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CONTEXT AND SIGNIFICANCE Ovarian cancer remains one of the most lethal gynecologic malignancies,

often recurring due to treatment resistance and immune evasion. Current chimeric antigen receptor-en-

gineered T (CAR-T) cell therapies have shown limited success against ovarian cancer, largely due to tu-

mor heterogeneity and an immunosuppressive tumor environment. This study explores an alternative

approach using allogeneic CAR-engineered invariant natural killer T (AlloCAR-NKT) cells derived from

blood stem cells. By applying a clinically guided culture method, the researchers generated AlloCAR-

NKT cells with high efficiency, purity, and potent antitumor activity. These engineered cells not only

directly target tumor cells but also remodel the tumor environment and display a favorable safety profile.

The findings suggest that AlloCAR-NKT cells offer a safer, more effective, and readily available immuno-

therapy for patients with ovarian cancer.
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SUMMARY

Background: Ovarian cancer (OC) poses a significant challenge for conventional chimeric antigen receptor-

engineered T (CAR-T) cell therapy, due to frequent recurrence linked to tumor heterogeneity, platinum resis-

tance, immune evasion, and an immunosuppressive tumor microenvironment (TME).

Methods: Here, we analyze primary OC patient samples and identify a unique opportunity for allogeneic

CAR-NKT (AlloCAR-NKT) cells to concurrently attack OC tumor cells and their TME. Leveraging stem cell

gene engineering and a clinically guided culture method, we achieve robust generation of AlloCAR-NKT cells

at high yield and purity.

Findings: Compared to conventional CAR-T cells, AlloCAR-NKT cells demonstrate superior anti-OC efficacy,

showcasing multiple OC-targeting mechanisms, focused tumor homing, and pronounced TME modulation.
AlloCAR-NKT cells also exhibit a high safety profile with reduced cytokine release syndrome. Additionally,

these cells do not induce graft-versus-host disease and resist host immune-cell-mediated allorejection.

Conclusions: These findings underscore the unique efficacy and safety advantages, as well as the off-the-

shelf potential of AlloCAR-NKT cell therapy for OC.

Funding: Major funding was provided by the California Institute for Regenerative Medicine (CIRM).

INTRODUCTION

Ovarian cancer (OC) is the leading cause of death among women

with gynecological malignancies.1,2 High-grade serous carci-

nomas arising from the ovary, fallopian tube, or endometrium

are among the most aggressive subtypes of gynecologic can-

cers.1,2 The heightened lethality of OC results from late-stage

diagnoses, primarily due to nonspecific symptoms and the

absence of effective screening methods.3,4 Consequently, a

substantial proportion of patients present with disseminated dis-

ease beyond the pelvic region, characterized by metastatic

involvement in the pulmonary, hepatic, splenic, and other ex-

trapelvic organs.5,6 The standard therapeutic regimen post diag-

nosis entails a multi-faceted approach involving surgical exci-

sion and chemotherapy.7 For OC, platinum-based agents,

such as carboplatin, cisplatin, or nedaplatin, combined with a

taxane like paclitaxel, constitute the most frequently adminis-

tered chemotherapeutic interventions.8 While initial treatment

elicits positive responses with marked reduction in tumor

burden, a significant cohort of patients experiences relapse

characterized by more aggressive disease progression.8 A

pivotal factor in this recurrence is the emergence of resistance

to platinum-based therapies.8 Consequently, addressing the

challenge of platinum-resistant, recurrent OC remains an unmet

medical need.

Immunotherapy has emerged as an attractive approach for

the treatment of recurrent OC, encompassing the application

of immunomodulators such as checkpoint inhibitors and

monoclonal antibodies, as well as the utilization of immune-

cell-based products, notably chimeric antigen receptor

(CAR)-engineered T (CAR-T) cells.9–16 Several clinical trials

are presently under way to assess the safety and therapeutic

potential of various conventional CAR-T cell products that

target diverse tumor antigens in OC, including mesothelin

(MSLN; NCT01583686), mucin-16 (MUC16; NCT02498912),

and claudin-6 (CLDN6; NCT04503278).10,17–19 These early

clinical trials demonstrated feasibility, general safety, and

some (but limited) efficacy, encouraging further development

of cell-based immunotherapy for OC.10,17,18 However, signifi-

cant challenges persist in current conventional CAR-T cell-

based immunotherapy for OC. These challenges encompass

the inherent heterogeneity of OC tumor cells and their variable

antigen expression,20 the presence of therapy-resistant and

immuno-evasive cancer stem cells (CSCs),21–23 and an

extremely unfavorable peritoneal tumor microenvironment

(TME) comprising a substantial population of immunosuppres-

sive cells, especially tumor-associated macrophages (TAMs)

and myeloid-derived suppressor cells (MDSCs).24–27 Notably,

a reciprocal interplay exists between CSCs and TAMs/MDSCs

in OC, exacerbating tumor progression and significantly

impeding therapeutic responses.6,28–30 In addition, cytokine

release syndrome (CRS) represents an important safety

concern for conventional CAR-T cells, particularly in the

context of peritoneal OC,12,31 while the substantial presence

of peritoneal macrophages interacts with CAR-T cells, poten-

tially intensifying the severity of CRS.32,33 Therefore,

advanced therapies are urgently needed to effectively and

concurrently target OC tumors and their TME, overcoming

OC resistance and immune evasion while minimizing CRS-

related toxicity.

Several studies have investigated the OC TME to identify

targetable biomarkers.34–38 Our recent research revealed the

high and specific expression of CD1d on TAMs and MDSCs

within the human OC TME.21 Interestingly, CD1d is the natural

ligand for the unique T cell receptor (TCR) (invariant Vα24-Jα18

TCR α chain paired with a limited selection of β chains, domi-

nantly Vβ11) expressed by invariant natural killer T (NKT) cells,

rendering CD1dhi TAMs/MDSCs susceptible to targeting by

NKT cells.21,39–41 NKT cells, also known for their powerful tumor

cell killing capacity,42–46 hold promise for OC treatment by

concurrently targeting both OC tumor and its TME. However,

the extremely low numbers of human NKT cells in blood

(0.001%–0.1%) present challenges in generating sufficient

quantities for cancer therapy.47 New approaches are therefore

required to advance the development and application of NKT

cell-based therapy for OC.

Recently, we reported a technology to robustly generate ther-

apeutic levels of allogeneic CAR-engineered NKT (CAR-NKT)
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Figure 1. Transcriptome and biomarker profiling of primary OC tumor cells and their TME identifies opportunities for CAR-NKT cell therapy

(A) Experimental design to profile OC tumor cells and their TME using scRNA-seq and flow cytometry. A total of 62 primary OC patient samples were included,

comprising 34 platinum chemonaive samples (C) and 28 recurrent or post-neoadjuvant chemotherapy (NACT) samples (R).

(legend continued on next page)
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cells through hematopoietic stem and progenitor cell (HSPC)

gene engineering and a clinically guided culture method, demon-

strating their therapeutic potential for treating blood cancers.48

Here, we build on this technology to tackle solid tumors, with a

special focus on OC. The study incorporates a substantial

collection of primary OC patient samples representing various

disease states, a diverse array of in vitro assays and in vivo hu-

manized mouse models, and a large set of advanced techniques

including transcriptome profiling, epigenomic mapping, and live

animal imaging. We conducted comprehensive preclinical eval-

uations comparing allogeneic CAR-NKT cells to conventional

CAR-T cells, encompassing their pharmacology, efficacy, mech-

anism of action (MOA), pharmacokinetics/pharmacodynamics

(PK/PD), safety, and immunogenicity.

RESULTS

Transcriptome and biomarker profiling of primary OC

tumor cells and their TME identify opportunities for

CAR-NKT cell therapy

We performed a comprehensive analysis of primary OC tumor

cells and their TME using single-cell RNA sequencing (scRNA-

seq) and flow cytometry (Figure 1A). Our study included 35

in-house collected OC patient samples, consisting of 17 chemo-

naive (C) samples and 18 recurrent or post-neoadjuvant chemo-

therapy (R) samples, with five paired C/R samples from the same

patients (Table S1). Additionally, we incorporated two public

scRNA-seq datasets,49,50 which contained 27 OC patient sam-

ples, consisting of 17 C and 10 R samples, with 10 paired C/R

samples from the same patients (Figure S1A). The availability

of paired samples allowed for direct study of chemoresistance-

associated changes in OC tumor cells.

scRNA-seq analysis revealed four distinct clusters within OC

tumor cells, corresponding to differentiated, CSC-like, immuno-

reactive, and proliferative populations (Figure 1B).51 Notably, R

samples exhibited an enrichment of CSC-like cells compared

to C samples (Figures 1C–1E, S1B, and S1C), confirming

CSCs’ potential association with platinum resistance.22 A survey

of five potential CAR antigens that have been explored for target-

ing OC (i.e., MSLN, MUC16, EPCAM, FOLR1, and CLDN6)

showed diverse expression patterns (Figures 1F–1H). Notably,

MSLN was ranked among the top, showing overall high expres-

sion levels in OC tumor cells, low or intermediate expression

levels in normal tissues, and particularly enhanced expression

in CSCs and R samples (Figures 1F–1H and Table S2).52 Interest-

ingly, high and stable expression of a large set of activating nat-

ural killer receptor (NKR) ligands was detected for all OC sam-

ples and across all four tumor cell populations and C/R stages,

suggesting an opportunity for NKR-directed targeting of OC

(Figures 1G and 1H).21 In addition, another scRNA-seq study

analyzing OC patient samples collected at various tumor sites

(i.e., primary tumors, omentum metastases, and ascites) indi-

cated that metastatic OC tumor cells in ascites exhibited an

enrichment of CSC-like cells, along with the highest levels of

MSLN and similar levels of NKR ligands, compared to tumor cells

in primary tumor sites and omentum metastases (Figures S1D–

S1I).36 The expressions of MSLN and NKR ligands on OC tumor

cells were further validated using flow cytometry (Figures 1I–1K).

Flow-cytometry analysis of the TME of OC samples detected

significant proportions of TAMs and MDSCs, as well as the pres-

ence of other immune-cell types (e.g., T cells, B cells, NK cells,

and granulocytes; Figures 1L and S1J). Comparison of paired

C/R samples showed in the R samples a decrease of tumor-infil-

trating CD8 T cells along with an increase of TAMs and MDSCs

displaying the immunosuppressive phenotype (i.e., CD206hi and

HLA-DRhi), which may have contributed to OC recurrence

(Figures 1M–1O).21 A biomarker screening identified CD1d, a

nonpolymorphic MHC class I-like molecule, to be highly ex-

pressed on TAMs and MDSCs but not on other TME cells

(Figures 1P and 1Q). Intriguingly, CD1d is the natural ligand of

the NKT TCR, making the CD1dhi TAMs and MDSCs vulnerable

targets of NKT cells.21,39,40

Besides their invariant TCR that targets OC TME, NKT cells

also co-express many NKRs that target OC tumor cells.53 NKT

cells can certainly be engineered with additional CARs, such

as an MSLN-targeting CAR (MCAR), to enhance their OC-target-

ing capacity, particularly against the CSC-enriched populations

associated with recurrent OC (Figures 1G and 1H). Therefore,

the transcriptome and biomarker profiling of primary OC sam-

ples identified the vulnerability of OC to CAR-NKT cell therapy

that can leverage CAR/TCR/NKR multi-targeting mechanisms

to simultaneously target OC tumor cells and their immunosup-

pressive TME, thereby offering a promising new therapeutic op-

portunity to combat OC. Utilizing HSPC gene engineering and a

clinically guided culture method,48 we successfully generated

allogeneic HSPC-engineered MSLN-targeting CAR-NKT cells

(B–H) Profiling primary OC tumor cells using scRNA-seq. (B) Combined UMAP plot showing the formation of four major cell clusters. CSC, cancer stem cell. (C)

Individual UMAP plots of the C and R samples. (D) Bar graphs showing the cell-cluster proportions of the indicated samples. (E) Violin plots showing the

expression distribution of CSC gene signature in C and R samples. (F) Table showing the potential CAR targets for OC and their expression in OC tumors and

normal tissues. Data are summarized from The Human Protein Atlas (https://www.proteinatlas.org/). The percentage of OC patients exhibiting high expression

levels of the indicated genes in tumor cells was calculated relative to the total number of patients. (G and H) Violin plots showing the expression distribution of

genes encoding the indicated CAR targets and activating natural killer receptor (NKR) ligands, compared among the four cell clusters (G) or between the C and R

samples (H).

(I–Q) Profiling OC tumor cells (I–K) and their TME (L–Q) using flow cytometry. (I) Representative fluorescence-activated cell sorting (FACS) plots showing the

detection of CAR target (i.e., MSLN) and NKR ligands on OC tumor cells. (J) Quantification of (I) (n = 34). (K) Quantification of MSLN+ tumor cells in matched C and

R sample pairs (n = 5). (L) TME immune-cell composition of primary OC samples (n = 34). (M) Quantification of tumor-associated macrophage and myeloid-

derived suppressor cell (TAM/MDSC) and CD8 T cell proportions in the matched C and R sample pairs (n = 5). (N and O) Quantification of CD206 (N) and HLA-DR

(O) expression on TAM/MDSCs, compared between a total of 34 C and R samples and five matched sample pairs. (P and Q) FACS measurements of CD1d

expression on the indicated immune cells in the OC TME. Gran, granulocyte. (P) Representative FACS plots. (Q) Quantification of (P) (n = 34).

Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 by Student’s t test (M, N, and O) or one-way ANOVA (Q). p values of violin plots were

determined by Wilcoxon rank-sum test (E). See also Figure S1; Tables S1 and S2.
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for OC treatment. Upon establishment of the CAR-NKT cell ther-

apy platform, additional CARs (e.g., CARs targeting MUC16 and

CLDN6) can be seamlessly incorporated to target a broader

spectrum of OC antigens and effectively address the tumor het-

erogeneity within OC.17,20,37,54

Allogeneic CAR-NKT cells targeting OC can be

generated using HSPC engineering and a clinically

guided culture method of high yield, purity, and

robustness

Human cord blood (CB) CD34+ HSPCs were transduced with a

single lentivector co-delivering genes encoding a pair of iNKT

TCR (α and β chains) and an MCAR, with or without an additional

human interleukin-15 (IL-15) (denoted as Lenti/iNKT-MCAR-IL-

15 or Lenti/iNKT-MCAR, respectively) (Figures 2A and S2A).

Both Lenti/iNKT-MCAR-IL-15 and Lenti/iNKT-MCAR lentivec-

tors efficiently transduced HSPCs (Figure S2B). The iNKT TCR

has been previously used to develop both autologous and allo-

geneic HSPC-engineered NKT cell therapies48,53,55; the MCAR

is adapted from a clinically proven design that has been

confirmed for safety and MSLN-targeting function10,56; and the

secreting form of human IL-15 has been utilized to improve in vivo

NKT cell performance without causing evident toxicity.57–59

Lentivector-transduced HSPCs were then cultured using

a clinically guided culture method48 over 6 weeks to generate

allogeneic MCAR-NKT (AlloMCAR-NKT) cells or their IL-15-

enhanced derivatives (denoted as Allo15MCAR-NKT cells)

(Figures 2B and S2C). The differentiation of Allo/15MCAR-NKT

cells followed a typical NKT cell developmental path, from

CD4− CD8− double-negative (DN) to CD4+CD8+ double-positive

(DP), and eventually to CD8+ single-positive (SP) or DN stages

(Figures 2B and S2C). Note that the final Allo/15MCAR-NKT cell

product did not contain a CD4+ SP population that is typically

present in native human NKT cells (Figures 2B and S2C).60–62

In general, CD8 SP/DN human NKT cells are regarded as pos-

sessing pro-inflammatory characteristics and high cytotoxicity,

making these cells attractive for cancer therapy.63–66 Impor-

tantly, the co-delivery of iNKT TCR and CAR genes using a single

lentivector resulted in a pure NKT cell product with nearly 100%

CAR co-expression, owing to the positive selection and

allelic exclusion mechanisms inherent to the culture method

(Figures 2B and S2C).67 These mechanisms rendered the alloge-

neic MCAR-NKT cell products pure and ‘‘clonal,’’ obviating the

need for further enrichment or purification procedures.

The manufacture was highly robust, yielding Allo/15MCAR-NKT

cells of high purity and yield (Figure S2D and Table S3). It was

estimated that from a single CB donor (comprising ∼5 × 106

HSPCs), ∼1012 Allo/15MCAR-NKT cells could be generated that

can potentially be formulated into∼1,000–10,000 doses for allo-

geneic CAR-NKT cell therapy (Figure S2D).68 The resulting CAR-

NKT cell product contained nearly undetectable bystander con-

ventional αβ T cells that thereby are free of graft-versus-host

disease (GvHD) risk and can be directly cryopreserved as the

final therapeutic cell product (Figure 2C and Table S3).45

Notably, the incorporation of an IL-15 gene did not

interfere with the differentiation and production of allogeneic

MCAR-NKT cells, yielding allogeneic MCAR-NKT cells co-ex-

pressing IL-15 alongside the NKT TCR and MCAR (denoted as
Allo15MCAR-NKT cells; Figures 2B, S2C, and S2D). In this study,

we conducted comprehensive assessments of allogeneic

MCAR-NKT cells in comparison with conventional MCAR-T cells

for treating OC. The conventional MCAR-T cells were generated

using a standard method by engineering healthy donor periph-

eral blood mononuclear cell (PBMC)-derived T cells to express

the same MCAR.10,56

AlloCAR-NKT cells display a typical NKT cell phenotype

and a Th1-prone cytotoxic functionality

A gene-profiling study using bulk RNA-seq revealed that
Allo/15MCAR-NKT cells closely resembled endogenous human

PBMC-derived NKT (PBMC-NKT) cells, ranked second to

PBMC-derived conventional αβ T (PBMC-αβTc) cells, and were

largely different from PBMC-derived NK (PBMC-NK) cells

(Figure 2D). Gene-expression analysis further revealed the

distinct molecular signatures of Allo/15MCAR-NKT cells. Overall,
Allo/15MCAR-NKT cells displayed an NKT-typical and T helper 1

(Th1)-prone phenotype based on their transcription factor

expression profiles (Figure S2E). These cells exhibited high

expression of ZBTB16 (encoding PLZF, a signature transcription

factor of NKT and NK cells)69 and TBX21 (encoding T-bet, a key

Figure 2. Allogeneic CAR-NKT cells targeting OC can be generated combining HSPC engineering with a clinically guided culture method,

achieving high yield, purity, and potency

(A) Schematics showing the development of a human 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). HSPC, CD34+ hematopoietic stem and progenitor cell; MOA, mechanism of action; PK/PD,

pharmacokinetics/pharmacodynamics.

(B) FACS monitoring of the generation of Allo15MCAR-NKT cells over the 6-week culture.

(C) Single-cell TCR sequencing analysis of Allo/15MCAR-NKT cell products. Healthy donor PBMC-derived conventional αβ T (PBMC-αβTc) and NKT (PBMC-NKT)

cells were included as controls.

(D) Bulk RNA sequencing analysis of AlloMCAR-NKT (n = 4) and Allo15MCAR-NKT (n = 4) cell products. PBMC-αβTc (n = 7), PBMC-NKT (n = 3), and PBMC-NK (n =

2) cells were included as controls (n indicates different donors). Principal-component analysis (PCA) plot is presented showing the ordination of all five cell types.

(E and F) Studying the OC tumor cell killing capacity of Allo/15MCAR-NKT cells against primary OC patient samples. PBMC-derived conventional T cells and their

MCAR-armed derivatives (denoted as T and MCAR-T cells, respectively) were included as therapeutic cell controls. (E) Experimental design. (F) Tumor cell killing

data at 24 h (n = 3–4).

(G–K) Dissecting the tumor cell killing mechanisms of Allo/15MCAR-NKT cells using a collection of human tumor cell lines. (G) Schematics showing the six human

tumor cell lines utilized in this study. All were engineered to express the firefly luciferase (Fluc) and enhanced green fluorescent protein (EGFP) dual reporters (FG).

(H) FACS detection of MSLN expression on the indicated tumor cells. (I) Experimental design. (J) Scanning electron microscope visualization of an AlloMCAR-NKT

cell attacking an OVCAR3-FG cell. (K) Tumor cell killing data at 24 h (n = 4).

