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ABSTRACT OF THE DISSERTATION 

In vitro generation of large-scale CAR-iNKT cells from engineered human stem cells for off-

the-shelf cancer immunotherapy 

by 

Yang Zhou 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

 Professor Lili Yang, Chair 

 

 Adoptive cell therapy, especially chimeric antigen receptor (CAR) therapy, has 

revolutionized cancer immunotherapy, showing remarkable results in the treatment of chronic 

viral infections and malignancies. Currently, there are six US Food and Drug Administration 

(FDA) approved adoptive CAR-engineered T (CAR-T) cell products for treating B cell 

lymphoma (BCL) or multiple myeloma (MM) patients: Yescarta (Kite Pharma, 2017), Kymriah 

(Novartis, 2017), Tecartus (Kite Pharma, 2020), Breyanzi (Bristol Myers Squibb, 2021), 

Abecma (Bristol Myers Squibb, 2021), and Carvykti (Legend, 2022).  

 Despite the impressive outcomes, the current FDA-approved cell therapies fall into the 

autologous category: T cells obtained from the patient via leukapheresis and reinjected back into 

the same patient. This approach is high-cost, time-consuming, and patient-selective. Some 

patients may not have enough time waiting for the manufacturing to be completed. Therefore, 

new approaches that allow rapid production of large-scale and ready-to-use therapeutic cells are 

in great demand. The work presented in this thesis aims to provide alternative platforms for off-

the-shelf cancer immunotherapy.  By differentiating genetically engineered stem cells (i.e., 
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hematopoietic stem cells and pluripotent stem cells), we developed multiple in vitro culture 

systems to robustly generate large-scale CAR-armed invariant nature killer T (NKT) cells 

suitable for allogeneic cell therapy.   

 Chapter 1 introduces the background of iNKT cells, the-state-of-the-arts of stem cell 

engineering, and the previous study of engineering stem cell into iNKT cells.  

Chapter 2 reports a successful platform that utilizing artificial thymic organoid (ATO) 

culture methods to generate large-scale CAR-armed iNKT (CAR-iNKT) cells for cancer 

immunotherapy. The HSC-engineered iNKT cells closely resembled endogenous iNKT cells and 

exhibited potent antitumor efficacy and high safety in the xenograft multiple myeloma mouse 

model.  

Chapter 3 reports a feeder-free in vitro culture system to differentiate engineered stem 

cells into CAR-eNKT cells. The novel platform is robust and compatible for delivering different 

CAR cargos and additional molecules. The independence of murine derived feeder cells 

eliminates the potential risk of cross-species contamination during manufacturing.  

Chapter 4 switch the focus from previous chapters and starts to develop pluripotent stem 

cells (PSCs) derived CAR-iNKT cells for cancer immunotherapy. The unlimited expansion 

capability, capacity for clonal selection and ease of genetic engineering of PSCs allow them to 

be an ideal candidate providing unlimited source for off-the-shelf allogeneic cell therapies.  

Chapter 5 summarizes the thesis, discusses the challenge, and provides future 

perspectives for developing stem cell and iNKT-based off-the-shelf cancer immunotherapy. It is 

believed that more fundamental studies will be critical to further develop the next generation 

immunotherapy.  
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CHAPTER 1 

Developing stem cell-derived iNKT cells for cancer immunotherapy     

 In this chapter, we introduce the background of iNKT cells, including the biology, the 

development, the function and the current status of iNKT cell-based therapies. Then we discuss 

the overall landscape of cell therapy, in particular the importance and remaining challenging of 

stem cell-based immunotherapy. Lastly, we present the previous evidence showing the feasibility 

of developing stem-cell-derived iNKT cells for cancer immunotherapy.              

1.1 Introduction of iNKT cells  
 

1.1.1 The biology of iNKT cells   

Natural killer T (NKT) cells are a unique subpopulation of αβT cells that are characterized 

with certain NK properties1. Unlike conventional T cells that recognize protein peptides 

presented by MHC I or MHC II molecules, NKT cells recognize both endogenous and exogenous 

glycolipids in the context of a MHC I-like monomorphic molecule CD1d. There are two major 

subpopulations of NKT cells: type I and type II NKT cells, based on their TCR and glycolipid 

reactivity. Invariant NKT (iNKT) cells, or type I NKT cells, are defined with a semi-invariant T 

cell receptor (TCR): TCR α chain (Vα24-Jα18 in human and Vα14-Jα18 in the mouse) paired 

with a limited Vβ chains (Vβ 11 in human and Vβ 2, 7, or 8 in mouse), that can respond to a 

marine sponge-derived α-galactosylceramide (αGalcer)1,2. Upon activation, iNKT cells can 

rapidly produce copious amounts of cytokines and chemokines, such as IFN-g, IL-4, IL-13, IL-

17, IL-22 and IL-10, as well as cytotoxic molecules, such as perforin and granzyme B. In human, 

there are CD4+, CD8+, and CD4-CD8- three subsets of iNKT cells, while in mice, there are only 

CD4+ and DN iNKT cells2. Furthermore, iNKT cells can be divided into NKT1, NKT2, and 

NKT17 subsets based on their cytokine expression and functionality. Type II NKT cells have 
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more diverse Vα rearrangement allowing them to recognize self-lipids, including 

lysophosphatidylcholine and sulfatide. Studies have shown that sulfatides activated type II NKT 

cells promoted tumor growth, indicating a pro-tumor role, whereas iNKT cells exhibit potent 

anti-tumor activity. Since the type II NKT cells are not well-studied as iNKT cells, all the 

following research will be focused on type I NKT cells.  

1.1.2 Development of iNKT cells 

iNKT cells are originated from the same lymphoid precursors as conventional αβT cells  

and gdT cells, while the iNKT TCR expression instructs the iNKT lineage differentiation. During 

thymocyte development, hematopoietic stem cells (HSCs) migrate into thymus and differentiate 

into lymphoid progenitors. Lymphoid progenitors rearrange the TCRβ chain and develop from 

CD4-CD8- double-negative (DN) stage into CD4+CD8+ double-positive (DP) stage1,2. iNKT cell 

precursors diverge from the mainstream αβ T cells at the DP stage where convectional αβ T cells 

are selected by the epithelial cells while iNKTs are not. The cortical DP thymocytes temporarily 

upregulate monomorphic class I major histocompatibility complex (MHC-I) like molecule CD1d 

and present endogenous agonist ligand providing differentiation signal to iNKT cells.  Unlike 

conventional αβ T cells recognizing peptide antigens, iNKT cells recognize lipid antigens, such 

as isoglobotrihexosylceramide (iGb3). The interaction of iNKT TCR and glycolipid-CD1d, 

along with other signal through the signaling lymphocytic activated molecules (SLAM) receptor 

family, drives the further differentiation of iNKT cells1,2. Mature iNKT cells exit the thymus 

with a memory phenotype and further gain NK properties in the periphery.  

1.1.3 iNKT cells in immunotherapy 

Although iNKT cells have been characterized by their extremely low numbers (~0.1%–1% 

in mouse blood, ~0.001%–1% in human blood), mature iNKT cells are reported to play an 
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important role in anti-tumor responses2. TRAMP mice deficient in iNKT cells had progressive 

tumor development and metastasis, resulting reduced survival compared to the wild-type 

TRAMP mice. In human, cancer patients frequently have low iNKT cell counts and/or impaired 

iNKT cell function. The iNKT infiltration into tumors is also found to be associated with a good 

prognosis in neuroblastomas, pancreatic adenocarcinoma, and colorectal carcinoma. iNKT cells 

are also recognized as a bridge between innate and adaptive immunity, as many cytokines 

released by iNKT cells can induce dendritic cell maturation and αβT cell differentiation. 

 iNKT cells can exert cytotoxicity both directly and indirectly. Through iNKT TCR-

glycoplid-CD1d interaction, iNKT cells have the capacity to mediate killing against CD1d+ 

tumor cells, immunosuppressive tumor-associated macrophages (TAMs) and myeloid-derived 

suppressor cells (MDSCs), via peforin, granzyme B, and TNF-related apoptosis-inducing ligand 

(TRAIL) pathways1,2. High expression of CD1d on tumor cells leads to enhanced tumor cell 

elimination, while downregulation of CD1d is usually related to reduced iNKT cell performance.  

However, the expression of NK activating receptors, such as NKG2D and DNAM-1, can allow 

iNKT cells directly kill tumor in the absence of TCR-CD1d recognition, providing alternative 

tumor targeting mechanism on CD1d negative cells. Meanwhile, iNKT cells can also potentiate 

antitumor activities through activating NK cells and cytotoxic T lymphocytes (CTLs).   

Because of the importance of iNKT cells in immunosurveillance and anti-tumor activity, 

iNKT cell-based immunotherapy has garnered a lot of attention. The overall efficacy of iNKT 

cell therapies is greatly restricted by the extremely low frequency of iNKT cells as well as the 

level of CD1d expression on tumor cells. It is proved in both preclinical and clinical studies that 

iNKT cells in immunotherapy are safe, while not all clinical trials are effective. The classic 

approach to activate iNKT cells is using a-Galcer loaded DCs, which can provide strong co-
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signaling of CD40 and IL-122,3. This approach was tested to prolong median survival in clinical 

trials of myeloma and head and neck cancer, without any serious adverse events. Treatment with 

aGalcer-loaded APCs was also well tolerated in a phase I/II trial of non-small cell lung cancer. 

Patients responded to the treatment had increased IFN production as well as iNKT cell expansion. 

For cancer patients who have insufficient number of iNKT cells, the efficacy of aGalcer 

treatment is limited. To overcome this limitation, directly adoptively transferring ex vivo 

expanded iNKT cells into patients were tested. Patients received ex vivo activated iNKT cells 

exhibited increased circulating iNKT cell numbers as well as IFN-γ production.  

1.1.4 CAR-iNKT cells in cancer immunotherapy 

Chimeric antigen receptor engineered T (CAR-T) cell therapies have yielded significant 

clinical success especially in treating B cell malignancies5. T cells engineered with CAR that can 

specifically target a specific antigen, maximize their killing capacity. Given the potent antitumor 

responses of iNKT cells with direct tumor lysis, enhanced tumor infiltration, and modulating 

other immune effector cells via cytokine production, they are recognized as an ideal candidate 

for CAR-engineering. Especially that allogeneic iNKT cells do not cause GvHD, iNKT cells 

represent a promising option for developing next-generation off-the-shelf CAR cell products3,4. 

Furthermore, CAR-NKT cells that co-express the invariant iNKT TCR and NK receptors in 

addition to the CAR, provide multiple killing mechanism against tumor cells. It is also worth 

noting that CAR-iNKT cell with 4-1BB costimulatory domain did not produce elevated level of 

IL-6, which is the key cytokine that associates with cytokine release syndrome (CRS). 

Heczey et al. demonstrated that CAR-iNKT cells susccessfully localized to the soild tumor 

site and illustrated dual antitumor activity against CD1d-positive tumor associated macrophages 

(TAM) and GD2-positive neuroblastoma site6. Both B cell maturation antigen (BCMA)-
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targeting CAR-iNKT and CD19-targeting CAR-iNKT cells have also shown good efficacy on 

CD1d-expressing multiple myeloma (MM) and lymphoma cells. These encouraging results 

demonstrate the feasibility of CAR-engineered iNKT cells and their potential advantages over 

conventional CAR-T cells in treating cancers.  

Unfortunately, due to their insufficient numbers and short-term persistence, iNKT cell-based 

immunotherapy has not yet been fully developed. Our lab has working on utilizing stem cell 

engineering approach to overcome such limitation7,8. We have successfully developed serval 

platforms that allow us to generate large-scale, multifunctional, and hypoimmunogenic CAR-

NKT cells for cancer immunotherapy.  
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1.2 Stem cell engineering in cancer immunotherapy 
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1.2 Development of hematopoietic stem cell-engineered iNKT cell therapy for cancer 

(This project is published on Cell Stem Cell in 2019) 
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CHAPTER 2: 

 

Development of allogeneic HSC-engineered iNKT cells  
for off-the-shelf cancer immunotherapy 
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CHAPTER 3: 

 

Scalable HSC-engineered multifunctional and hypoimmunogenic CAR-NKT cells for 

off-the-shelf cancer immunotherapy               

(This project is in submission to Nature Biotechnology) 
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Abstract 
 

Although the chimeric antigen receptor (CAR) engineered T (CAR-T) therapy, results 

impressive clinical outcomes, the current Food and Drug Administration (FDA) approved CAR-T 

products fall into the autologous category, rendering the therapies high-cost and patient-selective. 

