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Cell-based immunotherapy has become the new-generation cancer medicine. Invariant 

natural killer T (iNKT) cells are potent immune cells for targeting cancer; however, healthy 

donor blood contains extremely low numbers of endogenous iNKT cells, making it exceedingly 

challenging to generate adequate iNKT cells for cell therapy. In this study, we aim to develop 

both autologous and allogeneic hematopoietic stem cell-engineered iNKT (HSC-iNKT) cell 

therapy that has potential to provide patients with therapeutic levels of iNKT cells for the 

treatment of cancers. Through combining hematopoietic stem cell (HSC) gene engineering and 

HSC differentiation, we achieved the generation of human HSC-iNKT cells at high yield and 

purity. The first generation of HSC-iNKT cells were generated using a bone marrow-liver-

thymus (BLT) humanized mouse model, the second generation of HSC-iNKT cells were 

generated using an Artificial Thymic Organoid (ATO) culture system, and the third generation 

of HSC-iNKT cells were developed using an Ex Vivo Feeder-Free culture system.  These HSC-
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iNKT cells closely resembled endogenous iNKT cells, effectively targeted tumor cells using 

multiple mechanisms in vitro and in vivo, and most attractively, exhibited high safety and low 

immunogenicity. These cells could be further engineered with chimeric antigen receptor (CAR) 

to enhance tumor targeting, or/and gene-edited to ablate surface HLA molecules and further 

reduce immunogenicity. Collectively, these preclinical studies demonstrated the feasibility, 

safety, and cancer therapy potential of HSC-iNKT cell products and laid a foundation for their 

future translational and clinical development. 
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Chapter 1 - Introduction 

Cell-Based Cancer Immunotherapy 

Over the past decade, cell-based immunotherapy has shown great promise as the new-

generation cancer medicine  1. Genetic engineering of T, natural killer (NK), invariant natural 

killer T (iNKT), and other immune cells have yielded encouraging results for cancer 

immunotherapy 2,3. A series of clinical trials using engineered immune cells with chimeric 

antigen receptors (CARs) or T cell receptors (TCRs) have been conducted to treat various 

forms of cancer, ranging from solid tumors to hematologic malignancies 4–9. Despite the 

remarkable successes in the clinic, most of the current FDA-approved CAR T cell products are 

manufactured using autologous T cells obtained from the intended recipient patient. Such as 

approach is costly, labor intensive, and difficult to broadly deliver to all patients in need. 

Allogeneic immune cellular products that can circumvent the manufacturing issues of 

inadequate cell numbers, suboptimal T cell states and delays in treatment therefore are in great 

demand 10. 

 Two major categories of such allogeneic cell products are based on engineering healthy donor-

derived conventional αβ T cells or NK cells 11–14. The treatment of patients with B cell 

malignancies following allogeneic hematopoietic stem cell transplantation (HSCT) using 

donor-derived CD19 CAR-engineered leukocytes achieved complete or partial remissions 15–

17; however, graft-versus-host disease (GvHD) has developed in a subset of patients in a few 

of these studies 15,16. Therefore, these allogeneic T cells need to be gene-edited to ablate 

endogenous TCR expression, usually through disrupting the TRAC or/and TRBC gene loci, to 

make them suitable for allogeneic cell therapy 18–21. Notably, none of these techniques enables 

100% TCR knockout in CAR-T cells, thus requiring further purification of the T cell products 

prior to use in patients 22. On the other hand, NK-based allogeneic cell products are considered 

of low GvHD risk and thereby do not require additional gene-editing, but in vivo clonal 
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expansion, antitumor performance, and long-term cryopreservation of NK-based cellular 

products may be limited compared to that of conventional αβ T cells 12. Two such allogeneic 

cell products, a conventional αβ T cell-based universal CD19-CAR engineered T cells 

(UCART19) and an NK cell-based CB-derived CD19-CAR engineered NK cells, were recently 

performed in phase I clinical trials treating CD19+ B cell malignancies 19,23. These studies 

reported the feasibility, antileukemic activity, and manageable safety of the two allogeneic cell 

products, revealing an encouraging step forward for the field of allogeneic cell therapy 19,23. 

