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Abstract

Vα24-invariant natural killer T cells (NKTs) possess innate antitumor properties that can be 

exploited for cancer immunotherapy. We have shown previously that the CD62L+ central memory-

like subset of these cells drives the in vivo antitumor activity of NKTs, but molecular mediators 

of NKT central memory differentiation remain unknown. Here, we demonstrate that relative to 

CD62L− cells, CD62L+ NKTs express a higher level of the gene encoding the Wnt/β-catenin 

transcription factor lymphoid enhancer binding factor 1 (LEF1) and maintain active Wnt/β-catenin 

signaling. CRISPR/Cas9-mediated LEF1 knockout reduced CD62L+ frequency after antigenic 

stimulation, while Wnt/β-catenin activator Wnt3a ligand increased CD62L+ frequency. LEF1 

overexpression promoted NKT expansion and limited exhaustion following serial tumor challenge 

and was sufficient to induce a central memory–like transcriptional program in NKTs. In mice, 

NKTs expressing a GD2-specific chimeric-antigen receptor (CAR) with LEF1 demonstrated 

superior control of neuroblastoma xenograft tumors compared to control CAR-NKTs. These 
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results identify LEF1 as a transcriptional activator of the NKT central memory program and 

advance development of NKT cell–based immunotherapy.

Synopsis—NKT cells employ an undefined mechanism to undergo central memory–like 

differentiation, which is associated with increased antitumor potential. The authors demonstrate 

that LEF1 drives central memory programming in human NKTs, informing rational design of 

NKT-based cancer immunotherapy.

Introduction

Vα24-invariant natural killer T cells (NKTs) are an evolutionarily conserved subset of 

innate lymphocytes that express an invariant TCR α-chain Vα24–Jα18 and recognize 

glycolipids presented by monomorphic MHC class I–like molecule CD1d (1). NKTs are 

characterized by innate antitumor properties including an ability to traffic to tumor sites 

in response to tumor-derived chemokines (2,3), to kill tumor-associated macrophages in 

the tumor microenvironment (3,4), and to trans-activate antitumor responses mediated 

by T and NK cells (1). In patients, infiltration of NKTs into primary tumors correlates 

with favorable outcome in several cancer types (2,5). These observations prompted the 

development of NKT-based immunotherapies for cancer patients. Early-stage clinical trials 

of adoptively transferred NKTs or chimeric-antigen receptor (CAR)-redirected NKTs 

showed that therapeutic NKTs are well tolerated and can produce objective responses in 

patients with various types of cancer (6,7). However, NKT-cell immunobiology remains 

poorly understood, limiting the development of NKT-based therapeutics.

NKTs constitute only 0.01% – 1% of human PBMCs (8), meaning that robust ex vivo 
expansion methods are required to generate cell numbers sufficient for clinical use. 

However, extensive expansion of T lymphocytes ex vivo is often coupled with terminal 

differentiation, exhaustion, and impaired therapeutic efficacy in preclinical tumor models 

(9) and in patients (10). Conversely, preservation of T cells that have stem-like properties 

such as T central memory or memory stem cells is associated with increased therapeutic 

efficacy of adoptive immunotherapy products (11). Although primary human NKTs in 

adult peripheral blood mostly exhibit an effector memory–like phenotype, we recently 

demonstrated that antigen-induced ex vivo expansion leads to accumulation of CD62L+ 

central memory–like NKTs, which are largely responsible for in vivo persistence and 

antitumor activity of CAR-redirected NKTs (12). Key mediators of this central memory-like 

program in NKTs remain to be identified.

T-cell factor 1 (TCF1) and the related transcription factor lymphoid enhancer-binding factor 

1 (LEF1) are key regulators of Wnt/β-catenin signaling (13). In mature T cells, TCF1 and 

Wnt/β-catenin signaling play crucial roles in supporting the formation of central memory 

and stem cell memory cells (14-16), while LEF1 has a redundant and less critical role (17). 

In contrast, murine studies of NKT-cell development demonstrated that LEF1 is critical for 

the early stages of NKT-cell differentiation in the thymus (18), and we previously reported 

that LEF1 was among the top overexpressed immune-related genes in human CD62L+ 

NKTs compared to CD62L− cells (12). However, the causal role of LEF1 in NKT cell 

central memory differentiation has not been described. Here, we have demonstrated that 
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LEF1 drives a central memory–like transcriptional program in human NKTs. We found 

that ectopic overexpression of LEF1 alleviated exhaustion and preserved stemness in NKTs 

after multiple rounds of T-cell receptor (TCR) stimulation. Further, NKTs that co-express 

LEF1 with a GD2-CAR demonstrated superior long-term antitumor activity in an in vivo 
neuroblastoma model. These findings identify LEF1 as a key regulator of the central 

memory–like transcriptional program in human NKTs and pave the way for the development 

of next-generation NKT-based cancer immunotherapy products.

Materials and Methods

Cell lines and culture conditions

K562 and 293T cells were purchased from the American Type Culture Collection. The 

artificial antigen-presenting cell, the B-8-2 clone of the K562 cell line was derived 

previously in our laboratory (12). CHLA-255 and Jurkat J32 cell lines were established 

and maintained as previously described (19,20). CHLA-255 with luciferase expression was 

generated by transducing parental CHLA-255 cells with the GFP.FFLuc retroviral plasmid 

(See Retro- and lentiviral constructs and retrovirus production). CHLA-255 and 293T were 

cultured in IMDM (HyClone, SH30259.01) and all other cell lines were maintained in 

RPMI 1640 (HyClone, SH30096.01). All cell culture medium was supplemented with 2 

mM GlutaMAX-I (Life Technologies, 35050061) and 10% FBS (HyClone, SH30071.01) 

(complete RPMI) with the exception of CHLA-255 medium, which was supplemented 

with 20% FBS (complete IMDM). Cell lines with low passage number were thawed and 

used within 10 passages. Cell line authentication was performed using STR fingerprinting 

at MD Anderson Cancer Center within one year of use, and cell lines were checked for 

mycoplasma contamination (Lonza MycoAlert, LT07-318) every two months.

NKT-cell isolation, transduction, expansion, and sorting

Peripheral blood of healthy donors was purchased from Gulf Coast Regional Blood Center. 

PBMCs were isolated from buffy coats by Ficoll density gradient centrifugation (GE 

Healthcare, 17-5442-03). NKTs were purified using anti-iNKT microbeads according to 

the manufacturer’s instructions (Miltenyi Biotec, 130-094-842), and the negative PBMC 

fraction was irradiated (40 Gy) and aliquoted at 5 x 106 cells per ml for each donor. 

Approximately 1 x 106 NKTs were stimulated with an aliquot of 5 x 106 autologous 

PBMCs pulsed with α-galactosylceramide (αGalCer); 100 ng/mL; Avanti Polar Lipids, 

86700P-1mg) per well in a 24-well plate. The culture was supplemented every other 

day with recombinant IL2 (200 U/mL; National Cancer Institute/TECIN™, 23-6019) in 

complete RPMI. NKTs were expanded for 10 to 12 days and then restimulated at a 2:1 

or 4:1 NKT to B-8-2 ratio using 1 x 106 B-8-2 cells (irradiated with 100 Gy) per well 

in a 24-well plate. Twenty four–well, non-tissue culture treated plates were coated with 

RetroNectin (Takara Bio, T100B) overnight. On day 7 after primary stimulation or day 

2 after restimulation, RetroNectin-coated plates were washed, inoculated with 1 ml of 

retroviral supernatant (See Retro- and lentiviral constructs and retrovirus production), and 

spun for 60 minutes at 4000 g. Viral supernatant was then removed, and 5 x 105 stimulated 

NKTs were added per well to complete media and 200 U/ml IL2. Cells were removed 

from the plate after 48 hours, washed, resuspended at 1 x 106 cells/ml in complete RPMI 
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with IL2, and plated for continued expansion. NKT number was determined by trypan 

blue (Life Technologies, 15250061) counting. When indicated, NKTs were labeled with 

CD62L-PE mAb (DREG-56; BD Biosciences) and anti-PE microbeads (Miltenyi Biotec, 

130-048-801) followed by magnetic sorting into CD62L+ and CD62L− subsets according to 

the manufacturer’s instructions. Sorted cell phenotype was determined by flow cytometry 

(see Flow cytometry).