As such, off-the-shelf assets that are safer, more accessible and affordable to all patients are in 

great demand. Here, we report a novel feeder-free and serum-free ex vivo culture platform to 

generate allogeneic hematopoietic stem cell (HSC)-engineered CAR-armed natural killer T 

(AlloCAR-eNKT) cells, providing changes in the allogeneic cell therapy landscape. This platform 

is robust and compatible for delivering different CAR cargos and additional molecules, such as B 

cell maturation antigen (BCMA) CAR, and interleukin 15 (IL-15). The allogeneic BCMA CAR 

NKT (AlloBCAR-eNKT) cells execute potent anti-tumor efficacy without GvHD risk in the human 

multiple myeloma xenograft mouse model. The IL-15 enhanced BCMA CAR NKT (Allo15BCAR-

iNKT) cells displayed remarkable persistence and enhanced therapeutic activity, potentially 

providing durable protection to patient. The versatile culture platform generates unique 

hypoimmunogenic AlloCAR-eNKT cells, resulting in resistance to allo-rejection to favor their 

allogeneic potential. Therefore, we provide the world the third option apart from T and NK cells 

for developing “off-the-shelf” cancer immunotherapy and promotes the speedy clinical translation 

of stem cell-derived cells.  
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Introduction 

Adoptive cell therapy has revolutionized cancer immunotherapy, in particular chimeric 

antigen receptor (CAR) engineered T (CAR-T) therapy, showing excellent efficacy for treating 

hematological malignancies1, 2. The remarkable clinical outcomes from commercial approved 

CAR-T cells for leukemia and lymphoma treatment offer hope for patients with other types of 

cancer. Nevertheless, the autologous nature of current FDA-approved CAR-T cell products render 

the therapies high-cost, time-consuming and patient selective2, 3. The current manufacturing of 

autologous CAR T cells is in general effective but limited for patients with progressive disease; 

patients undergo previous treatments may have insufficient or dysfunctional T cells for CAR T 

production. Thus, allogeneic products that all patients can be accessible and affordable are in great 

demand. There two approaches to develop allogeneic cellular products. One is to utilize 

conventional abT cells via ablating their endogenous TCR expression to diminish their risk of 

inducing graft-versus-host disease (GvHD)4, 5. Alternatively, utilizing other cell types that 

naturally have no GvHD risk, such as NK and unconventional T cells, to generate off-the-shelf 

cellular products6, 7.     

Invariant natural killer T (iNKT) cells, a rare population of unconventional T cells8, are an 

idea cell carrier for off-the-shelf cell therapy. iNKT cells have shown potent tumor-kiiling capacity 

potent tumor-killing capacity; tumor infiltrating ability; and bridging innate and adaptive immune 

responses9. Clinically, CAR-iNKT cells induce profound response against relapsed or resistant 

neuroblastoma without inducing any obvious toxicity as well as cytokine release syndromes7. 

However, the use of iNKT cells is constrained by their low percentages in human blood (0.001-
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1%)8, 10-13. The number of iNKT cells expanded from PBMC are limited and may contain bystander 

conventional abT cells potentially inducing GvHD.  

Stem cells, including pluripotent stem cells (PSCs) and hematopoietic stem cells (HSCs), 

have the flexibility for genetic-engineering and can be differentiated into a certain type of immune 

cells14. Numerous studies have shown their broad scope of application in cancer immunotherapy 

5, 15-17. The stem cell-derived T cells have shown unique innate-like phenotypes, suggesting that 

stem cell differentiation platform might be more suitable for innate-like T cells generation. 

Previous studies have shown that by engineering HSCs with iNKT TCR could generate sufficient 

number of iNKT cells through an artificial thymic organoid (ATO) culture system17, an important 

advancement in the in vitro T cell differentiation field15, 18. However, the dependence of murine 

derived feeder cells in the system potentiates the risk of cross-species contamination for 

manufacturing. Here, we report a novel feeder-free and serum-free ex vivo culture platform to 

generate allogeneic HSC-engineered CAR-armed NKT (AlloCAR-eNKT) cells for off-the-shelf 

cancer immunotherapy. The platform is versatile and compatible to generate unique eNKT cells 

carrying different CAR cargos, such as B cell maturation antigen (BCMA) CAR (BCAR), CD19 

CAR, GD2 CAR, as well as additional molecules, such as interleukin 15 (IL-15) and sr39TK 

suicide gene. The allogeneic BCMA-targeting AlloCAR-eNKT (AlloBCAR-eNKT) cells execute 

potent anti-tumor efficacy without GvHD risk in the human multiple myeloma (MM) xenograft 

mouse model. The IL-15 enhanced AlloBCAR-eNKT (Allo15BCAR-eNKT) cells displayed 

remarkable persistence and enhanced therapeutic activity, potentially providing durable protection 

to patient. The Allo/15BCAR-eNKT cells exhibit a hypoimmunogenic phenotype, resulting in 

resistance to allo-rejection but without affecting tumor killing capacity. Therefore, we provide the 

world the third option apart from T and NK cells for developing “off-the-shelf” cancer 
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immunotherapy and promotes the speedy clinical translation of stem cell-derived cells. The 

convergence of human stem cell engineering and cell therapy technology holds great promise for 

the development of a new class of cellular therapeutics. 

Results 

Generation of allogeneic HSC-engineered NKT (AlloeNKT) and their CAR-armed derivatives 

(AlloCAR-eNKT cells).  

 Human cord blood (CB) CD34+ HSCs were transduced with a designated Lenti/iNKT-

(CAR)-(Additional Gene) vector, that co-delivers genes encoding an human iNKT TCR, with/out 

a selected CAR, with/out an optional additional gene for immune modulation (e.g., IL-15) or for 

safety control (e.g., sr39TK)17. Note, CD34+ cells comprise both hematopoietic stem cell and 

progenitor cells; in this report we refer to CD34+ cells as HSCs. Transduced HSCs were cultured 

in an Ex Vivo HSC-Derived eNKT Cell Culture over ~6 weeks to generate a designated Allo(CAR)-

eNKT cell product (Fig.1a). A StemSpanTM T Cell Generation Kit from StemCell Technologies 

was utilized to support a feeder-free/serum-free three-stage human T cell differentiation from 

HSCs (https://www.stemcell.com/products/stemspan-t-cell-generation-kit.html#section-

protocols-and-documentation): Stage 1, lymphoid progenitor expansion; Stage 2, T progenitor 

maturation; and Stage 3, T progenitor deep maturation (Fig.1b). Notably, in this 3-stage T cell 

generation culture, HSCs without iNKT TCR gene engineering only yielded very limited numbers 

of mature (αβTCR+ CD4-CD8+) αβT cells that only started to appear at week 8; from one input 

HSCs, ~2000 mature CD8 single positive (CD8 SP) αβT cells could be generated at the end of 

week 8. iNKT TCR gene engineering dramatically increased the yield of mature T cells and 

speeded up their generation; from one gene-engineered input HSCs, ~1000,0000 mature (iNKT 

TCR+CD4-CD8+/-) transgenic Allo(CAR)-eNKT cells could be generated at the end of week 4. Note 
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at week 4, no endogenous non-transgenic αβT cells would appear (Supplementary Fig. 1). 

Therefore, the week 4 cell culture comprised pure and mature transgenic Allo(CAR)-eNKT cells, 

that were then expanded for ~2 weeks, resulting in a final Allo(CAR)-eNKT cell product of an 

impressive yield (~1012 product cells per 1 x 106 input HSCs) (Fig. 1c). From a standard CB unit 

containing ~5 x 106 CD34+ HSCs, a 1012 scale of Allo(CAR)-eNKT cell product could be generated, 

that can be formulated into  ~1,000-10,000 doses based on a 108-109 cells per dose estimation 

according to the current CAR-T therapy clinical experience19. Three expansion approaches were 

tested: 1) an aCD3/aCD28 expansion approach, 2) an aGC/PBMC expansion approach, and 3) 

an aAPC expansion approach (Fig. 1b). All three expansion approaches produced Allo(CAR)-eNKT 

cells at similar yield and quality (Supplementary Fig. 1); in this report, we focused on Allo(CAR)-

eNKT cells generated with the aAPC expansion approach unless otherwise indicated. The reported 

method of generating HSC-engineered CAR-eNKT cells is robust and versatile. Over 10 CB 

donors and over 10 Lenti/iNKT-(CAR)-(AG) vectors (each corresponds to a specific cell product) 

were tested, all successfully resulting in high-yield and high-purity cell products regardless of 

donor originality and cargo gene variability (Fig.1c). 

Allo(CAR)-eNKT cell differentiation followed a typical iNKT developmental path defined 

by CD4/CD8 co-receptor expression: from CD4-CD8- double-negative (DN) stage to a more 

mature CD4+CD8+ double-positive (DP) stage, and eventually to be almost all CD8+ single-

positive (SP) or DN phenotypes (Fig. 1e and 1f). Note that the end Allo(CAR)-eNKT cell product 

did not contain a CD4+CD8- (CD4 SP) population that are present in the endogenous human iNKT 

cells. In general, CD8 SP/DN human iNKT cells are considered to be proinflammatory and highly 

cytotoxic and thereby are desirable for cancer immunotherapy20. The introduction of CAR and 

enhancer genes at the HSC stage did not interfere with the ex vivo development, and the co-
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expression of CAR and iNKT TCR genes leads to high CAR expression rates accompanied by the 

positive selection for the TCR-containing transgene (Fig.1E-H, Fig. S1D). The ex vivo eNKT cell 

culture was compatible with various CAR designs and enhance genes (Fig. 1D). The generation 

and development of AlloBCAR-eNKT cells (BCMA-specific 4-1BB co-stimulation CAR), 

AlloCAR19-eNKT cells (CD19-specific CD28 co-stimulation CAR), and Allo15BCAR-eNKT (IL-

15 enhanced AlloBCAR-eNKT) cells followed the same pattern and shared phenotypic results. This 

approach simplifies gene engineering steps for co-delivering CAR and/or additional genes 

providing unique advantages over all current allogeneic products production.   

Flow cytometry analysis suggested the uniform expression of transgeneic iNKT TCR on 

the final products; sing-cell TCR sequencing analysis confirmed that Allo(CAR)-eNKT cells solely 

expressed the transgenic iNKT TCRs with undetectable randomly rearranged endogenous αβ TCR 

pairs, suggesting the induction of allelic exclusion through the transgenic iNKT TCR as previously 

reported21-23. In contrast, healthy donor periphery blood mononuclear cell (PBMC)-derived 

conventional αβ T (PBMC-αβTc) cells expressed highly diverse endogenously rearranged αβ 

TCRs, and PBMC-derived iNKT (PBMC-iNKT) cells expressed a conserved invariant TCR α 

chain (Vα24-Jα18) and TCR β chains of limited diversity (predominantly Vβ11). 

We also performed deep RNA sequencing to characterize the transcriptome profiles of 

Allo(CAR)-eNKT cells in comparison with PBMC derived conventional αβ T (PBMC-αβTc), iNKT 

(PBMC-iNKT), and NK (PBMC-NK) cells (Fig. 1G). Principal component analysis (PCA) of the 

global gene expression profiles showed that all Allo(CAR)-eNKT cells clustered together and 

located closely to PBMC-iNKT and PBMC-αβTc cells, and the furthest from PBMC-NK cells (Fig. 

1G), indicating that engineered eNKT cells are a unique cell population, yet closely resemble 

PBMC-iNKT and PBMC-αβTc cells. ‘‘Master’’ transcription factor gene profiling analysis 
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revealed that Allo(CAR)-eNKT cells expressed high levels of ZBTB16 that encodes PLZF, a 

signature transcription factor of innate T (e.g., iNKT and gdT) cells and NK cells; they also 

expressed high levels of TBX21 that encodes T-bet, an essential transcription factor regulating Th1 

polarization of T cells. These transcription factors have been indicated to play important roles in 

regulating iNKT cell development and functionality. 

 

Development, phenotype, and functionality of AlloBCAR-eNKT and their IL-15 enhanced 

derivative (Allo15BCAR-eNKT cells).  

IL-15 plays a critical role in NKT cell survival and homeostasis24. It has shown that IL-15-

expressing CAR-engineered PBMC-NKT therapy was safe in a recent phase-I clinical trial25. No 

study has ever evaluated whether IL-15-engineering at HSC stage will interfere with iNKT 

development and affect its functionality. Starting from here, we focus on AlloBCAR-eNKT and 

their IL-15 enhanced derivative (Allo15BCAR-eNKT cells) in the main text. All characterizations 

of AlloCAR19-eNKT and other products were provided in the SI (Fig. S2).  