Representative of one (C and D), three (E–K), and more than ten experiments (A and B). 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 (F and K). See also Figures S2, S3, S8, and S9; Table S3.
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regulator of Th1 commitment in T cells),70 while displaying low

expression of GATA3 (encoding GATA3, a transcription factor

involved in Th2 polarization) (Figure S2E).70,71

Notably, in comparison to PBMC-NKT and even PBMC-NK

cells, Allo/15MCAR-NKT cells expressed exceedingly higher

levels of NK-activating receptor genes (e.g., NCR1, NCR2,

NCAM1, and KLRK1) but significantly lower levels of NK-inhibi-

tory receptor genes (e.g., KIR3DL1, KIR3DL2, KIR3DL3, and

KLRG1), suggesting their superior NK-related antitumor function

(Figure S2E).53 Furthermore, compared to endogenous PBMC-

NKT and PBMC-αβTc cells, Allo/15MCAR-NKT cells expressed

significantly lower levels of exhaustion marker genes (e.g.,

PDCD1, LAG3, CTLA4, and TIGIT), indicating a less-exhaustion

feature of Allo/15MCAR-NKT cells (Figure S2E).72–74 Interestingly,

compared to all PBMC-derived cells, Allo/15MCAR-NKT cells ex-

pressed much lower levels of HLA-related genes, which could

potentially enable their resistance to host T cell-mediated allore-

jection (Figure S2E).53,75

Flow-cytometry analysis of Allo/15MCAR-NKT cells further

validated their NKT cell phenotype. Compared to conventional

MCAR-T cells (Figures S2F–S2I), Allo/15MCAR-NKT cells ex-

pressed higher levels of NK receptors (NKRs; e.g., CD161,

NKG2D, and DNAM-1) and T cell memory markers (e.g.,

CD45RO), and produced exceedingly higher levels of effector

cytokines (e.g., interferon-γ [IFN-γ], IL-2, and tumor necrosis fac-

tor α [TNF-α]) and cytotoxic molecules (e.g., granzyme B and

perforin), agreeing with their CD8 SP/DN phenotype and favoring

their cancer therapy application (Figures 2B, S2C, and S2J).76,77

To validate the NKT TCR function, Allo/15MCAR-NKT

cells were stimulated with an agonist glycolipid antigen,

α-galactosylceramide (αGC) (Figure S2K).78,79 Allo/15MCAR-

NKT cells demonstrated robust proliferation; compared to
AlloMCAR-NKT cells, Allo15MCAR-NKT cells exhibited slightly

greater proliferating capacity, accompanied by substantial IL-

15 production (Figures S2L and S2M). Meanwhile, Allo/15MCAR-

NKT cells secreted high levels of Th1 cytokines (i.e., IFN-γ,

TNF-α, and IL-2) and low levels of Th2/Th17 cytokines (i.e.,

IL-4 and IL-17a) (Figure S2N), confirming a Th1-prone function-

ality of Allo/15MCAR-NKT cells aligning with their CD8 SP/DN

phenotype (Figures 2B and S2C).64,80

AlloCAR-NKT cells directly kill OC tumor cells at high

efficacy and use multiple tumor-targeting mechanisms,

outperforming conventional CAR-T cells
Allo/15MCAR-NKT cells are expected to target OC tumor cells

through multiple surface receptors, involving CAR recognition

of the MSLN CAR antigen and NKR recognition of a broad array

(more than 30) of NK ligands expressed on OC tumor cells

(Figures 1G–1J).42,43,58,81 These multiple tumor-targeting mech-

anisms may enable Allo/15MCAR-NKT cells to counteract OC tu-

mor immune evasion in the context of immunotherapy.82–84

Twenty primary OC samples were used to evaluate the tumor

cell killing capacity of Allo/15MCAR-NKT cells (Figure 2E). Variable

expressions of MSLN and NKR ligands were detected on tumor

cells from all OC samples (Figures 1I, 1J, and S3A; Table S2). In

an in vitro tumor cell killing assay, Allo/15MCAR-NKT cells demon-

strated superior effectiveness in killing primary OC tumor cells,

including the recurrent ones, compared to conventional

MCAR-T cells (Figure 2F). Interestingly, even with no or low

MSLN expression, Allo/15MCAR-NKT cells exhibited a consider-

able tumor killing capability (Figure 2F), confirming a CAR-inde-

pendent tumor killing potential.

Next, we performed a series of in vitro tumor cell killing assays,

involving six tumor cell lines: two human multiple myeloma

cell lines (i.e., MM.1S-FG and MSLN-overexpressing MM.1S-

MSLN-FG), and four human OC cell lines (SKOV3-FG,

OVCAR8-FG, OVCAR3-FG, and MLSN-knockout OVCAR3-

FGMSLN− /− ; Figures 2G–2I). These cell lines were gene engi-

neered to overexpress the firefly luciferase and enhanced green

fluorescence protein dual reporters (FG), allowing for sensitive

monitoring using both flow cytometry and bioluminescence as-

says (Figure 2G). Of note, the two MM.1S cell lines are resistant

to NK-mediated killing whereas the other four OC cell lines are

susceptible, providing us an opportunity to examine NKR-medi-

ated tumor killing of Allo/15MCAR-NKT cells (Figure S3B).53 Addi-

tionally, these six tumor cells expressed varying levels of MSLN,

allowing us to study CAR-mediated tumor killing of Allo/15MCAR-

NKT cells (Figure 2H).

Using scanning electron microscopy, we visualized the direct

attack of OC tumor cells by allogeneic MCAR-NKT cells

(Figure 2J). Using in vitro bioluminescence assay, flow cytome-

try, and ELISA, we decoded the multi-pronged MOA of alloge-

neic MCAR-NKT cells targeting OC (Figures 2K and S3C–S3J).

MCAR-T cells solely relied on the MCAR-MSLN recognition for

tumor cell targeting, as evidenced by their selective killing of

MSLN+ tumor cells (Figure 2K). In contrast, Allo/15MCAR-NKT

cells targeted both MSLN+ and MSLN− tumor cells, indicating

a CAR-independent targeting capacity (Figure 2K). Indeed,
Allo/15MCAR-NKT cells killed MSLN− tumor cells through NKR

(i.e., NKG2D and DNAM-1) recognition (Figures S3C and S3D).

Overall, compared to conventional MCAR-T cells, Allo/15MCAR-

NKT cells showcased superior tumor cell killing capacity

(Figure 2K), corresponding with their more pronounced upregu-

lation of activation and degranulation markers (i.e., CD69 and

CD107a) as well as production of cytotoxic molecules (i.e., per-

forin and granzyme B) and pro-inflammatory cytokines (i.e., IFN-

γ; Figures S3E–S3G).

In addition, an in vitro serial tumor cell killing assay was imple-

mented to assess the long-term OC killing capacity of allogeneic

MCAR-NKT cells (Figure S3H). In the presence of CAR antigen,
Allo/15MCAR-NKT cells outperformed conventional MCAR-T cells

(Figure S3I). In a scenario of CAR antigen loss, Allo/15MCAR-NKT

cells still exhibited impressive long-term tumor killing, while con-

ventional MCAR-T cells totally failed to kill OC tumor cells

(Figure S3J). Under both conditions, Allo15MCAR-NKT cells stood

out as the best performer (Figures S3I and S3J), agreeing with an

antitumor enhancement function of IL-15 for human NKT cell

long-term performance that has been reported in previous pre-

clinical studies and clinical trials.48,59,85

Of note, the stability of the allogeneic MCAR-NKT cell prod-

ucts is appealing. Allo15MCAR-NKT cells were cryopreserved

as aliquots (10× 106 cells per mL per aliquot), followed by thaw-

ing aliquots over time and testing the viability and cytotoxicity of

the recovered Allo15MCAR-NKT cells. Over 2 years, the viability of

the recovered Allo15MCAR-NKT cells dropped only slightly (from

∼90% to ∼80%; Figure S3K), and the cytotoxicity of the
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recovered live Allo15MCAR-NKT cells was largely preserved

(Figures S3L and S3M).

AlloCAR-NKT cells showcase superior in vivo anti-OC

efficacy associated with focused OC tumor homing

compared to conventional CAR-T cells

As a peritoneal disease, OC is treated systemically via intrave-

nous (i.v.) administration or locally via intraperitoneal (i.p.) admin-

istration, aiming for targeted delivery and enhanced efficacy.86,87

We therefore studied both i.v. and i.p. administration routes of

the therapeutic cells (i.e., Allo/15MCAR-NKT and conventional

MCAR-T cells) (Figure 3A). A mirror-imaging system was utilized

to evaluate in parallel the in vivo anti-OC efficacy and PK/PD of

the therapeutic cells in a collection of human OC xenograft

mouse models. In the efficacy studies, OVCAR8 tumor cells

but not therapeutic cells were labeled with FG to visualize tumor

loads (Figures 3A–3G), whereas in the PK/PD studies, the thera-

peutic cells but not tumor cells were labeled with FG to

assess the kinetics and dynamics of the therapeutic cells

(Figures 3H–3N).

When delivered via i.p. administration, Allo15MCAR-NKT cells

led to tumor eradication and long-term survival (> 150 days) in

the majority (five out of six) of experimental mice, while

MCAR-T and AlloMCAR-NKT cells led to only partial tumor

growth suppression and limited survival benefit (Figures 3B–

3D). Mice treated with MCAR-T cells succumbed due to a com-

bination of progressive tumor growth and GvHD (Figures 3B–

3D). When delivered via i.v. administration, neither MCAR-T

nor AlloMCAR-NKT cells effectively suppressed tumor growth,

resulting in early mortality, while Allo15MCAR-NKT cells sup-

pressed tumor growth and prolonged survival, albeit with

reduced efficacy compared to the i.p. administration route

(Figures 3B–3G). These findings highlight that Allo15MCAR-NKT

cells possess superior anti-OC activity compared to MCAR-T

and AlloMCAR-NKT cells, with i.p. administration providing the

greatest therapeutic benefit.

In the PK/PD study, when delivered via i.p. administration,
Allo15MCAR-NKT/FG cells mounted a remarkable expansion of

over 100-fold, reaching its peak around week 8, followed by a

gradual decline and a long-term persistence exceeding

130 days (Figures 3I and 3J). In the absence of IL-15 enhance-

ment, the AlloMCAR-NKT/FG cells showed a moderate 5-fold

expansion, peaking around week 1, followed by a rapid decline

and a significantly shortened persistence of approximately

2 weeks (Figures 3I and 3J). In contrast, conventional MCAR-

T/FG cells displayed a moderate expansion and a decline in

the first 2 weeks, which is likely attributed to the stimulation

driven by tumor antigens,88 followed by an extended expansion

after 4 weeks associated with GvHD (Figures 3I and 3J).53,89,90

Importantly, Allo/15MCAR-NKT/FG and conventional MCAR-T/

FG cells demonstrated dramatically different biodistribution

in vivo. Throughout the duration of the in vivo antitumor

response, Allo/15MCAR-NKT/FG cells exhibited highly focused

retention in the peritoneal cavity, evidenced by over 95% biolu-

minescence live animal imaging (BLI) signal confined to this area

(Figures 3K and 3L). In contrast, conventional MCAR-T/FG cells

gradually leaked from the peritoneal cavity and infiltrated various

other organs, such as the lymph nodes and lungs (Figures 3K

and 3L). Notably, in the absence of OVCAR8 tumor cells, Allo15M-

CAR-NKT/FG cells exhibited significantly reduced expansion

and limited in vivo persistence, suggesting that their robust

and sustained expansion is driven by the presence of tumor an-

tigen (Figures S4A–S4C). In addition to BLI, in vivo expansion

and persistence of Allo15MCAR-NKT/FG cells were further as-

sessed by i.p. lavage followed by flow-cytometry analysis

(Figures S4D and S4E).

On the other hand, when delivered via i.v. administration,
Allo15MCAR-NKT/FG cells exhibited a moderate expansion of

about 10-fold, reaching its peak around week 3, followed by a

gradual decline and a persistence exceeding 100 days

(Figures 3I and 3J). In the absence of IL-15 enhancement,
AlloMCAR-NKT/FG cells underwent moderate expansion during

the first week but rapidly diminished and eventually disappeared

(Figures 3I and 3J). Notably, Allo15MCAR-NKT/FG cells demon-

strated superior tumor-homing capabilities, progressively

migrating to and localizing within the peritoneal cavity area,

where the OC tumor cells are located (Figures 3M and 3N). In

contrast, conventional MCAR-T/FG cells exhibited limited tu-

mor-homing ability and mainly dispersed to various organs in

experimental mice (Figures 3I, 3J, 3M, and 3N).

Figure 3. Allogeneic CAR-NKT cells demonstrate superior in vivo performance associated with focused OC tumor homing compared to

conventional CAR-T cells

(A–G) Studying the in vivo antitumor efficacy in an OVCAR8-FG human OC xenograft NSG mouse model. Note that OVCAR8 tumor cells were labeled with the FG.

Tumor-bearing experimental mice were treated with Allo/15MCAR-NKT or conventional MCAR-T cells, or without therapeutic cells (Vehicle). (A) Experimental

design. BLI, bioluminescence live animal imaging. Therapeutic cells were injected into experimental mice via intraperitoneal (i.p.) or intravenous (i.v.) adminis-

tration route. (B–D) Experimental results generated using the i.p. administration route. (B) BLI images showing tumor loads in experimental mice over time. (C)

Quantification of (B) (n = 6). (D) Survival curve (n = 6). (E–G) Experimental results generated using the i.v. administration route. (E) BLI images showing tumor loads

in experimental mice over time. (F) Quantification of (E) (n = 6). (G) Survival curve (n = 6).

(H–N) Studying the in vivo PK/PD in an OVCAR8 human OC xenograft NSG mouse model. Note that therapeutic cells, but not OVCAR8 tumor cells, were labeled

with the FG. (H) Experimental design. (I) BLI images showing the presence of therapeutic cells in experimental mice over time. (J) Quantification of (I) (n = 3–5). (K

and M) Representative BLI images showing the biodistribution of therapeutic cells in the indicated experimental mice, injected via i.p. (K) or i.v. (M) administration

route. (L and N) Quantification of the tissue distribution of therapeutic cells, injected via i.p. (L) or i.v. (N) administration route (n = 3–5). N.D., not detectable; F.D.,

found dead.

(O and P) Studying the homing marker pattern of Allo15MCAR-NKT cells related to their focused homing to OC tumor peritoneal sites. (O) FACS detection of S1PR1

and CD69 expressions on the indicated therapeutic cells collected from the peritoneal cavity of OVCAR8-FG tumor-bearing mice on day 50 (n = 5). (P) Schematics

illustrating the focused homing to OC tumor peritoneal sites of Allo15MCAR-NKT cells driven by their homing marker pattern that is distinct from conventional

MCAR-T cells.

Representative of three experiments. Data are presented as the mean ± SEM. ns, not significant; ****p < 0.0001 by Student’s t test (L, N, and O), one-way ANOVA

(C and F), or log rank (Mantel-Cox) test adjusted for multiple comparisons (D and G). See also Figures S4, S5, S8, and S9.
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To investigate the mechanisms underlying the focused

tumor-homing and retention capability of Allo15MCAR-NKT cells,

we assessed their homing marker expression. Compared to

conventional MCAR-T cells, Allo15MCAR-NKT cells expressed

elevated levels of a large set of tissue-inflammatory homing

markers, including CCR1, CCR3, CCR5, CXCR3, and CXCR6

(Figure S5A), which may facilitate their homing to the inflammatory

tumor sites (Figures 3I, 3M, and 3N).91 Meanwhile, Allo15MCAR-

NKT cells expressed nearly undetectable S1PR1 and markedly

higher CD69 (Figures 3O and S5A). This S1PR1lowCD69high

phenotype has been associated with reduced systemic

circulation and enhanced tissue retention.92,93 Furthermore,
Allo15MCAR-NKT cells displayed reduced levels of lymph-node-

homing markers, such as CCR7 and CD62L (Figure S5A), sug-

gesting a reduced capacity for lymph node trafficking.94 Impor-

tantly, this distinct homing marker profile remains stable in both

in vitro cell cultures and in vivo animal studies, as confirmed by

RNA-seq analyses (Figures S5A–S5C).

Collectively, these results demonstrate significant efficacy ad-

vantages of Allo15MCAR-NKT cells over conventional MCAR-T

cells in the treatment of OC, particularly via i.p. administration.

These advantages are associated with the superior tumor hom-

ing and retention of Allo15MCAR-NKT cells within the peritoneal

cavity, where OC tumor cells are located, mediated by their

distinctive homing marker expression patterns (Figures 3P

and S5D).

AlloCAR-NKT cells exhibit superior potency against OC

under high tumor burden, repeated tumor challenge,

and tumor antigen escape compared to conventional

CAR-T cells

To fully assess and compare the in vivo antitumor efficacy of
Allo/15MCAR-NKT and conventional MCAR-T cells, we employed

a series of human OC xenograft models to simulate various

disease scenarios, including low and high tumor burdens

(Figures 4A–4H), repeated tumor challenges (Figures 4I–4L), tu-

mor CAR antigen escape (Figures 4M–4P), and combination

with platinum-based carboplatin treatment (Figures 4Q–4T).

The i.p. administration route was used, given its significant effi-

cacy advantages over the i.v. route (Figure 3).

In two OVCAR3-FG human OC xenograft models with low or

high tumor loads, a single administration of Allo15MCAR-NKT

cells achieved OC tumor elimination and long-term survival of

all mice in the experiment (Figures 4A–4H). In contrast, conven-

tional MCAR-T cells exhibited limited tumor suppression and

meanwhile induced GvHD, resulting in only a minimal improve-

ment of mouse survival in both models (Figures 4A–4H, S5E,

and S5F).

Remarkably, in an OVCAR3-FG human OC xenograft

model with repeated tumor challenges, Allo15MCAR-NKT cells

conferred durable protection against a second tumor challenge

following initial tumor elimination whereas conventional

MCAR-T cells did not, indicating a long-term persistence and

robust capacity of Allo15MCAR-NKT cells to prevent tumor

relapse (Figures 4I–4L).

In an OVCAR3-FGMSLN− /− human OC xenograft model lacking

CAR antigen (i.e., MSLN) expression, Allo15MCAR-NKT cells still

achieved complete elimination of OC tumor cells and long-

term survival of all experimental mice, different from the conven-

tional MCAR-T cells (Figures 4M–4P), indicating the presence of

a potent CAR-independent antitumor capacity of Allo15MCAR-

NKT cells that may counteract tumor immune evasion.95

In all human OC xenograft models studied, the non-IL-15-

enhanced AlloMCAR-NKT cells demonstrated less impressive

antitumor efficacy compared to Allo15MCAR-NKT cells

(Figures 4A–4P), confirming IL-15 as a potent augmenting factor

for allogeneic MCAR-NKT cells (Figure 3).

Platinum-based agents, such as carboplatin, are the standard

treatments for OC.8 Therefore, we evaluated the potential

synergistic effects of combining Allo15MCAR-NKT cells with car-

boplatin treatment (Figure 4Q). In an OVCAR3-FG human OC

xenograft combination therapy model, treatment with either
Allo15MCAR-NKT cells or carboplatin alone resulted in partial tu-

mor suppression and limited survival of the experimental mice. In

contrast, the combination therapy achieved complete OC elimi-

nation and long-term survival in all experimental mice, suggest-

ing a promising synergy between Allo15MCAR-NKT cells with car-

boplatin for OC treatment (Figures 4R–4T).

Taken together, across various in vivo human OC xenograft

mouse models simulating different tumor loads, relapse, and

immune evasion scenarios, Allo15MCAR-NKT cells demonstrated

superior antitumor efficacy compared to conventional MCAR-T

cells. Interestingly, combining Allo15MCAR-NKT cells with

carboplatin treatment exhibited synergistic anti-OC efficacy,

Figure 4. Allogeneic CAR-NKT cells showcase superior in vivo anti-OC efficacy against high tumor burden, repeated tumor challenge, and

tumor antigen escape compared to conventional CAR-T cells

Five human OC xenograft NSG mouse models were utilized. Tumor-bearing experimental mice were treated with Allo/15MCAR-NKT or conventional MCAR-T cells,

or without therapeutic cells (Vehicle).

(A–D) Studying the in vivo antitumor efficacy in a low-tumor-burden OVCAR3-FG human OC xenograft model. (A) Experimental design. (B) BLI images showing

tumor loads in experimental mice over time. (C) Quantification of (B) (n = 8). (D) Survival curve (n = 8). GvHD, graft-versus-host disease.

