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Abstract
Background  Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer characterized by the lack 
of ER, PR, and HER2 expression. Its aggressive behavior, high degree of tumor heterogeneity, and immunosuppressive 
tumor microenvironment (TME) are associated with poor clinical outcomes, rapid disease progression, and limited 
therapeutic options. Although chimeric antigen receptor (CAR)-engineered T cell therapy has shown certain promise, 
its applicability in TNBC is hindered by antigen escape, TME-mediated suppression, and the logistical constraints of 
autologous cell production.

Methods  In this study, we employed hematopoietic stem and progenitor cell (HSPC) gene engineering and a 
feeder-free HSPC differentiation culture to generate allogeneic IL-15-enhanced, mesothelin-specific CAR-engineered 
invariant natural killer T (Allo15MCAR-NKT) cells.

Results  These cells demonstrated robust and multifaceted antitumor activity against TNBC, mediated by CAR- and 
NK receptor-dependent cytotoxicity, as well as selective targeting of CD1d+ TME immunosuppressive cells through 
their TCR. In both orthotopic and metastatic TNBC xenograft models, Allo15MCAR-NKT cells demonstrated potent 
antitumor activity, associated with robust effector and cytotoxic phenotypes, low exhaustion, and a favorable safety 
profile without inducing graft-versus-host disease.

Conclusions  Together, these results support Allo15MCAR-NKT cells as a next-generation, off-the-shelf immunotherapy 
with strong therapeutic potential for TNBC, particularly in the context of metastasis, immune evasion, and treatment 
resistance.
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Background
Breast cancer is the most diagnosed cancer in women 
and remains the leading cause of death from malignant 
tumors among women; in the US, about 1 in 8 women 
will develop invasive breast cancer over the course of 
their lifetime [1]. Triple-negative breast cancer (TNBC) 
is a highly aggressive subtype of breast cancer defined 
by the absence of estrogen receptor (ER), progesterone 
receptor (PR), and HER2 overexpression [2]. Represent-
ing approximately 15–20% of all breast cancers, TNBC 
is associated with poor clinical outcomes, rapid progres-
sion, and limited treatment options in the advanced set-
ting [1, 3, 4]. While chemotherapy remains the backbone 
of therapy for advanced TNBC, its efficacy is hampered 
by tumor heterogeneity and resistance mechanisms, 
yielding a median overall survival (OS) of only 18–24 
months in the metastatic setting [1]. Although recent 
advances have introduced immune checkpoint inhibi-
tors (ICIs) and antibody-drug conjugates (ADCs) to the 
TNBC treatment landscape, the overall benefit remains 
modest, and novel therapeutic strategies are urgently 
needed [1].

Chimeric antigen receptor (CAR)-engineered T (CAR-
T) cell therapy has emerged as a powerful tool for treat-
ing hematologic malignancies and is now being actively 
investigated in solid tumors such as TNBC [5–8]. Several 
tumor-associated antigens, including mesothelin (MSLN; 
NCT02414269, NCT02580747, and NCT02792114), tro-
phoblast cell-surface antigen 2 (TROP2; NCT06066424), 
Mucin 1 (MUC1; NCT02587689 and NCT04020575), 
epidermal growth factor receptor (EGFR; NCT05341492), 
and Nectin-4 (NCT06724835), have been identified 
as viable CAR targets in TNBC [9–17]. Among these, 
MSLN is particularly attractive due to its high expression 
in TNBC and limited expression in normal tissues [12, 
18]. Preclinical studies have demonstrated the feasibility 
and partial efficacy of MSLN-specific CAR-T therapies 
in TNBC [11, 12]. However, their clinical translation has 
been constrained by key challenges, including suboptimal 
tumor trafficking, poor persistence in the hostile tumor 
microenvironment (TME), and severe manufacturing 
burdens associated with autologous CAR-T cell produc-
tion [10, 11, 19]. Autologous approaches require indi-
vidualized manufacturing from cancer patients, which is 
both time-consuming and expensive, and may not be fea-
sible for patients with aggressive disease or insufficient T 
cell counts [20–23]. These limitations highlight the criti-
cal need for an effective and scalable off-the-shelf CAR-
engineered cell therapy for TNBC.

We previously developed a clinically guided platform 
to generate allogeneic CAR-engineered invariant natural 
killer T cells (CAR-NKT) by integrating NKT TCR genes 
into human hematopoietic stem and progenitor cells 
(HSPCs), followed by ex vivo HSPC differentiation using 

a feeder-free culture system [24]. NKT cells represent a 
distinct innate-like T cell lineage that recognizes the non-
polymorphic MHC class I-like molecule CD1d, enabling 
them to mount broad antitumor responses without trig-
gering graft-versus-host disease (GvHD) [25–29]. Impor-
tantly, CAR-NKT cells exhibit several advantages over 
conventional CAR-T cells: they are capable of traffick-
ing to solid tumors, reshaping the immunosuppressive 
TME, and executing cytotoxicity through both CAR and 
endogenous TCR pathways [24, 30–37]. These unique 
properties make CAR-NKT cells particularly well suited 
for developing allogeneic, off-the-shelf cell therapies tar-
geting solid tumors such as TNBC.