First, we performed single cell RNA sequence to track the development of engineered 

CD34+ HSC during the ex vivo culture.  Uniform manifold approximation and projection (UMAP) 

visualized the enrichment of Allo/15BCAR-eNKT cells during the culture (FIG.2A). At the first two 

weeks of culture, there were a small portion of CD34+ HSCs expressing myeloid lineage markers, 

but eventually only eNKT cells grew out. Next, we characterized the phenotype and functionality 

of Allo/15BCAR-eNKT cells compared to the clinically employed PBMC-derived BCAR-T cells. 

Allo/15BCAR-eNKT cells conserved many typical T cell functions while displaying a distinct NKT 

cell phenotype. Allo/15BCAR-eNKT cells expressed high levels of T cell memory marker (i.e., 

CD45RO) and T cell activation marker (i.e., CD69) (Fig.2B). In addition, Allo/15BCAR-eNKT cells 
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were able to produce massive amounts of proinflammatory cytokines (i.e., IFN-γ, IL-2, and TNF-

α) and cytotoxic molecules (i.e., granzyme B and perforin) in response to PMA/ionomycin 

stimulation (Fig. 2B). To test the functionality of the iNKT TCR, we stimulated Allo/15BCAR-eNKT 

cells with the iNKT antigen α-galactosylceramide (αGC) and observed vigorous proliferation (Fig. 

2C). In response to αGC, Allo/15BCAR-eNKT cells secreted high levels of Th0/Th1 cytokines (i.e., 

IFN-γ and TNF-α) and a minimal amount of Th2 (i.e., IL-4) and Th17 (i.e., IL-17). (Fig. 2D-G) 

cytokines. IL-15 engineering did not interfere with the production and development of Allo15BCAR-

eNKT cells (Fig. 2A). IL-15 secretion was confirmed by ELISA (Fig. 2H). While consistent with 

AlloBCAR-eNKT cells, Allo15BCAR-eNKT cells showed similar NKT-like phenotype and 

functionalities (Fig. 2B-G), they robustly phosphorylated Stat5 and upregulated Bcl-xL expression 

(Fig. 2I) under a cytokine-deprived serum-free condition. 

 

In vitro anti-tumor efficacy and mechanism of action (MOA) study of Allo/15BCAR-eNKT cells. 

Due to the NKT nature and CAR engineering, we proposed a CAR/TCR/NK triple-

targeting mechanism of Allo/15BCAR-eNKT cells for CD1d+ tumor and a CAR/NK dual-targeting 

for CD1d- tumor cells (Fig. 3A). Here we used a human multiple myeloma (MM) cell line, MM, 

engineered to express the firefly luciferase-enhanced green fluorescence protein (FG) dual-

reporters (denoted as MM-FG) and its derivatives to dissect the killing mechanisms. Scanning 

electron microscopic (SEM) image showed the morphology of an Allo15BCAR-eNKT cell attacking 

an MM-FG cell in vitro (Fig. 3D). Three MM cell lines (Fig.3B) were used as targets, including 

MM-FG, MM-FG-CD1d (MM.1S-FG cell line overexpressing human CD1d) and KOMM-FG 

(MM.1S-FG cell line with BCMA gene knockout). To dissect the CAR-directed killing, we 

compared the antitumor efficacy of Allo15BCAR-eNKT and BCAR-T cells on MM-FG and KOMM-
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FG cells (Fig.3E). PBMC-derived conventional T cells were included as a control. Both 

Allo15BCAR-eNKT and BCAR-T cells exhibited significant tumor killing efficacy on BCMA+ 

MM-FG cells, with increased expression of IFN-g, IL-2 and CD69 (Fig.3E-G &Fig.S5B). Notably, 

Allo15BCAR-eNKT cells exhibited slightly higher tumor killing efficacy than BCAR-T cells on 

BCMA- KOMM-FG cells at high Effector-to-Target (E-T) ratio (Fig. 3F), suggesting additional 

tumor-targeting mechanism(s) (Fig. 3G&S5B).  To access the iNKT TCR-directed anti-tumor 

capacity, we used in vitro MM-FG-(CD1d) tumor cell killing assay; non-CAR-engineered 

AlloeNKT cells, as well as PBMC-T cells (Fig 3H). At low E:T ratio, neither AlloeNKT nor PBMC-

T cells were able to kill MM-FG cells, but the addition of aGC significantly enhanced the killing 

on CD1d+ MM-FG-CD1d cells (Fig. 3I). The iNKT TCR-mediated antitumor pathway was 

confirmed by CD1d blocking assay (Fig. 3J). In addition, AlloeNKT cells expressed high levels of 

NK activating receptors (e.g., NKG2D and DNAM1) (Fig. SXXX) and blocking of these receptors 

partially abrogated tumor-cell killing (Fig. 3K). The CAR/TCR/NK triple killing mechanism was 

further verified with MM-FG-CD1d tumor cells (Fig. 3M-N). Since MM was known to be not 

sensitive to NK-mediated killing, we repeated in vitro tumor killing on a NK-sensitive leukemia 

cell line (K562) (Fig. S5E). Without ligands triggering CAR- and TCR-directed killing, 

Allo/15BCAR-eNKT cells still effectively killed K562 tumor cells through NK activating receptors 

(i.e., NKG2D and DNAM-1), and the killing potency could be significantly blocked by NK 

activating receptor blockage (Fig. S5E-G).  

 

In vivo anti-tumor efficacy and pharmacokinetics/pharmacodynamics (PK/PD) study of 

Allo/15BCAR-eNKT cells.  
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Using MM xenograft NSG (NOD/SCID/γc-/-) mouse models, we studied the in vivo anti-

tumor efficacy (Fig. 4A-B) and PK/PD (Fig. 4F-G) of Allo/15BCAR-eNKT cells in comparison with 

BCAR-T cells. In the efficacy study, MM tumor cells were labeled with FG dual reporters (Fig. 

4A). With single administration of effector cells, Allo/15BCAR-eNKT and BCAR-T cells effectively 

delayed tumor progression (Fig. 4C) and significantly prolonged the mouse survival (Fig. 4D-E). 

Nevertheless, both AlloBCAR-eNKT and BCAR-T cells could not eradicate tumor with this 

regimen. All BCAR-T treated mice died at round 1–2-month post treatment where 5 out of 8 mice 

showed obvious tumor relapse and 3 had severe GvHD symptoms. The IL-15 secreting 

Allo15BCAR-eNKT cells exhibited enhanced therapeutic effect, leading to complete cure in 7 out 

of 8 mice (Fig.4D). However, AlloBCAR-eNKT cells didn’t control tumor progression as well as 

Allo15BCAR-eNKT cells, which could be related to the IL-15 function of stimulating T cells. To 

better understand the in vivo PK/PD of three therapeutic cells, we performed a mirror study in the 

same human MM xenograft NSG mouse model, but this time the therapeutic cells, not the tumor 

cells, were labeled with the FG dual reporters (Fig. 4F&G).  The Allo15BCAR-eNKT cells mounted 

an antitumor response in a low tumor antigen condition and persisted after tumor clearance, while 

AlloBCAR-eNKT cells and BCAR-T cells only lasted approximately 10 days response to antigen 

stimulation (Fig. 4H&I). We verified that both AlloBCAR-eNKT cells and BCAR-T cells were 

capable to mount sufficient response toward antigen stimulation at a heavy tumor load model (Fig. 

S6A-D) but insufficient when tumor load was low. The Allo15BCAR-eNKT cells responded to 

tumor antigen stimulation rapidly and migrated into different tissues but eventually preferentially 

resided in liver, lung, and bone marrow providing durable protection (Fig. 4J&K). Compared to 

FG labeled BCAR-T treated group, Allo15BCAR-eNKT cells demonstrated no evidence of aberrant 

proliferation and no host toxicity (Fig.4K). Indeed, minimal signal was detected in Allo15BCAR-
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eNKT cell treated mice at around day 65, while BCAR-T cells treated group had a surge of signal 

at late stage consisting with the development of GvHD from their xenoreactivity (Fig. 4K)  

 

Gene profiling of Allo/15BCAR-eNKT cells in a human MM xenograft NSG mouse model.  

To better understand the dynamic features of Allo/15BCAR-eNKT cells, we 

performed scRNA-seq on AlloBCAR-eNKT, Allo15BCAR-eNKT and BCAR-T cells isolated 

from the human MM xenograft NSG mouse model (Fig. 5A). Samples were collected and 

combined from 10 mice each group at four phases respectively: pre-infusion stage, in 

vivo day 14 and day 28 response stage, and post-stimulation stage. After removing low-

quality cells, the combined total 46718 cell transcriptomes were profiled. The in vivo day 

14 results were not represented in the main figure due to the lack of sufficient numbers in 

the AlloBCAR-eNKT and BCAR-T treated groups. Four clusters were identified and 

visualized by uniform manifold approximation and projection (UMAP; Fig. 5B) as 

previously described26; the expression of marker genes indicated clusters of T-like 

effector/proliferation cells, NK-like effector/proliferation cells, NK-like effector/exhaustion 

cells and to be T-like effector/exhaustion cells (Fig.5B). Compared to BCAR-T cells, our 

Allo/15BCAR-eNKT products exhibited more NK features, stronger effector and less 

exhaustion features (Fig. 5C&D). Notably, conventional T cells also gained NK feature 

response to antigen stimulation which was consistent with previously reports27. However, 

the NK-like phenotype of BCAR-T cells was correlated with upregulation of exhaustion 

markers while our Allo/15BCAR-eNKT products were not (Fig. 5E&F). Besides, we also 

compared the transcriptomes of tumor cells under different treatment and no significant 

differences on clusters (Fig. SA-C). Interestingly, tumors under BCAR-T treatment tended 
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to downregulate TNFRSF17 gene (encode BCMA expression) that may correlate with 

tumor evasion by antigen escape while it was not observed in Allo/15BCAR-eNKT treated 

tumors (Fig. SD).  

Safety and immunogenicity study of Allo/15BCAR-eNKT cells.  

Next, we evaluated the safety and immunogenicity of our Allo/15BCAR-eNKT cells. For 

allogeneic immune cell therapy, GvHD is a major safety concern28-30. Due to the recognition of 

glycolipids and the invariant nature of the iNKT TCR, NKT cells are not expected to mount GvH 

responses11, 31. We implemented an in vitro mixed lymphocyte reaction (MLR) assay to evaluate 

the GvHD risk of AlloBCAR-eNKT cells (Fig. 6A). AlloBCAR-eNKT cells did not react to donor-

mismatched PBMCs, whereas BCAR-T cells produced significant amounts of IFN-γ, a surrogate 

for alloreactivity (Fig. 6B). This was consistent with the in vivo tissue histology analysis, where 

severe mononuclear cell infiltration in multiple vital organs was only observed in mice treated 

with BCAR-T cells but not with Allo/15BCAR-eNKT cells (Fig. 6C). Mice treated with Allo/15BCAR-

eNKT cells mounted lower IL-6 expression compared to that of BCAR-T cells (Fig. 6D-E). 

Furthermore, host-versus-graft (HvG) response that may lead to the depletion of allogeneic 

therapeutic cells by host immune cells (i.e., host T and NK cells), is also a key factor determining 

whether allogeneic cell therapy would be successful or not. We performed an in vitro MLR assay 

to evaluate the HvG risk of Allo/15BCAR-eNKT cells (Fig. 6F-G). Compared to BCAR-T cells, 

AlloBCAR-eNKT cells triggered significantly reduced IFN-γ production from PBMCs of multiple 

mismatched donors, which may be caused by the naturally low expression of HLA molecules by 

Allo/15BCAR-eNKT cells (Fig. 6H&I). Importantly, compared to BCAR-T cells, the Allo/15BCAR-

eNKT cells could maintain low expression of both HLA-I (B2M) and HLA-II (HLA-DR,DP,DQ) 

under inflammatory conditions, either post interacting with tumor cells from in vivo 
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experiemnt(Fig. 6J-L) or post IFN-γ stimulation from in vitro culture(Fig. 6M). To evaluate the 

host NK cell-mediated HvG response, we performed another MLR assay to study this aspect (Fig. 

6O). Currently, since no other optimal assays to investigate the NK-mediated response, we directly 

cocultured allogeneic PBMC-derived NK cells with Allo/15BCAR-eNKT or BCAR-T cells.  The 

AlloBCAR-eNKT cells persisted better compared to conventional BCAR-T cells (Fig. 6P-Q). The 

resistance to the NK rejection of AlloBCAR-eNKT cells may be attributed to their low expression 

of “stress molecules” like the NK ligands (i.e., MICA/B, and ULBP) of activating receptors 

(Fig.6R). To further enhance the safety profile of the cell products, we also demonstrated the 

feasibility of engineering an sr39TK suicide gene into our products with IL-15 enhanced cells as 

an example (Fig. S8A). The incorporated sr39TK gene did not interfere with eNKT development 

(Fig. S8B) and would allow in vivo monitoring with positron emission tomography (PET) imaging 

and, most importantly, elimination of sr39TK expressing cells in the case of a severe adverse 

event21. The prodrug ganciclovir (GCV) induced effective depletion of eNKT cells both in vitro 

and in vivo (Fig. S8D-G). 