Engineering stem cells provides another attractive approach for cell-based cancer 

immunotherapy. On the one hand, for hematopoietic stem cell transplantation (HSCT), genetic 

engineered stem cells provide a persistent and stable source for long-term generation of 

immune cells with specific tumor targeting. In addition, CAR-engineered stem cells may 

generate CAR-NK or CAR-myeloid cells in addition to CAR-T cells, resulting in broader anti-

tumor activity that arises quickly post-transplantation and does not solely require de novo 

thymopoiesis 24,25. On the other hand, engineering stem cell could provide an “off-the-shelf” 

cellular product, obviating the need for a personalized and patient-specific product. Performing 

gene engineering or gene editing on stem cells requiring a small starting number could save on 

the use of gene-engineering/editing materials (e.g., lentivector and CRISPR-Cas9/gRNA) that 

can be cost-limiting, and also enable the maximal gene engineering/editing efficiency that can 

be carried on into the final cell products. Furthermore, the development of stem cell-engineered 

cellular therapy will provide opportunities for upscaling the manufacturing and banking of the 

products (Figure 1-1). 

 

Invariant Natural Killer T (iNKT) Cells 



 3 

Invariant natural killer T (iNKT) cells are a small population of αβ T lymphocytes 26,27. These 

cells have several unique features, making them ideal for developing off-the-shelf cellular 

therapy for cancer:  

 1) iNKT cells have the remarkable capacity to target multiple types of cancer 

independent of tumor antigen- and MHC-restrictions 28. iNKT cells recognize glycolipid 

antigens presented by non-polymorphic CD1d, which frees them from MHC-restriction. 

Although the natural ligands of iNKT cells remain to be identified, it is suggested that iNKT 

cells can recognize certain conserved glycolipid antigens derived from many tumor tissues. 

iNKT cells can be stimulated through recognizing these glycolipid antigens that are either 

directly presented by CD1d+ tumor cells, or indirectly cross-presented by tumor infiltrating 

antigen-presenting cells (APCs) like macrophages or dendritic cells (DCs) in case of CD1d- 

tumors. Thus, iNKT cells can respond to both CD1d+ and CD1d- tumors. 

 2) iNKT cells can employ multiple mechanisms to attack tumor cells 28,29. iNKT cells 

can directly kill CD1d+ tumor cells through cytotoxicity, but their most potent anti-tumor 

activities come from their immune adjuvant effects. iNKT cells remain quiescent prior to 

stimulation, but after stimulation, they immediately produce large amounts of cytokines, 

including IFN-γ. IFN-γ activates NK cells to kill MHC-negative tumor target cells. Meanwhile, 

iNKT cells also activate DCs that then stimulate CTLs to kill MHC-positive tumor target cells. 

Therefore, iNKT cell-induced anti-tumor immunity can effectively target multiple types of 

cancer independent of tumor antigen-and MHC-restrictions, thereby effectively blocking 

tumor immune escape and minimizing the chance of tumor recurrence. 

 3) iNKT cells do not cause graft-versus-host disease (GvHD). Because iNKT cells do 

not recognize mismatched MHC molecules and protein autoantigens, these cells are not 

expected to cause GvHD. This notion is strongly supported by clinical data analyzing donor-

derived iNKT cells in blood cancer patients receiving allogeneic bone marrow or peripheral 
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blood stem cell transplantation. These clinical data showed that the levels of engrafted 

allogenic iNKT cells in patients correlated positively with graft-versus-leukemia effects and 

negatively with GvHD 30,31.  

 4) iNKT cells can be engineered to avoid host-versus-graft (HvG) depletion. The 

availability of powerful gene-editing tools like the CRISPR-Cas9 system make it possible to 

genetically modify iNKT cells to make them resistant to host immune cell-targeted depletion: 

knockout of beta 2-microglobulin (B2M) gene will ablate HLA-I molecule expression on iNKT 

cells to avoid host CD8+ T cell-mediated killing 14; knockout of CIITA gene will ablate HLA-

II molecule expression on iNKT cells to avoid CD4+ T cell-mediated killing 32. Both B2M and 

CIITA genes are approved good targets for the CRISPR-Cas9 system in human primary cells 

14,33. Ablation of HLA-I expression on iNKT cells may make them targets of host NK cells. 

However, iNKT cells seem naturally resistant to allogenic NK cell killing. Nonetheless, if 

necessary, the concern can be addressed by delivering into iNKT cells an NK-inhibitory gene 

like HLA-E.     