(E–H) Studying the in vivo antitumor efficacy in a high-tumor-burden OVCAR3-FG human OC xenograft model. (E) Experimental design. (F) BLI images. (G)

Quantification of (F) (n = 6). (H) Survival curve (n = 6).

(I–L) Studying the in vivo antitumor efficacy in a repeated-tumor-challenge OVCAR3-FG human OC xenograft model. (I) Experimental design. (J) BLI images. (K)

Quantification of (J) (n = 5–7). (L) Survival curve (n = 5–7).

(M–P) Studying the in vivo antitumor efficacy in a CAR antigen escape OVCAR3-FGMSLN− /− human OC xenograft model. (M) Experimental design. (N) BLI images.

(O) Quantification of (N) (n = 5). (P) Survival curve (n = 5).

(Q–T) Studying the combination therapy of Allo15MCAR-NKT cells and chemodrug carboplatin in an OVCAR3-FG human OC xenograft model. (Q) Experimental

design. (R) BLI images. (S) Quantification of (R) (n = 5). (T) Survival curve (n = 5).

Representative of three 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 (C, G, K, O, and S), or log rank (Mantel-Cox) test adjusted for multiple comparisons (D, H, L, P, and T).

Med 6, 100804, October 10, 2025 11

Article
ll

OPEN ACCESS



Figure 5. Allogeneic CAR-NKT cells exhibit an in vivo gene profile distinct from conventional CAR-T cells and counteract OC immune evasion

during anti-OC response

(A–F) Studying the in vivo gene profile of Allo15MCAR-NKT cells in an OVCAR8-FG human OC xenograft MSG mouse model using scRNA-seq analyses. (A)

Experimental design. Samples were collected at four time points: cryo-recovered prior to infusion (Pre), in vivo week 4 post infusion (Wk4), in vivo week 8 post

infusion (Wk8), and 7 days after in vitro re-stimulation of week-8 samples (Re). Therapeutic cells were FACS sorted from collected samples and subjected to

scRNA-seq analyses. (B) Combined UMAP plot showing the formation of five major cell clusters. Total cells combined from all samples are included. Each dot

represents a single cell and is colored according to its cell-cluster assignment. (C) Bar graphs showing the cell-cluster proportions of the indicated samples. (D)

(legend continued on next page)
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underscoring the potential of Allo15MCAR-NKT cells in address-

ing chemorefractory and recurrent OC cases.

AlloCAR-NKT cells display an in vivo gene profile distinct

from conventional CAR-T cells during anti-OC response

To gain insights into the genomic and molecular regulations con-

trolling the superior in vivo anti-OC performance of Allo15MCAR-

NKT over conventional MCAR-T cells, we utilized an OVCAR8-

FG human OC xenograft mouse model in combination with

scRNA-seq analyses (Figure 5A). The two types of therapeutic

cells were collected at four time points (week 0, week 4, week

8, and week 9) followed by scRNA-seq analysis (Figure 5A).

Week-0 samples were collected prior to infusion, representing

the starting status of the therapeutic cells. Week-4 and week-8

samples were collected from the peritoneal tumor sites of the

experimental mice, representing the in vivo tumor-responding

status of the therapeutic cells. Week-9 samples were generated

by stimulating week-8 samples in vitro with MSLN-expressing

artificial antigen-presenting cells (aAPCs) for 1 week, represent-

ing the reactivation potential of the therapeutic cells post tumor

exposure (Figure 5A).

Uniform manifold approximation and projection (UMAP) anal-

ysis of combined samples revealed the formation of five major

cell clusters (Figure 5B). The signature gene profiling and gene

set enrichment analysis (GSEA) identified cluster 1 as prolifer-

ating cells, cluster 2 as effector cells, cluster 3 as memory-like

cells, cluster 4 as exhausted cells, and cluster 5 as resting cells

(Figures 5B, S6A, and S6B).96–103

An immediate finding is that both types of therapeutic cells dis-

played dramatic gene-profile changes when comparing their

week-0 pre-infusion samples with their week-4/week-8 in vivo

samples, suggesting an in vivo genomic/molecular signature of

a cell product that cannot be fully captured by analyzing its

pre-infusion product (Figures 5C and S6C). This phenomenon

has been previously reported by multiple preclinical and clinical

studies.104–106 Interestingly, week-9 re-stimulated Allo15MCAR-

NKT cells exhibited a potent tumor cell killing capacity compara-

ble to their week-0 pre-infusion counterparts, in contrast to

the significantly reduced tumor cell killing capability observed

in the week-9 re-stimulated conventional MCAR-T cells

(Figures 3G, S6D, and S6E). This disparity aligns with a better

preservation of effector and memory cell clusters (clusters 2

and 3) along with a lower accumulation of exhausted cell cluster

(cluster 4) when comparing week-9 re-stimulated Allo15MCAR-

NKT to conventional MCAR-T cells (Figure 5C). These results

suggest that allogeneic MCAR-NKT cells, despite their pro-

longed in vivo exposure to OC tumors, retain significant potential

for reactivation that may result in sustained therapeutic

benefits.107,108

Subsequently, we performed detailed analyses of the week-4

and week-8 in vivo samples. Compared to conventional MCAR-T

cells, Allo15MCAR-NKT cells comprised more effector and mem-

ory cells and fewer exhausted cells (Figures 5C and 5D). In sup-

port of this notion, RNA velocity analysis revealed the accumula-

tion of Allo15MCAR-NKT cells at the effector/memory stage, while

MCAR-T cells showed retention at the exhausted stage

(Figure 5E). Gene signature analysis also showed that compared

to conventional MCAR-T cells, Allo15MCAR-NKT cells displayed

enhanced effector and memory but diminished exhaustion

gene profiles (Figures 5D and 5F), aligning with their superior

in vivo antitumor efficacy and long-term persistence (Figures 3

and 4).

Nevertheless, a fundamental distinction exists between

the Allo15MCAR-NKT and conventional MCAR-T cells, with
Allo15MCAR-NKT cells exhibiting less T cell feature but signifi-

cantly elevated NK cell feature, particularly in their in vivo

week-4/-8 samples (Figures 5D and 5F). The NK cell features

of Allo15MCAR-NKT cells were reflected by their heightened

expression of NKRs and robust NKR-mediated tumor cell killing

(Figures S2J, S3C, and S3D). It is notable that MCAR-T cells

demonstrated the acquisition of certain NK cell features in vivo

(Figures 5D and 5F), corresponding with a prior study reporting

an NK-like transition and dysfunction in conventional CAR-T

cells exposed to repetitive tumor stimulation.104 Conversely, in

the context of the allogeneic CAR-NKT cells, the in vivo augmen-

tation of NK features did not correlate with signs of exhaustion

(Figures 5D and 5F).

AlloCAR-NKT cells counteract OC tumor immune

evasion, outperforming conventional CAR-T cells

OC is recognized for its resistance to immunotherapy, employing

multiple immune evasion strategies, including the upregulation

of immune checkpoints, downregulation of tumor antigens that

are recognized by therapeutic cells, and the production of fac-

tors that polarize TAMs and MDSCs toward an immunosuppres-

sive state.22,109,110 Our previous efficacy study using an

OVCAR3-FGMSLN− /− human OC xenograft mouse model

demonstrated the efficacy advantages of Allo15MCAR-NKT cells

over conventional MCAR-T cells under a CAR antigen escape

scenario (Figures 4M–4P). Here, we conducted scRNA-seq

Violin plots showing the expression distribution of signature genes in the indicated therapeutic cell samples. (E) RNA-velocity projected on UMAP plots. Arrows

represent the estimates of local average velocity, showing the path (indicated by arrow orientation) and pace (indicated by arrow length) of cell transition. Di-

agrams summarizing the UMAP cell clustering and RNA-velocity analysis are also presented. The cell-cluster proportions are represented by the sizes of circles,

while the transitions between cell clusters are symbolized using connecting arrows. (F) Heatmap showing the expression of representative signature genes. Each

column indicates an individual cell. Each row indicates an individual gene.

(G–L) Studying the in vivo gene profile of OC tumor cells in an OVCAR8-FG human OC xenograft NSG mouse model using scRNA-seq analyses. OVCAR8-FG cells

were collected from the peritoneal cavity of experimental mice on week 4. (G) Diagram showing the scRNA-seq analyses of tumor immune evasion. (H) Violin plots

showing the MSLN expression levels in the indicated samples. (I) Violin plots showing the NKR ligand expression levels in the indicated samples. (J) Venn diagram

showing the numbers of genes downregulated or upregulated in OVCAR8-FG cells under Allo15MCAR-NKT or MCAR-T cell treatment. (K and L) Pathway analyses

of genes downregulated (K) or upregulated (L) in OVCAR8-FG cells under Allo15MCAR-NKT or MCAR-T cell treatment.

Representative of one experiment. Cells isolated from 5–10 mice of each experimental group were combined for analyses. p values of violin plots were deter-

mined by Kruskal-Wallis test for the overall comparison and Dunn’s test for post hoc pairwise comparisons between groups. In the violin plots, box-and-whisker

plots exhibit the minimum, lower quartile, median, upper quartile, and maximum expression levels of each type of cells. See also Figure S6.
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Figure 6. Allogeneic CAR-NKT cells dramatically alter OC TME and minimize CRS toxicity, outperforming conventional CAR-T cells

(A–C) Studying Allo15MCAR-NKT cells’ targeting of OC TME using primary OC patient samples. (A) Experimental design. (B) TAM/MDSC killing data at 24 h (n = 3).

(C) Killing data of the indicated OC TME cell components at 24 h (n = 3).

(D–H) Studying Allo15MCAR-NKT cells’ targeting of OC TME using an OVCAR8/TAM organoid culture. Vehicle indicates no addition of therapeutic cells. (D)

Experimental design. (E) Light microscopy images showing the organoid size and morphology over time. Scale bar, 500 μm. (F) Quantification of (E) (n = 3). (G)

(legend continued on next page)
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and flow-cytometry analyses of the OVCAR8-FG tumor cells

collected from the same in vivo experiments (Figures 5A and

5G) and confirmed the reduced CAR antigen gene expression

in OC tumors treated with conventional MCAR-T cells, while

such a reduction was not observed in tumors treated with
Allo15MCAR-NKT cells (Figures 5H and S6F–S6H), which may

be attributed to their CAR/NKRs multi-targeting mechanisms

(Figures 2K, S3C, and S3D). Notably, OC tumor cells treated

with Allo15MCAR-NKT cells retained expression of both CAR an-

tigen and NKR ligands, ensuring sustained susceptibility to the

‘‘full-force’’ CAR/NKR multi-targeting by Allo15MCAR-NKT cells

(Figures 5H and 5I). Interestingly, OC tumor cells treated with

conventional MCAR-T cells, despite losing CAR antigen, main-

tained or even upregulated broad NKR ligands (Figures 5H and

5I), consistent with the universal expression of NKR ligands

(over 30) on primary and even recurrent OC tumor cells, under-

scoring the importance of leveraging NK function for effective

OC tumor targeting (Figures 1G–1J).

Further in vivo gene profiling of OC tumor cells revealed a dra-

matic change under MCAR-T cell treatment (335 genes downre-

gulated and 138 genes upregulated) and a minimal change under
Allo15MCAR-NKT cell treatment (33 genes downregulated and no

genes upregulated) (Figure 5J). For the downregulated genes, 24

genes are shared by OC tumor cells under both treatments,

involving pathways regulating OC tumor cell DNA damage,

response to endogenous stimulus, and cell adhesion; 311 genes

are unique to conventional MCAR-T cell treatment, involving

pathways regulating OC tumor cell apoptosis, death receptor

signaling, chemokine signaling, nuclear factor κB signaling,

and NOD-like receptor signaling; only nine genes are unique to
Allo15MCAR-NKT cell treatment, involving pathways primarily

regulating IFN-α response (Figures 5J–5L).111–115 For the upre-

gulated genes, all the 138 genes are unique to conventional

MCAR-T cell treatment, involving pathways regulating OC tumor

cell division, proliferation, and migration, as well as negative

regulation of apoptosis and immune responses (Figures 5J–

5L).116–119

Together, these findings uncover a previously underappreci-

ated CAR-T cell-triggered OC tumor immune evasion that may

undermine conventional CAR-T cell therapy for OC.109 Mean-

while, the remarkable ability of Allo15MCAR-NKT cells to coun-

teract OC tumor evasion positions them as a promising thera-

peutic candidate, particularly for refractory and recurrent OC.

AlloCAR-NKT cells effectively alter OC TME, surpassing

conventional CAR-T cells

OC is notoriously known for its immunosuppressive TME,

featured by a high abundance of TAMs and MDSCs present in

the peritoneal cavity (Figures 1L–1Q).21 Given the high expres-

sion of CD1d on TAMs and MDSCs (Figures 1L–1Q), these

cells are susceptible to NKT TCR-CD1d-mediated killing by
Allo15MCAR-NKT cells. We then investigated the interplay be-

tween Allo15MCAR-NKT cells and the OC TME using primary

OC patient samples (Figure 6A), OC organoids (Figure 6D), and

an in vivo OC xenograft mouse model (Figure 6I).

In the first study, we co-cultured Allo15MCAR-NKT cells with a

total of 34 primary OC patient samples (Figure 6A). In contrast to

conventional MCAR-T cells, Allo15MCAR-NKT cells effectively

and selectively depleted TAMs and MDSCs, aligning with the

high CD1d expression on these cells (Figures 1P, 1Q, and 6B).

Importantly, Allo15MCAR-NKT cells spared other immune-cell

populations expressing no or low-level CD1d, including granulo-

cytes, T cells, B cells, and NK cells (Figures 1P, 1Q, and 6C). Both
AlloMCAR-NKT and Allo15MCAR-NKT cells exhibited comparable

capacities to deplete TAMs and MDSCs, with cytotoxicity signif-

icantly reduced by CD1d blockade, indicating a TCR/CD1d-

dependent mechanism (Figures S7A and S7B). In contrast, con-

ventional CAR-T cells lack this ability, although IL-15-enhanced

CAR-T cells have shown cytotoxicity against tumor-associated

myeloid cells, likely mediated by IL-15 transpresentation.120

In the second study, we established two types of human OC

organoids by 3D culturing the OVCAR8 tumor cells (denoted as

OVCAR8 organoids) or a mixture of OVCAR8 and human mono-

cyte-derived M2-polarized macrophages mimicking TAMs (de-

noted as OVCAR8/TAM organoids) (Figure 6D). Both MCAR-T

and Allo15MCAR-NKT cells effectively targeted the OVCAR8 or-

ganoids, with Allo15MCAR-NKT cells exhibiting slightly higher

killing efficacy (Figures 6E–6G). However, MCAR-T cells showed

significantly reduced cytotoxicity against the OVCAR8/TAM or-

ganoids, likely due to TAM-induced immunosuppression, while
Allo15MCAR-NKT cells maintained high cytotoxicity against the

OVCAR8/TAM organoids by targeting both tumor cells and

FACS quantifications of OVCAR8 and TAM cell numbers at 24 h (n = 3). (H) Confocal microscopy images (upper) and quantifications (lower) showing the dis-

tribution and infiltration depth of the indicated therapeutic cells in the OVCAR8/TAM organoids. Scale bar, 250 μm.

(I–Q) Studying Allo15MCAR-NKT cells’ targeting of OC TME using an OVCAR8 human OC xenograft NSG mouse model. Conventional MCAR-T cells were included

as a control. Blank NSG indicates the samples collected from tumor-free NSG mice, and NT indicates the samples collected from tumor-bearing NSG mice

receiving no therapeutic cell treatment. (I) Experimental design. (J) Combined UMAP plot showing the formation of five major cell clusters. DC, dendritic cell; CRS,

cytokine release syndrome. Mϕ, macrophage. (K) Individual UMAP plots showing cell clusters of the indicated peritoneal fluid samples. (L) Bar graphs showing

the cell-cluster proportions of the indicated samples. (M) Violin plots showing the expression levels of M2-like and CRS-related Mϕ genes in the indicated

samples. (N) FACS plots showing the identification of mouse granulocytes (Gran) and monocytes/macrophages (Mono/Mϕ) from the indicated samples. (O)

Quantification of (N) (n = 5–6). (P) Bar graphs showing the cell counts of Gran and Mono/Mϕ in the indicated peritoneal fluid samples (n = 5–6). (Q) FACS analyses

of CD1d expression on mouse Gran and Mono/Mϕ in the peritoneal fluid samples (n = 5). Representative data collected from the NT experimental mice are

presented.

(R–T) Studying the CRS toxicity induced by Allo15MCAR-NKT cells using an OVCAR8-FG human OC xenograft NSG mouse model. Conventional MCAR-T cells

were included as a control. (R) Experimental design. (S) Body-weight measurements of experimental mice over time (n = 4). (T) ELISA analyses of mouse IL-6 and

SAA3 in the serum and peritoneal fluid samples collected from the indicated experimental mice on day 3 (n = 4). SAA-3, serum amyloid A-3.

Representative of one (I–M) and three (A–H and N–T) 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 (Q) or one-way ANOVA (F, G, P, and T). p values of violin plots were determined by Wilcoxon rank-sum test (M). See also

Figure S7.
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TAMs (Figures 6E–6G). Immunofluorescence microscopy re-

vealed that MCAR-T cells predominantly accumulated at the

outer rim of the OVCAR8/TAM organoids, reflecting the limited

solid tumor infiltration of conventional CAR-T cells due to immu-

nosuppressive TME barriers (Figure 6H).121–123 In sharp contrast,
Allo15MCAR-NKT cells exhibited extensive infiltration into the

OVCAR8/TAM organoids, highlighting their potential to over-

come this key barrier in the combat with solid tumors (Figure 6H).

In the third study, Allo15MCAR-NKT and MCAR-T cells were

administered into NSG mice bearing human OC xenografts, fol-

lowed by analysis of tumor sites (peritoneal fluids) and other tis-

sues (Figure 6I). Notably, although this human OC xenograft

mouse model lacks human myeloid cells, it does contain mouse

myeloid cells to constitute an OC TME; these mouse myeloid

cells express mouse CD1d, an evolutionarily conserved mole-

cule that can be recognized by the human NKT TCR, allowing

the study of TME targeting by Allo15MCAR-NKT cells in this

model.124

scRNA-seq analysis of peritoneal fluid samples revealed the

formation of five major mouse cell clusters, including granulo-

cytes, dendritic cells (DCs), monocytes, macrophages/TAMs/

MDSCs, and CRS-related macrophages (Figures 6J and S7C).

The engraftment of human OC tumor cells in NSG mice

induced a peritoneal TME comprising tumor-associated granu-

locytes,125,126 TAMs, MDSCs, and a small population of DCs

(Figure 6K). Conventional MCAR-T and Allo15MCAR-NKT cell

treatments led to markedly different changes in TME cells:

MCAR-T cell treatment induced a substantially increased

numbers of TAMs/MDSCs with exacerbated M2-like immuno-

suppressive features as well as macrophages with heightened

CRS features, while Allo15MCAR-NKT cell treatment significantly

reduced the numbers of these TME cells associated with

decreased M2-like and CRS features, likely attributed to their

high expression of CD1d (Figures 6K–6Q and S7D–S7G).127–134

Interestingly, despite their high expression of CD1d,48 DCs re-

mained intact under Allo15MCAR-NKT cell treatment, probably

due to a DC intrinsic mechanism protecting them from cytotoxic

T cell-mediated killing involving granzyme inhibitors (e.g., Ser-

pinb9) (Figure S7H).135 Meanwhile, granulocytes also remained

intact under Allo15MCAR-NKT cell treatment, correlating with

their low or negative expression of CD1d (Figure 6Q).

Notably, Allo15MCAR-NKT cell treatment did not result in the

depletion of monocytes/macrophages or granulocytes from other

tissues, including peripheral blood, spleen, and bone marrow

(Figures 6K–6Q). This selective depletion of TME-associated

immunosuppressive and CRS-related myeloid cells, while preser-

ving normal tissue-resident and circulating monocytes/macro-

phages/granulocytes, may be attributed to the preferential locali-

zation of Allo15MCAR-NKT cells to tumor sites within the peritoneal

cavity (Figure 3), along with the limited CD1d expression on quies-

cent monocytes/macrophages/granulocytes.136

Taken together, these results suggest that conventional

MCAR-T cells are vulnerable to immunosuppression within the

OC TME, a condition that could be further exacerbated following

MCAR-T treatment, potentially fostering a pro-tumorigenic niche

and promoting OC immune evasion.21,32,33,137,138 On the other

hand, Allo15MCAR-NKT cells have the unique capacity to signifi-

cantly alter the OC TME by eliminating immunosuppressive TME

cells, overcoming TME-induced OC resistance and immune

evasion.