In this study, we report the successful generation of 
allogeneic IL-15-enhanced MSLN-specific CAR-NKT 
(Allo15MCAR-NKT) cells with high yield and purity using 
our HSPC-engineered clinically guided culture platform 
[24]. We conducted comprehensive preclinical evalu-
ations of these cells, including analyses using primary 
TNBC patient samples, in vitro functional assays, and in 
vivo orthotopic and metastatic human TNBC xenograft 
mouse models. We assessed their phenotypic characteris-
tics, functional properties, antitumor efficacy, and safety 
profile. Notably, we demonstrate that these allogeneic 
CAR-NKT cells can be further engineered to eliminate 
HLA class I and II expression, rendering them resistant 
to host T cell-mediated allorejection while maintaining 
robust antitumor activity. These findings highlight the 
potential of Allo15MCAR-NKT cells as a scalable, potent, 
and safe off-the-shelf immunotherapy for the treatment 
of TNBC.

Methods
Study approval
Animal studies were conducted under protocols 
approved by the UCLA Division of Laboratory Animal 
Medicine. Healthy donor PBMCs were obtained from the 
UCLA/CFAR Virology Core Laboratory and HemaCare 
under informed consent and in compliance with federal 
and state regulations; no identifying information was 
provided. Primary TNBC samples were collected at the 
Cedars-Sinai Medical Center from consented patients 
through an IRB-approved protocol (IRB #3032 Resistance 
Mechanisms in Breast Cancer) and processed.

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 rang-
ing from 68 °F to 79 °F, humidity maintained at 30–70%, 
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 female 



Page 3 of 29Li et al. Journal of Hematology & Oncology           (2025) 18:86 

mice were used for all experiments unless otherwise 
indicated. All animal experiments were approved by the 
Institutional Animal Care and Use Committee of UCLA 
(ARC-2013-054). All mice were bred and maintained 
under specific pathogen-free conditions, and all experi-
ments 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 statisti-
cally 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 Stem-
Span™ T Cell Generation Kit (cat. no. 09940), compris-
ing the StemSpan™ SFEM II Medium (cat. no. 09605), 
the StemSpan™ Lymphoid Progenitor Expansion Sup-
plement (cat. no. 09915), the StemSpan™ LPMS (cat. 
no. 09930), the StemSpan™ Lymphoid Progenitor Dif-
ferentiation Coating Material (cat. no. 09925), and the 
ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator 
(cat. no.10970), and MethoCult™ H4330 Methycellulo-
seBased Medium (cat. no. 04330) were purchased from 
StemCell Technologies. The CTS™ OpTmizer™ 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 Dulbecco’s 
Medium (cat. no. I3390) was purchased from Millipore-
Sigma. 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 home-
made D10 medium was made of DMEM supplemented 
with FBS (10% vol/vol), P/S/G (1% vol/vol), and Normo-
cin (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).

α-Galactosylceramide (αGC, KRN7000, cat. no. 
867000) was purchased from Avanti Polar Lipids. Recom-
binant 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 pur-
chased 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 Strep-
tomycin-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).

Lentiviral vectors
A parental lentivector, pMNDW, was utilized to con-
struct the lentiviral vectors employed in this study [38, 
39]. The 2  A sequences derived from foot-and-mouth 
disease 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-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 (MCAR denotes an MSLN-
specific CAR, and IL-15 represents the secreted form of 
human interleukin-15). The Lenti/iNKT-MCAR vector 
was generated by inserting into the pMNDW parental 
backbone a synthetic tricistronic gene encoding human 
iNKT TCRα-F2A-iNKT TCRβ-P2A-MCAR. The Lenti/
iNKT-CAR19-IL-15 vector was generated by inserting 
into the pMNDW parental backbone a synthetic tetra-
cistronic gene encoding human iNKT TCRα-F2A-iNKT 
TCRβ-P2A-CAR19-T2A-IL-15 (CAR19 denotes a CD19-
specific CAR). The Lenti/iNKT-IL-15 vector was gener-
ated by inserting into the pMNDW parental backbone 
a synthetic tricistronic gene encoding human iNKT 
TCRα-F2A-iNKT TCRβ-P2A-IL-15. The Lenti/MCAR 
vector was generated by inserting into the pMNDW 
parental backbone a synthetic gene encoding MCAR. 
The Lenti/MCAR-IL-15 vector was generated by insert-
ing into the pMNDW parental backbone a synthetic 
bicistronic gene encoding MCAR-F2A-IL-15. The Lenti/
FG vector was generated by inserting into the pMNDW 
parental backbone a synthetic bicistronic gene encod-
ing Fluc-P2A-EGFP. The Lenti/MSLN vector was gener-
ated by inserting into the pMNDW parental backbone 
a synthetic gene encoding human MSLN. All synthetic 
gene fragments were obtained from GenScript (Piscat-
away, NJ, USA) and Integrated DNA Technologies (IDT; 
Coralville, IA, USA). Lentiviral particles were generated 
utilizing HEK 293 T cells by employing a standardized 
transfection procedure with the Trans-IT-Lenti Transfec-
tion Reagent (Mirus Bio) [38, 39]. Subsequently, a con-
centration protocol was applied using Amicon TM Ultra 
Centrifugal Filter Units in accordance with the manufac-
turer’s specifications (MilliporeSigma).