To activate the Wnt/β-catenin signaling pathway, freshly isolated NKTs (approximately 1 

x 106) were treated with 5 μM TWS119 (Sigma-Aldrich, 361554) on day 7 after primary 

stimulation or with 500 ng/mL recombinant Wnt3a (R&D Systems, 5036-WN-010) on days 

0, 1, and 2 after primary stimulation as indicated. To inhibit Wnt/β-catenin signaling, NKTs 

were treated with 3 μM ICG-001 (Cayman Chemical, 16257) on days 0, 1, and 2 after 

primary stimulation as indicated.

Where indicated, 10 ng/ml of human recombinant IL21 (PeproTech, 200-21) was added to 

NKT cells in culture every other day to preserve the CD62L+ subset.

Retro- and lentiviral constructs and retrovirus production

CAR.GD2 constructs were generated as previously described (21) and included the 

following components: a single-chain variable fragment (scFv) from the GD2-specific 

antibody 14G2a connected via a short spacer derived from the IgG1 hinge region to the 

transmembrane domain of CD8α, followed by the signaling endodomain of 4-1BB fused 

with the CD3ζ signaling chain. As indicated, CAR.GD2 constructs also included a sequence 

encoding LEF1 downstream of CD3ζ separated by a p2A sequence. The LEF1 sequence 

was obtained from Origene and was inserted into the same retroviral vector backbone 

provided by Dr. Gianpietro Dotti (University of North Carolina) used for the CAR.GD2 

constructs. Non-CAR retroviral constructs used in this study included GFP.FireflyLuciferase 

(GFP.FFLuc; plasmid pSFG-GFP-effluc from Dr. Brian A. Rabinovich) and GFP.LEF1, 

which consisted of GFP as a transduction marker separated from the over-expressed target 

protein by a p2A sequence. Retroviral supernatants were produced by transfecting 293T 

cells using GeneJuice (EMD Milliopore, 70967) according to the manufacturer’s protocol 

with a combination of the relevant retroviral plasmid, the RDF plasmid (gift from Dr. Mary 

Collins, Baylor College of Medicine (BCM)) encoding the RD114 envelope protein, and the 

PeqPam3 plasmid (gift from Dr. Elio Vanin, BCM) encoding the Moloney murine leukemia 

virus gag-pol fusion. The lentiviral construct encoding the 7-TGC Wnt reporter construct 

(22) was a generous gift from Drs. J. Rosen and K. Roarty (BCM), and the envelope 

plasmid pMD2.G and packaging plasmid δ8.2 were generous gifts from Drs. K. Scott and 

Y.H. Tsang (BCM). Lentiviral supernatants were similarly generated from 293T cells using 

GeneJuice and transfected with the relevant lentiviral construct, pMD2.G, and δ8.2. To 

enhance transduction efficiency, lentiviral supernatants were concentrated using Retro-X 

Concentrator (Takara Bio, 631456) according to the manufacturer’s protocol.

Multiplex cytokine quantification assay

CAR.GD2-NKTs were stimulated in IMDM with 20% FBS for 24 hours with CHLA-255 

neuroblastoma cells at a 1:1 effector to target (E:T) ratio. Supernatants were collected and 
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analyzed using the MILLIPLEX MAP Human Cytokine/Chemokine Immunoassay panel 

(Millipore, HCYTOMAG-60K-07) for Luminex analysis according to the manufacturer’s 

protocol.

Flow cytometry

NKT-cell phenotype was assessed using fluorescently conjugacted mAbs for CD3 (UCHT1), 

Vα24-Jα18 (6B11), CD4 (RPA-T4), CD62L (DREG-56), PD-1 (EH12.1), TIM-3 (7D3), 

CCR7 (2-L1-A), CD27 (L128), CCR4 (L291H4), CD39 (A1), CD160 (BY55), LAG-3 

(3DS223H), and Vβ11 (C21). All antibodies were purchased from BD Biosciences except 

for CCR4 (BioLegend), CD39 (BioLegend), CD160 (BioLegend), LAG-3 (Invitrogen), and 

Vβ11 (Beckman Coulter). CAR.GD2 expression by transduced NKTs was detected with the 

14G2a anti-idiotype 1A7 mAb (purified from 1A7 mouse hybridoma (ATCC, HB-11786), 

which was custom-conjugated to Alexa Fluor 647 or Alexa Fluor 488 by BioLegend. 

Mitochondrial mass was measured using 25 nM MitoTracker Deep Red (ThermoFisher 

Scientific, M22426) or MitoTracker Green (ThermoFisher Scientific, M7514) according 

to the manufacturer’s protocol. Transcription factor staining was performed using the 

eBioscience Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific, 

00-5523-00) with mAbs for long isoforms of LEF1 (C12A5) and TCF1 (C63D9), both 

from Cell Signaling Technology, and all isoforms of LEF1 (EP2030Y, Abcam).

Cytokine and degranulation staining were performed on expanded NKTs that were 

stimulated using PMA (50 ng/ml; Sigma-Aldrich, P1585) and ionomycin (500 ng/ml; 

Sigma-Aldrich, I9657) in the presence of GolgiPlug (BD Biosciences, 555029, GolgiStop 

(BD Biosciences, 554724), and CD107a antibody (H4A3; Biolegend). After a four-hour 

incubation, NKTs were washed then stained with eFluor 780 fixable viability dye 

(eBioscience, 65-0865-18) and for surface markers. Cells were then fixed and permeabilized 

using the Foxp3/Transcription factor buffer set following the manufacturer’s protocol. 

Permeabilized cells were stained overnight with LEF1, IL2 (MQ1-17H12, BD Biosciences), 

and IFNγ (B27, BD Biosciences) antibodies.

Fluorochrome- and isotype-matching mAbs for CD62L, PD-1, TIM-3, CCR7, CD27, 

CCR4, CD39, CD160, LAG-3, LEF1, TCF1, CD107a, IL-2, and IFNγ suggested by BD 

Biosciences, Cell Signaling Technology, or R&D Systems were used as negative controls. 

Analysis was performed on an LSR II or Symphony A5 five-laser flow cytometer (BD 

Biosciences) using BD FACSDiva software version 6.0 and FlowJo 10.8 (Tree Star).

In vitro cytotoxicity assay

CAR-mediated cytotoxicity of CAR.GD2-NKTs against CHLA-255 cells was evaluated 

using a 4-hour luciferase assay as previously described (21).

In vitro repeat killing assay

J32 leukemia cells were pulsed with αGalCer (100 ng/mL) overnight followed by CellTrace 

Violet (ThermoFisher Scientific, C34557) staining. Labeled J32 cells were co-cultured with 

NKTs transduced with GFP.LEF1 or GFP.FFLuc at the indicated E:T ratio in the presence 

of IL2 (50 U/mL). On day 3, tumor killing and NKT-cell expansion were measured by flow 
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cytometry using CountBright Absolute Counting Beads (ThermoFisher Scientific, C36950). 

Fresh αGalCer-pulsed J32 cells were added to the culture according to NKT-cell number to 

re-establish the E:T ratio. This step was repeated every three days of co-culture. NKT-cell 

exhaustion/memory phenotype was assessed by flow cytometry after six days of resting 

from J32 stimulation using mAbs for PD-1, TIM-3 and CD62L.