AlloCAR-NKT cells minimize CRS toxicity compared to

conventional CAR-T cells during anti-OC response

CRS toxicity is a significant side effect associated with CAR-T

cell therapy in cancers, particularly OC, as peritoneal CRS-

related macrophages have been reported to exacerbate these

effects.32,33,139 Our scRNA-seq study identified a distinct CRS-

related macrophage population induced by MCAR-T cell treat-

ment in the peritoneal fluid of OC-engrafted mice, whereas this

population was largely absent in mice treated with Allo15MCAR-

NKT cells (Figures 6J–6M). Indeed, Allo15MCAR-NKT cell treat-

ment resulted in reduced body-weight loss of the experimental

mice and lower levels of CRS-related biomarkers (i.e., mouse

IL-6 and SAA-3) in the mouse serum and peritoneal fluid

Figure 7. Allogeneic CAR-NKT cells showcase low GvHD risk and high resistance to allorejection compared to conventional CAR-T cells

(A and B) Studying graft-versus-host (GvH) response of Allo15MCAR-NKT cells using a classical in vitro mixed lymphocyte reaction (MLR) assay. (A) Experimental

design. (B) ELISA Quantification of IFN-γ production on day 4 (n = 4). N, no addition of PBMC stimulator.

(C and D) Studying the GvHD risk of Allo15MCAR-NKT cells using an OVCAR3-FG human OC xenograft NSG mouse model. Experimental design is shown in

Figure 4A. Images of H&E-stained tissue sections are presented. Tissues were collected from experimental mice on day 70. Scale bar, 100 μm. (D) Quantifi-

cation of (C) (n = 6).

(E and F) Studying the T cell-mediated allorejection against Allo15MCAR-NKT cells using an in vitro MLR assay. (E) Experimental design. (F) ELISA analyses of IFN-γ
production on day 4 (n = 4).

(G–I) Studying the NK cell-mediated allorejection against Allo15MCAR-NKT cells using an in vitro MLR assay. (G) Experimental design. (H) FACS quantification of

the indicated live cells on day 0 and day 1. (I) Quantification of (H) (n = 3).

(J–R) Studying the molecular mechanisms underlying the allorejection resistance of Allo15MCAR-NKT cells. (J) Illustration depicting the ‘‘hypoimmunogenicity’’

working model, characterized by the low expression of surface HLA-I/II and NK ligands on Allo15MCAR-NKT cells. (K and L) FACS measurements of surface HLA-I/

II and ULBP-1 on Allo15MCAR-NKT and MCAR-T cells prior to infusion (K; n = 4) and post-in vivo anti-OC response in a human OC xenograft NSG mouse model as

described in Figure 4A (L; n = 4). (M) scRNA-seq analysis of Allo15MCAR-NKT and MCAR-T cells collected from human OC xenograft NSG mice on day 28 as

described in Figure 5A. (N) Methyl-seq analysis of Allo15MCAR-NKT and MCAR-T cell product. Vertical lines denote individual CpG sites, wherein red signifies

methylation and blue signifies unmethylation. Differentially methylated regions are framed with black boxes. (O) Western blot analysis of key molecules involved in

the IFN-γ signaling pathway in Allo15MCAR-NKT cells. Conventional MCAR-T and healthy donor PBMC-derived quiescent conventional T (quiescent T) cells were

included as controls. (P and Q) Rescue experiment by overexpressing a constitutively active STAT1 (STAT1C) in Allo15MCAR-NKT cells. (P) Experimental design.

(Q) FACS measurements of surface HLA-I/II and ULBP-1 on the indicated cells (n = 4). (R) Schematics illustrating a desensitized IFN-γ signaling network within an
Allo15MCAR-NKT cell, which contributes to its distinctive ‘‘hypoimmunogenicity’’ phenotype.

Representative of one (M and N) or three (A–L and O–R) experiments. Data are presented as the mean ± SEM. ns, not significant; **p < 0.01, ***p < 0.001,

****p < 0.0001 by Student’s t test (D, I, K, L, and Q) or one-way ANOVA (B and F). See also Figures S8 and S9.
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(Figures 6R–6T).32,33,139 The underlying mechanisms may be

2-fold: compared to conventional MCAR-T cells, Allo15MCAR-

NKT cells produced lower levels of inflammatory cytokines

(e.g., granulocyte-macrophage colony-stimulating factor [GM-

CSF], IL-2, and IL-3) associated with CRS triggering

(Figure S7I) and selectively depleted established CRS-related

macrophages through NKT TCR-mediated CD1d recognition

(Figures 6J and 6K).32,33,139

AlloCAR-NKT cells do not induce GvHD and resist

allorejection during anti-OC response

In allogeneic cell therapy, key safety and efficacy concerns

include GvHD risk and allorejection. GvHD arises when

allogeneic cells attack host tissues, causing inflammation and

damage.140–144 Conversely, allorejection mediated by host T

and NK cells can reduce therapeutic efficacy.145,146 We thus

assessed the GvHD risk and allorejection potential of
Allo15MCAR-NKT and conventional MCAR-T cells during the

anti-OC response.

Allogeneic CAR-NKT cells, leveraging NKT TCR recognition of

the nonpolymorphic CD1d molecule, are not expected to induce

GvHD.147,148 This characteristic was assessed using a classical

in vitro mixed lymphocyte reaction (MLR) assay (Figure 7A) and

an in vivo OC xenograft model (Figures 4A, S5E, and S5F). In

the in vitro MLR assay, Allo15MCAR-NKT cells were stimulated

with irradiated PBMCs from a substantial collection of mis-

matched healthy donors (more than 15 donors) (Figures 7A

and 7B). Minimal IFN-γ productions were detected, in stark

contrast to conventional MCAR-T cells that exhibited vigorous

IFN-γ production (Figure 7B). In the in vivo human OC xenograft

NSG mouse model, conventional MCAR-T cells induced severe

GvHD, leading to mortality of experimental animals and massive

immune-cell infiltration in vital organs such as the liver and lung

(Figures 7C and 7D). In sharp contrast, Allo15MCAR-NKT cell

treatment resulted in GvHD-free, long-term animal survival

with no detectable immune-cell infiltration in vital organs

(Figures 7C, 7D, S5E, and S5F).

We subsequently evaluated the allorejection of Allo15MCAR-

NKT cells, primarily mediated by host CD4 T, CD8 T, and NK

cells. Host CD4 and CD8 T cells are acknowledged for rejecting

allogeneic cells by recognizing mismatched HLA-II and HLA-I

molecules, respectively.53,149 Additionally, host NK cell-medi-

ated allorejection is controlled by a double-trigger mechanism:

(1) ‘‘missing self,’’ denoting the absence of matching HLA-I mol-

ecules on allogeneic cells, which induces the release of inhibitory

signals mediated by killer cell immunoglobulin-like receptors

(KIRs); and (2) ‘‘stress signals,’’ which involves the upregulation

of stress molecules on allogeneic cells to activate NKRs.150–152

Two established in vitro MLR assays were performed to

assess the allorejection susceptibility of Allo15MCAR-NKT cells

(Figures 7E and 7G). The first MLR assay was designed to study

the T cell-mediated allorejection, wherein irradiated Allo15MCAR-

NKT cells were co-cultured with donor-mismatched PBMCs and

the IFN-γ production by donor-mismatched PBMCs was

measured (Figure 7E). In comparison to MCAR-T cells, Allo15M-

CAR-NKT cells induced significantly lower level of IFN-γ
(Figure 7F). The second MLR assay was designed to study the

NK cell-mediated allorejection, wherein Allo15MCAR-NKT cells

were co-cultured with donor-mismatched PBMC-NK cells and

the viable Allo15MCAR-NKT cells were quantified (Figure 7G). In

comparison to conventional MCAR-T cells, Allo15MCAR-NKT

cells exhibited significantly enhanced survival (Figures 7H

and 7I).

To delve into the mechanisms rendering Allo15MCAR-NKT cell

resistance to allorejection, we profiled their cell-surface mole-

cules associated with allorejection.53 Compared to conventional

MCAR-T cells, Allo15MCAR-NKT cells expressed significantly

lower levels of surface HLA-I, HLA-II, and NK ligands in both

in vitro cell cultures and in vivo anti-OC studies (Figures 7J–

7L). Bulk RNA-seq and scRNA-seq analyses unveiled a sus-

tained downregulation of genes encoding the HLA-I/II molecules

and NK ligands (Figures 7M and S2E), signifying an intrinsic and

stable ‘‘hypoimmunogenic’’ phenotype of Allo15MCAR-NKT cells

regulated at the gene-transcription level. Subsequently, we con-

ducted further studies exploring epigenetic regulations and

signaling networks governing the transcription of relevant genes.

Chromatin remodeling processes, such as DNA methylation,

have been implicated in the regulation of HLA and NK ligand

gene transcription.153,154 Genome-wide methylation sequencing

(Methyl-seq) analysis of Allo15MCAR-NKT cells uncovered the hy-

permethylation in the promoter regions of many HLA and NK

ligand genes (Figure 7N), implying that epigenetic regulation

may play a role in shaping the ‘‘hypoimmunogenic’’ phenotype

of the Allo15MCAR-NKT cells.

In addition to epigenetic regulation, signaling networks play a

crucial role in governing promoter activities and subsequently

influencing gene transcription. We focused on the IFN-γ-JAK-

STAT1 signaling pathway, one of the best-characterized path-

ways that regulate the expression of HLA and NK ligand

genes.155,156 Interestingly, compared to conventional PBMC-T

and MCAR-T cells, Allo15MCAR-NKT cells demonstrated desen-

sitized IFN-γ-JAK-STAT1 signaling, characterized by low STAT1

phosphorylation both at basal levels and following IFN-γ stimula-

tion (Figure 7O). Correspondingly, transcription factors encoded

by the IFN-γ primary responsive genes (e.g., IRF1) and the sec-

ondary responsive genes (e.g., CIITA and SP-1) were also

maintained at low levels (Figure 7O). Overexpression of a consti-

tutively active STAT1 molecule157 partially reversed the ‘‘hypo-

immunogenic’’ phenotype of Allo15MCAR-NKT cells, as evi-

denced by the upregulation of surface HLA-I/II and NK ligands

(Figures 7P and 7Q).

Together, these findings reveal an intriguing ‘‘hypoimmuno-

genic’’ phenotype intrinsic to allogeneic MCAR-NKT cells, which

remains stable throughout their in vivo anti-OC responses, high-

lighting their off-the-shelf potential for OC treatment (Figure 7R).

Allo15MCAR-NKT cells exhibit a superior safety profile

compared to IL-15-enhanced conventional 15MCAR-T

cells

IL-15 has been incorporated into both autologous CAR-NKT and

CAR-T cell therapies in clinical trials, where it has demonstrated

enhanced antitumor efficacy across both platforms.59,158 How-

ever, IL-15 has also been associated with increased toxicity in

patients, particularly in the context of GPC3-targeting CAR-T

cell therapy for hepatocellular carcinoma (HCC), where it

contributed to severe CRS toxicity.158,159 To directly compare
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efficacy and safety, we evaluated Allo15MCAR-NKT cells along-

side 15MCAR-T cells (Figures S8A–S8D).

In an in vitro tumor cell killing assay, both Allo15MCAR-NKT

and 15MCAR-T cells exhibited robust cytotoxic activity

(Figures S8E and S8F). Notably, Allo15MCAR-NKT cells outper-

formed 15MCAR-T cells, particularly against MSLN-negative

OC tumor cells, likely due to their enhanced cytotoxicity and mul-

tiple tumor-targeting mechanisms (Figures S8E and S8F).

We next assessed the in vivo efficacy and safety of
Allo15MCAR-NKT and 15MCAR-T cells using an OVCAR8-FG hu-

man OC xenograft mouse model (Figure S8G). Both therapeutic

cell types effectively suppressed and eliminated tumor growth,

confirming that IL-15 enhances the antitumor activity of CAR-T

cells (Figures 3A–3D and S8H–S8J). However, mice treated

with 15MCAR-T cells developed severe toxicity, including

marked GvHD-like symptoms, significant body-weight loss,

and massive T cell expansion in the peripheral blood within

30 days, ultimately resulting in mortality (Figures S8J–S8N).

These findings align with clinical observations of IL-15-driven

toxicity in GPC3-CAR-T-treated HCC patients.158 In contrast,

treatment with Allo15MCAR-NKT cells led to complete

tumor eradication and long-term survival without observable

toxicity, underscoring their superior safety and therapeutic po-

tential over IL-15-enhanced CAR-T cells in OC treatment

(Figures S8J–S8N).

AlloCAR-NKT cells exhibit unique features distinct from

PBMC-derived CAR-NKT cells

Lastly, we conducted a side-by-side comparison of Allo15MCAR-

NKT cells and PBMC-derived IL-15-enhanced MCAR-NKT

(PBMC15MCAR-NKT) cells (Figures S9A–S9D). Our study revealed

several key differences between these two MCAR-NKT cell

types. Allo15MCAR-NKT cells expressed significantly higher

levels of NKRs (e.g., NKG2D, DNAM-1, and NKp44), as validated

by flow-cytometry and scRNA-seq analyses (Figure S9E). More-

over, Allo15MCAR-NKT cells demonstrated superior cytotoxicity

against MSLN− OC tumor cell lines and primary OC patient-

derived tumor cells, highlighting their multiple tumor-targeting

mechanisms (Figures S9F–S9I). Additionally, Allo15MCAR-NKT

cells differed from PBMC15MCAR-NKT cells in the expression of

homing markers (e.g., S1PR1 and CD69) (Figure S9J). Further-

more, the ‘‘hypoimmunogenic’’ phenotype of Allo15MCAR-NKT

cells is distinct, as PBMC15MCAR-NKT cells exhibited higher

levels of surface HLA-I, HLA-II, and NK ligands, leading to strong

allorejection mediated by host T and NK cells (Figures S9K–

S9O). Collectively, these distinctive features position allogeneic

HSPC-engineered MCAR-NKT cells as a unique cell type, pre-

senting a promising off-the-shelf therapeutic candidate for treat-

ing OC with high efficacy and safety.

DISCUSSION

Currently, clinical investigations are actively exploring conven-

tional CAR-T cell-based therapy in the treatment of OC, targeting

antigens such as MSLN (NCT01583686 and NCT02159716),

MUC16 (NCT02498912), and CLDN6 (NCT04503278).10,12,17,18,31,160

These clinical studies have demonstrated the feasibility of con-

ventional CAR-T cell products, showing engraftment and tumor

trafficking but limited antitumor efficacy.10,17,18 The limited effi-

cacy of conventional CAR-T cell therapy in OC may be attributed

to several factors, including the inherent extreme heterogeneity

of OC tumor cells and their variable antigen expression,20 the

presence of therapy-resistant and immuno-evasive CSCs,21–23

and the existence of a hostile TME characterized by an exceed-

ingly high numbers of immunosuppressive cells, such as TAMs

and MDSCs, in the peritoneal cavity.24–26 Furthermore, conven-

tional CAR-T cell treatment can induce adverse effects, such as

CRS toxicity, which may be exacerbated by interactions be-

tween CAR-T cells and the abundant macrophage population

in the peritoneal cavity during the treatment of OC.32,33 Here,

we present the evaluation of an alternative cell platform,

HSPC-engineered allogeneic CAR-NKT cells, which display

distinctive attributes that enable them to overcome OC resis-

tance and evasion encountered by conventional CAR-T cells,

leading to superior anti-OC efficacy and prominent safety.

The first challenge encountered by conventional CAR-T cell

therapy for OC is the extensive heterogeneity of OC tumor cells,

rendering them resistant to a single CAR targeting strategy.20 To

address this limitation, CAR-T cells have been engineered with

dual-specific or tandem CARs to simultaneously target two anti-

gens; however, the effectiveness of this two-antigen targeting

strategy against solid tumors like those in OC remains to be

demonstrated.161,162 Our analysis of primary OC tumor samples

revealed a diverse repertoire of NKR ligands that are universally

expressed on OC tumor cells, including those from platinum-

resistant patients (Figures 1G–1K). In contrast to CAR-T cells,

which target OC tumor cells solely by recognizing the single

CAR antigen, allogeneic CAR-NKT cells expressed a broad array

of NKRs, allowing them to target OC tumor cells through recog-

nizing either the CAR antigen or/and the diverse NKR ligands

(Figures 2E–2K, S2E, and S2J). The CAR/NKRs multi-targeting

mechanism enables allogeneic MCAR-NKT cells to overcome

OC resistance associated with CAR antigen heterogeneity, as

demonstrated by in vitro MOA studies and in vivo human OC

xenograft models that mimic CAR antigen loss in OC tumor cells

(Figures 2E–2K, 4M–4P, S2E, S2J, S3C, and S3D).

Another major challenge faced by CAR-T cell therapy for solid

tumors is the limited ability of therapeutic cells to effectively

home to and infiltrate tumor sites.121,163 In the case of OC, which

primarily manifests as a peritoneal disease, successful cell ther-

apy requires therapeutic cells to effectively traffic to and be re-

tained at peritoneal tumor sites.160,164 Over the past decade,

alongside the classical i.v. administration, the i.p. administration

of therapeutic agents via a catheter or port has emerged as a

more targeted approach for the treatment of OC.7,86,87 We there-

fore evaluated both administration routes and found that the i.p.

route outperformed the i.v. route in anti-OC efficacy for both

MCAR-T and allogeneic MCAR-NKT cells, with allogeneic

MCAR-NKT cells showing superior efficacy compared to

MCAR-T cells (Figures 3A–3G). Following i.p. administration,

conventional MCAR-T cells gradually leaked from the peritoneal

cavity and infiltrated other organs, whereas allogeneic MCAR-

NKT cells demonstrated highly focused retention within the peri-

toneal tumor sites, likely associated with their distinct homing

marker expression pattern (e.g., S1PR1lowCD69high) that re-

duces blood recirculation and promotes tumor retention
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(Figures 3H–3P and S5A–S5D). The specific localization of allo-

geneic MCAR-NKT cells at peritoneal sites, particularly when

MSLN is chosen as the CAR antigen, offers another advantage

of avoiding the ‘‘on-target, off-tumor’’ lung toxicity reported in

a recent clinical trial of conventional MCAR-T cell therapy for

solid tumors.165

A major safety concern of conventional CAR-T cell therapy is

CRS, which is particularly pronounced in OC due to the abun-

dance of peritoneal macrophages that can significantly amplify

CRS toxicity (Figures 1L–1Q).32,33 Current strategies to mitigate

CAR-T cell-induced CRS include the use of glucocorticoids that

suppress inflammatory reactions, tocilizumab that blocks the

IL-6 receptor, and anakinra that blocks the IL-1 receptor.166

However, these interventions may dampen the CAR-T cell im-

mune response, and patients may experience resistance and

rebound effects following treatment.166 Allogeneic MCAR-NKT

cells present a promising alternative, as these cells have the po-

tential to minimize CRS toxicity without the need for additional

immunosuppressive agents (Figures 6R–6T). The low CRS risk

of allogeneic MCAR-NKT cells arises from their NK-like charac-

teristics (e.g., lower production of CRS inducers such as GM-

CSF, IL-2, and IL-3) (Figure S7I) as well as their capacity to

deplete CRS-related macrophages through CD1d recognition

(Figures 6K–6Q).32,33,139 These capacities ensure a more favor-

able safety profile while maintaining high anti-OC efficacy for

allogeneic MCAR-NKT cells.

Importantly, beyond their unique potential to overcome OC

resistance and evasion faced by conventional MCAR-T cells,

HSPC-engineered allogeneic MCAR-NKT cells also offer the op-

portunity for off-the-shelf application. These cells do not risk

inducing GvHD due to their invariant TCR and resist host T and

NK cell-mediated allorejection due to their intrinsic and stable

‘‘hypoimmunogenic’’ signature regulated by epigenetic and

signaling network mechanisms (Figure 7).48,167 Collectively, allo-

geneic MCAR-NKT cells provide superior efficacy, safety, and

off-the-shelf potential compared to conventional CAR-T cells

for OC treatment.