Stable cell lines
Human multiple myeloma cell line MM.1  S (cat. no. 
CRL-2974) and human TNBC cell lines HCC1806 
(cat. no. CRL-2335) and MDA-MB-231 (cat. no. CRM-
HTB-26) were purchased from the American Type 
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Culture Collection (ATCC). To establish stable tumor cell 
lines that overexpress firefly luciferase and green fluores-
cent 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 len-
tiviral transduction, the cells underwent flow cytometry 
sorting to isolate the genetically modified cells (as identi-
fied as GFP+ cells) necessary for creating stable cell lines. 
The artificial antigen presenting cell line (aAPC) was gen-
erated by engineering the K562 human chronic myelog-
enous leukemia cell line (ATCC, cat. no. CCL-243) to 
overexpress human CD80/CD83/CD86/41BBL co-stim-
ulatory receptors [24]. 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.

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), CD8 (Clone SK1, PE, APC-Cy7, or APC-conju-
gated, 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-conju-
gated, 1:100, cat. no. 302606), CD34 (Clone 581, PerCP-
conjugated, 1:500, cat. no. 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), 41BBL (Clone 5F4, PE-conjugated, 1:500, cat. 
no. 311504), CD83 (Clone HB15e, APC-Cy7-conjugated, 
1:500, cat. no. 305330), CD86 (Clone IT2.2, APC-con-
jugated, 1:500, cat. no. 305412), 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), CTLA-4 (Clone L3D10, APC-conjugated, 1:50, 
cat. no. 369606), TIGIT (Clone A15153G, PE-conjugated, 
1:50, cat. no. 372706), LAG-3 (Clone 7H2C65, PE-Cy7-
conjugated, 1:25, cat. no. 369208), 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), NKp46 (Clone 9E2, PE-conjugated, 1:50, cat. no. 
331908), CD158 or KIR2DL1/S1/S3/S5 (Clone HP-MA4, 
PE-Cy7-conjugated, 1:50, cat. no. 339512), IFN-γ (Clone 
B27, PE-Cy7-conjugated, 1:50, cat. no. 506518), Gran-
zyme B (Clone QA16A02, APC-conjugated, 1:2000 or 
1:5000, cat. no. 372204), Perforin (Clone dG9, PE-Cy7-
conjugated, 1:50 or 1:100, cat. no. 308126), TNF-α (Clone 
MAb11, APC-conjugated, 1:4000, cat. no. 502912), IL-2 
(Clone MQ117H12, APC-Cy7-conjugated, 1:50, cat. no. 
500342), β2-microglobulin (B2M) (Clone 2M2, FITC 
or APC-conjugated, 1:2000, cat. no. 316304 or 316311), 
HLA-DR (Clone L243, APC-Cy7-conjugated, 1:200, 
cat. no. 307618), HLA-DR, DP, DQ (Clone Tü39, FITC-
conjugated, 1:200 or 1:500, cat. no. 361706), TROP2 
(Clone NY18, PE-conjugated, 1:200, cat. no. 363804), 
EGFR (Clone A21043C, FITC-conjugated, 1:200, cat. 
no. 386306), and EpCAM (Clone 9C4, PE or Pacific 
Blue-conjugated, 1:500, cat. no. 324206 or 324218) 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-conju-
gated 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), MSLN (Clone 420411, APC-conju-
gated, 1:20, cat. no. FAB32652A), and Nectin-4 (Clone 
337516, PE-conjugated, 1:200, cat. no. FAB2659P), 
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 pur-
chased 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 
(cat. no. 422302). In our study, note the use of antibod-
ies with identical clones but differing conjugated fluoro-
chromes, with one typical antibody listed herein.

All FACS staining was performed following manufac-
turers’ provided protocols. Appropriate isotype staining 
controls were used for all staining procedures. Stained 
cells were analyzed using a MACSQuant Analyzer 10 
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flow cytometer (Miltenyi Biotech), following the manu-
facturer’s instructions. FlowJo software version 9 (BD 
Biosciences) was used for data analysis.

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). Human IL-17 A ELISA Kit was purchased from 
Invitrogen (cat. no. BMS2017). Urea Nitrogen (BUN) 
Colorimetric Detection Kit was purchased from Thermo-
Fisher Scientific (cat. no. EIABUN). Mouse AST ELISA 
kit was purchased from Abcam (cat. no. ab263882). 
Mouse ALT ELISA kit was purchased from Abcam (cat. 
no. ab282882). Mouse Bilirubin ELISA Kit was purchased 
from MyBioSource (cat. no. MBS3805359). Mouse Gluta-
mate dehydrogenase (GLDH) ELISA Kit was purchased 
from MyBioSource (cat. no. MBS761948). Absorbance 
of the samples was measured at 450 nm using an Infinite 
M1000 microplate reader (Tecan).

