and Normocin 

(100 µg/ml). The homemade R10 medium was made of RPMI supplemented with FBS (10% 

vol/vol), P/S/G (1% vol/vol), and Normocin (100 µg/ml). 

α-Galactosyl ceramide (αGC, KRN7000, cat. no. 867000) was purchased from Avanti 

Polar Lipids. Recombinant human IL-2 (cat. no. 200-02), IL-3 (cat. no. 200-03), IL-7 (cat. no. 

200-07), IL-15 (cat. no. 200-15), IFN-γ (cat. no. 300-02), Flt3 ligand (Flt3L, cat. no. 300-19), 

macrophage colony stimulating factor (M-CSF, cat. no. 300-25), stem cell factor (SCF, cat. no. 

300-07), and thrombopoietin (TPO, cat. no. 300-18) were purchased from Peprotech. Fetal 

Bovine Serum (FBS, lot no. 2087050) were purchased from Gibco and β-ME (cat. no. 1610710) 

were purchased from Bio-Rad. Penicillin Streptomycin-Glutamine (P/S/G, cat. no. 10-378-

016), MEM nonessential amino acids (NEAA, cat. no. 11-140-050), HEPES Buffer Solution 

(cat. no. 15630080), and Sodium Pyruvate (cat. no. 11360070) were purchased from Gibco. 

Normocin was purchased from InvivoGen (cat. no. NC9390718).  

 
Antibodies and flow cytometry 

Fluorochrome-conjugated antibodies specific for human CD1d (Clone 51.1, PE-Cy7 or APC-

conjugated, 1:50, cat. no. 350310 or 350308), CD3 (Clone HIT3a, Pacific Blue, PE, or PE-

Cy7-conjugated, 1:500, cat. no. 300330, 300308, or 300316), CD4 (Clone OKT4, PE-Cy7, 

PerCP or FITC-conjugated, 1:500, cat. no. 317414, 317432 or 317408), CD5 (Clone UCHT2, 

PerCP-conjugated, 1:200, cat. no 300618), CD7 (Clone CD7-6B7, APC-conjugated, 1:200, 

cat no. 343108), CD8 (Clone SK1, PE, APC-Cy7, or APC-conjugated, 1:300, cat. no. 344706, 

344714 or 344722), CD14 (Clone HCD14, Pacific Blue-conjugated, 1:100, cat. no. 367122), 

CD19 (Clone HIB19, APC-Cy7-conjugated, 1:200, cat. no. 302218), CD25 (Clone BC96, PE-

conjugated, 1:100, cat. no. 302606), CD34 (Clone 581, PerCP-conjugated, 1:500, cat. no. 
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343520), CD31 (Clone WM59, FITC-conjugated, 1:100, cat. no. 989002), CD45 (Clone HI30, 

PerCP, FITC, or Pacific Blue-conjugated, 1:500, cat. no. 982318, 982316, or 982306), CD69 

(Clone FN50, PE-Cy7 or PerCP-conjugated, 1:50, cat. no. 310912 or 310928), CD112 (Clone 

TX31, PE-conjugated, 1:250, cat. no. 337410), CD155 (Clone SKII.4, PE-Cy7-conjugated, 

1:250, cat. no. 337614), CD11b (Clone ICRF44, FITC-conjugated, 1:500, cat. no. 982614), 

MICA/MICB (Clone 6D4, PE or APC-conjugated, 1:25, cat. no. 320906 or 320908), CD161 

(Clone W18070C, APC-conjugated, 1:50, cat. no. 307512), CD45RO (Clone UCHL1, FITC-

conjugated, 1:200, cat. no. 983110), CD45RA (Clone HI100, PE-Cy7-conjugated, 1:500, cat. 

no. 983006), PD-1 (Clone A17188A, PE or FITC-conjugated, 1:25, cat. no. 379210 or 379206), 

TIM-3 (Clone A18087E, APC-conjugated, 1:25, cat. no. 364804), LAG-3 (Clone 7H2C65, PE-

Cy7-conjugated, 1:25, cat. no. 369208), CTLA-4 (Clone L3D10, PE-Cy7-conjugated, 1:50, cat. 

no. 349914), TIGIT (Clone A15153G, APC-Cy7-conjugated, 1:50, cat. no. 372734), NKG2D 

(Clone 1D11, PE-Cy7-conjugated, 1:50, cat. no. 320812), DNAM-1 (Clone 11A8, APC-

conjugated, 1:50, cat. no. 338312), NKp30 (Clone P30-15, APC-conjugated, 1:50, cat. no. 

325210), IFN-γ (Clone B27, PE-Cy7-conjugated, 1:50, cat. no. 506518), Granzyme B (Clone 

QA16A02, APC-conjugated, 1:2000 or 1:5000, cat. no. 372204), and Perforin (Clone dG9, 

PE-Cy7-conjugated, 1:50 or 1:100, cat. no. 308126), were purchased from BioLegend. 

Fluorochrome-conjugated antibodies specific for human iNKT TCR Vɑ24-Jβ18 (Clone 6B11, 

PE-conjugated, 1:20, cat. no. 552825) were purchased from BD Biosciences. Fluorochrome-

conjugated antibodies specific for human fibroblast activation protein FAP (Clone 427819, PE-

conjugated, 1:100, cat. no. FAB3715P), ULBP-1 (Clone 170818, PE-conjugated or 

unconjugated, 1:25, cat. no. FAB1380P or MAB1380), ULBP-2,5,6 (Clone 165903, APC-

conjugated, 1:25, cat. no. FAB1298A), and MSLN (Clone 420411, APC-conjugated, 1:20, cat. 

no. FAB32652A), were purchased from R&D Systems. A goat anti-mouse IgG F(ab’)2 

secondary antibody (cat. no. A-11001) was purchased from ThermoFisher. Fixable Viability 

Dye eFluor506 (e506, 1:500, cat. no. 65-0866-14) was purchased from Affymetrix eBioscience; 

mouse Fc Block (anti-mouse CD16/32, cat. no. 553141) was purchased from BD Biosciences; 

and human Fc Receptor Blocking Solution (TrueStain FcX) was purchased from BioLegend 
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(cat. no. 422302). In our study, note the use of antibodies with identical clones but differing 

conjugated fluorochromes, with one typical antibody listed herein. 

All FACS staining was performed following manufacturers’ provided protocols. 

Appropriate isotype staining controls were used for all staining procedures. Stained cells were 

analyzed using a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotech), following the 

manufacturer’s instructions. FlowJo software version 9 (BD Biosciences) was used for data 

analysis. 