Limitations of the study

Despite its promise, the reported off-the-shelf CAR-NKT cell

therapy for OC still encounters certain limitations that require

further refinement. The potential safety concerns related to

‘‘on-target, off-tumor’’ toxicity of MSLN CAR target could be ad-

dressed by switching to other OC CAR targets (e.g., CLDN6 and

MUC16), which should not encounter manufacturing difficulties

thanks to the versatility and robustness of our clinically guided

allogeneic CAR-NKT cell-culture method (Figures 1F–1H, and

2A).17,18 Additionally, besides IL-15, the incorporation of genes

encoding other immune-enhancing molecules (e.g., IL-7, IL-12,

IL-18, and IL-21), along with immunosuppression-resistant fac-

tors (e.g., dominant-negative transforming growth factor β re-

ceptor), can be considered to enhance the antitumor capacities

of allogeneic CAR-NKT cells.88,168–170 In addition, suicide

switches (e.g., inducible caspase 9) can be incorporated into

the allogeneic CAR-NKT cell product to further enhance its

safety profile.158 Overall, clinical investigations are essential to

fully evaluate the potential of allogeneic CAR-NKT cells as prom-

ising off-the-shelf candidates for treating OC.
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Recombinant human IL-7 Peprotech CAT#200-07

Recombinant human IL-13 Peprotech CAT#200-13

Recombinant human IL-15 Peprotech CAT#200-15

Recombinant human IFN-γ Peprotech CAT#300-02

Recombinant human Flt3-Ligand Peprotech CAT#300-19

Recombinant human SCF Peprotech CAT#300-07

Recombinant human TPO Peprotech CAT#300-18

Recombinant human GM-CSF Peprotech CAT#300-03

Recombinant human M-CSF Peprotech CAT#300-25

L-ascorbic acid 2-phosphate Sigma CAT#A8960-5G

B27TM Supplement (50X), serum free ThermoFisher CAT#17504044

Cas9-NLS purified protein UC Berkeley N/A

X-VIVO 15 Serum-free Hematopoietic Cell

Medium

Lonza CAT#04-418Q

RPMI1640 cell culture medium Corning Cellgro CAT#10-040-CV

DMEM cell culture medium Corning Cellgro CAT#10-013-CV

Fetal Bovine Serum (FBS) Sigma CAT#F2442

MACS BSA stock solution Miltenyi CAT#130-091-376

30% BSA Gemini CAT#700-110-100

Penicillin-Streptomycine-

Glutamine (P/S/G)

Gibco CAT#10378016

Penicillin: streptomycin (pen:strep)

solution (P/S)

Gemini Bio-products CAT#400-109-100

MEM non-essential amino acids (NEAA) Gibco CAT#11140050

HEPES Buffer Solution Gibco CAT#15630080

Sodium Pyruvate Gibco CAT#11360070

Beta-Mercaptoethanol Sigma SKU#M6250

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Normocin Invivogen CAT#ant-nr-2

Fixable Viability Dye eFluor506 eBioscience CAT#65-0866-14

Cell Fixation/Permeabilization Kit BD Biosciences CAT#554714

RetroNectin recombination human

fibronectin fragment, 2.5mg

Takara CAT#T100B

10% neutral-buffered formalin Richard-Allan Scientific CAT#5705

D-Luciferin Potassium Salt Bioluminescent

Substrate

Revivi CAT#122799-100MG

Fluriso (Isoflurane) Vet One CAT#502017

Phosphate Buffered Saline (PBS)

pH 7.4 (1X)

Gibco CAT#10010-023

Formaldehyde Sigma-Aldrich CAT#F8775

Golgistop Protein Transport Inhibitor BD Biosciences CAT#554724

Poloxamer Synperonic F108 Millipore Sigma CAT#07579-250G-F

Prostaglandin E2 (PGE2) Cayman Chemical CAT#14010

TrypLETM Express Enzyme ThermoFisher Scientific CAT#12605010

Phorbol-12-myristate-13-acetate (PMA) Sigma CAT#524400

Ionomycin, Calcium salt, Streptomyces

conglobatus

Sigma CAT#407952

Critical commercial assays

Human NK Cell Isolation Kit Miltenyi Biotec CAT#130-092-657

Human CD34 MicroBeads Kit Miltenyi Biotec CAT#130-046-703

Human CD14 MicroBeads Kit Miltenyi Biotec CAT#130-050-201

Human Anti-NKT MicroBeads Miltenyi Biotec CAT#130-094-842

Human Anti-HLA-DR MicroBeads Miltenyi Biotec CAT#130-046-101

Human tumor cell isolation kit Miltenyi Biotec CAT#130-108-339

Fixation/Permeabilization Solution Kit BD Sciences CAT#55474

AmaxaTM P3 Primary Cell 4D-

NucleofectorTM X Kit S

Lonza CAT#V4XP-3032

Dynabeads Human T-Activator CD3/CD28 ThermoFisher CAT#11131D

miRNeasy Mini Kit Qiagen CAT#217004

Chromium single cell V(D)J enrichment kit,

human T cell

10 x Genomics CAT#1000005

Cryostor cell cryopreservation media Sigma CAT#C2874-100ML

StemSpan"" Lymphoid Differentiation

Coating Material (100X)

Stem Cell Technologies CAT#9925

StemSpan" SFEM II Stem Cell Technologies CAT#9605

ImmunoCult" Human CD3/CD28/CD2 T

Cell Activator

Stem Cell Technologies CAT#10970

TransIT-Lenti Transfection Reagent Mirus Bio CAT#MIR 6600

Amicon Ultra-15 Centrifugal Filter Unit Sigma CAT#UFC910024

Nunclon Sphera-Treated 96-Well

Microplate

ThermoFisher CAT#174929

CellQART 6-Well Cell Culture Insert Millicell CAT#9301002

Human IL-17A ELISA MAX Deluxe Kit Biolegend CAT#433915

Deposited data

scRNA-seq for the primary OC patient

sample profiling study

This paper GEO: GSE272764

scRNA-seq for the in vivo therapeutic cell

profiling study

This paper GEO: GSE270820

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

scRNA-seq for the in vivo tumor cell

profiling study

This paper GEO: GSE255431

scRNA-seq for the in vivo TME profiling

study

This paper GEO: GSE268749

scTCR-seq This paper GEO: GSE254262

Bulk RNA-seq (dataset 1) This paper GEO: GSE252379

Bulk RNA-seq (dataset 2) This paper GEO: GSE164425

Methyl-seq This paper GEO: GSE251909

scRNA-seq for primary OC patient sample

profiling study (public dataset B)

Zhang et al.50 GEO: GSE165897

scRNA-seq for primary OC patient sample

profiling study (public dataset C)

Xu et al.49 GEO: GSE184800

scRNA-seq for primary OC patient sample

profiling study (public dataset D)

Zheng et al.36 GSA-Human, PRJCA005422

Experimental models: Cell lines

Human multiple myeloma (MM) cell line

MM.1S

ATCC CRL-2974

Human chronic myelogenous leukemia

cancer cell line K562

ATCC CCL-243

Human ovarian cancer cell line OVCAR3 ATCC HTB-161

Human ovarian cancer cell line OVCAR8 NIH N/A

Human ovarian cancer cell line SKOV3 ATCC HTB-77

Human multiple myeloma (MM) cell line

MM.1S-FG

This paper N/A

Human multiple myeloma (MM) cell line

MM.1S-MSLN-FG

This paper N/A

Human ovarian cancer cell line OVCAR3-FG This paper N/A

Human ovarian cancer cell line

OVCAR3-FGMSLN-/-

This paper N/A

Human ovarian cancer cell line OVCAR8-FG This paper N/A

Human ovarian cancer cell line SKOV3-FG This paper N/A

Human artificial APC cell line This paper N/A

Experimental models: Organisms/strains

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) The Jackson Laboratory Stock #: 005557

Oligonucleotides

gRNA (MSLN): GCCAACGGCTCGAC

CCCTGT

Synthego N/A

Recombinant DNA

Vector: parental lentivector pMNDW Giannoni et al.67; Lan et al.171 N/A

Software and algorithms

FlowJo Software FlowJo https://www.flowjo.com/solutions/flowjo/

downloads

AURA imaging software Spectral Instruments Imaging https://spectralinvivo.com/software/

ImageJ ImageJ https://imagej.net/Downloads

Prism 9 Graphpad https://www.graphpad.com/scientific-

software/prism/

Matlab The MathWorks, Inc http://www.mathworks.com/products/

matlab.html

R R http://www.R-project.org/

RStudio RStudio https://posit.co
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

This study utilized the NOD.Cg-PrkdcSCIDIl2rgtm1Wjl/SzJ (NOD/SCID/IL-2Rγ-/-, NSG) mice housed by the animal facilities of the Uni-

versity of California, Los Angeles (UCLA). The mice used in the experiments aged between 6-10 weeks, unless otherwise specified.

Although female mice are physiologically more relevant for modeling ovarian cancer, no significant differences were observed be-

tween female and male mice in the peritoneal ovarian cancer models used in this study, including tumor burden, immune cell infil-

tration, and therapeutic response. All protocols of animal experiments were reviewed and approved by the Institutional Animal

Care and Use Committee (IACUC) of UCLA. All mice were housed under specific pathogen-free conditions, and all experimental pro-

cedures were conducted in accordance with the regulations established by the Division of Laboratory Animal Medicine (DLAM)

at UCLA.

Cell lines

Human multiple myeloma cancer cell line MM.1S, human ovarian cancer cell lines SKOV3 and OVCAR3, and human embryonic kid-

ney (HEK) cell line 293T were obtained from the American Type Culture Collection (ATCC). Human ovarian cancer cell line OVCAR8

was generously provided by the Division of Cancer Treatment and Diagnosis (DCTD) Tumor Repository at the National Institutes of

Health (NIH). To generate stable tumor cell lines overexpressing mesothelin (MSLN) and/or the firefly luciferase (Fluc) and enhanced

green fluorescent protein (EGFP) dual-reporters (FG), the parental tumor cell lines were transduced with lentiviral vectors encoding

the intended gene(s). 72h post lentivector transduction, tumor cells were subjected to flow cytometry sorting to isolate gene-engi-

neered cells for making stable cell lines. Five stable tumor cell lines were generated for this study, including MM.1S-FG, MM.1S-

MSLN-FG, SKOV3-FG, OVCAR3-FG, and OVCAR8-FG. The OVCAR3-FGMSLN-/- cell line was generated by knocking out the

MSLN gene from the parental OVCAR3-FG cell line using CRISPR/Cas9. The single guide RNA (sgRNA) targeting the MSLN gene

(GCCAACGGCTCGACCCCTGT) was designed and purchased from Synthego, and was introduced into OVCAR3-FG cells via elec-

troporation using an Amaxa 4D Nucleofection X Unit (Lonza), according to the manufacturer’s instructions. All tumor cell lines used in

this study were tested mycoplasma-free and frequently STR verified during experiments.

Human cord blood CD34+ hematopoietic stem and progenitor cells (HSPCs) and peripheral blood mononuclear cells

(PBMCs)

Purified CB CD34+ HSPCs were purchased from HemaCare (now a Charles River company). Healthy donor PBMCs were obtained

from the UCLA/CFAR Virology Core Laboratory, without identification information under federal and state regulations. CD34+ HSPCs

and PBMCs were cryopreserved in Cryostor CS10 (Sigma St. Louis, MO, USA) using CoolCell (BioCision, Larkspur, CA, UCA), and

were frozen in liquid nitrogen for storage and to supply all experiments.

Primary ovarian cancer patient samples

Primary OC patient ascites or pleural fluid samples were collected from patients who provided informed consent under protocols

approved by the UCLA Office of the Human Research Protection Program (IRB#10-0727 and IRB#20-1659). Clinical information

was obtained from the medical records. The study population consisted of platinum resistant and platinum sensitive high grade se-

rous ovarian cancer (HGSOC) patients who were chemonaive, post-neoadjuvant chemotherapy or recurrent. A total of 35 primary OC

samples were studied, and the sample information are described in Table S1.

The determination of platinum sensitivity of primary OC samples was described previously.21 Chemonaive samples were collected

from patients with new diagnosis of HGSOC and no prior exposure to chemotherapy. All patients received platinum-based chemo-

therapy. Disease recurrence in chemonaive patient samples were prospectively assessed to determine platinum sensitivity. Spec-

imens from those patients with disease relapse < 6 months after the last platinum-based chemotherapy infusion were considered

platinum resistant. Specimens collected from patients who did not experience relapse of disease or from patients who experienced

disease relapse≥ 6 months after the last platinum-based chemotherapy were categorized as platinum sensitive. On the other hand,

recurrent samples were collected from patients who have experienced relapse of disease following primary treatment. Past treat-

ment history from recurrent patient samples was reviewed retrospectively to determine platinum sensitivity. If at the time of the

collection of a recurrent tumor, the disease had relapsed≥ 6 months after the last platinum-based chemotherapy infusion, the spec-

imen was categorized as platinum sensitive. If at the time of the collection of a recurrent tumor, the patient had evidence of recurrent

disease < 6 months after the last platinum-based chemotherapy at any point during course of therapy or had evidence of disease

progression on platinum drugs, the specimen was categorized platinum resistant.

The OC sample processing was described previously.21 Briefly, freshly-collected OC samples were centrifuged, and then resus-

pended in RBC Lysis Buffer (BioLegend) to lyse red blood cells. The RBC-lysed samples were analyzed immediately or cryopre-

served for long-term storage and future analyses. To prepare single cells, each OC sample was resuspended in 10 mL of DMEM me-

dium supplemented with 2 mg/ml Collagenase Type I (ThermoFisher Scientific), 2 mg/ml Dispase II (ThermoFisher Scientific), and

1 mg/ml DNase I (Sigma-Aldrich), and incubated at 37◦C for 60 minutes with mechanical agitation. The resulting OC sample single

cells were utilized for relevant assays.
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Media and reagents

The X-VIVO 15 Serum-Free Hematopoietic Cell Medium was purchased from Lonza. The StemSpanTM T Cell Generation Kit,

comprising the StemSpanTM SFEM II Medium, the StemSpanTM Lymphoid Progenitor Expansion Supplement, the StemSpanTM

Lymphoid Progenitor Maturation Supplement, the StemSpanTM Lymphoid Progenitor Differentiation Coating Material, and the

ImmunoCultTM Human CD3/CD28/CD2 T Cell Activator, was purchased from StemCell Technologies. The CTSTM OpTmizerTM

T-Cell Expansion SFM (no phenol red, bottle format), the RPMI 1640 cell culture medium, and the DMEM cell culture medium

were purchased from ThermoFisher Scientific. The CryoStor® Cell Cryopreservation Media CS10 was purchased from

MilliporeSigma.

α-Galactosylceramide (α-GalCer or αGC, KRN7000) was purchased from Avanti Polar Lipids. Recombinant human IL-2, IL-3, IL-7,

IL-15, IL-21, IFN-γ, Flt3 ligand (Flt3L), stem cell factor (SCF), and thrombopoietin (TPO) were purchased from Peprotech. Fetal Bovine

Serum (FBS) and Beta-Mercaptoethanol (β-ME) were purchased from Sigma. Penicillin-Streptomycin-Glutamine (P/S/G), MEM non-

essential amino acids (NEAA), HEPES Buffer Solution, and Sodium Pyruvate were purchased from Gibco. Normocin was purchased

from Invivogen.

The homemade C10 medium for culturing immune cells 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), β-ME (50 μM), and Normocin

(100 μg/ml). The homemade D10 medium for culturing the HEK 293T cells 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 for culturing human tumor cell lines was made of RPMI

supplemented with FBS (10% vol/vol), P/S/G (1% vol/vol), and Normocin (100 μg/ml).

METHOD DETAILS

Lentiviral vectors

Lentiviral vectors used in this study were all constructed from a parental lentivector pMNDW.67,172 The 2A 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/MCAR vector was constructed by inserting into the pMNDW parental vector a synthetic gene encoding mesothelin-tar-

geting chimeric antigen receptor (MCAR). The MCAR design contains a mesothelin-targeting single-chain variable fragment

(scFv),173 a CD8 hinge, a CD28 transmembrane domain, a CD28 and a 4-1BB co-stimulatory domains, and a CD3ζ domain. The

Lenti/MCAR-IL15 vector was constructed by inserting into the pMNDW parental vector a synthetic bicistronic gene encoding

MCAR-F2A-IL15. The Lenti/iNKT-MCAR vector was constructed by inserting into the pMNDW parental vector a synthetic tricistronic

gene encoding human iNKT TCRα-F2A-TCRβ-P2A-MCAR; the Lenti/iNKT-MCAR-IL15 vector was constructed by inserting into the

pMNDW parental vector a synthetic tetracistronic gene encoding human iNKT TCRα-F2A-TCRβ-P2A-MCAR-T2A-IL15; the Lenti/

MSLN vector was constructed by inserting into the pMNDW parental vector a synthetic gene encoding human MSLN; the Lenti/

FG vector was constructed by inserting into the pMNDW parental vector a synthetic bicistronic gene encoding Fluc-P2A-EGFP;

and the Lenti/STAT1C-EGFP vector was constructed by inserting into the pMNDW parental vector a synthetic bicistronic gene en-

coding human STAT1C-P2A-EGFP (STAT1C indicates a human constitutively active STAT1174). The synthetic gene fragments were

obtained from GenScript or IDT. Lentiviruses were produced using HEK 293T cells, following a standard transfection protocol using

the Trans-IT-Lenti Transfection Reagent (Mirus Bio) and a centrifugation concentration protocol using the AmiconTM Ultra Centrifugal

Filter Units (MilliporeSigma), according to the manufacturers’ instructions.

Antibodies and flow cytometry

Fluorochrome-conjugated antibodies specific for human CD45 (Clone HI30), TCRαβ (Clone IP26), CD3 (Clone HIT3a), CD4 (Clone

OKT4), CD8 (Clone SK1), CD20 (Clone 2H7), CD45RO (Clone UCHL1), CD161 (Clone HP-3G10), CD56 (Clone HCD56), CD14 (Clone

HCD14), CD69 (Clone FN50), CD62L (Clone DREG-56), CD107a (Clone H4A3), CD1d (Clone 51.1), CD11b (Clone ICRF44), CD11c

(Clone Bu15), CD206 (Clone 15-2), CD163 (Clone GHI/61), NKG2D (Clone 1D11), DNAM-1 (Clone 11A8), CD19 (Clone HIB19), β2-

microglobulin (B2M) (Clone 2M2), HLA-DR (Clone L243), HLA-A,B,C (Clone W6/32), TCR Vδ2 (Clone B6), MICA/B (Clone 6D4),

IFN-γ (Clone B27), TNF-α (clone MAb11), IL-2 (Clone MQ1-17H12), Granzyme B (Clone QA16A02), Perforin (Clone dG9), and Strep-

tavidin were purchased from BioLegend. Fluorochrome-conjugated antibodies specific for human mesothelin (MSLN; Clone

420411), fibroblast activation protein alpha (FAP; Clone 427819), ULBP-1 (Clone 170818), and ULBP-2,5,6 (Clone 165903) were pur-

chased from R&D Systems. Fluorochrome-conjugated antibodies specific for mouse CD45 (Clone QA17A26), F4/80 (Clone BM8),

CD11b (Clone M1/70), Gr-1 (Clone RB6-8C5), IgG2b, κ Isotype control (Clone MG2b-57) were purchased from Biolegend. Fluoro-

chrome-conjugated antibodies specific for human TCR Vɑ24-Jβ18 (Clone 6B11) were purchased from BD Biosciences. Fixable

Viability Dye eFluor506 was purchased from Affymetrix eBioscience. Human Fc Receptor Blocking Solution (TruStain FcX) was pur-

chased from BioLegend, and Mouse Fc Block (anti-mouse CD16/32) was purchased from BD Biosciences. The DAPI Solution and

the goat anti-mouse IgG F(ab’)2 secondary antibody were purchased from Invitrogen. A fluorochrome-conjugated antibody specific

for human Vβ11 was purchased from Beckman-Coulter.