Generation of HSPC-engineered allogeneic/universal 
IL-15-enhanced MSLN-specific CAR-engineered NKT 
(Allo/U15MCAR-NKT) cells
Allo15MCAR-NKT, U15MCAR-NKT, AlloMCAR-NKT, 
Allo15NKT, and Allo15CAR19-NKT cells were generated by 
differentiating gene engineered human cord blood CD34+ 
HSPCs in a 5-stage clinically guided Ex Vivo HSPC-
Derived NKT Cell Culture method. The complete meth-
odology and step-by-step protocols have been described 
in detail in previously published studies [24, 40]. Here, 
we provide a summary of the key steps involved in the 
culture and generation of Allo/U15MCAR-NKT and AlloM-
CAR-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-IL15 or Lenti/iNKT-
MCAR vectors. For U15MCAR-NKT cell generation, 
HSPCs were further electroporated with a CRISPR-Cas9/
B2M-CIITA-gRNAs complex, following an established 
protocol [33]. The gRNA sequences are ​C​G​C​G​A​G​C​A​C​
A​G​C​U​A​A​G​G​C​C​A (B2M) and ​G​A​U​A​U​U​G​G​C​A​U​A​A​G​C​
C​U​C​C​C (CIITA). Both gene knockouts were performed 

simultaneously to achieve dual disruption of B2M and 
CIITA. Following electroporation, the mixed CD34⁺ 
HSPC population was moved to the next stage of cell cul-
ture without further purification or sorting.

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), 
which includes immobilized Delta-like ligands to provide 
Notch signaling in the absence of feeder cells [41, 42], 
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.

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 
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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™ OpT-
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 × 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 density 
was maintained at 0.5-1 × 106 cells/ml during the expan-
sion 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.

Of note, at the research scale, we typically generated 
Allo15MCAR-NKT cells starting from 104 CD34⁺ HSPCs 
and successfully produced over 1010 mature cells. Cell 
cultures were maintained using either 150  mm cell cul-
ture dishes (Thermo Fisher Scientific) or G-Rex 6 M well 
plates (Wilson Wolf ) to support large-scale expansion.

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 cul-
tured for 2–3 weeks. T cells generated by both methods 
were subsequently tested in the in vitro tumor cell kill-
ing assays and showed comparable efficacy, with neither 
demonstrating tumor cell killing activity.

Generation of MSLN-specific 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 either Lenti/MCAR 
viruses for a period of 24 h. The conventional MCAR-T 
cells were expanded for about 2 weeks in C10 medium 
and then cryopreserved for future applications.

Generation of PBMC-derived IL-15-engineered MSLN-
specific CAR-NKT (PBMC15MCAR-NKT) cells
Healthy donor PBMCs were sorted with MACS via 
Anti-iNKT Microbeads (Miltenyi Biotech, cat. no. 130-
094-842) labeling to enrich NKT cells, following the man-
ufacturer’s instructions. The enriched NKT cells were 
mixed with donor-matched irradiated αGC/PBMCs at 
a ratio of 1:1–1:2, followed by culturing in C10 medium 
supplemented with 10 ng/ml IL-7 and IL-15. On day 
3, NKT cells were transduced with Lenti/MCAR-IL15 
viruses. The resulting CAR-NKT cells were expanded for 
about 2 weeks in C10 medium supplemented with 10 ng/
ml IL-7 and IL-15 and cryopreserved for future use.

In vitro tumor cell killing assay
Human tumor cells (e.g., MM.1 S-FG and HCC1806-FG; 
1 × 104 cells per well in 96-well plate) were co-cultured 
with the indicated therapeutic cells (i.e., T, MCAR-T, and 
Allo15MCAR-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 mea-
surement of luciferase activity using an Infinite M1000 
microplate reader (Tecan). To test NK receptor-medi-
ated tumor cell killing, 10  µg/ ml Ultra-LEAF™ purified 
anti-human NKG2D (Clone 1D11, BioLegend, cat. no. 
320813) or anti-human DNAM-1 antibody (Clone 11A8, 
BioLegend, cat. no. 338302) was added to co-cultures to 
investigate the tumor cell killing mechanism by Allo15M-
CAR-NKT cells, and LEAF™ purified mouse lgG2b κ iso-
type control antibody (Clone MG2b-57, BioLegend, cat. 
no. 401202) was included as an isotype control.

In vitro long-term tumor cell killing assay.
A total of 1 ×  104 non-engineered tumor cells (e.g., 

HCC1806 cells; referred to as stimulator cells) was co-
cultured with 2 ×  105 effector cells in a Corning 96-well 
clear bottom black plate in C10 medium. Cultures were 
supplemented with a dose of 1 ×  104 stimulator cells 
every 2 days. 24  h prior to luminescent tumor killing 
readout, stimulator cells were substituted with 1 ×  104 
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of FG-engineered tumor cells (e.g., HCC1806-FG cells; 
referred to as indicator cells). To quantify the remaining 
live indicator cells, 100mL of D-luciferin (10 mg/mL) was 
added to cell cultures on the day of imaging and the lucif-
erase activities were measured through readout with an 
Infinite M1000 microplate reader (Tecan).