LEF1 CRISPR-Cas9 gene editing

Two guide RNAs (gRNAs) specific for the LEF1 gene (CCCGGAATAACTCGAGTAGG 

and GTCACTGTAAGTGATGAGGG) were designed using CRISPRscan and COSMID 

algorithms (23,24). The LEF1 gene was genomically disrupted in NKTs according to the 

published protocol (25). Briefly, the 20-nucleotide sequence complementary to the specific 

gene locus was incorporated into an oligonucleotide primer and used to amplify the gRNA 

scaffold from the PX458 plasmid (a gift from Feng Zhang; Addgene 48138). gRNAs were 

generated through in vitro transcription using the High-Yield RNA Synthesis Kit (NEB 

Bio Labs, E2040S) from the DNA template following the manufacturer’s instructions and 

purified using the RNA Clean & Concentrator-25 kit (Zymo Research, R1017). The Neon 

Transfection System (ThermoFisher Scientific, MPK5000) was used to electroporate 5 μg of 

gRNA and 10 μg of Cas9 protein (PNA Bio, CP03) into 2 x 106 activated NKTs in 100 μL of 

buffer R using three 1600-V 10-milliseconds pulses. Following electroporation, NKTs were 

incubated in complete RPMI overnight. NKTs were then expanded in media supplemented 

with 200 U/mL IL2.

Seahorse assays

The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were 

measured using the Agilent Seahorse XFe96 Analyzer (Agilent) per the manufacturer’s 

instructions. GFP.FFLuc-NKTs and GFP.LEF1-NKTs were assayed on day 12 post-

secondary stimulation after normalization of transduction rate.

Quantitative real-time PCR (qRT-PCR)

Wnt signaling components and downstream gene expression were measured in NKTs by 

qPCR with specific primers. Briefly, RNA was extracted from unsorted or CD62L+/− sorted 

NKTs using the RNeasy Plus Mini Kit (QIAGEN, 74134). Twenty nanograms of isolated 

RNA was then subjected to reverse transcription and qPCR reaction using the Power 

SYBR Green RNA-to-CT 1-Step Kit (ThermoFisher Scientific, 4389986) on the CFX96 

Touch Real-Time PCR Detection System (Bio-Rad, 1845096). Relative expression of Wnt 

target genes in CD62L+ versus CD62L− NKTs was determined using the ΔCt method with 

GAPDH as housekeeping gene. To detect expression of Wnt receptors, co-receptors, and 

ligands on expanded NKTs, Ct values of target gene expression were compared to Ct values 

of positive (GAPDH) and negative (CD19) controls. Ct values that fell within the range of 

GAPDH and CD19 Ct values were considered significantly expressed. For peripheral blood 

NKTs before expansion, NKTs were isolated from healthy donor buffy coats as previously 

described (see NKT-cell isolation, transduction, expansion, and sorting) and further enriched 

by FACS to improve purity. To increase the amount of available cDNA for qPCR, 10 ng 

of isolated RNA from each donor was subjected to whole transcriptome amplification using 

the QuantiTect Whole Transcriptome Kit (Qiagen, 207045) according to the manufacturer’s 
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instructions. After amplification, cDNA was diluted 1:250 and used for qPCR reactions in 

triplicate for each target gene. Primers were used at the final concentration of 200 nM and 

are listed in Table 1.

In vivo experiments

Animal experiments were performed in accordance with and with the approval of the BCM 

Institutional Animal Care and Use Committee (IACUC) under protocol AN-5194. NSG 

mice were obtained from The Jackson Laboratory and maintained at the BCM animal care 

facility. To test the anti-neuroblastoma effect of CAR.GD2-NKTs, mice were injected i.v. 

with 1 x 106 luciferase-transduced CHLA-255 neuroblastoma cells to initiate tumor growth. 

On day 7, mice were injected i.v. with 4 x 106 CAR.GD2-NKTs followed by i.p. injection 

of IL2 (2000 U/mouse) every other day for 2 weeks. Tumor growth was assessed once per 

week by bioluminescent imaging (Perkin Elmer IVIS Lumina III in vivo imaging system, 

CLS136334, Small Animal Imaging Facility, Texas Children’s Hospital) with intraperitoneal 

injection of luciferin (Perkin Elmer, 122799) and five minute exposure.

Bulk RNAseq and data analysis

To determine the effect of LEF1 overexpression on the NKT transcriptome, bulk RNAseq 

was conducted on six donor-paired samples of GFP+ cells sorted by FACs from GFP.LEF1- 

or GFP.FFLuc-transduced NKTs. To evaluate expression of Wnt components, bulk RNAseq 

was conducted on thirteen samples of NKTs that had been expanded for 17–20 days 

(primary and secondary expansion). RNA was isolated from all NKT cell samples using 

the RNeasy Plus Mini Kit (QIAGEN, 74134). Novogene performed library synthesis and 

paired-end sequencing on isolated RNA samples using Illumina PE150 technology.

Adaptor sequences were removed from raw RNAseq reads. Data quality was evaluated using 

FastQC (version 0.11.2) software to determine whether further data filtering criteria should 

be applied. Clean reads were mapped onto the human reference genome (GRCh38.p13 

assembly) using HISAT2 software (v2.1.0). Following genome alignment, mapped reads 

were assembled into transcripts or genes using StringTie software (v1.3.5). Differential gene 

expression analysis was performed using the DESeq2 R package based on raw counts. 

Genes with greater than two-fold change difference (FC≥2 or FC≤0.5) between two groups 

with p-adj <0.05 were retained as significantly expressed genes.

Gene set enrichment analysis (GSEA) was conducted using GSEA desktop software on 

C7 immunological signature gene sets. Enrichment for central memory T-cell signature 

(GSE3782), naïve versus NK-like signature (GSE22886), effector memory T-cell signature 

(GSE11057), effector T-cell signature (26,27), and naïve T-cell signature (GSE15930) were 

highlighted.

Nanostring gene expression analysis

Total RNA was collected from CD62L+ and CD62L− cells that were sorted by MACS 

from NKTs expanded for 10 days, using the TRIzol reagent (Qiagen, 79306) according to 

the manufacturer's protocol. Gene expression analysis was performed using Immunology 
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Panel version 2 (NanoString) at BCM Genomic and RNA Profiling Core with the nCounter 

Analysis System. Data were analyzed using nSolver 2.0 software (NanoString).

GSEA was performed similarly as in Bulk RNAseq and data analysis. Enrichment of central 

memory T-cell-like signature (GSE11057) was highlighted.

Statistics

The Shapiro-Wilk test was used to assess normality of continuous variables. Normality was 

rejected when the p value was less than 0.05. For non-normally distributed data, we used the 

Mann-Whitney U test to evaluate differences in continuous variables between two groups. 

To evaluate differences in continuous variables, we used two-sided, paired Student t tests 

to compare two groups, one-way ANOVA with post-test Bonferroni correction to compare 

more than two groups, and two-way ANOVA with the Sidak post hoc test to compare in a 

two-by-two setting. Survival was analyzed using the Kaplan-Meier method with the log-rank 

(Mantel-Cox) test to compare two groups. Statistics were computed using GraphPad Prism 

7 (GraphPad Software). Differences were considered significant when the p value was less 

than 0.05.

Data Availability

All requests for raw and analyzed data and materials beyond the information provided in the 

main text and supplementary figures should be directed to the corresponding author. These 

requests will be promptly reviewed by the BCM Licensing Group to verify if the request 

is subject to any intellectual property or confidentiality obligations. Any data and materials 

that can be shared will be released via a Material Transfer Agreement. All raw data for RNA 

sequencing has been deposited in the Gene Expression Omnibus (GEO) at accession number 

GSE217281.