 

Discussion 

Since the first CAR-T cell approval in the United States in 2017, the cell therapy field has 

rapidly evolved, with the FDA approving five additional CAR-T cell therapies. Nevertheless, 

autologous CAR-T cell therapy faces challenges surrounding cost, time, and patient access2. As 

such, off-the-shelf assets could be the solution to the industry’s current pain point. An idea cell 

therapy requires effective, safe, robust, and scalable cell products, regardless of the application. 

Currently, a variety of allogeneic CAR cell therapy platforms have been developed, including 

engineering PBMC-derived immune cells (i.e., conventional abT, NK, iNKT and gdT cells), as 
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well as engineering stem cells (i.e., HSCs, and pluripotent stem cells) for off-the-shelf cancer 

immunotherapy5-7, 15, 17, 32. The most widely used allogeneic CAR platform is to use site-specific 

nucleases to modify conventional abT cells. Due to HLA incompatibility of conventional abT 

cells between the healthy donor and the host, multiplex gene editing is required to disrupt native 

ab TCR (i.e., disrupting the TRAC or/and TRBC loci), ablate both MHC I (i.e., B2M) and MHC 

II (i.e., CIITA) molecules, to reduce the risk of GvHD and rejection4. The greatest concern with 

this approach is that the exorbitant genetic manipulations could induce frequent aneuploidy and 

increase the tumorigenicity risk33. Alternatively, unconventional T cells, such as iNKT7, 17, gd T32 

and NK6, 34 cells, that are considered as low/no GvHD risk but restricted by their cell number in 

PBMC or in vivo clonal expansion performance, have also been explored as allogeneic cell 

products. Currently, three major categories of allogeneic cell products, PBMC-derived universal 

CAR19 conventional abT cells (UCART19)4, PBMC-derived GD2.CAR.IL15 iNKT (PBMC-

GD2.CAR.IL15-iNKT)7 cells, and CB-derived CAR19-NK (CB-CAR19-NK)6 cells, were tested 

in clinical trials, showing an inspiring step forward for the field of allogeneic cell therapy.   

Compared to the outstanding outcomes of autologous CAR-T therapy, allogeneic CAR 

therapy, particularly allogeneic CAR-T therapy, has demonstrated acceptable efficacy in B cell 

malignancies (e19530 abstract). Since there is no FDA approved allogeneic cell therapy yet, we 

compared the antitumor efficacy of Allo15BCAR-eNKT cells with BCAR-T cells expanded 

following a protocol for autologous therapy. Allo15BCAR-eNKT cells performed superior anti-

tumor efficacy over BCAR-T cells without inducing any GvHD. This could be attributed to the 

high CAR-expressing level, the durable in vivo persistence, as well as the multiple tumor-killing 

mechanism of Allo15BCAR-eNKT cells. CAR-expressing level on engineered cells is crucial to the 

efficacy of CAR-engineered cells. At present, the average CAR transduction efficacy of current 



 

 

 

 

118 

allogeneic cell products in clinical is around 40%, with 20-70% in UCAR19-T, 20.18-70.4% CAR 

in PBMC-GD2.CAR.IL15-iNKT cells, and 22.7-66.5% in CB-CAR19-NK cells.  The co-

expression of CAR and iNKT TCR genes in our culture leads to high CAR expression rates (Fig. 

S1) accompanied by the positive selection for the TCR-containing transgene, increasing the 

sensitivity of tumor-recognition. On the other hand, Allo15BCAR-eNKT cell products exhibited less 

exhausted phenotype which maintained during interaction with tumor antigen (Fig. 5C&F). The 

IL-15 enhancement significantly improved the proliferating and memory signature of cell products 

(Fig. 5E), allowing Allo15BCAR-eNKT cells providing durable protection. In addition, BCAR-T 

cell treated MM cells exhibited significant lower level of TNFRSF17 gene (encoding the tumor 

antigen BCMA) and higher expression of MHC molecule, indicating a trend of immune escape, 

while that was not observed in Allo/15BCAR-eNKT treated tumor cells. Antigen escape is a common 

mechanism of tumor resistance to CAR T therapy, that is observed in a notable proportion of 

patients of hematological malignancies, GBM, or other solid tumors (cite). The intrinsic 

downregulation of tumor antigen expression and upregulation of MHC molecules protected tumor 

cells from CAR- and NK-directed killing (PMID.24850305; 33558511).  The enhanced anti-tumor 

efficacy from multiple tumor-killing mechanism of Allo/15BCAR-eNKT cells may be sufficient to 

eliminate tumor cells regardless of tumor heterogenicity, without triggering tumor intrinsic evasion 

mechanisms. Together, these data suggest that our ex vivo eNKT culture may provide a unique 

platform for generating powerful therapeutic cells.  

Safety and immunogenicity have been another valuable factor to evaluate suitability of 

allogeneic cellular product candidates. iNKT cells, the distinct cell type that is MHC-independent, 

naturally do not cause GvHD. The Allo(CAR)-eNKT cells inherited the iNKT property, without 

inducing GvHD (Fig. 4xxx). More importantly, IL-15 enhancement, the cytokine that has shown 
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profound effects in regulating T cell and NK cell proliferation and function, is compatible in our 

HSC differentiation culture, without interfering the development and differentiation of eNKT cells. 

The Allo15BCAR-eNKT cells showed remarkable long-term persistence in the absence of aberrant 

proliferation and host toxicity. It is important to note that there was evidence showing IL-15 might 

also have a pro-tumorigenic role in malignancies and long-term exposure to IL-15 may promote 

tumor evasion (Cite). However, no tumorigenic effect reported from the GD2-targeting PBMC-

iNKT cell and CD19-tarting CB-NK cell clinical trials. Incorporating a suicide gene, such as 

sr39TK or inducible caspase-9-based (iC9) genes might be a potential solution to arrest the issue. 

More studies will be imperative to elucidate the concerns. On the other hand, the allogeneic cell 

products carry increased risk of immunogenicity that would result in rejecting by the host immune 

system, thus affecting the therapeutic efficacy. To decrease immunogenicity, two strategies have 

been explored: to target b-2 microglobulin (B2M) to eliminate HLA class I molecules as well as 

knockout of class II major histocompatibility complex transactivator (CIITA) to eliminate HLA 

class II; or depleting host immune cells by lymphodepleting chemotherapy prior to cellular 

infusion combined with patient administration of alemtuzumab to sustain the immunosuppression 

condition. The additional gene manipulation increases the complexity of manufacturing with the 

potential risk of tumorgenicity, while the long-term administration of alemtuzumab in patients is 

associated with the increased risk of infection (cite). In terms of this, our eNKT products naturally 

exhibited low immunogenicity with low expression of MHC I, undetectable levels of MHC II 

molecules, and low level of NK activating ligands (Fig.xxx), reducing the requisite of multiplex 

gene editing. Previously studies have shown that two mechanisms may be involved in regulating 

MHC expression; one is the IFN-g-JAK-STAT1 pathway and the other is the epigenetic regulation. 

When stimulated with IFN-g, the Allo(CAR)-eNKT exhibited an IFN-g-desensitized phenotypes, 
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lack of phosphorylated STAT1 increment. The low expression of NLRC5, CIITA, and SP-1 

proteins may explain the low immunogenicity Allo(CAR)-eNKT cells, that may be related to the 

epigenetic mechanisms involved in the regulation of these genes that have been displayed in 

hESCs and iPSCs (PMID: 20419139).  

Recapitulation of T cell differentiation in vitro has been appealing but challenging 

historically. There are protocols to differentiate CAR-engineered conventional abT or cells from 

CB or iPSCs with the supportive of feeder cells overexpressing DL1 or DL4, such as OP9-DL1/4, 

MS5-DLL1/4 cells. Few studies have explored the generation of CAR-engineered iNKT cells from 

stem cells. It has been demonstrated that using MS5-DLL1/4 dependent ATO culture system can 

successfully generate allogeneic iNKT cells from HSCs. However, the use of xenogeneic feeder 

cells will not be favorable for clinical application. In our platform, we substitute feeders with 

immortalized-DL4 protein and chemically defined cytokines to produce high CAR-expressing 

eNKT cells, releasing the safety risk of cross-species contaminations. This technology allows us 

to generate 1,000,000-fold expansion of Allo(CAR)-eNKT cells that easily produce 1,000-10,000 

doses from 1 single unit of CB (Fig. 1A). The novel culture method is compatible with different 

CAR cargos, including those that target either hematological malignancies (e.g., BCMA CAR, 

CAR19) or solid tumors (e.g., GD2.CAR, GPC3.CAR, EGFR.CAR) (Fig.Sxxx). More importantly, 

additional genes, such as IL-15 and sr39TK genes, are also well-tolerate in our culture without 

interfering the differentiation of eNKT cells. Allogeneic CAR-eNKT therapy targeting BCMA, 

has both adaptive and innate cytotoxic effector functions to complement CAR targeting, 

potentially enhancing efficacy and reducing the possibility of tumor escape due to antigen loss. 

Express MHC independent iNKT receptors, lowering the risk of GvHD without the need for gene-
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editing. The convergence of human stem cell engineering and cell therapy technology holds great 

promise for the development of a new class of cellular therapeutics. 

Although our data suggest HSC-engineered eNKT cells to be an outstanding platform for 

off-the-shelf cell therapy, there are limitations to be further addressed in the future studies. First, 

similar as conventional ab T cells, iNKT cells can also be classified as CD4+ and CD4- cells. The 

functionality differences between the two subtypes of iNKT cells are not well studied. CD4+ 

population may also play an important role and impact therapeutic outcomes. Deriving CD4+ cells 

in vitro in general is challenging. More fundamental knowledge on iNKT development is 

necessary to elucidate the question. Second, the timing for CAR introduction could be further 

studied. We tested two costimulatory domain, CD28 and 4-1BB, and either of them interfered with 

eNKT development and differentiation. However, it is well-known that CAR design could 

facilitate the therapeutic effects of products, especially the tonic signaling identified. Further 

exploration of Allo(CAR)-eNKT cells as allogeneic cell carriers for developing off-the-shelf cell 

therapy for the treatment of cancer, especially solid tumors, will certainly be an interesting 

direction for future study. 
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Figure 1. Generation of allogeneic HSC-engineered NKT (AlloeNKT) cells and their CAR-
armed derivatives.  
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Figure 2. Development, phenotype, and functionality of BCMA-targeting CAR-armed AlloeNKT
cells (AlloBCAR-eNKT) and their IL-15 enhanced derivative(Allo15BCAR-eNKT).
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Figure 3. In vitro anti-tumor efficacy and mechanism of action (MOA) study of Allo/15BCAR-eNKT
cells.
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Figure 4. In vivo anti-tumor efficacy, pharmacokinetics/pharmacodynamic (PK/PD) study of
Allo/15BCAR-eNKT cells.
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Fig5. In vivo phenotype and gene profiling of Allo/15BCAR-eNKT cells. 
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Figure 6. Safety and immunogenicity study of Allo/15BCAR-eNKT cells. 
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The SI includes Methods and Supplementary figures 1-10.  
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Methods 

Mice. NOD.Cg-PrkdcSCIDIl2rgtm1Wjl/SzJ (NOD/SCID/IL-2Rγ-/-, NSG) mice were 

maintained in the animal facilities of the University of California, Los Angeles (UCLA).  6-10 

weeks old mice were used for all experiments unless otherwise indicated. All animal experiments 

were approved by the Institutional Animal Care and Use Committee (IACUC) of UCLA. All mice 

were bred and maintained under specific pathogen-free conditions, and all experiments were 

conducted in accordance with the animal care and use regulations of the Division of Laboratory 

Animal Medicine (DLAM) at the UCLA.  

 

Cell lines. Human multiple myeloma cell line MM.1S, chronic myelogenous leukemia cell line 

K562, Burkitt’s lymphoma cell line Raji, acute lymphoblastic leukemia cell line NALM-6, 

melanoma cell line A375, glioblastoma cell line T98G and U87MG, hepatocellular carcinoma cell 

line Hep3B, and HEK-293T were purchased from American Type Culture Collection (ATCC).  

To make stable tumor cell lines overexpressing human CD1d, and/or firefly luciferase and 

enhanced green fluorescence protein (FlucEGFP) dual-reporters, the parental tumor cell lines were 

transduced with lentiviral vectors encoding the intended gene(s). 72h post lentivector transduction, 

cells were subjected to flow cytometry sorting to isolate gene-engineered cells for making stable 

cell lines. Nine stable tumor cell lines were generated for this study, including MM-FG, MM-FG-

CD1d, K562-FG, Raji-FG, Raji-FG-CD1d, NALM-6-FG, T98G-FG, U87-FG, and Hep3B-FG. 