 5) iNKT cells have strong relevance to cancer. There is compelling evidence to 

suggest a significant role of iNKT cells in tumor surveillance in mice, in which iNKT cell 

defects predispose them to cancer and the adoptive transfer or stimulation of iNKT cells can 

provide protection against cancer 29,34. In humans, iNKT cell frequency is decreased in patients 

with solid tumors (including melanoma, colon, lung, breast, and head and neck cancers) and 

blood cancers (including leukemia, multiple myeloma, and myelodysplastic syndromes), while 

increased iNKT cell numbers are associated with a better prognosis. There are also instances 

wherein the administration of α-GalCer-loaded DCs and ex vivo expanded autologous iNKT 

cells has led to promising clinical benefits in patients with lung cancer and head and neck 

cancer, although the increases of iNKT cells have been transient and the clinical benefits have 

been short-term, likely due to the limited number of iNKT cells used for transfer and the 
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depletion of these cells thereafter 28,35. Therefore, it is plausible to propose that an “off-the-

shelf” iNKT cellular product enabling the transfer into patients’ sufficient numbers of iNKT 

cells at multiple doses may provide patients with the best chance to exploit the full potential of 

iNKT cells to battle their diseases.  

 

Engineering Stem Cells for iNKT Cell-Based Cancer Immunotherapy 

In addition to conventional T and NK cells, new cell carriers have been explored for cancer 

immunotherapy, particularly unconventional T cells, such as invariant natural killer T (iNKT) 

cell, gamma delta T (γδ T) cell and mucosal associated invariant T (MAIT) cell. These cells 

serve as great candidates for off-the-shelf cancer therapy.  

iNKT cells are a unique T cell subpopulation specialized with CD1d-restriction that can 

recognize lipid antigens 26,36. Activated iNKT cells lead to the activation of both innate and 

adaptive immune cells impelling the development of iNKT-based immunotherapy. In addition, 

iNKT cells have limited capacity to induce GvHD. It has been approved that adoptive iNKT 

transfer is associated with reduced GvHD in multiple clinical trials 26,37–40. However, the 

application of iNKT cell-based immunotherapy is restricted by its extremely low number in 

the peripheral blood. Yang laboratory developed a new approach that to increase the number 

of circulating iNKT cells through iNKT TCR-engineering of HSCs 41,42. It has been 

demonstrated that both mouse and human HSCs engineered with iNKT TCR can successfully 

differentiate into mouse and human iNKT cells in vivo. The HSC-derived iNKT cells 

resembled the characters of endogenous PBMC-derived iNKT cells, deploying anti-tumor 

efficacy and no toxicity 41,42. Alternatively, Kaneko et al and Fujii Group reported the 

generation of human iNKT cells from iPSCs. The iPSC-derived iNKT cells showed rapid 

proliferation in response to α-GalCer stimulation and possessed strong anti-tumor activity to 

the K562 leukemia cell line 28,43–45.  



 6 

In conclusion, engineering unconventional innate-type T cells (e.g., iNKT cells) that 

have powerful antitumor capacity while free of GvHD risk represents an attractive direction 

for developing allogeneic cell therapy for cancer especially for solid tumors 37,46–48. Yang lab 

has successfully developed HSC-engineered iNKT cell therapy for cancer, using either in vivo 

BLT mouse model or in vitro “off-the-shelf” culture systems 41,42. These approaches 

demonstrate the feasibility, safety, and cancer therapy potential of the proposed HSC-iNKT, 

cell therapy and laid a foundation for future translational and clinical development (Figure 1-

2). 
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Figures 

 