Results

LEF1-expressing NKTs phenotypically and functionally resemble central memory T cells

To identify genes that regulate the CD62L central memory–like program in NKTs, we 

performed immune-related gene expression analysis on CD62L+ and CD62L− sorted NKTs 

using the nCounter platform. Wnt transcription factor LEF1 was the top overexpressed 

gene in the CD62L+ subset except for SELL, which encodes CD62L (Fig. 1A). Next, we 

utilized gene-set enrichment analysis (GSEA) to determine whether CD62L+ and CD62L− 

NKTs follow a similar dichotomy in transcriptional programming to that observed in central 

memory (TCM) versus effector memory (TEM) T cells. We found that CD62L+ NKTs were 

significantly enriched for an established CD4+ TCM gene signature (P = 0.009), suggesting 

that they are similar to TCM at the mRNA level (Fig. 1B). Next, we confirmed by flow 

cytometry that LEF1+ NKTs express higher levels of central memory markers including 

CD62L and CCR7 (Fig. 1C). We found that only the long isoforms of LEF1 that contain the 

β-catenin–interacting domain were upregulated in CD62L+ NKTs, not total LEF1 including 

both short and long isoforms (Supplementary Fig. S1A-B). Given that TCF1 plays a more 

crucial role than LEF1 in the formation of TCM (17), we evaluated expression patterns of 

both proteins in primary human NKTs. While LEF1 expression was largely restricted to 
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the CD62L+ subset, TCF1 was expressed at a similar level in both CD62L+ and CD62L− 

populations (Supplementary Fig. S1C), confirming the importance of LEF1 in distinguishing 

CD62L+ central memory–like NKTs.

Further, LEF1+ NKTs expressed lower levels of activation/exhaustion markers including 

PD-1, TIM-3, LAG-3, and CD39 than LEF1− NKTs, suggesting the former may be 

less prone to exhaustion (Fig. 1D). Functionally, LEF1+ NKTs produced more IL2, a 

cytokine associated with central memory and stem-like T cells (28), than LEF1− NKTs 

(Fig. 1E). Consistent with the more quiescent phenotype associated with the central 

memory state, LEF1+ NKTs produced lower levels of IFNγ and expressed lower levels 

of the degranulation marker CD107a than LEF1− NKTs following stimulation (Fig. 1F,G). 

Together, these findings suggest that LEF1 expression defines a subset of NKTs with a 

central memory–like phenotype.

LEF1 expression and Wnt/β-catenin signaling support formation of central memory–like 
NKTs

Since LEF1 is a known Wnt transcription factor, we used qRT-PCR to determine whether 

NKTs express receptors and ligands that can activate Wnt/β-catenin signaling. GAPDH and 

CD19 were used to set a range of Ct values from maximum to undetectable expression, 

respectively, between which expression levels of FZD receptors, LRP co-receptors, and Wnt 
ligands were evaluated. Primary-expanded NKTs expressed several FZD receptors including 

FZD3 and FZD6 as well as co-receptor LRP5, but none of the five selected Wnt ligands 

that have been reported to activate Wnt/β-catenin signaling (13) (Fig.2A). This suggests 

that NKTs receive signals from exogenous Wnt ligands. RNA isolated from NKTs was 

also subject to next-generation sequencing, and results for Wnt receptor expression were 

consistent with qRT-PCR findings (Supplementary Fig. S2A). To determine expression 

of Wnt receptors and ligands in freshly isolated primary NKTs, we isolated NKT cells 

from PBMCs using a combination of magnetic and FACS sorting techniques prior to 

placing the cells in culture. We found that freshly isolated NKTs expressed lower levels 

of Wnt receptors than NKTs that have been expanded in vitro (Supplementary Fig. S2B). 

To determine whether increased LEF1 expression in CD62L+ NKTs is associated with 

downstream Wnt/β-catenin signaling, we evaluated expression of Wnt target genes including 

AXIN2, MYC, and TCF7 (29) in CD62L+ and CD62L− NKTs by qRT-PCR. Expression 

levels of all three genes were elevated in CD62L+ relative to CD62L− cells, suggesting 

that Wnt/β-catenin signaling is active in the CD62L+ subset (Fig. 2B; Supplementary Fig. 

S2C). To detect Wnt signaling in NKTs, we employed lentiviral construct 7-TGC, which 

specifically reports a high level of β-catenin transcriptional activity (22) (Supplementary 

Fig. S2D). NKTs transduced with 7-TGC were detected as GFP+ after treatment with Wnt 

activator TWS119, which functions by inhibiting GSK3β, indicating active Wnt signaling 

(13) (Supplementary Fig. S2E). A significantly higher proportion of NKTs transduced 

with 7-TGC were CD62L+ in the GFP+ versus GFP− population; that is, there were more 

CD62L+ NKTs in the Wnt/β-catenin signaling-active population (Supplementary Fig. S2F).

Next, to determine whether CD62L expression depends on Wnt/β-catenin signaling, we 

stimulated NKTs with αGalCer and treated them with ICG-001, which inhibits downstream 
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Wnt signaling by blocking interaction of β-catenin and transcriptional co-factor cAMP 

response element-binding protein (CREB) (30). NKTs treated with ICG-001 during ex 
vivo expansion had reduced CD62L expression (Supplementary Fig. S2G), suggesting 

that basal Wnt signaling plays a role in the generation and maintenance of CD62L+ 

NKTs after antigenic stimulation. To determine whether exogenous activation of Wnt/β-

catenin signaling increases the frequency of CD62L+ NKTs, we treated NKTs with human 

recombinant Wnt3a ligand during ex vivo expansion and found that it significantly increased 

the rate of CD62L expression in NKTs after primary expansion (Fig. 2C). Wnt3a treatment 

did not impact expression of two other central memory markers, CCR7 and CD27, and 

moderately reduced expression of the activation/exhaustion marker LAG-3 (Supplementary 

Fig. S3A,B). Treatment with TWS119 during ex vivo expansion also increased the 

frequency of CD62L+ NKTs (Supplementary Fig. 3C).

We recently reported that IL21 specifically protects CD62L+ NKTs from apoptosis (31). 

To determine whether Wnt signaling and IL21 signaling additively increase the frequency 

of CD62L+ cells, we expanded NKTs with IL2 alone (default condition) or IL2 with IL21, 

Wnt3a, or both. We found that addition of either IL21 or Wnt3a promoted formation 

of CD62L+ NKTs, and the the combination of both increased the frequency of CD62L+ 

NKTs beyond addition of either agent alone (Supplementary Fig. 3D). Similar results 

were obtained when IL21 was combined with TWS119 (Supplementary Fig. 3E). To 

determine optimal timing for Wnt signaling to maximize formation of CD62L+ NKTs, we 

treated NKTs with Wnt3a ligand during early (days 0–2) or late (days 6–8) expansion, 

or throughout (days 0, 3, and 8). Wnt3a only promoted formation of CD62L+ NKTs 

when activated soon after TCR stimulation (Supplementary Fig. 3F), suggesting that Wnt 

signaling must occur in a limited time window after NKT stimulation to preserve or expand 

the central memory–like subset.

To understand the role of LEF1 in the central memory–like NKT program, we utilized 

CRISPR-Cas9 technology to knockout (KO) LEF1 in primary human NKTs (Supplementary 

Fig. S4A). Seven days after electroporation of Cas9 and gRNA specific to LEF1, CD62L 

expression (Fig. 2D) showed no change. In contrast, after re-stimulating NKTs with 

αGalCer-pulsed B-8-2 cells, CD62L+ frequency and NKT-cell expansion were dramatically 

reduced in LEF1 KO NKTs (Fig. 2E,F). Further, LEF1 KO NKTs exhibited a more 

activated/exhausted phenotype than control NKTs as indicated by higher TIM-3 expression 

levels in the KO cells (Supplementary Fig. S4B). These findings indicate that, consistent 

with the increased level of LEF1 expression, primary human CD62L+ NKTs undergo 

more Wnt/β-catenin signaling than CD62L− NKTs. Further, elevated LEF1 expression and 

associated downstream Wnt signaling are crucial for the preservation and expansion of 

central memory–like NKTs following antigenic stimulation.