KOMM.1S-FG cell line was engineered from parental MM-FG with BCMA gene disruption by 

CRISPR/Cas9. HEK-293T cells overexpressing full chains of human CD3 (HEK-293T-hCD3) 

were engineered by Lili Yang lab. 
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Artificial antigen presenting cells (aAPCs; human K562 cell line engineered to overexpress 

human CD83/CD86/4-1BBL co-stimulatory receptors) were obtained from the Dr. Crooks/Seet 

labs at UCLA. Cells were subjected to flow cytometry sorting to isolate gene-engineered cells for 

making stable cell lines.   

 

Human CD34+ hematopoietic stem cells (HSCs) and periphery blood mononuclear cells 

(PBMCs). Purified CD34+ cells from cord blood (CB) were purchased from HemaCare. Healthy 

donor human PBMCs were obtained from the UCLA/CFAR Virology Core Laboratory without 

identification information under federal and state regulations.  

 

Medium 

a-Galactosylceramide (aGC, KRN7000) was purchased from Avanti Polar Lipids. 

Recombinant human IL-2, IL-3, IL-7, IL-15, IL-21, Flt3-Ligand (Flt3L), Stem Cell Factor (SCF), 

and Thrombopoietin (TPO), IFN-γ were purchased from Peprotech. Ganciclovir (GCV) was 

purchased from Sigma. X-VIVO 15 Serum-Free Hematopoietic Cell Medium was purchased from 

Lonza.  

The HSC Medium used for culturing CD34+ HSCs at the HSC gene-engineering stage was 

made of X-VIVO 15 supplemented with 50 ng/ml Flt3L, SCF, and TPO, and 20 ng/ml IL-3. The 

Stage I Expansion Medium was made of StemSpanTM SFEM II Medium supplemented with 

StemSpanTM Lymphoid Progenitor Expansion Supplement (StemCell Technologies). The Stage II 

Maturation Medium was made of StemSpanTM SFEM II Medium supplemented with StemSpanTM 

Lymphoid Progenitor Maturation Supplement (StemCell Technologies). The Stage III Deep 

Maturation Medium was made of StemSpanTM SFEM II Medium supplemented with StemSpanTM 
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Lymphoid Progenitor Maturation Supplement, CD3/CD28/CD2 T Cell Activator (StemCell 

Technologies) and 20 ng/mL human recombinant IL-15. Serum-Free Expansion Medium used for 

eNKT cell expansion was made of OpTmizer™ CTS™ T-Cell Expansion serum-free medium 

(Gibco, Thermo Fisher Scientific) with 10ng/ml IL-7, IL-15, and IL-21.  

 C10 medium was made of RPMI 1640, supplemented with RPMI 1640 

supplemented with FBS (10% vol/vol), P/S/G (1% vol/vol), MEM NEAA (1% vol/vol), HEPES 

(10 mM), Sodium Pyruvate (1 mM), b-ME (50 mM), and Normocin (100 mg/ml). D10 medium 

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

 

Lentiviral vector construction. Lentiviral vectors used in this study were all constructed from a 

parental lentivector pMNDW. The 2A sequences derived from foot-and-mouth disease virus (F2A), 

porcine teschovirus-1 (P2A), and thosea asigna virus 2A (T2A) were used to link the inserted genes 

to achieve co-expression.  

 The Lenti/iNKT vector was constructed by inserting into the pMNDW parental 

vector a synthetic bicistronic gene encoding human iNKT TCRα-F2A-TCRβ; the Lenti/iNKT-

sr39TK vector was constructed by inserting into pMNDW vector a synthetic tricistronic gene 

encoding human iNKT TCRα-F2A-TCRβ-P2A-sr39TK; the Lenti/iNKT-BCAR vector was 

constructed by inserting into pMNDW vector a synthetic tricistronic gene encoding human iNKT 

TCRα-F2A-TCRβ-P2A-BCAR (BCAR indicates BCMA-targeting CAR); the Lenti/iNKT-

BCAR-IL15 vector was constructed by inserting into pMNDW vector a synthetic tetracistronic 

gene encoding human iNKT TCRα-F2A-TCRβ-P2A-BCAR-T2A-human IL15; the Lenti/iNKT-

CAR19 vector was constructed by inserting into pMNDW vector a synthetic tricistronic gene 

encoding human iNKT TCRα-F2A-TCRβ-P2A-CD19 CAR (CAR19 indicates CD19-targeting 
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CAR); the Lenti/FG vector was constructed by inserting into pMNDW a synthetic bicistronic gene 

encoding Fluc-P2A-EGFP; the Lenti/CD1d vector was constructed by inserting into pMNDW a 

synthetic gene encoding human CD1d. The synthetic gene fragments were obtained from 

GenScript and IDT. Lentiviruses were produced using HEK 293T (ATCC) cells, following a 

standard transfection protocol using the Trans-IT-Lenti Transfection reagent (Mirus Bio), and a 

centrifugation concentration protocol using the MillipreSigmaTMAmiconTM Ultra-15 Centrifugal 

Filter Units, according to the manufactures’ instructions. Lentivector titers were measured by 

transducing HEK-293T-hCD3 cells with serial dilutions and performing flow cytometry following 

established protocols. 

 

Antibodies and flow cytometry. Fluorochrome-conjugated antibodies specific for human CD45 

(Clone H130), TCRαβ (Clone I26), CD3 (Clone HIT3a), CD4 (Clone OKT4), CD8 (Clone SK1), 

CD45RO (Clone UCHL1), CD45RA (Clone HI100), CD161 (Clone HP-3G10), CD25 (Clone 

BC96), CD69 (Clone FN50), CD56 (Clone HCD56), CD62L (Clone DREG-56), CTLA-4 (Clone 

BNI3), PD-1 (clone EH12.2H7), CD1d (Clone 51.1), CCR4 (Clone L291H4), CCR5 (Clone 

HEK/1/85a), CXCR3 (Clone G025H7), CXCR4 (Clone 12G5), NKG2D (Clone 1D11), DNAM-1 

(Clone 11A8), CD158 (KIR2DL1/S1/S3/S5) (Clone HP-MA4), IFN-γ (Clone B27), granzyme B 

(Clone QA16A02), perforin (Clone dG9), TNF-α (Clone Mab11), IL-2 (Clone MQ1-17H12), 

HLAE (Clone 3D12), β2-microglobulin (B2M) (Clone 2M2), HLA-DR, DP, DQ (Clone Tü 39), 

pSTAT-5 (Tyr694, cloneA17016B), and Bcl (Clone BCL/10C4) were purchased from BioLegend. 

Fluorochrome-conjugated antibody specific for human Bxl-2 (Clone 7B2.5) was purchased from 

Thermo Fisher Scientific. Fluorochrome-conjugated antibodies specific for human CD34 (Clone 

581) and human iNKT TCR Vɑ24-Jβ18 (Clone 6B11) were purchased from BD Biosciences. 
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Fluorochrome-conjugated antibody specific for human iNKT TCR Vβ11 was purchased from 

Beckman-Coulter. Fluorochrome-conjugated antibody specific for human ULBP-2,5,6 (Clone 

165903) was purchased from R&D Systems. Fixable Viability Dye eFluor506 (e506) was 

purchased from Affymetrix eBioscience, mouse Fc Block (anti-mouse CD16/32) was purchased 

from BD Biosciences, and human Fc Receptor Blocking Solution (TrueStain FcX) was purchased 

from BioLegend.  

 All flow cytometry stainings were performed following standard protocols 

(https://www.bdbiosciences.com/en-us/resources/protocols/flow-cytometry), as well as specific 

instructions provided by a manufacturer for particular antibodies. Stained cells were analyzed 

using a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotech). FlowJo software version 9 

(BD Biosciences) was used for data analysis.  

Enzyme-Linked Immunosorbent Cytokine Assays (ELISA). The ELISAs for detecting human 

cytokines were performed following a standard protocol from BD Biosciences. Supernatants from 

cell culture assays were collected and assayed to quantify human IFN-γ, TNF-α, IL-2, IL-4, and 

IL-17a. The capture and biotinylated pairs for detecting cytokines were purchased from BD 

Biosciences. The streptavidin-HRP conjugate was purchased from Invitrogen. Human cytokine 

standards were purchased from eBioscience. Tetramethylbenzidine (TMB) substrate was 

purchased from KPL. Human IL-15 was quantified with R&D Systems™ Human IL-15 

Quantikine ELISA Kit. Mouse serum IL-6 was quantified with paired Purified anti-mouse IL-6 

Antibody and Biotin anti-mouse IL-6 Antibody from Biolegend, following manufactures’ 

instructions. The samples were analyzed for absorbance at 450 nm using an Infinite M1000 

microplate reader (Tecan).  
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Generation of allogeneic HSC-derived CAR-engineered eNKT (AlloCAR-eNKT) cells and 

derivatives. At Stage 0, frozen-thawed human CD34+ HSCs were revived in serum-free HSC 

Medium for 24 hours, then transduced with Lenti/iNKT-(CAR)-(Additional Genes) viruses for 

another 24 hours following an established protocol. The transduced HSCs were then collected and 

put into a 4-stage ex vivo HSC-Derived eNKT Cell Culture.  

At Stage 1, gene-engineered HSCs were cultured in the Stage I Expansion Medium for 

about two weeks. CELLSTAR®24-well Cell Culture Nontreated Multiwell Plates (VWR) were 

used. The plates were coated with 500 ul/well StemSpanTM Lymphoid Differentiation Coating 

Material (StemCell Technologies) for 2 hours at room temperature or alternatively, overnight at 

4oC. Transduced CD34+ HSCs were suspended in the Stage I Expansion Medium at 2 x 104 

cells/ml and 500ul 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 medium.   

At Stage 2, cells collected from the Stage 1 were cultured in the Stage II Maturation 

Medium for about one week. Non-Treated Falcon™ Polystyrene 6-well Microplates (Thermo 

Fisher Scientific) were coated with 1ml/well of StemSpanTM Lymphoid Differentiation Coating 

Material (StemCell Technologies) as previously described. The Stage 1 cells were collected and 

resuspended in the Stage II Maturation Medium at 1 x 105 cells/ml; 2 ml of cell suspension was 

added into each pre-coated well. Cells were passaged 2-3 times per week to maintain a cell density 

at 1-2 x 106 cells per well; fresh medium was added at every passage.  

At Stage 3, cells collected from the Stage 2 were cultured in the Stage III Deep Maturation 

Medium for about one week. Non-Treated Falcon™ Polystyrene 6-well Microplates (Thermo 

Fisher Scientific) were coated with 1ml/well of the StemSpanTM Lymphoid Differentiation Coating 

Material (StemCell Technologies) as previously described. Stage 2 cells were collected and 



 

 

 

 

140 

resuspended in the Stage III Deep Maturation Medium at 5 x 105 cells/ml; 2 ml cell suspension 

was added into each pre-coated well. Cells were passaged 2-3 times per week to maintain a cell 

density at 1-2 x 106 cells per well; fresh medium was added at every passage.  

At Stage 4, cells collected from the Stage 3, now mature Allo(CAR)-eNKT cells or their 

derivatives, were expanded using various expansion approaches: 1) aCD3/aCD28 expansion 

approach, 2) aGC/PBMC expansion approach, or 3) aAPC expansion approach. The expansion 

stage lasted for about 1-2 weeks. The resulting Allo(CAR)-eNKT or derivative cell products were 

aliquoted and cryopreserved using a Thermo scientific CryoMed freezer 7450 for future use.  

1) aCD3/aCD28 antibody expansion approach.  CELLSTAR®24-well Cell Culture 

Nontreated Multiwell Plates (VWR) were coated with 1 ug/ml and 500 ul/well of Ultra-LEAF™ 

Purified anti-human CD3 Antibody (Clone OKT3, Biolegend) for 2 hours at room temperature or 

alternatively, overnight at 4oC. Mature Allo(CAR)-eNKT cells or their derivatives collected from 

the Stage 3 culture were resuspended in the Serum-Free Expansion Medium supplemented with 1 

ug/ml Ultra-LEAF™ Purified anti-human CD28 Antibody (Clone CD28.2, Biolegend) at 5 x 105 

cells/ml; 2 ml cell suspension was added into each pre-coated well. After 3 days of culture, cells 

were collected and resuspended in fresh Serum-Free Expansion Medium (without aCD28 

supplement) at 0.5-1 x 106 cells/ml; 2 ml cell suspension was added into each well of Corning™ 

Costar™ Flat Bottom Cell Culture 6-well Plates (Corning; no aCD3 antibody coating). Cells were 

passaged 2-3 times per week to maintain a cell density at 0.5-1 x 106 cells/ml; fresh medium was 

added at every passage.  