In vitro 3D tumor organoid targeting assay
Healthy donor PBMC-derived, M2-polarized macro-
phages or MDSCs were used in this assay. PBMCs were 
resuspended in serum-free RPMI 1640 medium (Corn-
ing Cellgro, cat. no. 10-040-CV) at 1 × 107 cells/ml, plated 
in 10  cm dishes (10–15  ml per dish), and incubated 
at 37  °C with 5% CO2 for 1  h. Non-adherent cells were 
removed, and adherent monocytes were utilized to gen-
erate M2-polarized macrophages or MDSCs. To generate 
M2-polarized macrophages, monocytes were cultured 
in C10 medium supplemented with recombinant human 
M-CSF (10 ng/ml, Peprotech, cat. no. 300 − 25) for 6 days. 
On day 6, macrophages were detached using 0.25% Tryp-
sin/EDTA (Gibco, cat. no. 25200-056), collected, and 
reseeded in 6- or 12-well plates (0.5-1 × 106 cells/ml) for 
another 48 h with recombinant human IL-4 (10 ng/mL, 
Peprotech, cat. no. 214 − 14) and IL-13 (10 ng/ml, Peprot-
ech, cat. no. 214 − 13) to induce M2 polarization. To gen-
erate MDSCs, monocytes were cultured in C10 medium 
supplemented with human GM-CSF and IL-6 (10 ng/mL) 
for 6 days.

To generate tumor organoids, a 1:1 mixture of 1 × 105 
HCC1806-FG tumor cells and 1 × 105 M2 macrophages/
MDSCs were resuspended in C10 medium at a concen-
tration of 1 × 105 cells/µl. Cell aggregates were prepared 
by dispensing 5–10 µl of the cell suspension onto micro-
porous membrane inserts (EMD Millipore, cat. no. PIC-
M0RG50) placed in 6-well plates containing 1 ml of C10 
medium per well [43, 44]. After a 2-day incubation period 
to allow organoid formation, 1 × 106 therapeutic cells (i.e., 
MCAR-T or Allo15MCAR-NKT cells) were resuspended in 
100 µl of C10 medium and added on top of each organ-
oid. Co-culture was maintained for 24  h. Following the 
co-culture period, organoids were mechanically disso-
ciated with a 1  ml pipette and passed through a 70-µm 
nylon strainer to generate single-cell suspensions for 
downstream flow cytometry analysis.

In vitro assays using primary TNBC patient samples
In one assay, the primary TNBC patient samples were 
analyzed for tumor cell phenotype and the TME compo-
sition using flow cytometry. TNBC 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+ cells, 

NK cells were identified as CD45highCD56+CD3− cells, 
monocytes were identified as CD45highCD11b+CD14+ 
cells, tumor-associated macrophages (TAMs) were iden-
tified as HLA-DRhighCD206high monocytes, and myeloid-
derived suppressor cells (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.

The clinical patient survival data were obtained from 
the Tumor Immune Dysfunction and Exclusion (TIDE) 
database, illustrating the association between MSLN 
expression in tumors and patient survival in a breast 
cancer cohort (Prediction of Clinical Outcomes from 
Genomic Profiles: GSE20486, n = 97). The expression data 
of CAR target antigens (i.e., MSLN, TROP2, EGFR, and 
Nectin-4) on TNBC tumor cells and normal tissues were 
derived from previously published studies [11, 47–52].

In another assay, the primary TNBC patient samples 
were used to study tumor cell killing by Allo15MCAR-NKT 
cells. Tumor cells were pre-sorted using a Human Tumor 
Cell Isolation Kit (Miltenyi Biotec, 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 TNBC tumor cells (identi-
fied as CD45−CD3−6B11− cells) was analyzed using flow 
cytometry. A total of 5 primary OC patient samples were 
included in this assay.

In another assay, the primary TNBC patient samples 
were used to study the TME targeting by Allo15MCAR-
NKT cells. Patient samples were directly co-cultured 
with Allo15MCAR-NKT 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 TNBC TME targeting of Allo15MCAR-NKT cells was 
assessed using flow cytometry by quantifying live human 
TAM (identified as 6B11−CD45+CD14+CD11b+HLA-
DRhighCD206high cells), MDSCs (identified as 
6B11−CD45+CD14+CD11b+HL A-DR lowCD206low 
cells), T cells (identified as 6B11−CD45+CD3+ cells), 
B cells (identified as 6B11−CD45+CD3−CD19+ cells or 
6B11−CD45+CD3−CD20+ cells), and NK cells (identified 
as 6B11−CD45+CD3−CD56+ cells). A total of 5 primary 
TNBC patient samples were included in this assay.

In vitro mixed lymphocyte reaction (MLR) assay
PBMCs of multiple healthy donors were used as respond-
ers, to study the T cell-mediated allorejection of Allo15M-
CAR-NKT and U15MCAR-NKT cells as stimulators 
(irradiated at 2,500 rads). MCAR-T cells were included 
as stimulator controls. Stimulators (5 × 105 cells/well) 
and responders (2 × 104 cells/well) were co-cultured in 
96-well round bottom plates in C10 medium for 4 days; 
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however, MCAR-T cells failed to effectively control lung-
resident tumor cells. In contrast, Allo15MCAR-NKT cells 
demonstrated robust tumor suppression in both the 
lungs and bone marrow, indicating broad and consis-
tent antitumor efficacy (Fig. 6E–6G). Despite the potent 
initial antitumor response, tumor relapse was observed 
approximately 30 days following Allo15MCAR-NKT cell 

administration, ultimately leading to animal mortality 
(Fig. 6B–6D). This relapse may be attributed to the lim-
ited in vivo persistence of Allo15MCAR-NKT cells beyond 
30 days in this model. However, given the off-the-shelf 
nature of this cell product, repeated dosing is feasible and 
may represent a viable strategy to overcome relapse and 
achieve sustained tumor control.