LEF1 overexpression is sufficient to induce a central memory program in NKTs

Next, we generated a retroviral construct to overexpress LEF1 (transcript variant 1, long 

isoform) in NKTs using GFP as a reporter (GFP.LEF1, Fig. 3A). We transduced NKTs 

with GFP.LEF1 or a control GFP/firefly luciferase (GFP.FFLuc) construct and confirmed 

LEF1 overexpression in the former and GFP expression in both (Supplementary Fig. S4C). 
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LEF1 overexpression reduced NKT-cell expansion compared to the control (Fig. 3B). As 

Wnt signaling has been reported to support mitochondrial biogenesis (32) and enhanced 

mitochondrial mass promotes antitumor activity of adoptive T cells (33), we evaluated 

the metabolic effect of LEF1 overexpression on NKTs. LEF1-overexpressing NKTs had 

significantly increased mitochondrial mass compared with control cells (Supplementary 

Fig. S4D). This observation correlated with enhanced mitochondrial metabolic activity, as 

reflected by elevated basal, maximal, and spare respiratory capacity determined by Seahorse 

assay (Supplementary Fig. S4E,F).

To determine whether LEF1 overexpression is sufficient to induce a central memory 

transcriptional program in ex vivo–expanded NKTs, we sorted GFP+ cells from GFP.LEF1 

and GFP.FFLuc NKTs and subjected them to RNA sequencing analysis. We identified 

436 differentially expressed genes in GFP.LEF1 versus GFP.FFLuc cells (Fig. 3C); LEF1 

overexpression led to a significant enrichment for central memory–related gene expression 

(CD27, TCF7, IL7R) (34) and reduced expression of genes encoding effector molecules 

(GZMA, GZMK, FASL) (35) and genes associated with cell exhaustion (TOX, CTLA4, 
TIGIT) (36) (Fig. 3D). NKTs overexpressing LEF1 also showed a significant reduction 

in expression of NK-cell signature genes, which have been associated with CAR T–cell 

dysfunction in patients (37) (Fig. 3D; Supplementary Fig. S5A). LEF1 overexpression 

downregulated CD62L surface expression on NKTs, but consistent with the global shift 

towards a central memory gene expression program, upregulated other central memory 

markers including CD27 (38) and CCR4 (39) on the cell surface (Fig. 3D,E). Further, GSEA 

revealed that LEF1 overexpression in NKTs imparted a transcriptional program significantly 

enriched for a central memory signature (Fig. 3F; Supplementary Fig. S5B).

Conversely, the control group transcriptome was significantly enriched for effector, 

activated, and exhausted signatures compared with LEF1-overexpressing cells 

(Supplementary Fig. S5C,D). It has been reported that the CD39−CD69− subset of CD8+ 

T cells represents stem-like cells in adoptive cell therapy (11) and that CX3CR1− cells 

are precursors of the central memory subset (40). Consistent with these findings, LEF1 

overexpression significantly reduced the transcript levels of these markers (Supplementary 

Fig. S6A,B). We also found that expression of HLF, which encodes a transcription factor 

that has been identified as a master regulator of stemness in hematopoietic stem cells (41), 

was elevated in NKTs overexpressing LEF1 (Supplementary Fig. S6C). Together, these 

results show that LEF1 promotes quiescent and central memory transcriptional signatures in 

NKTs.

Overexpression of LEF1 enhances NKT expansion following serial tumor challenge

To determine whether LEF1 overexpression in NKTs confers the ability to maintain numeric 

expansion after multiple stimulations, we performed a repeat tumor challenge assay. In this 

experiment, GFP.LEF1 and GFP.FFLuc NKTs were challenged every three days for nine 

cycles with fresh CD1d+ J32 Jurkat cells to maintain an E:T ratio of 1:1. We found that 

while both groups eliminated tumor cells at this ratio for the first six cycles (Supplementary 

Fig. S7A), only GFP.LEF1-transduced NKTs continued to expand at late stages of the assay 

(Fig. 4A). This observation correlated with a sustained increase in the percentage of GFP+ 

Ngai et al. Page 11

Cancer Immunol Res. Author manuscript; available in PMC 2023 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells in the GFP.LEF1 group but not the control group (Fig. 4B), indicating that LEF1 

overexpression protects NKTs subjected to the pressure of repeated antigenic stimulation.

To understand how LEF1 overexpression contributes to sustained NKT expansion, NKTs 

were rested for six days after the fifth challenge cycle (before the control group 

failed to expand), and exhaustion marker and CD62L expression were evaluated. LEF1-

overexpressing NKTs included a large population of TIM-3lo cells that was not present 

in the control group, which was predominantly TIM-3hi after multiple rounds of antigenic 

stimulation (Fig. 4C). Additionally, we detected a population of CD62L+ cells in LEF1-

overexpressing NKTs but not in control NKTs, which consisted mainly of CD62L− 

cells after multiple stimulations (Fig. 4D). Further, CD62L+ cells preserved by LEF1 

overexpression were found in the TIM-3lo population but not in the control group 

(Supplementary Fig. S7B). LEF1 protein levels in LEF1-transduced NKTs were similar 

at the beginning and end of the seven stimulation cycles (Supplementary Fig. S7C). In 

summary, in the context of multiple rounds of antigenic stimulation, LEF1 overexpression 

in NKTs confers resistance to exhaustion and preserves the central memory–like subset and 

antitumor functionality.

LEF1 mitigates CAR-NKT exhaustion and suppresses immediate effector function

Given that LEF1 overexpression improves persistence and prevents exhaustion of NKTs 

challenged through the native NKT TCR, we asked whether we could exploit these 

functional advantages in the context of a CAR. We modified a CAR construct specific 

for the neuroblastoma antigen GD2 (21) (CAR.GD2) to include the LEF1 coding sequence 

downstream of the CAR modules and validated co-expression of CAR.GD2 and LEF1 in 

transduced NKTs (Fig. 5A,B). Incorporation of LEF1 into the CAR enhanced numeric 

expansion as well as CD62L and CD27 expression in CAR.GD2-NKTs (Fig. 5C-E). The 

CAR.GD2 construct is known to induce some degree of exhaustion in T cells due to tonic 

signaling (42). Consistent with the observation that LEF1 limited the susceptibility of NKT 

cells to exhaustion (Fig. 1D,3D), co-expression of LEF1 with CAR.GD2 reduced expression 

of all six tested activation/exhaustion markers in NKTs (36,43) (Fig. 5F; Supplementary 

Fig. S8). To evaluate the short-term antitumor activity of CAR.GD2-LEF1 NKTs against 

GD2+ tumor cells, we co-cultured CAR.GD2 and CAR.GD2-LEF1 NKTs with GD2+ 

CHLA-255 neuroblastoma cells for four hours. Both groups of NKTs killed the target cells, 

with slightly lower levels of cytotoxicity observed for CAR.GD2-LEF1 NKTs (Fig. 5G). 

Additionally, following CAR stimulation, we found that CAR.GD2-LEF1 NKTs produced 

lower levels of immediate effector cytokines including TH1 (GM-CSF, IFNγ, TNFα) and 

TH2 (IL4) mediators compared to CAR.GD2-NKTs (Fig. 5H), consistent with the reduction 

in effector molecule gene expression levels observed in LEF1-overexpressing NKTs (Fig. 

3D). Taken together, NKTs transduced with a CAR.GD2 construct co-expressing LEF1 

showed increased capacity for expansion, lower levels of exhaustion, and reduced immediate 

effector function against GD2+ target cells, observations in line with the notion that LEF1 

restricts terminal differentiation of NKTs.
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CAR.GD2-LEF1 NKTs have superior in vivo therapeutic activity versus parental CAR.GD2 
NKTs

Next, we sought to determine whether co-expression of LEF1 with CAR.GD2 improves 

the antitumor function of transduced NKTs or durability of response in vivo. NSG mice 

were i.v. injected with luciferase-transduced GD2+ CHLA-255 neuroblastoma cells and 

seven days later were divided into three groups to receive non-transduced NKTs, CAR.GD2 

NKTs, or CAR.GD2-LEF1 NKTs. Both CAR.GD2 NKTs and CAR.GD2-LEF1 NKTs 

prolonged the survival of treated animals compared with non-transduced control NKTs (P 
< 0.0001). However, CAR.GD2-LEF1 NKTs mediated more durable antitumor responses 

and improved the survival of treated mice compared with CAR.GD2 NKTs (Fig. 6). These 

results show that LEF1 mediates a transcriptional program in NKTs that, by restricting 

terminal effector differentiation and reducing exhaustion, ultimately improves the in vivo 
therapeutic activity of NKT cells. These findings may inform the development of effective 

NKT cell–based adoptive therapy in the clinic.