2) aGC/PBMC expansion approach. Healthy donor PBMCs were loaded with α-

Galactosylceramide (αGC, Avanti Polar Lipids) at 5 μg/ml in C10 medium for 1 hour following a 
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previously established protocol. The resulting aGC/PBMCs were then irradiated at 6,000 rads 

using a Rad Source RS-2000 X-ray irradiator (Rad Source Technologies). Mature AlloCAR-eNKT 

cells and derivatives collected from the Stage 3 culture were mixed with the irradiated 

αGC/PBMCs at 1:5 ratio, resuspended in C10 medium supplemented with 10 ng/ml human 

recombinant IL-7, IL-15 and IL-21 at 0.5-1 x 106 cells/ml, and seeded into the Corning™ Costar™ 

Flat Bottom Cell Culture 6-well Plates at 2 ml per well. Cells were passaged 2-3 times per week 

to maintain a cell density at 0.5-1 x 106 cells/ml; fresh medium was added at every passage.  

3) aAPC expansion approach. aAPCs were irradiated at 10,000 rads using a Rad Source 

RS-2000 X-ray irradiator (Rad Source Technologies). Mature AlloCAR-eNKT cells and derivatives 

collected from the Stage 3 culture were mixed with the irradiated aAPCs at 1:1 ratio, resuspended 

in C10 medium supplemented with 10 ng/ml human recombinant IL-7, IL-15 and IL-21 at 0.5-1 x 

106 cells/ml, and seeded into the Corning™ Costar™ Flat Bottom Cell Culture 6-well Plates 

(Corning) at 2 ml per well. Cells were passaged 2-3 times per week to maintain a cell density at 

0.5-1 x 106 cells/ml; fresh medium was added at every passage.  

 

Generation of PBMC-Derived conventional αβT, iNKT, and NK cells. Healthy donor PBMCs 

were used to generate the PBMC-derived conventional αβTc, iNKT, and NK cells (denoted as 

PBMC-Tc, PBMC-iNKT, and PBMC-NK cells respectively).  

To generate PBMC-Tc cells, PBMCs were stimulated with DynabeadsTM Human T-

Activator CD3/CD28 (Thermo Fisher Scientific) according to the manufactures’ instructions, 

followed by culturing in the C10 medium supplemented with 20 ng/ml human IL-2 for 2-3 weeks.  

To generate PBMC-iNKT cells, PBMCs were MACS-sorted via Anti-iNKT Microbeads 

(Miltenyi Biotech) labeling to enrich iNKT cells. The enriched iNKT cells were mixed with donor-
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matched irradiated αGC/PBMCs at a ratio of 1:1, followed by culturing in C10 medium 

supplemented with human 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 iNKT 

TCR antibody (Clone 6B11; BD Biosciences) staining.  

To generate PBMC-NK cells, PBMCs were FACS-sorted via human CD56 antibody 

(Clone HCD56; Biolegend) labeling or MACS-sorted using a Human NK Cell Isolation Kit 

(Miltenyi Biotech). 

 

Generation of CAR-Engineered conventional αβT (CAR-T) cells. Non-treated tissue culture 

24-well plates (Corning) were coated with Ultra-LEAF™ Purified anti-human CD3 Antibody 

(Clone OKT3, Biolegend)  at 1 ug/ml and 500 ul/well, at room temperature for 2 hours or at 4oC 

overnight. Healthy donor PBMCs were resuspended in the C10 medium supplemented with 1 

ug/ml Ultra-LEAF™ Purified anti-human CD28 Antibody (Clone CD28.2, Biolegend) and 30 

ng/ml human recombinant IL-2, and seeded in the pre-coated plates at 1 x106 cells/ml and 1 

ml/well. After 3 days of culture, cells were collected and resuspended in fresh C10 medium 

(without aCD28 supplement) supplemented with 30 ng/ml IL-2. Cells were passaged 2-3 times 

per week to maintain a cell density at 0.5-1 x 106 cells/ml; fresh medium was added at every 

passage.  

 

Single cell TCR sequencing. AlloeNKT (6B11+TCRαβ+), Allo/15BCAR-eNKT (6B11+TCRαβ+), 

AlloCAR19-eNKT (6B11+TCRαβ+), PBMC-iNKT (6B11+TCRαβ+), and PBMC-T (6B11-TCRαβ+) 

cells were sorted using a FACSAria II flow cytometer (BD Biosciences). Sorted cells were 

immediately delivered to the UCLA TCGB (Technology Center for Genomics and Bioinformatics) 
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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. Libraries were constructed using an Illumina TruSeq RNA 

Sample Prep Kit (Illumina) and sequenced with 150 bp paired-end reads (5,000 reads/cell) on the 

Illumina NovaSeq 6000 sequencer. The reads were mapped to the human T cell receptor reference 

genome (hg38) using Cell Ranger VDJ (10xgenomics). The frequencies of the α or β chain 

recombination were plotted. 

 

Deep RNA sequencing.  A total of 24 cell samples were analyzed, including 3 AlloeNKT 

(6B11+TCRαβ+), 3 Allo15BCAR-eNKT (6B11+TCRαβ+),  3 AlloBCAR-eNKT (6B11+TCRαβ+), 2 

AlloCAR19-eNKT (6B11+TCRαβ+), 3 PBMC-iNKT (6B11+TCRαβ+CD4-), 8 PBMC-T (6B11-

TCRαβ+CD4-), and 2 PBMC-NK (CD56+ TCRαβ-). In accordance with the CD8+ SP/DN 

phenotype of Allo(CAR)-eNKT cells, CD4- populations of PBMC-iNKT (CD8+ SP/DN) and 

PBMC-αβTc (CD8+ SP) were used for the sequencing experiment.   

Cell samples were sorted using a FACSAria II flow cytometer (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 Deep RNA sequencing using an Illumina HiSeq3000, 

following the manufacturer's instructions and the TCGB Core's standard protocol. cDNAs were 

synthesized 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 reads were mapped with 

STAR 2.5.3a to the human genome (hg38). The counts for each gene were obtained using 

quantMode GeneCounts in STAR commands, and the other parameters during alignment were set 
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to default. Data quality was checked using Illumina's proprietary software. Differential expression 

analyses were carried out using DESeq2. Sequencing depth normalized counts were obtained using 

the estimateSizeFactors function from DESeq2, and the log10 values were used for principal 

component analysis.  

 

In vitro Allo(CAR)-eNKT cell phenotype and functionality study. AlloBCAR-eNKT, Allo15BCAR-

eNKT cells were analyzed in comparison BCAR-T cells. Phenotype of these cells was studied 

using flow cytometry, by analyzing cell surface markers including co-receptors (i.e., CD4 and 

CD8), NK cell receptors (i.e., CD161), memory T cell markers (i.e., CD45RO). The capacity of 

these cells to produce cytokines (i.e., IFN-γ, TNF-α, and IL-2) and cytotoxic molecules (i.e., 

perforin and granzyme B) were studied using flow cytometry via intracellular staining.  

Response of Allo/15BCAR-eNKT cells to antigen stimulation was studied by culturing 

Allo/15BCAR-eNKT cells in vitro in C10 medium for 7 days, in the presence or absence of αGC 

(100 ng/ml). The proliferation of Allo/15BCAR-eNKT cells was measured by cell counting and flow 

cytometry (identified as 6B11+TCRαβ+) over time. Cytokine production was assessed by ELISA 

analysis of cell culture supernatants collected on day 3 (for human IFN-γ, TNF-α, IL-2, IL-4, and 

IL-17a). 

 

Cell imaging by scanning electron microscope (SEM). The SEM buffer with pH 7.4 was made 

by 0.1 M Na-phosphate buffer containing 0.1M Sucrose. The cells were rinsed with warm HBSS. 

Then they were fixed with warm 3% glutaraldehyde in the SEM buffer, moved to 4 degrees, and 

stored overnight. The next day the cells were washed with SEM buffer 2 times with 5 minutes each 

time. Next, they were fixed with 2% osmium tetroxide in SEM buffer on ice for 1 hour and then 
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washed with SEM buffer 2 times with 5 minutes each time. The cells were dehydrated with 50%, 

70%, 95%, 100%, 100% ethanol successively, 15 minutes each time: The final 100% ethanol was 

replaced with hexamethyldisilazane and then evaporated in the hood. The processed cells were 

then ready for Low-vacuum Scanning Electron Microscopy (LV-SEM) which was conducted on 

a FEI Nova Nano 230 SEM. 

 

In vitro tumor killing assay. Tumor cells (1 x 104 cells per well) were co-cultured with effector 

cells (at ratios indicated in figure legends) in Corning 96-well clear bottom black plates for 8-24 

hours, in C10 medium with or without the addition of αGC (100 ng/ml). 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 luciferase activities using an Infinite M1000 microplate reader (Tecan).   

In tumor killing assays involving blocking CD1d, 10 ug/ml LEAFTM purified anti-human 

CD1d antibody (Clone 51.1, Biolegend) or LEAFTM purified mouse lgG2bk isotype control 

antibody (Clone MG2B-57, Biolegend) was added to tumor cell cultures one hour prior to adding 

Allo(CAR)-eNKT cells. In some experiments, 10 mg/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, to study NK activating receptor-mediated tumor cell killing mechanism.  

 

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 Allo/15BCAR-eNKT as responders. PBMC derived BCAR-T cells 

were included as responder controls. Stimulators (5 x 105 cells/well) and responders (2 x 104 
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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 Host-Versus-Graft (HvG) response. PBMCs of multiple healthy 

donors were used as responders to study the HvG response of Allo/15BCAR-eNKT cells as 

stimulators (irradiated at 2,500 rads). PBMC derived BCAR-T cells were included as stimulator 

controls. 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. 

 

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 

Allo/15BCAR-eNKT cells. Allogeneic BCAR-T were included as controls. PBMC-NK cells (2 x 104 

cells/well) and the corresponding allogeneic cells (2 x 104 cells/well) were co-cultured in 96-well 

round-bottom plates in C10 medium for 24 hours; 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 

animal imaging was acquired 5 minutes after intraperitoneal (i.p.) injection of D-Luciferin (1 

mg/mouse) for total body bioluminescence, and 15 minutes after i.p. injection of D-luciferin (3 

mg/mouse) for tissue bioluminescence. Imaging results were analyzed using an AURA im- aging 

software (Spectral Instrument Imaging).  
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In vivo antitumor efficacy study of Allo/15BCAR-eNKT cells: human MM xenograft NSG 

mouse model.   Experimental design is shown in the main Figure 3B. Briefly, on day 0, NSG mice 

received intravenously (i.v.) inoculation of MM-FG cells (1 x 106 cells per mouse). On day 10, the 

experimental mice received i.v. injection of vehicle (100 ul PBS per mouse), Allo/15BCAR-eNKT 

cells (10 x 106 CAR+ cells in 100 ul PBS per mouse), or control BCAR-T cells (10 x 106 CAR+ 

cells in 100 ul PBS per mouse). Over the experiment, mice were monitored for survival and their 

tumor loads were measured twice per week using BLI. Note in this study, tumor cells, but not the 

therapeutic immune cells were labeled with the firefly luciferase and enhanced green fluorescence 

protein (FG) dual-reporters.  

 

In vivo PK/PD study of Allo/15BCAR-eNKT/FG cells: human MM xenograft NSG mouse 

model. Experimental design is shown in the main Figure 3G. Briefly, on day 0, NSG mice received 

intravenously (i.v.) inoculation of MM cells (1 x 106 cells/mouse). On day 10, the experimental 

mice received i.v. injection of vehicle (100 ul PBS per mouse), Allo/15BCAR-eNKT/FG cells (10 x 

106 CAR+ cells in 100 ul PBS per mouse), or control BCAR-T/FG cells (10 x 106 CAR+ cells in 

100 ul PBS per mouse). Over the experiment, mice were monitored for survival and their tumor 

loads were measured twice per week using BLI.  At certain timepoints, organs were collected from 

experimental mice to study the tissue biodistribution of the therapeutic cells. Note in this study, 

therapeutic immune cells, but not the tumor cells, were labeled with the firefly luciferase and 

enhanced green fluorescence protein (FG) dual-reporters.  

 

In vivo gene profiling study using single cell RNA sequencing (scRNA-seq)(cite). scRNA-seq 

was used to analyze the gene expression profiling of therapeutic cells (i.e., Allo/15BCAR-eNKT and 
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BCAR-T cells) as well as tumor cells (i.e., MM-FG cells) in an in vivo study using an MM-FG 

human multiple myeloma xenograft NSG mouse model. Bone marrow cells harvested from 

experimental animals at selected timepoints were subjected to FACS sorting for isolating 

Allo/15BCAR-eNKT cells (hCD45+6B11+hTCRαβ+), BCAR-T cells (hCD45+6B11-hTCRαβ+), and 

MM-FG cells (GFP+). Cells isolated from 10 experimental mice were combined for each group. 