Fig. 6  Allogeneic MCAR-NKT cells demonstrate superior antitumor efficacy with strong effector function and low exhaustion in a human metastatic 
TNBC xenograft model. (A-G) Studying the in vivo antitumor efficacy of Allo15MCAR-NKT cells in a metastatic HCC1806-FG human xenograft NSG mouse 
model. (A) Experimental design. (B) BLI images measuring tumor loads in experimental mice over time. (C) Quantification of (B) (n = 4–5). (D) Kaplan–
Meier survival curves (n = 4–5). (E) BLI images showing the biodistribution of HCC1806-FG cells in a representative experimental mouse on day 39. (F) 
Quantification of tumor loads in the indicated organs (n = 4–5). (G) BLI images showing the biodistribution of HCC1806-FG tumor cells in the indicated 
organs. (H-I) Studying the in vivo distribution of Allo15MCAR-NKT cells on day 30. (H) FACS analyses of CD3+CD45+ double positive human T cells in differ-
ent organs post injection of the therapeutic cells. (I) Quantification of (H) (n = 5). (J-L) Studying the in vivo profile of Allo15MCAR-NKT cells. (J) FACS analyses 
of activation and effector markers of the therapeutic cells collected from the lungs. (K-L) Radar plots showing the expression of activation and effector 
markers (K) and immune checkpoint molecules (L) on the therapeutic cells. Data represent percent-positive cells as measured by flow cytometry. Rep-
resentative of 3 experiments. Data are presented as the mean ± SEM. **p < 0.01, ****p < 0.0001 by two-way ANOVA (C), or by log rank (Mantel-Cox) test 
adjusted for multiple comparisons (D)
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Tissue biodistribution analysis revealed that conven-
tional MCAR-T cells predominantly localized to periph-
eral lymphoid organs, including the spleen and blood, 
with limited infiltration into the lungs, which are the 
primary site of TNBC tumor implantation in this model 
(Fig.  6H and I, and S9B). In contrast, Allo15MCAR-NKT 

cells demonstrated preferential homing to tumor-bearing 
tissues, particularly the lungs, with reduced accumula-
tion in lymphoid compartments such as the spleen and 
blood (Fig.  6H and I, and S9B). Additionally, a higher 
number of Allo15MCAR-NKT cells were detected in the 
bone marrow, potentially due to the dissemination of 

Fig. 7 (See legend on next page.)
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metastatic HCC1806-FG tumor cells into this compart-
ment (Fig. 6E–6I). These findings highlight the superior 
tumor-homing capacity of Allo15MCAR-NKT cells, a criti-
cal advantage for targeting solid and metastatic tumors.

Phenotypic characterization of tumor-infiltrating 
therapeutic cells further supported this advantage. 
Allo15MCAR-NKT cells displayed a highly activated and 
cytotoxic profile, marked by elevated expression of acti-
vation markers (i.e., CD25 and CD69), effector cytokines 
(i.e., IFN-γ), and cytolytic molecules (i.e., Granzyme 
B and Perforin) (Fig.  6J and K). Importantly, these cells 
maintained low expression of exhaustion markers (i.e., 
PD-1, CTLA-4, TIM-3, LAG-3, and TIGIT), suggesting 
sustained functional capacity within the immunosup-
pressive TME (Fig. 6L).

Collectively, these results demonstrate that Allo15M-
CAR-NKT cells offer potent, durable antitumor efficacy 
in a challenging metastatic TNBC setting by combining 
superior tumor-homing, cytotoxicity, and resistance to 
functional exhaustion. These attributes position Allo15M-
CAR-NKT cells as a promising therapeutic platform for 
treating metastatic TNBC.

HLA-I/II-ablated universal MCAR-NKT cells resist host T cell-
mediated allorejection while preserving potent antitumor 
efficacy
In addition to the risk of GvHD, a major limitation of 
allogeneic cell therapy is host cell-mediated allorejection. 
Specifically, host CD8⁺ and CD4⁺ T cells can recognize 
HLA class I and class II molecules, respectively, on allo-
geneic cells, leading to their depletion and rejection [23, 
64]. This immune response can result in the premature 
elimination of therapeutic cells and a significant reduc-
tion in overall efficacy. To overcome this barrier, we fur-
ther engineered the Allo15MCAR-NKT cell product to 
completely eliminate surface expression of both HLA 
class I and class II molecules, thereby rendering the cells 
resistant to recognition by host CD8⁺ and CD4⁺ T cells, 
respectively (Fig. 7A).