Discussion

In this study, we report for the first time that Wnt transcription factor LEF1 drives the 

central memory program in human NKTs. After finding that CD62L+ central memory–like 

NKTs express elevated levels of LEF1 using immune-related gene expression analysis, 

we determined that LEF1+ cells expressed higher levels of central memory markers and 

lower levels of activation/exhaustion markers than NKTs that do not express LEF1. Next, 

we found that CD62L+ cells demonstrated more Wnt/β-catenin signaling activity than 

CD62L− cells, and that NKTs express several required receptors and a co-receptor for Wnt 

ligands. Moreover, LEF1 and Wnt/β-catenin signaling were found to play a crucial role in 

mediating the NKT central memory–like transcriptional program, as both genetic knockout 

of LEF1 and pharmacological inhibition of Wnt/β-catenin signaling blocked formation of 

CD62L+ NKTs. Consistent with these observations, activation of Wnt/β-catenin signaling 

by recombinant Wnt3a ligand significantly increased the frequency of CD62L+ NKTs. 

Further, ectopic overexpression of LEF1 was sufficient to induce a central memory–like 

program in NKTs. Functionally, LEF1 overexpression preserved central memory–like cells 

when NKTs underwent repeat antigenic stimulation. Finally, co-expression of LEF1 with 

a CAR.GD2 construct in NKTs reduced immediate effector function but promoted central 

memory differentiation. In vivo, CAR.GD2-LEF1 NKTs mediated more durable antitumor 

responses and increased the survival of treated mice compared with CAR.GD2-NKTs in an 

aggressive neuroblastoma xenograft mouse model.

Unlike conventional T cells that have a distinct naïve-to-memory differentiation hierarchy, 

human NKTs bypass the naïve stage and acquire a predominantly activated-memory 

phenotype during thymic differentiation (44). A prevalent theory in the NKT biology 

field is that NKT cells display a fast-acting, tissue-trafficking effector memory phenotype 

characterized by minimal CD62L expression and largely influenced by the transcriptional 

master regulator PLZF that is induced after positive selection in the thymus (45). Our group, 

however, has recently reported the presence of a novel CD62L-expressing NKT subset that 

mediates robust in vivo cell expansion, persistence, and durable tumor control (12). These 
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findings prompted a more thorough study of the CD62L+ subset to maximize the therapeutic 

efficacy of NKTs.

Wnt/β-catenin signaling regulates development of both NKTs and T cells in that β-

catenin expression is temporarily upregulated upon TCR engagement and subsequently 

downregulated to ensure proper NKT- and T-cell development (46,47). Consistent with the 

kinetics of β-catenin upregulation in developing NKTs and T cells, we observed that Wnt 

ligands boosted the frequency of central memory–like NKTs only when administered early 

after TCR stimulation; these results suggest that there is an optimal window for activating 

Wnt/β-catenin signaling in mature NKTs as well. Wnt/β-catenin signaling also plays a 

crucial role in supporting central memory formation in mature T cells (48). Specifically, T 

cells with higher Wnt activity yield central memory cells that proliferate and survive better 

than T cells with lower Wnt signaling, which instead progress to terminal differentiation 

(16). In line with this, we found that CD62L+ central memory–like NKTs undergo more Wnt 

signaling activity than CD62L− cells. While the Wnt reporter employed has mainly been 

used in the context of hematopoietic and cancer stem cells studies (49,50) and likely detects 

NKTs with the highest level of Wnt signaling only, we also showed that CD62L+ NKTs 

have higher expression of several specific Wnt-downstream target genes. This indicates that 

initiation of the central memory program via increased Wnt/β-catenin signaling may be 

conserved in both T and NKT cells. Although less is known about the importance of Wnt 

signaling in mature NKTs, it has been reported that activation of such signaling soon after 

stimulation of the NKT TCR in mice curbs IFNγ and enhances IL4 production in these cells 

(51), consistent with the role of LEF1 in NKT thymic development (18). Moreover, murine 

NKTs also express Wnt receptors and co-receptors and respond to Wnt ligands derived from 

myeloid cells (51). We show that human primary NKTs also express Wnt receptors and co-

receptors, though at lower levels than in vitro–expanded NKTs. These results are consistent 

with the fact that peripheral blood NKTs largely exhibit an effector-memory phenotype 

while central memory–like cells accumulate during ex vivo expansion (12). Further work 

will determine whether human NKTs receive Wnt signals from the antigen-presenting cells 

upon antigen recognition that may support preferential expansion or survival of NKTs with 

the higher levels of Wnt receptor expression.

The results of this study identify LEF1 as a critical mediator of the central memory–like 

program in human NKTs. In conventional T cells, TCF1 (14,15), which belongs to the 

same protein family of proteins as LEF1, and Wnt/β-catenin signaling (48) are crucial to 

stemness and formation of the central memory subset. While LEF1 plays a supportive role 

in T cells in the absence of TCF1, it does not drive the central memory status of T cells 

(17). In contrast, the results of our knockout and overexpression studies show that the central 

memory program in NKT cells depends on LEF1, while TCF1 is expressed at high levels 

in both CD62L+ and CD62L− subsets. Relative dominance of LEF1 over TCF1 has also 

been observed in murine NKT-cell development (18). Future studies will shed light on 

the mechanisms that govern dominance of LEF1 in NKTs versus TCF1 in T cells. Since 

CD62L+ NKTs may be either LEF1+ or LEF1−, it will be important to identify additional or 

alternative phenotypic markers that exclusively define the LEF1+ NKT-cell subset.
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LEF1-expressing NKTs have a TIM-3lo phenotype like antigen-experienced T cells 

that express TCF1 and exhibit properties of stemness (52), as opposed to terminally 

differentiated cells that are TIM-3hi. Functionally, LEF1-overexpressing NKTs are 

metabolically fitter than wild-type NKTs, have higher proliferative potential, and give rise 

to both CD62L+ and CD62L− cells after multiple rounds of stimulation. Our transcriptomic 

studies also revealed that LEF1 overexpression significantly reduces effector function and 

exhaustion level of NKTs, while supporting gene expression associated with the central 

memory program. Consistent with the function of LEF1 in mitigating exhaustion, LEF1 

overexpression drastically reduced the expression of PVRIG, a checkpoint inhibitor recently 

reported in NK cells (53) and CD8+ T cells (54). Future studies will help determine whether 

PVRIG plays a role in NKT exhaustion. LEF1 overexpression also led to downregulation 

of an NK-like signature, which was recently reported to be associated with CAR T–cell 

dysfunction in patients (37). Our findings identify LEF1 as a key factor that governs 

stemness in central memory–like NKTs and support the parallel in central memory 

programming between LEF1+ NKTs and TCF1hi T cells.

LEF1 has been reported to support proliferation and survival of murine NKTs during 

thymic development, likely through induction of CD127 and c-myc expression (18). While 

we evaluated mature peripheral human NKTs, we also found that CD62L+ NKTs, which 

express elevated levels of LEF1, upregulate CD127 (12) and MYC. Knocking out LEF1 
in mature human NKTs did not reduce viable cell number but inhibited NKT expansion 

and formation of CD62L+ cells after antigenic re-stimulation. Therefore, LEF1 appears to 

be crucial for NKT proliferation/survival and central memory differentiation after antigenic 

challenge and less important for homeostatic survival of mature NKTs. Similarly, TCF1 
knockout in human CD8+ T cells reduces cell expansion after TCR stimulation (55). 