Most flow cytometry stains were performed in PBS for 15 min at 4◦C. The samples were stained with Fixable Viability Dye eFluor506

(e506) mixed with Mouse Fc Block (anti-mouse CD16/32) or Human Fc Receptor Blocking Solution (TrueStain FcX) prior to antibody
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staining. Antibody staining was performed at a dilution according to the manufacturer’s instructions. For intracellular cytokine stain-

ing, cells were stimulated with Phorbol-12-myristate-13-acetate (PMA) and Ionomycin for 2 hours, followed by the addition of Golgi-

stop Protein Transport Inhibitor, and further incubated for 4 hours. The cells were then stained using a Cell Fixation/Permeabilization

Kit (BD Biosciences). For the degranulation marker CD107a staining, cells were initially treated with an anti-human CD107a antibody,

followed by a 2-hour incubation, and subsequent collection and staining with other antibodies. Stained cells were analyzed using a

MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotech), following the manufacturer’s guidelines. FlowJo software version 9 (BD

Biosciences) was used for data analysis.

Enzyme-linked immunosorbent cytokine assays (ELISA)

The ELISAs for detecting human or mouse cytokines were performed following a standard protocol from BD Biosciences.55 Super-

natants from cell culture assays were collected and assayed to quantify human IFN-γ, TNF-α, IL-2, IL-4, and IL-15. Mouse serum and

peritoneal fluid samples were collected and assayed to quantify mouse IL-6. The capture and biotinylated antibody pairs were pur-

chased from BD Biosciences. The streptavidin-HRP conjugate was purchased from Invitrogen. Cytokine standards were purchased

from eBioscience. Tetramethylbenzidine (TMB) substrate was purchased from KPL. Human IL-17a was quantified using a Human IL-

17A ELISA MAX Deluxe Kit (BioLegend), following the manufacturer’s instructions. Mouse SAA-3 was quantified using a Mouse

SAA-3 ELISA Kit (MilliporeSigma), per the manufacturer’s instructions. The samples were analyzed for absorbance at 450 nm using

an Infinite M1000 microplate reader (Tecan).

Generation of allogeneic mesothelin-targeting CAR-engineered NKT (AlloMCAR-NKT) cells and their IL-15-

enhanced derivatives (Allo15MCAR-NKT cells)
Allo/15MCAR-NKT cells were generated from gene-engineered human cord blood CD34+ HSPCs using a 5-stage clinically guided cul-

ture method.48 The starting HSPCs were engineered to overexpress a transgenic human iNKT TCR, a MSLN-targeting CAR and/or

the secreted form of human IL-15.

At Stage 0, frozen-thawed human CD34+ HSPCs were revived and cultured in X-VIVO 15 Serum-Free Hematopoietic Stem Cell

Medium supplemented with Flt3L (50 ng/ml), SCF (50 ng/ml), TPO (50 ng/ml), and IL-3 (20 ng/ml) in non-tissue culture treated

24-well plate for 24 hours, then transduced with Lenti/iNKT-MCAR-(IL15) viruses for another 24 hours following a previously estab-

lished protocol.48,53,55 Concentrated lentivirus supernatants were mixed with Poloxamer Synperonic F108 (1:100 dilution) and Pros-

taglandin E2 (PGE2; 1:1000 dilution), and then gently added to the HSPCs cultures.

At Stage 1, gene-engineered HSPCs collected from Stage 0 were cultured in the StemSpanTM SFEM II Medium supplemented with

StemSpanTM Lymphoid Progenitor Expansion Supplement (denoted as LPE medium) for two weeks. CELLSTAR®24-well Cell Cul-

ture Nontreated Multiwell Plates (VWR) were used. The plates were pre-coated with 500 μl/well StemSpanTM Lymphoid Differentia-

tion Coating Material for 2 hours at room temperature or alternatively, overnight at 4◦C. Gene-engineered HSPCs were suspended at

2 x 104 cells/ml and 500 μl of cell suspension was added into each pre-coated well. Twice per week, half of the medium from each well

was removed and replaced with fresh LPE medium.

At Stage 2, cells collected from the Stage 1 were cultured in the StemSpanTM SFEM II Medium supplemented with StemSpanTM

Lymphoid Progenitor Maturation Supplement (denoted as LPM medium) for one week. Non-Treated FalconTM Polystyrene 6-well Mi-

croplates (ThermoFisher Scientific) were coated with 1 ml/well of StemSpanTM Lymphoid Differentiation Coating Material. The Stage

1 cells were collected and resuspended at 1 x 105 cells/ml; 2 ml of cell suspension was added into each pre-coated well. Cells were

passaged 1-2 times per week to maintain a cell density at 0.5-1 x 106 cells/ml; fresh LPM medium was added at every passage.

At Stage 3, the cells collected from the Stage 2 were cultured in the LPM medium supplemented with CD3/CD28/CD2 T Cell Acti-

vator and 20 ng/ml human recombinant IL-15 for one week. Cells were resuspended at 5 x 105 cells/ml; 2 ml cell suspension was

added into Non-Treated FalconTM Polystyrene 6-well Microplates pre-coated with 1 ml/well of StemSpanTM Lymphoid Differentiation

Coating Material. Cells were passaged 2-3 times per week to maintain a cell density at 0.5-1 x 106 cells/ml; fresh LPM medium sup-

plemented with human IL-15 was added at every passage.

At Stage 4, cells collected from the Stage 3, now mature Allo/15MCAR-NKT cells, were expanded using an artificial APC (aAPC)

expansion approach. The aAPC was generated by engineering the K562 human chronic myelogenous leukemia cell line (ATCC).48

aAPCs were irradiated at 10,000 rads using a Rad Source RS-2000 X-Ray Irradiator (Rad Source Technologies). Mature
Allo/15MCAR-NKT cells collected from the Stage 3 culture were mixed with the irradiated aAPCs at 1:1 - 1:2 ratio, resuspended in

expansion medium supplemented with 10 ng/ml IL-7 and IL-15 at 0.5-1 x 106 cells/ml, and seeded into the 150-mm cell culture dishes

(ThermoFisher Scientific) at 30 ml per plate. Cells were passaged 2-3 times per week to maintain a cell density at 0.5-1 x 106 cells/ml;

fresh expansion medium was added at every passage. The expansion stage lasted for 2 weeks. At stage 4, cells could be cultured

in 150-mm cell culture dishes (ThermoFisher Scientific) or G-Rex®6M Well Plates (Wilson Wolf). The expansion can happen in a

feeder-free, serum-free CTSTM OpTmizerTM T-Cell Expansion SFM (ThermoFisher Scientific), or a homemade C10 medium. The re-

sulting Allo/15MCAR-NKT cell products were aliquoted and cryopreserved in CryoStor® Cell Cryopreservation Media CS10 using a

Thermo ScientificTM CryoMedTM Controlled-Rate Freezer 7450 (Thermo scientific) for future use, following the manufacturers’ in-

structions. All allogeneic MCAR-NKT cell products were cryopreserved and used post–thaw to reflect their intended use as an

off-the-shelf therapeutic.

Med 6, 100804, October 10, 2025 e8

Article
ll

OPEN ACCESS



Generation of PBMC-derived conventional αβ T, NKT, and NK cells

Healthy donor PBMCs were used to generate the PBMC-derived conventional αβ T, NKT, and NK cells (denoted as PBMC- αβTc

cells, PBMC-NKT cells, and PBMC-NK cells, respectively).

To generate PBMC-αβTc cells, PBMCs were stimulated with the DynabeadsTM Human T-Activator CD3/CD28 (ThermoFisher Sci-

entific) according to the manufacturer’s instructions, followed by culturing in the C10 medium supplemented with human IL-2 (20 ng/

mL) for 2–3 weeks.

To generate PBMC-NKT cells, PBMCs were MACS-sorted via Anti-iNKT MicroBeads (Miltenyi Biotech) labeling to enrich NKT

cells, following the manufacturer’s instructions. The enriched NKT cells were mixed with donor-matched irradiated αGC-loaded

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 for 2-3 weeks. If

needed, the resulting cultured cells could be further purified using Fluorescence-Activated Cell Sorting (FACS) via human NKT

TCR antibody (Clone 6B11; BD Biosciences) staining.

To generate PBMC-NK cells, PBMCs were FACS-sorted using a FACSAria III Sorter (BD Biosciences) via human CD56 antibody

(Clone HCD56; BioLegend) labeling, or MACS-sorted using a Human NK Cell Isolation Kit (Miltenyi Biotech), following the manufac-

turers’ instructions.

Generation of MSLN-targeting CAR-engineered conventional αβ T (MCAR-T) cells

Non-treated tissue culture 24-well or 12-well plates (Corning) were coated with Ultra-LEAFTM Purified Anti-Human CD3 Antibody

(Clone OKT3; BioLegend) at 1 μg/ml (500 μl/well), at room temperature for 2 hours or alternatively, overnight at 4◦C. Healthy donor

PBMCs were resuspended in the C10 medium supplemented with 1 μg/ml Ultra-LEAFTM Purified Anti-Human CD28 Antibody (Clone

CD28.2, BioLegend) and 30 ng/ml IL-2, followed by seeding in the pre-coated plates at 1 x 106 cells/ml (1 ml/well). On day 2, cells

were transduced with Lenti/MCAR virus for 24 hours. The resulting MCAR-T cells were expanded for about 2 weeks in C10 medium

supplemented with human IL-2, and cryopreserved for future use, following established protocols.48,53

Generation of PBMC-derived IL-15-enhanced MSLN-targeting CAR-engineered NKT (PBMC15MCAR-NKT) cells

Healthy donor PBMCs were sorted with MACS via Anti-iNKT Microbeads (Miltenyi Biotech) labeling to enrich NKT cells, following the

manufacturer’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 for 24 h. 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 assays using OC patient samples

In one assay, the primary OC patient samples were analyzed for tumor cell phenotype and the TME composition using flow cytom-

etry. OC tumor cells were sorted using a Human Tumor Cell Isolation Kit (Miltenyi Biotec) and/or identified as CD45-CD31-FAP(fibro-

blast activation protein)- cells,21 T cells were identified as CD45+CD3+ cells, CD4 T cells were identified as CD4+ T cells, CD8 T cells

were identified as CD8+ T cells, B cells were identified as CD45+CD19+ or CD45+CD20+ cells, NK cells were identified as

CD45+CD56+CD3- cells, monocytes and macrophages were identified as CD45+CD11b+CD14+ cells, granulocytes were identified

as CD45+CD11b+CD14-CD15+ cells, tumor-associated macrophages (TAMs) were identified as HLA-DRhighCD206high monocytes,

and myeloid-derived suppressor cells (MDSCs) were identified as HLA-DRlowCD206low monocytes. Surface expression of MSLN,

CD1d, and NK ligands on tumor or/and immune cells were also analyzed using flow cytometry. A total of 34 primary OC patient sam-

ples were included in this assay.

In another assay, the primary OC patient samples were used to study tumor cell killing by Allo/15MCAR-NKT cells. Tumor cells were

pre-sorted using a Human Tumor Cell Isolation Kit (Miltenyi Biotec), 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 hours. At the end of culture, cells were collected and

live OC tumor cells (identified as CD45-CD3-6B11- cells) was analyzed using flow cytometry. A total of 20 primary OC patient samples

were included in this assay.

In another assay, the primary OC patient samples were used to study the TME targeting by Allo/15MCAR-NKT cells. Patient samples

were directly co-cultured with Allo/15MCAR-NKT cells (ratio 1:1) in C10 medium in Corning 96-well Round Bottom Cell Culture plates

for 24 hours. At the end of culture, cells were collected, and the TME targeting of Allo/15MCAR-NKT cells was assessed using flow

cytometry by quantifying live human TAM/MDSCs (identified as 6B11-CD45+CD14+CD11b+ cells), T cells (identified as

6B11-CD45+CD3+ cells), B cells (identified as 6B11-CD45+CD3-CD19+ cells or 6B11-CD45+CD3-CD20+ cells), granulocytes (identi-

fied as 6B11-CD45+CD14-CD11b+ cells), and NK cells (identified as 6B11-CD45+CD3-CD56+ cells). A total of 34 primary OC patient

samples were included in this assay.

In vitro tumor cell killing assay

Tumor cells (1 x 104 cells per well) were co-cultured with therapeutic cells (e.g., Allo/15MCAR-NKT, MCAR-T, and T cells) in Corning

96-well clear bottom black plates for 24 hours in C10 medium. The E:T ratios were indicated in the figures or figure legends. At the end

of culture, live tumor cells were quantified by adding D-luciferin (150 μg/ml; Caliper Life Science) to cell cultures and reading out lucif-

erase activities using an Infinite M1000 microplate reader (Tecan).
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To study the NKR-mediated tumor cell killing in vitro, 10 μg/ml LEAFTM purified anti-human NKG2D (Clone 1D11, BioLegend), anti-

human DNAM-1 antibody (Clone 11A8, BioLegend), or LEAFTM purified mouse lgG2bk isotype control antibody (Clone MG2B-57,

BioLegend) was added to co-cultures one hour prior to adding Allo/15MCAR-NKT cells.

In vitro serial tumor cell killing assay

1 x 104 non-engineered tumor cells (e.g., OVCAR3 cells; referred to as stimulator cells) were co-cultured with 2 x 105 therapeutic cells

in a Corning 96-well clear bottom black plate within C10 medium. Cultures were supplemented with a dose of 1 x 104 stimulator cells

every 2 days. Stimulator cells were then substituted with 1 x 104 of FG-engineered tumor cells (e.g., OVCAR3-FG cells; referred to as

indicator cells) 24 hours prior to luminescent read-out of tumor killing. On the day of imaging, remaining live indicator cells were quan-

tified through addition of 100 μL of D-Luciferin (150 μg/ml) with subsequent readout using an Infinite M1000 microplate reader (Tecan)

to measure luciferase activity from residual indicator cells.

In vitro tumor organoid targeting assay

Human M2-polarized macrophages were generated from healthy donor PBMCs. 1 x 108 PBMCs were resuspended in 10 ml of RPMI

medium and seeded in a 10-cm tissue culture plate (Corning) to allow monocyte adherence. After 1 hour of incubation, the plate was

washed to remove non-adherent cells, followed by adding back 10 ml of fresh C10 medium supplemented with recombinant human

M-CSF (10 ng/ml). The culture medium was replaced every 2-3 days during a 6-day culture to generate monocyte-derived macro-

phages (MDMs). Subsequently, recombinant human IL-4 (10 ng/ml) and IL-13 (10 ng/ml) were added, and MDMs were cultured for

another 48 hours to induce M2 polarization.

The resulting M2-polarized macrophages were then utilized as a surrogate of TAMs for human OC organoid cultures. Two types

of OC organoids were generated, including OVCAR8 organoids and OVCAR8/TAM organoids. To generate the OVCAR8 organo-

ids, 2 x 105 OVCAR8 tumor cells were resuspended in 200 μl of C10 medium and seeded in each well of a Nunclon Sphera-

Treated 96-Well Microplate (ThermoFisher Scientific). To generate the OVCAR8/TAM organoids, 1 x 105 M2-polarized human

macrophages and 1 x 105 OVCAR8 tumor cells were mixed, resuspended in 200 μl of C10 medium, and seeded in each well

of a Nunclon Sphera-Treated 96-Well Microplate. The plates were centrifuged at 300 x g for 10 minutes to allow cell pellet forma-

tion. The supernatants were then removed, and each cell pellet was resuspended in 5 μl of C10 medium and transferred onto a

microporous CellQART 6-Well Cell Culture Insert (Millicell). These inserts were placed in a 6-well cell culture plate (Corning), one

insert per well containing 2 ml of C10 medium supplemented with recombinant human M-CSF (2 ng/ml). Organoids were gener-

ated over a 7-day culture.

To set up the in vitro tumor organoid targeting assay, 3 x 106 FG-labeled therapeutic cells (i.e., Allo15MCAR-NKT/FG and conven-

tional MCAR-T/FG cells) were resuspended in 100 μl of C10 medium and dropped onto an organoid, followed by a 24-hour co-cul-

ture. Throughout the co-culture, the organoids were periodically imaged by widefield imaging using an EVOS M5000 imaging system

(Invitrogen) and analyzed using Image J (Image J). Therapeutic cell infiltration into the organoids was imaged using a Leica Confocal

SP8-STED/FLIM/FCS microscope and analyzed using customized Matlab algorithms (MathWorks). At the end of the co-culture, or-

ganoids were collected. 20 μl of 1x TrypLETM Express Enzyme (ThermoFisher Scientific) was added to each organoid, followed by a

10-minute incubation. The organoids were then disaggregated by gently pipetting and passing through a 50-μm nylon strainer (Fisher

Scientific). The resulting single cells were analyzed using flow cytometry to quantify OVCAR8 tumor cells (identified as human CD45-

cells) and macrophages (identified as human CD45+CD11b+ cells).

In vitro scanning electron microscopy (SEM)

SEM was used to visualize the AlloMCAR-NKT cell targeting of OVCAR3-FG human OC cells. The AlloMCAR-NKT cells were co-

cultured with OVCAR3-FG cells in C10 medium on a Cover Glass Slide (Bioland Scientific LLC) for 8 hours. After the culture, the cells

were rinsed with warm HBSS and then fixed with warm 3% glutaraldehyde in the SEM buffer, moved to 4 degrees, and stored over-

night. The SEM buffer (pH 7.4) was prepared using 0.1 M Na-phosphate buffer containing 0.1M Sucrose. On the second day, the cells

were washed twice with SEM buffer for five minutes each time. Then, the cells were fixed with 2% osmium tetroxide in SEM buffer on

ice for one hour and washed again with SEM buffer twice with five minutes each time. After the washing step, the cells were dehy-

drated successively with 50%, 70%, 95%, and 100% ethanol, each for 15 minutes. The final 100% ethanol was replaced with hex-

amethyldisilazane, and then the cells were evaporated in the hood. The processed cells were then subjected to Low-Vacuum Scan-

ning Electron Microscopy (LV-SEM) on a FEI Nova Nano 230 SEM (ThermoFisher Scientific), following the manufacturer’s

instructions.

In vitro mixed lymphocyte reaction (MLR) assay: Studying graft-versus-host (GvH) response

PBMCs of multiple healthy donors were irradiated at 2,500 rads and used as stimulators, to study the GvH response of Allo15MCAR-

NKT cells as responders. MCAR-T cells were included as a responder control. Stimulators (5 x 105 cells/well) and responders (2 x 104

cells/well) were co-cultured in 96-well round bottom plates in C10 medium for 4 days; the cell culture supernatants were then

collected to measure IFN-γ production using ELISA.

Med 6, 100804, October 10, 2025 e10

Article
ll

OPEN ACCESS



In vitro MLR assay: Studying T cell-mediated allorejection

PBMCs of multiple healthy donors were used as responders, to study the T cell-mediated allorejection of Allo15MCAR-NKT cells as

stimulators (irradiated at 2,500 rads). MCAR-T cells were included as stimulator controls. Stimulators (5 x 105 cells/well) and re-

sponders (2 x 104 cells/well) were co-cultured in 96-well round bottom plates in C10 medium for 4 days; the cell culture supernatants

were then collected to measure IFN-γ production using ELISA.

In vitro MLR assay: Studying NK cell-mediated allorejection

PBMC-NK cells isolated from PBMCs of multiple healthy donors were used to study the NK cell-mediated allorejection of
Allo15MCAR-NKT cells. MCAR-T cells were included as controls. PBMC-NK cells (2 x 104 cells/well) and the corresponding effector

cells (2 x 104 cells/well) were co-cultured in 96-well round bottom plates in C10 medium for 24 h; the cell cultures were then collected

to quantify live cells using flow cytometry.

In vivo bioluminescence live animal imaging (BLI)

BLI was performed using a Spectral Advanced Molecular Imaging (AMI) HTX imaging system (Spectral instrument Imaging). Live an-

imal images were acquired 5 minutes after intraperitoneal (i.p.) injection of D-Luciferin for total body bioluminescence. To monitor

the signal of tumor cells (e.g., OVCAR3-FG cells), 1 mg/mouse of D-Luciferin was injected; To monitor the signal of therapeutic cells

(e.g., Allo15MCAR-NKT/FG cells), 3 mg/mouse of D-Luciferin was injected. Imaging data were analyzed using an AURA imaging soft-

ware (Spectral Instrument Imaging, version 3.2.0). Due to the large number of experimental mice used in this study, representative

images from individual mice are shown in the figures.