This was accomplished through targeted disruption of 
two key genes: B2M, which encodes β2-microglobulin 

and is essential for the surface expression of all HLA 
class I molecules, and CIITA, the master transcriptional 
regulator of HLA class II gene expression [33, 38, 87]. 
Using CRISPR-Cas9-mediated gene editing with guide 
RNAs (gRNAs) targeting B2M and CIITA, we generated 
IL-15-enhanced, MCAR-NKT cells lacking both HLA-I 
and HLA-II expression, termed U15MCAR-NKT cells 
(Fig. 7A).

To generate these universal CAR-NKT cells, CB-
derived CD34⁺ HSPCs were first transduced with the 
Lenti/iNKT-MCAR-IL-15 vector (Fig. 7A and B). Simul-
taneously, the HSPCs were electroporated with CRISPR-
Cas9 ribonucleoprotein complexes containing B2M and 
CIITA gRNAs. This dual genetic modification strategy 
consistently achieved > 50% transduction efficiency and 
> 50% HLA-I/II double-knockout rate (Fig.  7A and B). 
The engineered HSPCs were then cultured in the 6-week 
Ex Vivo HSPC-Derived CAR-NKT Cell Culture to gener-
ate U15MCAR-NKT cells (Fig. 7C).

Importantly, U15MCAR-NKT cells retained simi-
lar phenotypic characteristics, CAR expression levels, 
developmental trajectories, and cytotoxic profiles com-
pared to their parental Allo15MCAR-NKT counterparts 
(Fig.  7C–7H). The absence of HLA-I/II did not impair 
their differentiation or functional maturation. Further-
more, the double HLA knockout population could be 
further enriched through magnetic-activated cell sorting 
(MACS) or fluorescence-activated cell sorting (FACS) 
(Fig.  7E). Interestingly, even unedited Allo15MCAR-NKT 
cells inherently expressed low levels of HLA-I and negli-
gible HLA-II molecules, likely due to their epigenetically 
and transcriptionally regulated hypoimmunogenic nature 
within our culture system (Fig.  7E and I) [24, 32]. This 
feature suggests that Allo15MCAR-NKT cells may already 
be intrinsically less immunogenic than conventional allo-
geneic CAR-T cells.

To evaluate immunogenicity, we performed in vitro 
mixed lymphocyte reaction (MLR) assays in which ther-
apeutic cells were co-cultured with allogeneic donor 
PBMCs (Fig.  7J). Conventional MCAR-T cells elicited 
strong alloreactive T cell responses (Fig. 7K). In contrast, 

(See figure on previous page.)
Fig. 7  HLA-I/II-ablated universal MCAR-NKT cells resist host T cell-mediated allorejection while preserving potent antitumor efficacy. (A) Schematics 
showing the generation of HLA-ablated universal IL-15-enhanced MCAR-NKT (U15MCAR-NKT) cells. (B) FACS analyses of NKT TCR and HLA-I/II expression 
in CD34+ HSPCs at 72 h after lentivector transduction. (C) FACS monitoring of the generation of U15MCAR-NKT cells during the 6-week culture. (D) FACS 
analyses of CAR expression on U15MCAR-NKT cells. (E) FACS analyses of HLA-I/II expression on U15MCAR-NKT cells pre- and post-purification. (F) Quantifica-
tion of HLA-I/II double-negative proportion of U15MCAR-NKT cells (n = 5). (G) Quantification of CAR+ proportion of U15MCAR-NKT cells (n = 5). (H) Yield of 
U15MCAR-NKT cells (n = 5). (I) Quantification of HLA-I and HLA-II expression of U15MCAR-NKT cells (n = 4). Allo15MCAR-NKT and conventional MCAR-T cells 
were included as controls. (J-K) Studying the T cell-mediated allorejection of U15MCAR-NKT cells. (J) Experimental design. (K) ELISA analyses of IFN-γ pro-
duction on day 4 (n = 4). (L) Illustration depicting the hypoimmunogenecity working model of Allo/U15MCAR-NKT cells. (M-N) Studying the in vitro antitu-
mor efficacy of U15MCAR-NKT cells against human MM and TNBC cell lines. MCAR-T cells and non-MCAR-engineered T cells were included as therapeutic 
cell controls. (M) Experimental design. (N) Tumor cell killing data at 24 h (n = 4). (O-R) Studying the in vivo antitumor efficacy of U15MCAR-NKT cells in a 
metastatic HCC1806-FG human xenograft NSG mouse model. (O) Experimental design. (P) BLI images measuring tumor loads in experimental mice over 
time. (Q) Quantification of (P) (n = 5). (R) Kaplan–Meier survival curves (n = 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 one-way ANOVA (I, K, and Q), two-way ANOVA (N), or log rank (Mantel-Cox) test adjusted 
for multiple comparisons (R)
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Allo15MCAR-NKT cells induced significantly reduced T 
cell activation, while U15MCAR-NKT cells triggered min-
imal to no detectable alloresponse (Fig.  7K). These data 
confirm that HLA-ablated U15MCAR-NKT cells possess 
extremely low immunogenicity and are highly resistant to 
T cell-mediated rejection (Fig. 7L).