Sorted cells were immediately delivered to the UCLA TCGB (Technology Center for Genomics 

and Bioinformatics) Core for library construction and single cell RNA sequencing. 

 Sorted 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). 

  Data analysis was performed using a Cell Ranger Software Suite (10x Genomics). 

Binary base call (BCL) files were extracted from the sequencer and used as inputs for the Cell 

Ranger pipeline to generate the digital expression matrix for each sample. Then, cellranger aggr 

command was used to aggregate all samples into one digital expression matrix. The matrix was 

analyzed using Seurat, an R package designed for scRNA-seq.  

Specifically, for the therapeutic immune cell analysis, cells were first filtered to have at 

least 100 genes, at most 20,000 unique molecular identifiers (UMIs), and at most 25% 

mitochondrial gene expression, with 46,718 cells passed this filter. For the tumor cell analysis, 

cells were first filtered to have at least 100 genes, at most 30,000 unique molecular identifiers 
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(UMIs), and at most 40% mitochondrial gene expression, with 59,065 passed this filter. The 

filtered matrix was normalized using the Seurat function NormalizeData. Variable genes were 

found using the Seurat function FindVariableGenes. The matrix was scaled to regress out the 

sequencing depth for each cell. Variable genes that had been previously identified were used in 

principal components analysis (PCA) to reduce the dimensions of the data. After this, 30 principal 

components (PCs) were used in the RunHarmony function to correct potential batch effect. The 

first 20 harmony dimensions were used for Uniform Manifold Approximation and Projection 

(UMAP) to further reduce the dimensions to two. The same 20 harmony dimensions were also 

used to group the cells into different clusters by the Seurat function FindClusters. Next, marker 

genes were found for each cluster and used to define the cell types. Subsequently, four clusters of 

therapeutic immune cells and two cluster of tumor cells were compared between the different 

treatment groups.  

For GSEA, signal-to-noise ratio was used to rank the genes in correlation with indicated 

gene signatures. For each cluster, the average expression of each gene in this cluster and in all 

other clusters was calculated. Fold changes were calculated by comparing the average expressions. 

The genes were then ranked by fold changes from high to low. To compare our data to pre-

annotated datasets, we used the marker genes published on Human Protein Atlas (proteinatlas.org) 

and by Miller et al.. GSEA was performed on these marker genes against the ranked genes in our 

dataset. 

 

In vitro and in vivo ganciclovir (GCV) killing assay. For GCV in vitro killing assay, Allo15eNKT-

TK cells were cultured in C10 medium in the presence of the titrated amount of GCV (0-50 μM) 

for 4 days; live Allo15eNKT-TK cells were then counted using flow cytometry with viability staining.  
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To evaluate the functionality of the suicide gene in vivo, mice received i.v. injection of 10 

x 106 of Allo15eNKT-TK/FG cells. On day 10, mice were treated with GCV (20mg/kg) i.p. daily for 

continuous 3 days. Over time, experimental mice were monitored for survival, and their total body 

luminescence was measured twice per week using BLI. 

 

Histopathologic analysis. Tissues (i.e., heart, liver, kidney, and lung) were collected from the 

experimental mice and fixed in 10% Neutral Buffered Formalin for up to 36 hours and embedded 

in paraffin for sectioning (5 μm thickness). Tissue sections were prepared and stained with 

Hematoxylin and Eosin (H&E) by the UCLA Translational Pathology Core Laboratory, following 

the Core’s standard protocols. Stained sections were imaged using an Olympus BX51 upright 

microscope equipped with an Optronics Macrofire CCD camera (AU Optronics) at 20 x and 40 x 

magnifications. The images were analyzed using Optronics PictureFrame software (AU Optronics).  

 

Western blot. Quiescent T cells were freshly sorted using anti-human CD4 (Miltenyi 

Biotec) and anti-human CD8 magnetic beads (Miltenyi Biotec) from random donor 

PBMCs. BCAR-T, and Allo/15BCAR-eNKT cells were generated as previously described.  

Frozen-thawed cells were stimulated with human recombinant IFN-γ (10 ng/ml) for 

2 minutes (p-JAK1/p-JAK2/JAK1/JAK2), 15 minutes (p-STAT1/STAT1), 18 hour (IRF-1), 

or 48 hours (CIITA/SP1). Total protein was 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). 

Protein concentration was measured using a Bicinchoninic Acid (BCA) Assay Kit (Thermo 
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Fisher Scientific). Equal amounts of total protein were resolved on a 4–15% Mini-

PROTEAN® TGX™ Precast Protein Gel (Bio-rad) and then transferred to a 

polyvinylidene difluoride (PVDF) membrane by electrophoresis. Polyclonal anti-human 

CIITA antibody was purchased from Invitrogen. The following monoclonal antibodies were 

purchased from the Cell Signaling Technology (CST) and used to blot for various proteins 

of interest: anti-human p-JAK1(Y1034/1035) (clone D7N4Z), anti-human p-

JAK2(Y1007/1008) (clone C80C3), anti-human JAK1 (clone 6G4), anti-human JAK2 

(clone D2E12), anti-human p-STAT1(Y701) (clone 58D6), anti-human STAT1 (clone 

D1K9Y), anti-human IRF-1 (clone D5E4), anti-human SP1 (clone D4C3), and secondary 

anti-rabbit IgG. b-Actin (clone D6A8, CST) and GAPDH (clone D16H11, CST) were used 

as internal controls for total protein extracts. Signals were visualized with autoradiography 

using an enhanced chemiluminescence (ECL) system (Cytiva). The data were analyzed 

using ImageJ (Version 1.53s).  

Statistics. Graphpad Prism 8 software (Graphpad) was used for statistical data analysis. 

Student’s two-tailed t test was used for pairwise com- parisons. Ordinary 1-way ANOVA 

followed by Tukey’s or Dunnett’s multiple comparisons test was used for multiple 

comparisons. Log rank (Mantel-Cox) test adjusted for multiple comparisons was used for 

Meier survival curves analysis. Data are presented as the mean ± SEM, unless otherwise 

indicated. In all figures and figure legends, ‘‘n’’ represents the number of samples or 

animals uti- lized 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.  

Data availability 
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All data associated with this study are present in the paper or Supplemental Information. 

The genomics data generated during this study will be available from the public repository Gene 

Expression Omnibus Database when the manuscript is published. The authors declare that all data 

of this study are available within the paper and its supplementary information files.  
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Figure S1. Generation of allogeneic HSC-engineered NKT (AlloeNKT) cells and their CAR-armed
derivatives, related to Figure 1.
(A) Representative titers of lentivirus packaged with indicated vectors. The Lentiviruses were produced using a

HEK293T virus packaging cell line. Vector titers were measured by transducing HEK-293T-hCD3 cells. HEK-
293T-hCD3 cell: parental HEK293T cells overexpressed with human CD3 genes.

(B) FACS detection of intracellular expression of iNKT-TCR (identified as CD34+vβ11+) in CD34+ CB HSCs 72
hours post lentivector transduction with untransduced CD34+ CB HSC as a mock control.

(C) FACS detection of expression of iNKT TCR and CD4/CD8 on cells expanded with different expansion
approaches.

(D) FACS analyses showing the co-expression of iNKT TCR and CAR on Allo(CAR)-eNKT cells. PBMC-T and
BCAR-T cells were included as controls.

(E) Heat map of selected gene expression profiles related to transcription factors, HLA molecules, NK activating
receptors, NK inhibitory receptors and co-stimulatory receptors of eight cell groups. Each row represents one
biological repeat. Levels of mRNA expression were determined using RNA sequencing.
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CHAPTER 4: 

Pluripotent stem cell-engineered immune cells for off-the-shelf cell therapy 

 

4.1 Engineering induced pluripotent stem cells for cancer immunotherapy 

(This project is published on Cancers in 2022) 
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4.2 Pluripotent stem cell-engineered immune cells for off-the-shelf cell therapy 

(This project leads to a on filing US Patent: UCLA-30435.430-US-P1 ) 

 

Significance 

Progress in adoptive iNKT cell therapy for cancer is hampered by the lack of readily 

available human iNKT cells. Having rapid access to unlimited iNKT cells, particularly antigen-

specific iNKT cells, with optimized therapeutic features would greatly advance the scope and 

delivery of iNKT cell therapies. The unique combination of pluripotentiality and unlimited capacity 

for proliferation of human embryonic stem cell (hESC)/ induced pluripotent stem cell (iPSC) 

provide speculation that they can be good resources as “unlimited supply” of human iNKT cells. 

Previous studies have showed that genetic engineering of iPSCs with CAR can efficiently 

generate phenotypically defined and functional antigen-specific T
31–36 

and NK cells
4,37–39 , that 

concomitantly harness the unlimited availability of iPSCs. However, limited studies have been 

working on to produce iPSC- derived human iNKT cells
8
, in particular CAR-iNKT cells. And no 

study has been done to regeneration human iNKT or CAR-iNKT cells from iPSCs independent of 

OP9/DLL1culture system
8
. Here, we propose to generate human iNKT and/or CAR-iNKT cells 

from gene- engineered hESC/iPSC cells using an ex vivo feeder free culture system. This 

work offers a potential new source of off-the-shelf iNKT cells. In the combination of genetic 

modification and CAR technologies, it opens a new direction of iNKT cell-based cancer 

immunotherapy suitable for a range of therapeutic indications.  

Approach 

Lentiviral vector construction, lentiviral production and lentivector transduction of hESCs. 

The tricistronic vector including BCMACAR, iNKT TCRa and iNKT TCRb coding sequences, was 



 

 

 

 

191 

sub-cloned into the third generation pCCL lentiviral vector downstream of a ubiquitin C (UBC) 

promoter. A 2A-linked GFP coding sequence was added downstream of TCRb gene. Lentivirus 

particles packaging and concentration were performed in 293T(ATCC) cells by co-transfected 

with a lentiviral vector plasmid, pCMV-DR8.9, and pCAGGS-VSVG using TransIT 293T (Mirus 

Bio, Madison, WI) for 16-18 hours followed by treatment with 20mM sodium butyrate for 8hours, 

followed by generation of cell supernatants in serum-free UltraCulture for 48 hours. 

Supernantants were concentrated by ultrafiltration using Amicon Ultra-15 100K filters (EMD 

Millpore, Billerica, MA) at 4000g for 40 minutes at 4°C and stored as aliquots at -80°C. hESCs 

were seeded in 6-well plate in the ES culture media followed by the addition of concentrated viral 

particles. ES cells and viral particles will be incubated at 37°C overnight. FACS detection of GFP 

expression at 3 days post virus transduction to detect the transduction rate. 

Establish stable engineered BCAR-iNKT-hESC cell line(s) 

The successfully transduced hESCs will express GFP. Single clone of hESC-GFP cells will be 

sorted out by FACS sorting. We will verify the “stemness” markers on engineered hESCs. mRNA 

levels expression of Oct-4, Nanog, REX-1, Sox-2, GCTM-2 and FGF-4 will be quantified by RT 

PCR. The pluripotent markers, SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, NANOG, OCT4 can be 

measured by immunohistochemistry. 

Ex vivo differentiate BCAR-iNKT-hESCs into functional human iNKT cells 

iNKT-hESCs will be cultured either in artificial organoid thymus
16,20 or StemSpan T differentiation 

medium to induce iNKT differentiation from engineered BCAR-iNKT-hESCs. hESC-BCAR-iNKT 

cells will be characterized by their expression of surface markers, such as 6B11 (TCRa chain 

maker), CD3, CD4, CD8, CD45RO, CD161, and the expression level of cytotoxic molecules, 

including INFg, TNFα, perforin and granzyme B. 
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In vitro and in vivo Tumor Killing Efficacy of hESC-BCAR-iNKT Cells 

The efficacy of iNKT killing in response to tumor antigen stimulation will also be evaluated by in 

vitro mixed killing assay and in vivo human multiple myeloma (MM.1S) xenograft mouse model
19

.  

Figures: 

 

Figure 1. CMC study- Generation of PSCBCAR-iNKT cells from iPSCs.  (A) 

Experimental design to generate the PSCBCAR-iNKT cell product. BCMA, B-cell maturation 
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antigen; CAR, chimeric antigen receptor; BCAR, BCMA-targeting CAR.  (B) Schematics 

of Lenti/iNKT-BCAR-(GFP) lentivector encoding a human iNKT TCR gene, a BCAR gene, 

and an optional GFP reporter gene.  (C) FACS plots showing the retention of pluripotency 

markers (i.e., TRA-1-60R and SSEA-5) on gene-engineered DMD iPSC master cell line. 