LEF1 also drives GATA3 expression, favoring differentiation of TH2 NKTs during thymic 

development (18); while we have observed co-expression of LEF1 and GATA3 in human 

peripheral NKTs (12), LEF1-overexpressing NKTs did not show elevated expression of 

TH2-cytokines such as IL4 and IL13, but rather a global reduction of effector cytokines 

following CAR stimulation.

We also reported that ectopic overexpression of LEF1 in primary lymphocytes reduces 

short-term effector function but alleviates NKT exhaustion and increases expansion potential 

after serial antigen challenge. These observations phenocopy what occurs in T cells when 

TCF1 is overexpressed during chronic infection (55) or in the tumor setting (56). LEF1 

overexpression reduced NKT numeric expansion and CD62L expression during basal NKT 

culture but preserved NKT proliferation and CD62L expression over the course of multiple 

TCR stimulations. The decreased expansion of LEF1-transduced NKTs in basal culture is 

consistent with the transition to a central memory state, which is associated with induction 

of quiescence in the absence of antigenic stimulation. The same memory properties allow 

LEF1-transduced NKTs to undergo robust proliferation in response to repeated stimulation. 

The higher level of CD62L expression in LEF1-transduced compared to control NKTs 

following multiple rounds of stimulation is more likely due to faster loss of CD62L during 

terminal effector differentiation than LEF1-mediated CD62L downregulation. Finally, LEF1 

overexpression also enhances mitobiogenesis and by extension metabolic fitness in NKTs, 

likely through Wnt signaling activity as reported in muscle cells (32). This effect is crucial 
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because the persistence and antitumor activity of tumor-specific T cells can be improved by 

increasing mitochondrial mass and metabolic fitness (33). Future work will aim to elucidate 

the metabolic contribution of LEF1 and Wnt signaling to the long-term antitumor efficacy of 

NKTs.

The effects of LEF1 overexpression highlight the promise of CAR-LEF1 NKTs as a 

potential clinical therapy. Despite reducing immediate effector functionality, co-expression 

of LEF1 with CAR.GD2 in NKTs improved long-term tumor control in vivo. These results 

suggest that LEF1 overexpression increases the pool of NKT central memory cells that can 

maintain themselves, resist exhaustion, and give rise to NKT or CAR-NKT effector memory 

or effector cells following repeated antigenic challenge resulting in enhanced tumor control 

in vivo. While LEF1 expression has been described in various cancers (57,58), it has also 

been reported as a tumor suppressor gene (59,60). We have not observed any evidence that 

LEF1 overexpression induces transformation in NKT cells. Future studies are necessary to 

ensure the safety of CAR-LEF1 NKTs, including the use of clinically tested safety switches 

such as an inducible caspase-9 (61).

In summary, we have identified LEF1 as a key transcription factor that governs central 

memory and stemness in human NKTs. Promoting LEF1 expression or downstream 

Wnt signaling activity preserves central memory-like NKTs, renders NKTs resistant to 

exhaustion, and improves NKT TCR- and CAR-mediated long-term antitumor efficacy. 

These results pave the way for pharmacological and genetic enhancement of NKT cell–

based cancer immunotherapy.
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Figure 1: CD62L+ NKTs express elevated levels of Wnt transcription factor LEF1 and are 
phenotypically central memory–like.
A, Twelve days after primary stimulation with αGalCer-pulsed autologous PBMCs, NKTs 

were magnetically sorted into CD62L+ and CD62L− subsets and processed for RNA 

isolation and Nanostring gene expression analysis. Volcano plot shows differential gene 

expression in CD62L+ versus CD62L− NKTs with P value cutoff at 0.05. B, Gene set 

enrichment analysis (GSEA) plot showing enrichment for a central memory CD4+ T-cell 

signature (GSE11057) in CD62L+ NKTs. C-D, Twelve days after stimulation, NKTs were 

gated into LEF1− (blue) and LEF1+ (red) populations, and surface expression of (C) central 

memory markers and (D) activation/exhaustion markers were measured by flow cytometry. 

Representative donor histograms and paired percent positive or MFI (n = 16 donors) are 

shown. E–G, Ten days after stimulation, NKTs were activated by 50 ng/ml PMA and 500 

ng/ml ionomycin in the presence of GolgiPlug and GolgiStop and analyzed for (E) IL2, (F) 

CD107a, and (G) IFNγ expression by flow cytometry. Representative histograms and paired 

percent positive (n = 12 donors) are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001, ns: not significant, paired Student’s t test for paired result from each donor.
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Figure 2: CD62L+ NKTs undergo elevated Wnt/β-catenin signaling, favoring formation of 
central memory-like NKTs.
A, NKTs were expanded ex vivo for 10 days and qRT-PCR was performed on isolated 

RNA to determine expression levels of Wnt receptor, co-receptor, and ligand mRNA. 

GAPDH (positive control) and CD19 (negative control) expression were used to set a 

range of significant Ct values. Mean ± SD are from a total of six donors. B, On day 10 

of ex vivo expansion, NKTs were magnetically sorted into CD62L+ and CD62L− subsets 

and expression of AXIN2 as Wnt target gene was determined from isolated RNA using 

qRT-PCR and the dCt method (n = 4 donors). C, NKTs were treated with 500 ng/mL human 

recombinant Wnt3a or PBS for three days following stimulation. CD62L expression was 

determined 10–12 days after initial TCR stimulation. Representative donor histogram and 

paired CD62L+ percentage (n = 11 donors) are shown. D–F, NKTs were electroporated 

with Cas9 only (control) or Cas9 with LEF1 gRNA. CD62L expression was analyzed by 

flow cytometry (D) seven days after electroporation, prior to secondary stimulation with 

αGalCer-pulsed B-8-2 cells (n = 3 donors), and (E) 10 days after secondary stimulation. 

Representative donor histograms and mean ± SEM CD62L+ percentage (n = 5 donors) are 

shown. (F) NKT number was measured 10 days after secondary stimulation, and expansion 

fold change was calculated from day 0. Mean fold change ± SEM (n = 5 donors) is shown. 

*P < 0.05, **P < 0.01, ns: not significant, paired Student’s t test for paired result from each 

donor.
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Figure 3: LEF1 overexpression promotes a central memory–like program in human NKTs.
A, Design of the GFP.LEF1 gammaretroviral construct for overexpression of LEF1 long 

isoform. B–F, NKTs underwent 10 days of primary expansion followed by restimulation 

with αGalCer-pulsed B-8-2 cells. They were then transduced with the GFP.LEF1 construct 

or GFP.FFLuc two days after secondary stimulation and phenotypes were studied eight days 

later. (B) Cell number was determined and fold change was calculated relative to input cell 

number. Mean ± SEM (n = 10 donors) are shown. **P < 0.01, paired Student’s t test. (C) 

GFP+ cells were FACS sorted from GFP.FFluc and GFP.LEF1 NKTs. RNA isolated from 

the sorted cells was processed for bulk RNAseq analysis. Volcano plot shows differential 

gene expression (LEF1/FFLuc) with P value cutoff at 0.05 and fold change ≤ −2 / ≥ 2. 