Importantly, despite the complete absence of HLA-I/
II, U15MCAR-NKT cells maintained robust antitumor 
activity. In vitro cytotoxicity assays demonstrated potent 
killing of TNBC tumor cells, and in vivo efficacy was 
validated in a metastatic HCC1806-FG TNBC xenograft 
mouse model (Fig.  7M–7R). U15MCAR-NKT cells effec-
tively suppressed tumor progression and extended sur-
vival, with comparable efficacy to Allo15MCAR-NKT cells 
and superior performance over conventional MCAR-T 
cells (Fig. 6A–6D, and Fig. 7O–7R).

In summary, we have successfully developed U15MCAR-
NKT cells with complete ablation of HLA class I and II 
expression, which retain potent antitumor activity while 
demonstrating resistance to host T cell–mediated allore-
jection. In our current experimental models, including 
in vitro tumor cell killing assays and in vivo NSG mouse 
studies, both Allo15MCAR-NKT and U15MCAR-NKT 
cells exhibited comparable antitumor efficacy (Figs.  3D, 
6A–6D and 7M–7R), likely due to the lack of functional 
host T cells in these systems. However, under physiologi-
cal conditions in human patients, host CD4⁺ and CD8⁺ 
T cells may recognize HLA class II and class I molecules 
on Allo15MCAR-NKT cells, respectively, leading to their 
immune-mediated elimination. In contrast, U15MCAR-
NKT cells, which lack surface HLA expression, are 
expected to evade such rejection. To further assess their 
efficacy in the presence of host immunity, advanced pre-
clinical models, such as NSG mice reconstituted with 
human T cells or fully humanized NSG models, could 
be employed [33, 64]. Collectively, these findings under-
score the therapeutic potential of U15MCAR-NKT cells as 
a universal, off-the-shelf immunotherapy platform for the 
treatment of TNBC and potentially other solid tumors.

Discussion
TNBC remains a clinically intractable malignancy due to 
its molecular heterogeneity, immune-evasive TME, and 
lack of actionable targets. Current treatment for TNBC 
includes anthracycline- and taxane-based chemotherapy, 
often with added platinum agents, while immunotherapy 
with anti-PD-1 antibodies such as pembrolizumab is now 
standard for early-stage and PD-L1⁺ metastatic TNBC 
in combination with chemotherapy [88, 89]. Despite 
advancements in chemotherapy and immunotherapy, 
durable clinical responses remain rare, underscoring the 
need for more effective and scalable cell-based therapies.

Here, we report the development and preclinical vali-
dation of a novel off-the-shelf allogeneic CAR-NKT cell 

therapy platform targeting MSLN, engineered from CB-
derived CD34+ HSPCs. These allogeneic CAR-NKT cells 
demonstrate potent and selective cytotoxicity against 
TNBC, favorable biodistribution, and an improved safety 
profile, positioning them as a next-generation immuno-
therapy for TNBC.

Our platform integrates efficient lentiviral TCR/CAR 
transduction, feeder-free ex vivo differentiation, and gene 
engineering to generate high-yield, high-purity therapeu-
tic products across multiple CB donors [24]. The final 
products co-express a third-generation MSLN-specific 
CAR, an invariant NKT TCR, and soluble IL-15 to sup-
port expansion and persistence. Notably, our culture 
system does not produce CD4 SP CAR-NKT cells, but 
instead yields CD8 SP and DN subsets. This phenomenon 
is commonly observed in many ex vivo stem cell–derived 
T cell and NKT cell differentiation systems [38, 90–92]. 
During differentiation, the transition from DP to CD4 or 
CD8 SP stages—representing a critical step of functional 
maturation known as positive selection—is not yet fully 
recapitulated in vitro. Most feeder-free protocols rely on 
anti-CD3 antibody stimulation, which delivers supra-
physiological TCR signals and drives agonist selection, 
often resulting in innate-like T cell phenotypes [93, 94]. 
Furthermore, current stem cell differentiation systems 
employ Notch signaling to induce T lineage specification. 
However, Notch activation skews the CD4/CD8 lineage 
decision, preferentially promoting CD8⁺ T cell develop-
ment over CD4⁺ T cells [95, 96].

Besides CB HSPCs, peripheral blood–mobilized CD34⁺ 
HSPCs can also serve as a source to generate allogeneic 
CAR-NKT cells, offering the advantage of higher HSPC 
yield and easier accessibility from healthy adult donors, 
which facilitates large-scale manufacturing and donor 
screening for optimal HLA matching or immune com-
patibility [38, 97, 98]. Although the current study did 
not evaluate peripheral blood–mobilized CD34⁺ HSPCs, 
future investigations directly comparing CAR-NKT cell 
products derived from different HSPC sources would be 
of significant interest.

During the differentiation of allogeneic MCAR-NKT 
cells, we employed a feeder-free system for early-stage 
development, supporting translational and clinical scal-
ability. In the final maturation step, a K562-based feeder 
cell expansion method was utilized. We acknowledge 
that the use of feeder cells carries certain potential risks, 
including the possibility of genomic material transfer, 
variability in cell product consistency, and challenges 
in regulatory compliance for large-scale manufactur-
ing [99]. However, K562-based feeder cell systems have 
been widely adopted in clinical trials, particularly for the 
expansion of human CAR-NK cell products, and have 
demonstrated both clinical feasibility and safety [71, 100–
103]. Alternative feeder-free expansion strategies, such as 