Figure 1-1. Schematics of current autologous and allogeneic cell-based cancer 
immunotherapies. 1. Schematics of autologous cellular product manufacturing. Target cells 
(e.g., T, NK, or iNKT cells) are collected from patients by leukapheresis and are then 
genetically engineered. The engineered cells are expanded ex vivo while the patient undergoes 
bridging and/or lymphodepleting chemotherapy. The engineered cellular products are then 
infused into the same patient. 2. Schematics of healthy donor PBMC-derived allogeneic 
cellular product manufacturing. Healthy donors for banking are selected and their PBMCs are 
used to generate genetically engineered immune cells. Notably, because conventional αβ T 
cells risk inducing GvHD in allogeneic hosts due to HLA incompatibility, these T cells need 
to be gene-edited to ablate endogenous TCR expression, usually through disrupting the TRAC 
or/and TRBC gene loci, to make them suitable for allogeneic cell therapy. Meanwhile CD52 
gene is also disrupted in order to generate allogeneic cells resistant to the anti-CD52 
monoclonal antibody alemtuzumab, which can be used to eliminate host T cells expressing 
CD52 and avoid allorejection. 3. Schematics of stem cell-derived allogeneic cellular product 
manufacturing. Human CD34+ HSCs are collected from either cord blood or from granulocyte-
colony stimulating factor (G-CSF)-mobilized human periphery blood. These HSCs are genetic 
engineered and then cultured in “off-the-shelf” in vitro culture system (e.g., OP9-DL, ATO, or 
feeder-free culture) to generate mature effector immune cells. The immune cells could also be 
derived from ESCs/iPSCs using culture conditions that first promote hematopoietic 
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differentiation and then target cell differentiation, followed by target cell maturation and 
activation. Of note, the gene engineering and editing could be performed on stem cells or 
differentiated immune cells. Performing both gene-engineering and gene-editing on the small 
numbers of starting stem cells upfront of the in vitro culture could save on the use of gene-
engineering/editing materials (e.g., lentivector and CRISPR-Cas9/gRNA) that can be cost-
limiting, and also enable the maximal gene engineering/editing efficiency that can be carried 
on into the final cell products. 
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Figure 1-2. HSC-engineered iNKT cell therapy for cancer.  
The same strategies could be applied to generate HSC-engineered γδ T, MAIT, and TCR-
specific αβ T (e.g., NY-ESO-1-T) cells. 
(A) Schematics of the Lenti/iNKT vectors. 
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(B) Generation of HSC-engineered iNKT cells. 
(C) Experimental design to generate HSC-iNKT cells in a BLT humanized mouse model. 
(D) Proposed HSC-iNKT cell therapy. Autologous or allogeneic human HSCs could be 
collected and engineered with Lenti/iNKT vectors, followed by adoptive transfer into cancer 
patients. 
(E) Proposed allogeneic “off-the-shelf” HSC-iNKT cell therapy. G-CSF-mobilized CD34+ 
HSCs could be collected from healthy donors, engineered with Lenti/iNKT vectors and a 
CRISPR-Cas9/B2M-CIITA-gRNAs complex, then be differentiated into iNKT cells in an in 
vitro culture (e.g., ATO and feeder-free culture). The iNKT cells will then be purified and 
further expanded in vitro, followed by cryopreservation and lot release. CAR engineering could 
also be incorporated into HSC-iNKT cells to enhance the antitumor capacity of these cells. 
Note that knockout of B2M and CIITA genes could efficiently ablate HLA-I/II expression on 
HSC-iNKT cells to avoid HvG responses following the autologous transfer of  iNKT cells. 
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Chapter 2 - Development of Autologous Hematopoietic Stem Cell-Engineered Invariant 

Natural Killer T Cell Therapy for Cancer 

Abstract 

Invariant natural killer T (iNKT) cells are potent immune cells for targeting cancer; however, 

their clinical application has been greatly hindered by their extremely low numbers in cancer 

patients. In this study, we aim to develop a hematopoietic stem cell-engineered iNKT (HSC-

iNKT) cell therapy that has the potential to provide patients with therapeutic levels of iNKT 

cells for a lifetime. Using a bone marrow-liver-thymus (BLT) humanized mouse model, we 

demonstrated the efficient and long-term generation of HSC-iNKT cells in vivo. These HSC-

iNKT cells closely resembled endogenous human iNKT cells, could deploy multiple 

mechanisms to attack tumor cells, and effectively suppressed tumor growth in vivo in multiple 

human tumor xenograft mouse models. Preclinical safety studies showed no toxicity or 

tumorigenicity of the intended HSC-iNKT cell therapy. Collectively, these results 

demonstrated the feasibility, safety, and cancer therapy potential of the proposed HSC-iNKT 

cell therapy and laid a foundation for future clinical development. 