(D) Differentially expressed genes of interest from (C) were grouped by shared phenotype/

function. Heat maps show fold change in expression (LEF1/FFLuc). Each column represents 

a donor with a total of six donors tested; false discovery rate (FDR) < 0.05 (FDR < 0.20 for 

PDCD1) in LEF1-GFP+ and FFLuc-GFP+ cells. (E) Surface expression of central memory 

markers on GFP+ cells from FFLuc- or LEF1-transduced NKTs were measured by flow 

cytometry. Representative donor histograms and paired percent positive (n ≥ 11 donors) 
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are shown. **P < 0.01, ****P < 0.0001, paired Student’s t test for paired result from 

each donor. (F) GSEA plot showing enrichment for a central memory T–cell signature in 

LEF1-overexpressing NKTs.
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Figure 4: Overexpression of LEF1 improves NKT expansion and tumor control and reduces 
exhaustion following serial tumor challenge.
A–E, NKTs transduced with GFP.FFLuc or GFP.LEF1 were repeatedly challenged with 

CD1d+ J32 leukemia cells at a 1:1 ratio every three days. (A) NKT cell number was 

determined using counting beads and flow cytometry following each challenge cycle. FSC-

SSC dot plots show approximate live cell gate representing NKTs at early (2nd) and late 

(7th) co-culture cycles. Results from a representative donor (n = 4 donors, two independent 

experiments) and NKT fold-change at each cycle are shown. (B) GFP expression was 

monitored over time using flow cytometry as a proxy for transduced cells. Mean GFP+ NKT 

percentage ± SEM is shown at each cycle (n = 4 donors). P = 0.07 for AUC analysis for 

cycles 6 to 8. C, D, Following cycle 5, NKTs were rested for six days following antigenic 

stimulation and (C) TIM-3 and (D) CD62L expression were assessed by flow cytometry. 

Representative results and mean TIM-3 MFI or CD62L percentage (n = 4 donors) are 

shown. ***P < 0.001, ns: not significant, one-way ANOVA with Sidak’s post-test.
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Figure 5: Incorporation of LEF1 into CAR.GD2 construct mitigates exhaustion and suppresses 
immediate effector function of transduced NKTs.
A, CAR constructs containing the anti-GD2 14g2a scFv, CD8 hinge and transmembrane 

domains, 4-1BB co-stimulatory domain, and CD3 zeta domain, with LEF1 following a 

2A sequence (CAR-LEF1) or without (CAR). B–G, Two days after secondary stimulation 

with αGalCer-pulsed aAPCs, NKTs were transduced with parental or LEF1-containing 

CAR.GD2 constructs and phenotypes were studied eight days after. (B) Surface CAR and 

intracellular LEF1 expression were determined by flow cytometry. Representative dot plots 

show LEF1 expression relative to CAR expression from one of two donors. (C) NKT 

cell number was determined by trypan blue exclusion assay. Mean cell count ± SEM (n 

= 11 donors) is shown. (D) CD62L, (E) CD27, and (F) TIM-3 expression were assessed 

by flow cytometry in CAR+-gated NKTs. Representative histograms and mean ± SEM of 

CD62L, CD27 percentage or TIM-3 MFI (n = 11 donors) are shown. *P < 0.05, ***P 
< 0.001, ****P < 0.0001, paired Student’s t test for paired result from each donor. (G) 

Luciferase-transduced GD2+ CHLA-255 cells were co-cultured with CAR or CAR-LEF1 

NKTs for four hours. Cytotoxicity was calculated from luminescence intensity using non-

transduced (NT) NKTs as control. Results are from five donors tested in two independent 

experiments. Mean ± SEM is shown. ***P < 0.001 for AUC analysis between CAR and 

CAR-LEF1 groups. H, CAR and CAR-LEF1 NKTs were stimulated with GD2+ CHLA-255 

cells, and supernatants were collected at 24 hours. GM-CSF, IFNγ, TNFα, and IL4 levels 

were measured by Luminex assay. Results are from one of two donors tested with similar 

results. ***P < 0.001, ****P < 0.0001, unpaired Student’s t test.
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Figure 6: CAR-LEF1 NKTs have superior in vivo therapeutic activity versus parental CAR.GD2 
NKTs.
A, NKTs were expanded with IL2 and transduced with either CAR.GD2 (CAR) or 

CAR.GD2-LEF1 (CAR-LEF1), with a non-transduced (NT) control group. NSG mice (n 

= 8 mice per group) were i.v. injected with 1 x 106 luciferase-transduced CHLA-255 cells 

on day 0. On day 7, mice received an i.v. injection of NT, CAR, or CAR-LEF1 NKT 

preparations (4 x 106 CAR+ cells per mouse). IL2 was injected i.p. three times a week 

for two weeks after NKT injection. Tumor growth was monitored using bioluminescence 

imaging once per week. One experiment was performed. B, A survival plot was generated 

using the Kaplan–Meier method. Differences in survival probability were compared using 

the log-rank test. ***P < 0.001.
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Table 1.

List of primers used in real-time quantitative PCR

Primer ID Sequence

GAPDH F 5’-GAAGGTGAAGGTCGGAGTC-3’

GAPDH R 5’-GAAGATGGTGATGGGATTTC-3’

CD19 F 5’-TGCCCCGTCTTATGGAAACC-3’

CD19 R 5’-CTCTTCTTCTGGGCCCACTC-3’

AXIN 2 F 5’-ACTGCCCACACGATAAGGAG-3’

AXIN 2 R 5’-CTGGCTATGTCTTTGCACCA-3’

TCF1 F 5’-TGCAGCTATACCCAGGCTGG-3’

TCF1 R 5’-CCTCGACCGCCTCTTCTTC-3’

MYC F 5’-TACCCTCTCAACGACAGCAG-3’

MYC R 5’-TCTTGACATTCTCCTCGGTG-3’

WNT1 F 5’-CGGCGTTTATCTTCGCTATC-3’

WNT1 R 5’-TTCGATGGAACCTTCTGAGC-3’

WNT2 F 5’-AAAGAAGATGGGAAGCGCCA-3’

WNT2 R 5’-TTCATCAGGGCTCTGGCATC-3’

WNT3A F 5’-TGTTGGGCCACAGTATTCCT-3’

WNT3A R 5’-GGGCATGATCTCCACGTAGT-3’

WNT6 F 5’-CAGCCCCTTGGTTATGGAC-3’

WNT6 R 5’-AACTGGAACTGGCACTCTCG-3’

WNT8A F 5’-AGGCTGAGAAGTGCTACCAGA-3’

WNT8A R 5’-CCATTGTTTGACCCATCACA-3’

FZD1 F 5’-CATCGTCATCGCCTGCTACT-3’

FZD1 R 5’-TAGCGTAGCTCTTGCAGCTC-3’

FZD2 F 5’-CTTCTCACAGGAGGAGACGC-3’

FZD2 R 5’-AAATGATAGGCCGCTCTGGG-3’

FZD3 F 5’-ACAGCAAAGTGAGCAGCTACC-3’

FZD3 R 5’-CTGTAACTGCAGGGCGTGTA-3’

FZD4 F 5’-TCAAGAGACGCTGTGAACCC-3’

FZD4 R 5’-GGTCGTTCTGTGGTGGGAAT-3’

FZD5 F 5’-GCACAACCACATCCACTACG-3’

FZD5 R 5’-GCACAACCACATCCACTACG-3’

FZD6 F 5’-AGGCTTGCACCGTTTTGTTC-3’

FZD6 R 5’-TGCTCGATGGCTTCACAACT-3’

FZD7 F 5’-CGCCTCTGTTCGTCTACCTC-3’

FZD7 R 5’-TCATGATGGTGCGGATACGG-3’

FZD8 F 5’-CGCCTCTGTTCGTCTACCTC-3’

FZD8 R 5’-TCATGATGGTGCGGATACGG-3’

FZD9 F 5’-TGCTCACCTTCTTGCTGGAG-3’

FZD9 R 5’-GCCAGCGAGTAGACGTTGTA-3’

FZD10 F 5’-AAGAAGAGCCGGAGAAAACC-3’
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Primer ID Sequence

FZD10 R 5’-GACTGGGCAGGGATCTCATA-3’

LRP5 F 5’-CACCACCTTCTTGCTGTTCA-3’

LRP5 R 5’-GCTTTGACGTTCCTCAGTCC-3’

LRP6 F 5’-GACTGGGTTGCACGAAATCT-3’

LRP6 R 5’-CGGGGTTCCTCTAAGTCCTC-3’
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