Note the co-expression of the GFP reporter.  (D-E) Differentiation of gene-engineered 

iPSC master cell line into HSCs at the HSC Differentiation Stage. (D) Microscope images 

showing the cell cultures over time. (E) FACS plots showing the detection of HSC markers 

(i.e., CD34, CD43, and CD31) on cells from day 12 culture.  (F-G) Differentiation of iPSC-

derived HSCs into PSCBCAR-iNKT cells at the iNKT Differentiation Stage. (F) FACS plots 

showing the generation of human iNKT cells (identified as CD3+iNKT TCR+) over time. 

(G) FACS plots showing the co-expression of iNKT TCR, BCAR, and the GFP reporter on 

mature PSCBCAR-iNKT cells collected at day 28 of the iNKT Differentiation Stage culture. 
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Figure 2. CMC study- Generation of PSCBCAR-iNKT cells from ESCs.   (A) DNA gel 

image showing the detection of transgene in Lenti/iNKT-BCAR-GFP vector-transduced 

PSC master cell lines (H1 ESC line and DMD iPSC line). Genomic DNA was extracted 

from the indicated PSC master cell line and subjected to polymerase chain reaction (PCR) 

to amplify a ~2,700bp partial transgene fragment.  (B) FACS plots showing the retention 

of pluripotency markers (i.e., TRA-1-60R and SSEA-5) on gene-engineered H1 ESC 

master cell line. Note the co-expression of the GFP reporter.  (C-D) Differentiation of gene-

engineered ESC master cell line into HSCs at the HSC Differentiation Stage. (D) 
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Microscope images showing the cell cultures over time. (E) FACS plots showing the 

detection of HSC markers (i.e., CD34, CD43, and CD31) on cells from day 12 culture.  (E-

F) Differentiation of ESC-derived HSCs into PSCBCAR-iNKT cells at the iNKT 

Differentiation Stage. (E) FACS plots showing the generation of human iNKT cells 

(identified as CD3+iNKT TCR+) over time. (F) FACS plots showing the co-expression of 

iNKT TCR, BCAR, and the GFP reporter on mature PSCBCAR-iNKT cells collected at day 

28 of the iNKT Differentiation Stage culture. 

 

 

Figures 3. Pharmacology Studies – PSCBCAR-iNKT Cells.  In Figure 3, representative 

FACS plots are presented, showing the analysis of phenotype (surface markers) and 

functionality (intracellular production of effector molecules) of PSCBCAR-iNKT cells. 

Healthy donor PBMC-derived conventional αβ T cells engineered to express the same 

BCAR (denoted as BCAR-T cells) were included as a benchmark control. 
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Figure 4. In Vitro Efficacy Study - PSCiNKT Cells.  In vitro direct killing of human tumor 

cells by PSCiNKT cells were studied. Healthy donor PBMC-derived conventional αβ T 

(PBMC-T) cells were included as a control. Four human tumor cell lines were studied: 

A375 (melanoma), MDA (breast cancer), OVCAR8 (ovarian cancer), and PC3 (prostate 

cancer). All four tumor cell lines were engineered to express firefly luciferase and green 

fluorescence protein (FG) dual-reporters. N = 4.  (A) Experimental design.  (B-E) Tumor 

cell killing data at 24-hours. Also presented are FACS plots showing the upregulation of 

surface activation markers (i.e., CD69) and intracellular cytotoxic molecules (i.e., Perforin 

and Granzyme B) in PSCiNKT cells post co-culturing with tumor cells, as well as the ELISA 
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analyses of cell culture supernatants showing increased IFN-γ secretion by PSCiNKT cells 

post co-culturing with tumor cells.  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. 

 

 

Figure 5. MOA Study - PSCiNKT Cells.  Direct killing of human tumor cells by PSCiNKT 

cells via NK pathway was studied. Healthy donor PBMC-derived conventional αβ T 

(PBMC-T) cells were included as a control. Four human tumor cell lines were studied: 

A375 (melanoma), MDA (breast cancer), OVCAR8 (ovarian cancer), and PC3 (prostate 

cancer). All four tumor cell lines were engineered to express firefly luciferase and green 

fluorescence protein (FG) dual-reporters. (A) Experimental design. The NK activating 

receptor DNAM-1 mediated pathway was studied.  (B) Tumor cell killing data at 24-hours 

(tumor:effector cell ratio 1:2; n = 3). Data are presented as the mean ± SEM. ns, not 

significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by 1-way ANOVA. (C) 
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FACS plots showing the detection of DNAM-1 ligands stress molecules (i.e., Nectin-

2/CD112 and PVR/CD155) on the indicated human tumor cell lines.

 

Figure 6. In Vitro Efficacy and MOA Study- PSCBCAR-iNKT Cells.  (A-B) In vitro direct 

killing of MM.1S-FG tumor cells. (A) Experimental design. (B) Tumor killing data at 24-

hours (n = 3).  (C-D) In vitro direct killing of MM.1S-CD1d-FG tumor cells. (A) Experimental 

design. (B) Tumor killing data at 24-hours (n = 3).  MM.1S, human multiple myeloma cell 

line; MM.1S-FG, MM.1S cell line engineered to express firefly luciferase and green 

fluorescence protein dual-reporters; MM.1S-CD1d-FG, MM.1S cell line engineered to 

express human CD1d as well as the firefly luciferase and green fluorescence protein dual-

reporters.  Four effector cells were studied:  healthy donor PBMC-derived conventional αβ 

T (PBMC-T) cells, BCMA-targeting CAR-engineered PBMC-T (BCAR-T) cells, PSC-

derived iNKT (PSCiNKT) cells, and PSC-derived BCMA-targeting CAR-armed iNKT 
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(PSCBCAR-iNKT) cells.  Data are presented as the mean ± SEM. ns, not significant, *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by 1-way ANOVA. 

                

Figure 7.  Safety & Immunogenicity Study- PSCBCAR-iNKT Cells.  (A-B) In Vitro Mixed 

Lymphocyte Reaction (MLR) Assay studying graft-versus-host (GvH) response. 

PSCBCAR-iNKT cells were studied as responder cells; healthy donor PBMC-derived 

conventional BCAR-T cells were included as a responder control; irradiated donor-

mismatched PBMCs from 3 random healthy donors were used as stimulator cells. (A) 

Experimental design. (B) ELISA analyses of IFN-γ production at day 4 (n = 3). N, no 

stimulator cells.  (C-D) In Vitro Mixed Lymphocyte Reaction (MLR) Assay studying t-

versus-host (GvH) response. Irradiated PSCBCAR-iNKT were studied as stimulator cells; 

irradiated healthy donor PBMC-derived conventional BCAR-T cells were included as a 

stimulator control; donor-mismatched PBMCs from 3 random healthy donors were used 
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as responder cells. (C) Experimental design. (D) ELISA analyses of IFN-γ production at 

day 4 (n = 3).  (E) FACS plots showing the detection of surface HLA-I(B2M) and HLA-II 

molecules on PSCBCAR-iNKT cells. Healthy donor PBMC-derived conventional BCAR-T 

cells were included as a control.  (F) Quantification of E (n = 3).  Data are presented as 

the mean ±SEM. ns, not significant, *P < 0.05, **P < 0.01, ****P < 0.0001, by 1-way 

ANOVA (B and D) or Student’s t test (F). 
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Figure 8. CMC study- Generation of PSCgdT cells.  (A) Experimental design to generate 

the PSCgdT cell product.  (B) Schematics of Lenti/gdT lentivector encoding a pair of human 

γ9 and d2 TCR genes.  (C) DNA gel image showing the detection of transgene in Lenti/gdT 

vector-transduced H1 ESC master cell line. Genomic DNA was extracted from the gd TCR 

gene-engineered H1 ESC master cell line and subjected to polymerase chain reaction 

(PCR) to  amplify a partial transgene fragment. Non-engineered H1 ESC line was included 
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as a control.  Detection of HSC markers (i.e., CD34, CD43, and CD31) on cells from day 

12 culture.  (D) Differentiation of gd TCR gene-engineered ESC master cell line into HSCs 

at the HSC Differentiation Stage. FACS plots are presented showing the detection of HSC 

markers (i.e., CD34, CD43, and CD31) on cells from day 12 culture.  (E-F) Differentiation 

of ESC-derived HSCs into PSCgdT cells at the gdT Differentiation Stage. (E) FACS plots 

showing the generation of human gdT cells (identified as CD3+Vd2 TCR+) over time. (F) 

FACS plots showing the detection of CD16 expression on mature PSCgdT cells collected 

at day 28 of the gdT Differentiation Stage culture. 

 

 

 

Figure 9. Pharmacology Study – PSCgdT Cells.  In Figure 9, representative FACS plots 

are presented, showing the analysis of phenotype (surface markers) and functionality 

(intracellular production of effector molecules) of PSCγδT cells. Healthy donor PBMC-

derived conventional γδT (PBMC-T) and γδT (PBMC-γδT) cells were included as staining 

controls.  
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Figure 10. In Vitro Efficacy and MOA Study- PSCgdT Cells.  (A-B) In vitro direct killing 

of A375-FG tumor cells. (A) Experimental design. (B) Tumor killing data at 24-hours (n = 

3).  (C-D) In vitro direct killing of MM.1S-FG tumor cells. (A) Experimental design. (B) 

Tumor killing data at 24-hours (n = 3). ZOL: zoledronate, a g9g=d2 TCR stimulator.  A375-

FG, a human melanoma cell line A375 engineered to express the firefly luciferase and 

green fluorescence protein dual-reporters; MM.1S-FG, a human multiple myeloma cell line 

MM.1S engineered to express the firefly luciferase and green fluorescence protein dual-

reporters.  PSC-derived human gdT (PSCgdT) cells were studied; healthy donor PBMC-

derived conventional gdT (PBMC-T) cells were included as a control.  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 (B) or by 1-way ANOVA (D). 

  



 

 

 

204 

 

Figure 11.  Safety & Immunogenicity Study- PSCgdT Cells.  (A-B) In Vitro Mixed 

Lymphocyte Reaction (MLR) Assay studying graft-versus-host (GvH) response. PSCgdT 

cells were studied as responder cells; healthy donor PBMC-derived conventional gdT 

(PBMC-T) and gdT (PBMC-gdT) cells were included as responder controls; irradiated 

donor-mismatched PBMCs from 3 random healthy donors were used as stimulator cells. 

(A) Experimental design. (B) ELISA analyses of IFN-γ production at day 4 (n = 3). N, no 

stimulator cells. (C) FACS measurements of surface HLA-I/II molecules on the indicated 

cells (n = 3). (D-E) In Vitro Mixed Lymphocyte Reaction (MLR) Assay studying host-

versus-graft (HvG) response. Irradiated PSCgdT were studied as stimulator cells; 

irradiated healthy donor PBMC-T and PBMC-gdT cells were included as stimulator controls; 

donor-mismatched PBMCs from a random healthy donor were used as responder cells. 

(D) Experimental design. (E) ELISA analyses of IFN-γ production at day 4 (n = 3).  Data 

are presented as the mean ± SEM. ns, not significant, *P < 0.05, **P < 0.01, ****P < 0.0001, 

by 1-way ANOVA. 
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CHAPTER 5 

Concluding Remarks and Future Outlooks 

The combination of stem cell engineering and adoptive cell transfer has shown its unique 

advantages for developing the next-generation off-the-shelf cancer immunotherapy. Studies have 

shown that stem cell-derived cell products have its unique NK-like properties, indicating that such 

a platform may be more compatible for generating natural innate-like unconventional T cells, 

including iNKT, gdT and MAIT cells. More studies are required to elucidate the feasibility. 

Meanwhile, the efficacy of current stem cell products is less potent compared to their autologous 

counterparts. The in vitro differentiated cellular products may still be not fully mature to reach 

their maximum capacity. The persistency of stem cell-derived products needs to be further 

improved. In combination of cytokine engineering, such as co-expressing IL-15 or IL-15 receptor, 

could be a potential solution. However, the safety and immunogenicity of cytokine co-engineered 

products need to be further elucidated.  

In summary, stem cell engineering has brought numerous potentials for developing off-the-

shelf products. While there are still limitations and bottlenecks for improving the quality and 

quantity of cellular products, by incorporating big data analysis (e.g., RNA sequencing, single cell 

RNA sequencing, epigenetic analysis, and proteomics) to compare stem cell derived cells with 

their endogenous counterparts, we believe that more and more key genes will be identified, 

allowing us better understand their intrinsic regulatory pathway; thus,  products with better 

efficacy and safety will be developed in the near future can be utilized for all patients as needed.  

 

 