In vivo antitumor efficacy study of Allo/15MCAR-NKT cells: OVCAR8-FG human OC xenograft NSG mouse model with

intraperitoneal administration route

Experimental design is shown in Figure 3A. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR8-FG human OC cells (2 x

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

(10 x 106 CAR+ cells in 100 μl PBS per mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). In this exper-

iment, MCAR-T cells were pre-sorted to isolate CAR+ cells, which were then injected into the experimental mice. Over the experi-

ment, mice were monitored for survival and their tumor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of Allo/15MCAR-NKT cells: OVCAR8-FG human OC xenograft NSG mouse model with

intravenous administration route

Experimental design is shown in Figure 3A. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR8-FG human OC cells (2 x

105 cells per mouse). On Day 4, the experimental mice received Intravenous (i.v.) injection of vehicle (100 μl PBS per mouse),
Allo/15MCAR-NKT cells (10 x 106 CAR+ cells in 100 μl PBS per mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS

per mouse). Over the experiment, mice were monitored for survival and their tumor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of Allo/15MCAR-NKT cells: OVCAR3-FG low tumor burden human OC xenograft NSG

mouse model

Experimental design is shown in Figure 4A. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR3-FG human OC cells (5 x

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

(10 x 106 CAR+ cells in 100 μl PBS per mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). Over the

experiment, mice were monitored for survival and their tumor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of Allo/15MCAR-NKT cells: OVCAR3-FG high tumor burden human OC xenograft NSG

mouse model

Experimental design is shown in Figure 4E. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR3-FG human OC cells (5 x

105 cells per mouse). The tumor cells were allowed to grow for 40 days, establishing a high tumor burden. On Day 40, the experi-

mental mice received i.p. injection of vehicle (100 μl PBS per mouse), Allo/15MCAR-NKT cells (10 x 106 CAR+ cells in 100 μl PBS

per mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). Over the experiment, mice were monitored

for survival and their tumor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of Allo/15MCAR-NKT cells: OVCAR3-FG repeated tumor challenge human OC xenograft

NSG mouse model

Experimental design is shown in Figure 4I. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR3-FG human OC cells (5 x

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

(10 x 106 CAR+ cells in 100 μl PBS per mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). On Day 16, the

experimental mice received another i.p. inoculation of OVCAR3-FG human OC cells (5 x 105 cells per mouse). Over the experiment,

mice were monitored for survival and their tumor loads were measured twice per week using BLI.
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In vivo antitumor efficacy study of Allo/15MCAR-NKT cells combined with carboplatin: OVCAR3-FG human OC

xenograft NSG mouse model

Experimental design is shown in Figure 4Q. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR8-FG human OC cells (1 x

106 cells per mouse). On Day 4 and Day 10, the experimental mice received i.p. injection of chemodrug carboplatin (10 mg/kg per

mouse). On Day 17, the experimental mice received i.p. injection of Allo15MCAR-NKT cells (1 x 106 CAR+ cells in 100 μl PBS per

mouse). Over the experiment, mice were monitored for survival and their tumor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of Allo/15MCAR-NKT cells: OVCAR3-FGMSLN− /− human OC xenograft NSG mouse model

Experimental design is shown in Figure 4M. Briefly, on Day 0, NSG mice received i.p. inoculation of OVCAR3-FGMSLN-/- human OC

cells (5 x 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 (10 x 106 CAR+ cells in 100 μl PBS per mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). Over

the experiment, mice were monitored for survival and their tumor loads were measured twice per week using BLI.

In vivo pharmacokinetics/pharmacodynamics (PK/PD) study of Allo/15MCAR-NKT/FG cells: Human OC xenograft NSG

mouse model

Experimental design is shown in Figure 3H. Briefly, on Day -4, NSG mice received i.p. inoculation of OVCAR8 cells (2 x 105 cells/

mouse). On Day 0, the experimental mice received i.p. or i.v. injection of Allo/15MCAR-NKT/FG cells (10 x 106 CAR+ cells in 100 μl

PBS per mouse), or control MCAR-T/FG cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). Over the experiment, mice were moni-

tored for survival and their therapeutic cells were measured twice per week using BLI. Note in this study, therapeutic immune cells,

but not the tumor cells, were labeled with FG. MCAR-T/FG cells were included as a control.

In vivo TME targeting study

Experimental design is shown in Figure 6I. Briefly, on Day -4, NSG mice received i.p. inoculation of OVCAR8-FG cells (2 x 105 cells/

mouse). On Day 0, the experimental mice received i.p. injection of Allo/15MCAR-NKT cells (10 x 106 CAR+ cells in 100 μl PBS per

mouse), or control MCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). On Day 14, experimental mice were euthanized

and multiple tissues (i.e., peritoneal fluid, blood, spleen, and bone marrow) were collected for the detection of immune cell compo-

sition using flow cytometry.

In vivo cytokine release syndrome (CRS) study

Experimental design is shown in Figure 6R. Briefly, on Day -4, NSG mice received i.p. inoculation of OVCAR8-FG cells (5 x 106 cells

per mouse). On Day 0, the experimental mice received i.p. injection of vehicle (100 μl PBS per mouse), Allo15BCAR-NKT cells (10 x 106

CAR+ cells in 100 μl PBS per mouse), or control BCAR-T cells (10 x 106 CAR+ cells in 100 μl PBS per mouse). On Day 3, blood and

peritoneal fluid samples were collected from the experimental mice, and their serum and peritoneal fluid 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 TCR sequencing (scTCR-seq)
AlloMCAR-NKT (6B11+TCRαβ+), Allo15MCAR-NKT (6B11+TCRαβ+), PBMC-NKT (6B11+TCRαβ+), and PBMC-Tc (6B11− TCRαβ+) cells

were sorted using a FACSAria II flow cytometer. Sorted cells were immediately delivered to the UCLA TCGB (Technology Center for

Genomics and Bioinformatics) Core to perform single cell TCR sequencing using a 10X Genomics ChromiumTM Controller Single

Cell Sequencing System (10X Genomics), following the manufacturer’s instructions and the TCGB Core’s standard protocol. Briefly,

the cells were encapsulated in gel beads and lysed to release RNA, which was then reverse-transcribed and amplified. The resulting

cDNA was fragmented and barcoded, and libraries were constructed using the Illumina Tru-Seq RNA Sample Prep Kit (Cat#FC-122-

1001). The libraries were sequenced with 150 bp paired-end reads, with 5,000 reads/cell on an Illumina Nova-Seq. The raw

sequencing data were processed and mapped to the human TCR reference genome (hg38) using the Cell Ranger VDJ software.

The frequencies of the unique α or β chains were plotted to show the TCR repertoire diversity in each cell population.

Bulk RNA sequencing (bulk RNA-seq)

A total of 20 cell samples were analyzed, as described in the following table.

Sample name Number of replicates FACS sorting markers Description

AlloMCAR-NKT 4 6B11+TCRαβ+ Allogeneic HSPC-derived MCAR-

engineered NKT cells

Allo15MCAR-NKT 4 6B11+TCRαβ+ Allogeneic IL15-enhanced HSPC-derived

MCAR-engineered NKT cells

(Continued on next page)
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The numbers indicate different donors. Note that Allo/15MCAR-NKT cells displayed a CD4-CD8+/- phenotype, therefore the CD4-

populations of PBMC-NKT and PBMC-αβTc cells were used in this study. Note that the sequencing data for certain cell samples

have been incorporated from our previous studies.53 Cell samples were sorted using a FACSAriaTM III Sorter (BD Biosciences). Total

RNAs were isolated from each cell sample using a miRNeasy Mini Kit (QIAGEN) and delivered to the UCLA TCGB Core to perform

Bulk RNA-seq using an Illumina HiSeq3000, following the manufacturer’s instructions and the TCGB Core’s standard protocols.

cDNAs were synthesised using an iScript cDNA Synthesis Kit (BioRad). Libraries were constructed using an Illumina TruSeq

Stranded Total RNA Sample Prep kit and sequenced with 50 bp single-end reads (targeting 20 x 106 reads per sample) on an Illumina

HiSeq3000. The raw sequencing data underwent quality control and adapter trimming using fastp (version 0.23.2), and trimmed

reads were mapped to the human genome (hg38) using with STAR 2.7.9a with default parameters. The read counts for each gene

were obtained using featureCounts from Subread package (version 2.0.3). Sequencing depth normalized counts (cpm, counts per

million) were obtained using edgeR (version 3.38.4). Top 2,000 most variable genes were indentified, and the log transformation

with psuedocount 1 was used for principal-component analysis (PCA).

Single cell RNA sequencing (scRNA-seq)

In one study, scRNA-seq was utilized to examine the gene expression profiles of primary ovarian cancer patient-derived tumor cells,

as shown in Figure 1A. Two in-house OC patient samples, comprising matched chemonaive (C) and recurrent (R) samples, were

included. The tumor cells were isolated using a Human Tumor Cell Isolation Kit (Miltenyi Biotec) following the manufacturer’s instruc-

tions, and then subjected to scRNA-seq. The scRNA-seq analyses of primary OC samples also incorporated data from publicly avail-

able datasets (GSE165897, GSE184880, and PRJCA005422).

In another study, scRNA-seq was utilized to examine the in vivo gene expression profile of therapeutic cells, tumor cells, and

mouse immune cells in an OVCAR8-FG human OC xenograft NSG mouse model as shown in Figure 5A. Two types of therapeutic

cells (Allo15MCAR-NKT and MCAR-T cells) were collected at four time points (Week 0, Week 4, Week 8, and Week 9). Week 0 samples

were collected prior to infusion, Week 4 and 8 samples were collected from the peritoneal cavity tumor sites of the experimental mice,

and Week 9 samples were generated by stimulating Week 8 samples in vitro with MSLN-expressing aAPCs for one week. The tumor

cells (OVCAR8-FG) and the mouse immune cells (mouse CD45+ cells) were collected on Week 4. Cells isolated from 5-10 mice of

each experimental group were combined for 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 Countess II automated cell counter (Invitrogen/Thermo Fisher Scientific). A total of 10,000 cells from

each experimental group were loaded on the Chromium platform (10X Genomics), and libraries were constructed using the

Chromium Next GEM Single Cell 3’ Kit v3.1 and the Chromium Next GEM Chip G Single Cell Kit (10X Genomics), according

to the manufacturer’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).

For cell clustering and annotation, the merged digital expression matrix generated by Cellranger was analyzed using an R package

Seurat (v.4.0.0) following the official website guidelines.175–177 Briefly, after filtering the low-quality cells, the expression matrix was

normalized using NormalizeData function, followed by selecting top 2,000 most variable genes across datasets using

FindVariableFeatures and SelectIntegrationFeatures functions. To correct the batch effect, FindIntegrrationAnchors and

IntegrateData functions were used based on the selected feature genes. The corrected dataset was subjected to standard Seurat

workflow for dimension reduction and clustering. In this study, clusters of therapeutic cells were manually merged and annotated

based on gene signatures reported from Human Protein Atlas (proteinatlas.org) and previous studies,96–103 and clusters of mouse

immune cells were merged and annotated based on the immune lineage markers. AddModuleScore was used to calculate module

scores of each list of gene signatures, and FeaturePlot function was used to visualize the expression of each signature in the UMAP

plots. For gene set enrichment analysis (GSEA), clusterProfiler packages178,179 were used to calculate the enrichment scores of each

cluster in the signature gene list.

For RNA-velocity analysis, the LOOM files containing spliced/unspliced expression matrices were generated for each sample. The

further analysis was conducted using the Velocyto.R-package (v0.6).180 After loading LOOM files information through the

ReadVelocity function, databases were merged and the RunVelocity function was executed to obtain the velocity vectors. Finally,

Continued

Sample name Number of replicates FACS sorting markers Description

PBMC-NKT (CD4-) 3 6B11+TCRαβ+CD4- PBMC-NKT cells derived from healthy

donor PBMCs (CD4- cells were analyzed)

PBMC-αβTc (CD4-) 7 6B11-TCRαβ+CD4 PBMC-αβTc cells derived from healthy

donor PBMCs (CD4- cells were analyzed)

PBMC-NK 2 CD56+CD3- PBMC-NK cells derived from healthy donor

PBMCs
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the velocities were projected into a lower-dimensional embedding using the velocity_graph function and visualized on the UMAP

embedding in each intended cell cluster using the show.velocity.on.embedding.cor function. All velocyto functions were utilized

with default parameters.

For pathway analysis, differentially expressed genes in OVCAR8-FG tumor cells were analyzed using ShinyGO 0.82 (https://

bioinformatics.sdstate.edu/go/), with either GO Biological Process or KEGG pathways used for the analyses. A low threshold

for differential expression was applied due to the subtle differences observed between sample groups. For cell-cell

communication, CellChat181 was utilized for ligand-receptor analysis. CellChat objects for the scRNA-seq data of MCAR-T cells,
Allo15MCAR-NKT cells, MCAR-T cell-treated tumor cells, and Allo15MCAR-NKT cell-treated tumor cells were created using the

createCellChat function, respectively, followed by identifying the overexpressed ligand-receptor interactions using identifyOver-

ExpressedGenes function and identifyOverExpressedInteractions function. The gene expression data were also projected onto

protein-protein interaction network using projectData function. To infers the biologically significant cell-cell communication by

assigning each interaction with a probability value, computeCommunProb and computeCommunProbPathway functions were

used to assign each interaction with a probability value. Database CellChatDB in human was used in this study. To performed

integrated analysis, mergeCellChat function was used to merge all CellChat objects. To compare number of interactions and

interaction strength among different cell populations, netVisual_diffInteraction function was utilized to visualize the number of

ligand-receptor interactions of among therapeutic cells (MCAR-T or Allo15MCAR-NKT) and OVCAR8-FG tumor cells. To discover

major signaling changes in response to MCAR-T cell or Allo15MCAR-NKT cell treatment, the rankNet function was utilized to

compare the information flow change of each signaling pathway within the network. To show interactions sending from thera-

peutic cells to tumor cells, netVisual_chord_gene function was used to visualize ligand-receptor pairs behind each signaling

pathways.

Methylation sequencing (Methyl-seq)

6 samples including 3 Allo15MCAR-NKT and 3 MCAR-T cell samples were analyzed using Methyl-seq. Genomic DNA was isolated

from experimental samples using a QIAGEN DNeasy Blood & Tissue kit, then sonicated using a Covaris M220 Focused-ultrasonica-

tor, following the manufacturers’ instructions. DNA fragments of around 250 bp were enriched using the Ampure XP beads

(Beckman-Coulter), then subjected to DNA library preparation using an NEBNext Ultra II DNA library prep Kit (Cat#E7645) following

the manufacturers’ instructions. The DNA libraries were then subjected to sequencing on Illumina NovaSeq sequencer with 2 x

150 bp configuration (Azenta). The raw bisulfite sequencing reads were trimmed by cutadapt to remove sequencing adapters.

The trimmed reads were then aligned to hg19 reference genome by Bismark.182 Then duplicated reads from PCR amplification

were identified and removed by Bismark. The deduplicated reads were then sorted and indexed using Samtools.183 After that,

the methylated and unmethylated cytosines were counted at every CpG site by Bismark. The methylation at a gene promoter region

was quantified as the beta value, i.e., the ratio between the number of methylated cytosines and the total number of cytosines map-

ped to the region. The promoter region of a gene was identified by GeneHancer with the highest confidence score. The beta values

were then used for heatmap visualization.

Histological analysis

Tissues were collected from mice and fixed in 10% Neutral Buffered Formalin for 72 hours, then embedded in paraffin. Tissues were

sectioned to 5 μm thickness 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) at 20 x magnifications. The images were analyzed using Optronics PictureFrame software (AU

Optronics).

Western blot (WB)

WB was used to analyze the IFN-γ signaling events in Allo15MCAR-NKT cells. Conventional MCAR-T cells and quiescent T cells pre-

pared from the same healthy donor PBMCs were included as controls. Quiescent T cells were MACS-sorted from PBMCs using

mixed anti-human CD4 and CD8 magnetic beads (Miltenyi Biotec) to avoid the potential CD3 stimulation, following the manufac-

turer’s instructions.

Cells were stimulated with IFN-γ (10 ng/ml) for 15 minutes (for blotting p-STAT1/STAT1), 18 hours (for blotting IRF-1), or 48 hours

(for blotting CIITA/SP1). Total proteins were extracted using a RIPA lysis buffer (Thermo Fisher Scientific) containing 20 mM HEPES

(pH 7.6), 150 mM NaCl, 1mM EDTA, 1% Tritonx-100, and protease/phosphatase inhibitor cocktail (Cell Signaling Technology). Pro-

tein concentration was measured using a Bicinchoninic Acid (BCA) Assay Kit (Thermo Fisher Scientific). Equal amounts of total pro-

tein were resolved on a 4–15% Mini-PROTEAN® TGXTM Precast Protein Gel (BIO-RAD) and then transferred to a polyvinylidene di-

fluoride (PVDF) membrane by electrophoresis. The following antibodies were used to blot for the proteins of interest: anti-human

CIITA (Invitrogen), anti-human p-STAT1(Y701) (clone 58D6, Cell Signaling Technology, CST), anti-human STAT1 (clone D1K9Y,

CST), anti-human IRF-1 (clone D5E4, CST), anti-human SP1 (clone D4C3, CST), and secondary anti-rabbit IgG (CST). β-Actin (clone

D6A8, CST) and GAPDH (clone D16H11, CST) were used as internal controls. Signals were visualized using a ChemiDocTM Imaging

Systems (BIO-RAD). The data were analyzed using ImageJ (Version 1.53s).
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Generation and analysis of Allo15MCAR-NKT cells overexpressing a constitutively active STAT1
Allo15MCAR-NKT cells overexpressing a constitutively active STAT1174 and an EGFP reporter (denoted as Allo15MCAR-NKT-STAT1C-

EGFP cell)s were generated by further engineering the Allo15MCAR-NKT cells. The Lenti/STAT1C-EGFP vector or a mock control

Lenti/Fluc-EGFP vector was added into the Allo15MCAR-NKT cell culture during Stage 4 (on day 3 of Stage 4), followed by the

continuation and completion of Stage 4 culture. The resulting Allo15MCAR-NKT-STAT1C-EGFP cells, as well as their mock control
Allo15BCAR-NKT-FG cells, were then analyzed using flow cytometry. The overexpression of transgenic STAT1C was reflected by

EGFP co-expression in Allo15MCAR-NKT-STAT1C-EGFP cells. The rescue effect of STAT1C overexpression in Allo15MCAR-NKT-

STAT1C-EGFP cells was assessed by comparing these cells with the control Allo15MCAR-NKT-FG cells for cell surface expression

of HLA-I/II molecules and NK ligands (i.e., ULBP-1 and MIC-A/B).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software). Student’s two-tailed t test was used for pairwise

comparisons. Ordinary 1-way ANOVA followed by Tukey’s or Dunnett’s multiple comparisons test was used for multiple compari-

sons. 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

utilized in the indicated experiments. A p value of less than 0.05 was considered significant. ns, not significant; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001. For scRNA-seq analysis, p values of violin plots were determined by Wilcoxon rank sum test.
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Figure S1. Profiling of primary OC tumor cells and their TME; related to Figure 1. 
(A) Table displaying information about the primary OC samples used in the scRNA-seq 
analyses conducted in Figures 1A-1H. 
(B and C) FACS analyses of CSC marker expression on OC tumor cells. A total of 34 primary 
OC samples were analyzed (Table S1; one of the 35 samples was not analyzed due to its 
limited supply). Transcription factors (TFs) Oct3/4, SOX2, and Nanog were analyzed as OC 
CSC markers. (B) SPICE analyses of CSC marker expression from a pair of matched OC 



samples. Pie charts represent proportions of the indicated tumor cell groups expressing the 
indicated numbers (0-3) of CSC markers. Colored arcs indicate the specific combinations of 
CSC markers expressed. (C) Bar graphs summarizing the comparison between C (n = 17) 
and R samples (n = 17) for their CSC marker expression. 
(D-I) Transcriptome profiling of primary OC tumors collected from three disease sites, 
including primary tumors, omentum metastases, and ascites. A public dataset (GSA-Human, 
PRJCA005422) was analyzed. (D) Schematics showing the experimental design. (E) 
Combined UMAP plot showing the formation of four major cell clusters. (F) Bar graphs 
showing the cell cluster proportions of the indicated OC tumor samples. (G) Violin plots 
showing the expression distribution of CSC gene signature in the indicated OC tumor samples. 
(H) Violin plots showing the expression distribution of genes encoding CAR targets and NKR 
ligands in the indicated OC tumor samples. (I) Violin plots showing the expression distribution 
of MSLN in the four cell clusters. 
(J) FACS gating strategies for tumor cells and immune cells in the OC TME. Gran, granulocyte; 
mono, monocyte; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor 
cell; NK, natural killer cell. Other T cells indicate CD4⁻CD8⁻CD3⁺ T cell populations, including 
gamma delta (γδ) T cells, NKT cells, mucosal-associated invariant T (MAIT) cells, and double-
negative conventional αβ T cells. 
  



 



Figure S2. Generation and characterization of allogeneic CAR-NKT cells; related to 
Figure 2. 
(A) 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. 
(B) FACS detection of intracellular expression of iNKT TCR (identified as TCR Vβ11+) and 
surface expression of MCAR in CD34+ HSPCs at 72 h after lentiviral transduction. 
(C) FACS monitoring of the generation of AlloMCAR-NKT cells over the 6-week culture. A 6B11 
monoclonal antibody was used to stain iNKT TCR. 
(D) Yields of Allo/15MCAR-NKT cell products generated from multiple CB donors (n = 12; n 
indicates different donors). 
(E) Heatmap showing the expression levels of the indicated genes in the indicated cell 
samples. Each row represents an individual sample. Each column represents an indicated 
gene. 
(F-I) Generation of MCAR-T cells from healthy donor PBMCs. (F) Schematics showing the 
design of the Lenti/MCAR vector. (G) Schematics showing the generation of conventional 
MCAR-T cells from healthy donor PBMCs. (H) FACS analyses of MCAR expression on 
MCAR-T cells. (I) Quantification of (H) (n = 8; n indicates different PBMC donors.) 
(J) FACS analyses of surface markers, intracellular cytokines, and intracellular cytotoxic 
molecules in the Allo/15MCAR-NKT cell products. Conventional MCAR-T cell product was 
included as a control.  
(K-N) Antigen responses of Allo/15MCAR-NKT cells. Allo/15MCAR-NKT cells were stimulated 
with/out alpha-galactosylceramide (αGC)-loaded PBMCs (αGC/PBMCs) for one week. (K) 
Experimental design. (L) Growth curve of Allo/15MCAR-NKT cells (n = 4). (M) ELISA 
measurements of IL-15 levels in the culture supernatants collected at 48 hours (n = 4). Note 
the successful incorporation and expression of IL-15 transgene in Allo15MCAR-NKT cells. Also 
note that IL-15 transgene is regulated by a constitutive promoter and therefore should be 
constitutively expressed; the seemly no production of IL-15 from Allo15MCAR-NKT cells without 
αGC stimulation is likely due to a combination of low cell number and the short half-life time 
of IL-15 in supernatants, resulting in measurements below the ELISA detection level. (N) 
ELISA measurements of effector cytokine (IFN-γ, TNF-α, IL-2, IL-4, and IL-17a) levels in the 
culture supernatants collected on day 7 (n = 4). 
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 (D) or one-way ANOVA 
(L-N). 
  



 



Figure S3. Studying the OC tumor cell killing capacity of allogeneic CAR-NKT cells; 
related to Figure 2. 
(A) FACS detection of MSLN expression on primary OC tumor cells. Three chemonaive and 
three recurrent OC samples expressing different levels of MSLN were shown. Sample 
information are described in Table S1. Data are related to Figures 2E and 2F. 
(B) In vitro tumor cell killing data by primary PBMC-NK cells at 24 h (n = 4). Freshly isolated 
PBMC-derived NK cells were co-cultured with the indicated tumor cell lines at an E:T ratio of 
5:1. The two MM cell lines exhibited resistance to NK cell-mediated cytotoxicity, whereas the 
four OC cell lines were sensitive to NK cell killing. 
(C and D) Studying the direct tumor cell killing mechanism of Allo15MCAR-NKT cells mediated 
by NKRs (i.e., NKG2D and DNAM-1). (B) Experimental design. (C) Tumor cell killing data at 
24 h (n = 4). SKOV3-FG and OVCAR3-FGMSLN-/-, E:T ratio = 2:1; OVCAR8-FG and OVCAR3-
FG, E:T ratio = 1:1. 
(E-G) FACS and ELISA characterizations of Allo/15MCAR-NKT cells 24 hours after coculturing 
with OVCAR3-FG cells. Healthy donor PBMC-derived T and MCAR-T cells were included as 
therapeutic cell controls. (E) FACS plots showing the expression of activation marker (i.e., 
CD69), cytotoxic molecules (i.e., Perforin and Granzyme B), and lysosomal-associated 
membrane protein (i.e., CD107a) of the therapeutic cells. Data of Allo15MCAR-NKT cells are 
presented. (F) Quantification of E (n = 4). MFI, mean fluorescence intensity. (G) ELISA 
measurements of IFN-γ production by the indicated therapeutic cells (n = 4).  
(H-J) Studying the anti-OC efficacy of Allo/15MCAR-NKT cells using an in vitro serial tumor cell 
killing assay. (H) Experimental design. Note the stimulator cells were not labeled with FG while 
the indicator cells were labeled with FG. (I) OVCAR3-FG tumor cell killing data (n = 4). (J) 
OVCAR3-FGMSLN-/- tumor cell killing data (n = 4). 
(K-M) Stability study of allogeneic CAR-NKT cell products. (K) FACS analyses of the viability 
of indicated samples (n = 4). mo, month; yr, year. (L) Schematics showing the in vitro tumor 
cell killing assay used to test cytotoxicity. (M) Tumor cell killing data at 24 h (n = 4). 
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 (D, F, G, K, and M). 
  



 
Figure S4. Studying the in vivo PK/PD of allogeneic CAR-NKT cells; related to Figure 3. 
(A-C) Studying the in vivo PK/PD of Allo15MCAR-NKT cells with or without OVCAR8 tumor cell 
inoculation. (A) Experimental design. Allo15MCAR-NKT/FG cells were i.p. injected into 
experimental mice either bearing or not bearing OVCAR8 tumor cells. (B) BLI images showing 
the presence of therapeutic cells in experimental mice over time.  (C) Quantification of (B) (n 
= 3-5). Note that the data for the Allo15MCAR-NKT + tumor groups were also presented in the 
main Figures 3I and 3J. 
(D-E) Studying the in vivo PK/PD of Allo15MCAR-NKT cells using i.p. lavage and flow cytometry. 
(D) Experimental design. (F) FACS plots showing the presence of Allo15MCAR-NKT/FG cells in 
the peritoneal fluid of experimental mice. 
Representative of 3 experiments. 



 



Figure S5. Distinct homing marker pattern of allogeneic CAR-NKT cells, and GvHD risk 
of allogeneic CAR-NKT cells; related to Figures 3 and 4 
(A-D) Studying the distinct homing marker pattern of allogeneic CAR-NKT cells. (A) FACS 
measurements of surface homing markers on Allo15MCAR-NKT cells before infusion (upper 
panels; n = 5) and post in vivo anti-OC response as described in Figures 3A and 3B (lower 
panels; n = 5). (B) Bulk RNA-seq analyses of the indicated therapeutic cells before infusion. 
Heatmap is presented showing the expression levels of the indicated homing marker genes 
in the Allo/15MCAR-NKT and PBMC-αβTc cell samples. Each row represents an individual 
sample. Each column represents an indicated gene. (C) scRNA-seq analyses of the indicated 
therapeutic cells collected from the OVCAR8-FG xenograft mice at week 8 as described in 
Figure 5A. Violin plots are presented showing the expression distribution of the indicated 
homing marker genes in Allo15MCAR-NKT and MCAR-T cells. (D) Table summarizing the in 
vivo tumor homing capacity of Allo15MCAR-NKT cells and their distinct pattern of homing 
markers. 
(E-F) Studying the GvHD risk of allogeneic CAR-NKT cells. Data is related to main Figures 
4A-4D. (E) Body weight measured over time (n = 8). (F) Clinical GvHD score recorded over 
time (n = 8). 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). 
Representative of 3 (A, E, and F) and 1 (B and C) experiments. Data are presented as the 
mean ± SEM. ***p < 0.001, ****p < 0.0001 by Student's t test (A). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure S6. Studying the in vivo gene profile of Allo15MCAR-NKT cells using scRNA-seq 
analyses and the functional validations; related to Figure 5. 
(A) Gene Set Enrichment Analysis (GSEA) plots showing the enrichment of gene signatures 
in the indicated five cell clusters. 
(B) UMAP plots showing the expression distribution of the indicated signature genes. 



(C) Individual UMAP plots showing cell cluster composition of the indicated samples. Each dot 
represents a single cell and is colored according to its cell cluster assignment. Data are related 
to Figures 5B and 5C. 
(D and E) Studying the OC tumor cell killing capacity of Week 0 and 9 therapeutic cells. 
Peritoneal fluids were collected from the experimental mice at week 8, followed by in vitro re-
stimulation with MSLN-expressing artificial antigen-presenting cells (MSLN-aAPCs) for one 
week to generate the Week 9 therapeutic cells, as shown in Figure 5A. (D) Experimental 
design. (E) Tumor cell killing data at 24 h (n = 4). Note that the data for the Week 0 therapeutic 
cell groups were also presented in the main Figure 2K. 
(F) UMAP plots showing the expression distribution of MSLN gene in the indicated samples. 
Data are related to Figure 5H. 
(G and H) Studying the CAR antigen escape of OC tumor cells. Peritoneal fluids were collected 
from the experimental mice at week 4, and the OVCAR8-FG tumor cells (identified as GFP+ 

cells) were analyzed using flow cytometry. (G) FACS detection of MSLN expression on 
OVCAR8-FG tumor cells collected from the indicated experimental mice. (H) Quantification of 
G (n = 5). 
Representative of 1 (A-C) and 3 (D-H) experiments. Data are presented as the mean ± SEM. 
ns, not significant, ****p < 0.0001 by one-way ANOVA (E and H). 
  



 
Figure S7. Allogeneic CAR-NKT cells dramatically alter the OC TME; related to Figure 
6. 
(A and B) Studying Allo/15MCAR-NKT cells targeting of OC TME using primary OC patient 
samples. A total of 4 primary OC samples were analyzed. (A) Experimental design. (B) 
TAM/MDSC killing data at 24 h (n = 3). 
(C) UMAP plots showing the gene expression distribution of the indicated mouse immune cell 
lineage markers, that were used to define cell clusters in Figure 7J. 
(D) UMAP plot showing the expression distribution of M2-like macrophage gene signature. 
(E) UMAP plot showing the expression distribution of CRS-related macrophage gene 
signature.  
(F and G) Dot plots showing the expression levels of the indicated M2-like (F) and CRS-related 
(G) macrophage genes. The dot color represents the gene expression level, with a gradient 
from low (blue) to high (red). The dot size indicates the percentage of cells expressing the 
corresponding gene. 



(H) UMAP plot showing the expression distribution of Serpinb9 gene which encodes the Sb9 
Granzyme inhibitor. 
(I) ELISA analyses of human CRS-related cytokines in the serum samples collected from the 
indicated experimental mice on Day 3 (n = 4). 
Representative of 1 (C-H) and 3 (A, B, and I) experiments. Data are presented as the mean ± 
SEM. ns, not significant, ***p < 0.001, ****p < 0.0001 by one-way ANOVA (I). 
 
  



 
Figure S8. Allogeneic CAR-NKT cells exhibit a superior safety profile compared to IL-
15-enhanced conventional MCAR-T (15MCAR-T) cells; related to Figures 2, 3, and 7. 
(A-D) Generation of 15MCAR-T cells. (A) Diagram showing the design of Lenti/MCAR-IL-15 
lentivector, and the generation of 15MCAR-T cells from healthy donor PBMCs. (B) FACS 
detection of the MCAR expression on T and 15MCAR-T cells. (C) Quantification of (B) (n = 5; 
n indicates different PBMC donors). (D) ELISA analyses of IL-15 production by T and 15MCAR-
T cells cultured in vitro for 24 h (n = 5; n indicates different PBMC donors). 
(E and F) Studying the in vitro antitumor efficacy of Allo15MCAR-NKT and 15MCAR-T cells 
against human OC cell lines. (E) Experimental design. (F) Tumor cell killing data at 24 h (n = 
4).  
(G-J) Studying the in vivo antitumor efficacy of Allo15MCAR-NKT and 15MCAR-T cells in an 
OVCAR8-FG human OC xenograft NSG mouse model. (G) Experimental design. (H) BLI 
images showing tumor loads in experimental mice over time. (I) Quantification of H (n = 5-6). 
(J) Survival curve (n = 5-6). Note that the data for the Vehicle and Allo15MCAR-NKT groups 
were also presented in the main Figures 3A-3D. 
(K-N) Studying the in vivo safety of Allo15MCAR-NKT and 15MCAR-T cells in an OVCAR8-FG 
human OC xenograft NSG mouse model. (K) Clinical GvHD score of experimental mice on 
days 22 and 30 (n = 5-6). A clinical GvHD 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). (L) Body weight of experimental mice on days 0 and 30 (n = 5-



6). For each mouse, body weight on day 0 was normalized to 100%. (M) FACS detection of 
Allo15MCAR-NKT and 15MCAR-T cell percentage among total mononuclear cells in mouse 
blood collected on day 30. (N) Quantification of (M) (n = 5-6). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*p < 0.05, ****p < 0.0001, by Student's t test (K and N), one-way ANOVA (F and I), or log rank 
(Mantel-Cox) test adjusted for multiple comparisons (J). 
  



 
Figure S9. Allogeneic CAR-NKT cells exhibit unique features distinct from PBMC-
derived CAR-NKT cells; related to Figures 2, 3, and 7. 
(A-D) Generation of healthy donor PBMC-derived IL-15-enhanced MCAR-NKT (PBMC15MCAR-
NKT) cells. (A) Schematics showing the generation of PBMC15MCAR-NKT cells. (B) FACS plots 
showing the purity and MCAR expression of PBMC15MCAR-NKT cells. (C) Yield of PBMC15MCAR-
NKT cells (n = 6 from 6 different healthy donors). (D) MCAR expression of PBMC15MCAR-NKT 
cells (n = 6 from 6 different healthy donors). 
(E-I) Comparing NKR expression and NKR-mediated tumor cell killing between Allo15MCAR-
NKT and PBMC15MCAR-NKT cells. (E) FACS analyses of surface NK marker and NKRs on the 
indicated therapeutic cells. (F) Experimental design to study the in vitro tumor cell killing of the 
three therapeutic cells using human tumor cell lines. (G) Tumor cell killing data at 24 h (n = 4). 
(H) Experimental design to study the in vitro tumor cell killing of the three therapeutic cells 



using primary OC patient samples. (I) Tumor cell killing data at 24 h (n = 4). MSLNlow indicates 
OC tumor samples expressing low levels of MSLN. 
(J) FACS analyses of surface homing markers (i.e., S1PR1 and CD69) on the three 
therapeutic cells (n = 4). 
(K) FACS analyses of surface HLA-I/II and ULBP-1 on the three therapeutic cells (n = 4).  
(L and M) Studying the T cell-mediated allorejection against the three therapeutic cells using 
an in vitro MLR assay. PBMCs from over five random mismatched healthy donors were used 
as responder cells. Data from two representative donor are presented. (L) Experimental 
design. (M) ELISA analyses of IFN-γ production on day 4 (n = 4).  
(N and O) Studying the NK cell-mediated allorejection against the three therapeutic cells using 
an in vitro MLR assay. PBMC-NK cells isolated from over five random mismatched healthy 
donors were used. Data from one representative donor are presented. (N) Experimental 
design. (O) FACS quantification of the indicated live cells on day 0 and day 1 (n = 3). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
**p < 0.01, ****p < 0.0001, by Student's t test (O), one-way ANOVA (E, I-K, and M), or two-
way ANOVA (G). 
  



Table S1. Clinical ovarian cancer (OC) patient samples; related to Figure 1. 
 

 Sample 
ID Diagnosis Type Stage Treatment 

Status 
Platinum 

Sensitivity 

C
H

EM
O

N
A

IV
E 

n 
= 

12
 

1 HGSOC Ascites 3C Chemonaive Sensitive 
2 HGSOC Ascites 3C Chemonaive Sensitive 
3 HGSOC Ascites 3C Chemonaive Sensitive 
4 HGSOC Ascites 3C Chemonaive Sensitive 

5 HGSOC (80%) with sarcomatous 
elements (20%) Ascites 2B Chemonaive Sensitive 

6 HGSOC (90%), endometrioid (10%) Ascites 3C Chemonaive Sensitive 
7 HGSOC Ascites 4B Chemonaive Resistant 
8 HGSOC Ascites 4A Chemonaive Resistant 
9 HGSOC Ascites 3C Chemonaive Resistant 
10 HGSOC Pleural Fluid 4B Chemonaive Resistant 
11 HGSOC & clear cell carcinoma Ascites 3C Chemonaive Resistant 
12 HGSOC Ascites 3C Chemonaive Resistant 

R
EC

U
R

R
EN

T 
O

R
 P

O
ST

-N
A

C
T 

n  
= 

13
 

13 HGSOC Ascites 3C Recurrent Resistant 
14 HGSOC Pleural Fluid 3C Recurrent Resistant 
15 HGSOC Pleural Fluid 2A Recurrent Resistant 
16 HGSOC Pleural Fluid 3C Recurrent Resistant 
17 HGSOC Ascites 2A Recurrent Sensitive 
18 HGSOC Pleural Fluid 4A Recurrent Resistant 
19 HGSOC Pleural Fluid 4B Recurrent Resistant 
20 HGSOC Pleural Fluid 3C Recurrent Resistant 
21 HGSOC Ascites 4 Recurrent Resistant 
22 HGSOC Pleural Fluid 4B Recurrent Resistant 
23 HGSOC Pleural Fluid 4B Recurrent Resistant 
24 HGSOC Pleural Fluid 3C Recurrent Sensitive 

25 HGSOC Ascites 3C 

Post- 
neoadjuvant 

chemotherapy 
(NACT) 

Resistant 

M
A

TC
H

ED
 

n 
=  

10
 

26A HGSOC Ascites 3C Chemonaive Sensitive 
26B HGSOC Ascites 3C Recurrent Resistant 
27A HGSOC Ascites 3C Chemonaive Sensitive 
27B HGSOC Pleural Fluid 3C Recurrent Resistant 
28A HGSOC Ascites 3C Chemonaive Sensitive 
28B HGSOC Ascites 3C Recurrent Resistant 
29A HGSOC Ascites 3C Chemonaive Resistant 
29B HGSOC Ascites 3C Recurrent Resistant 
30A HGSOC Ascites 3C Chemonaive Sensitive 
30B HGSOC Ascites 3C Post-NACT Sensitive 

 
 
 
 
 



Table S2. MSLN expression on the primary OC tumor cells; related to Figure 1. 
 

Sample ID MSLN expression level 

+++++ Expression > 80% 
++++ Expression 60-80% 
+++ Expression 40-60% 
++ Expression 20-40% 

+ Expression 5-20% 
- Expression < 5% 

 

1 ++ 
2 - 
3 ++ 
4 ++ 
5 - 
6 + 
7 + 
8 +++++ 
9 - 
10 - 
11 - 
12 - 
13 - 
14 +++++ 
15 - 
16 - 
17 + 
18 +++ 
19 +++ 
20 ++ 
21 + 
23 ++ 
24 - 
25 + 
26A + 
26B + 
27A ++ 
27B ++ 
28A + 
28B + 
29A + 
29B + 
30A + 
30B + 

 
  



Table S3. Purity data of allogeneic MCAR-NKT cell products generated from multiple 
cord blood (CB) donors; related to Figure 2. 
 

CB donors Purity of AlloMCAR-NKT cells (identified 
as iNKT TCR+CD3+ cells) 

Purity of Allo15MCAR-NKT cells 
(identified as iNKT TCR+CD3+ cells) 

1 98.5% (Data represent the average of three 
independent cell culture batches; the same 
applies to the data presented below) 

99.6% 

2 98.4% 99.3% 
3 99.2% 99.7% 
4 97.8% 96.8% 
5 99.2% 97.5% 
6 98.2% 98.4% 
7 98.0% 99.2% 
8 99.0% 99.0% 
9 98.2% 98.0% 
10 97.2% 99.2% 
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