 

Introduction 

Invariant natural killer T (iNKT) cells are a small population of ab T lymphocytes highly 

conserved from mice to humans 36,49. These cells have several unique features, making them 

exceedingly attractive agents for developing cancer immunotherapy 50–52. First, iNKT cells 

have a strong relevance to cancer. There is compelling evidence suggesting a significant role 

of iNKT cells in tumor surveillance in mice 34,53. In humans, iNKT cell frequencies are 

decreased in patients with solid tumors (including melanoma, colon, lung, breast, and head and 

neck cancers) and hematologic malignancies (including leukemia, multiple myeloma, and 

myelodysplastic syndromes), while increased iNKT cell numbers are associated with a better 
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prognosis 34,52,54. Second, iNKT cells have the remarkable capacity to target multiple types of 

cancer independent of tumor antigen and major histocompatibility complex (MHC) restrictions 

28. iNKT cells recognize glycolipid antigens presented by non-polymorphic CD1d, which frees 

them from MHC restriction 36. Many tumor tissues express conserved glycolipid antigens that 

can be recognized by iNKT cells, although the nature of these glycolipids remain to be 

identified 26,49. Third, iNKT cells can deploy multiple mechanisms to attack tumor cells, 

including direct killing of CD1d+ tumors and immune adjuvant effects such as activating NK 

cells, activating DCs and thereby stimulating cytotoxic T lymphocytes (CTLs), and inhibiting 

tumor-associated macrophages (TAMs) 28,29,51.  

 Attracted by the potent and broad anticancer functions of iNKT cells, researchers have 

conducted a series of clinical trials utilizing iNKT cells to treat various forms of cancer, ranging 

from solid tumors to hematologic malignancies 55,56. These clinical trials have utilized α-

galactosylceramide (αGC, a synthetic glycolipid ligand specifically stimulating iNKT cells) 

alone, or αGC-pulsed DCs alone or in combination with ex vivo-expanded patient iNKT cells 

and have shown these treatments to be safe and well tolerated. Several recent trials reported 

encouraging antitumor immunity in patients with melanoma, non-small cell lung cancer, and 

head and neck squamous cell carcinomas, attesting to the therapeutic potential of iNKT cell-

based immunotherapies 35,38,43,57,58. However, most other trials yielded unsatisfactory results. 

Overall, these trials have all worked through the direct stimulation or ex vivo-expansion of 

patients’ endogenous iNKT cells, thus yielding only short-term, limited clinical benefits to a 

small number of patients. The extremely low frequencies of iNKT cells in cancer patients 

(~0.001-0.1% in blood), as well as the rapid depletion of these cells post-stimulation, are 

considered the major factors limiting the success of these trials 51. In order to unleash the full 

potential of iNKT cells for cancer immunotherapy, innovative therapies that can overcome 

these limitations are in high demand. 
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 In this study, we aim to overcome the current limitations by genetic engineering of human 

hematopoietic stem cells (HSCs) to produce iNKT cells targeting cancer. Because of the 

longevity and self-renewal of HSCs, by adoptively transferring iNKT T cell receptor (TCR) 

gene-engineered HSCs into cancer patients, this new therapy has the potential to provide 

patients with therapeutic levels of iNKT cells for a lifetime 59. This TCR-engineered HSC 

transfer approach takes advantage of two molecular mechanisms governing T cell development, 

TCR allelic exclusion and TCR instruction, to genetically program HSCs to produce T cells of 

designated antigen specificity and T cell subtype identity 60. Previously, we and others have 

successfully utilized this strategy to generate tumor antigen-specific CD4 helper and CD8 

cytotoxic T cells of both mouse and human origins 60–62. Human clinical trials are ongoing, 

testing NY-ESO-1 TCR-engineered HSC adoptive therapy for treating multiple cancers 63,64. 

Recently, we successfully generated iNKT cells in mice through iNKT TCR-engineered bone 

marrow transfer and proved the cancer therapy potential of the engineered iNKT cells in a 

mouse melanoma lung metastasis model 42. Based on these previous works, as well as the 

scientific rationale that human iNKT cells also follow a “TCR-instructed” developmental path 

similar to that of the mouse iNKT cells 34, we hypothesized that it would be possible to engineer 

human HSCs with a human iNKT TCR gene to produce human iNKT cells targeting cancer. 

Here, we report the preclinical development of the proposed HSC-engineered iNKT cell 

therapy, demonstrating its feasibility, safety, and cancer therapy potential. Our study also 

established a humanized BLT-iNKT mouse model that can be utilized as a valuable tool to 

study human iNKT cell biology and iNKT cell-based immunotherapy.   

 

Materials and Methods 

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

the animal facilities at the University of California, Los Angeles (UCLA). Six- to ten-week-

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

were approved by the Institutional Animal Care and Use Committee of UCLA. 

 

Human Tumor Cell Lines 

Human multiple myeloma (MM) cell line MM.1S, human chronic myelogenous leukemia 

cancer cell line K562, and human melanoma cell line A375 were all purchased from the 

American Type Culture Collection (ATCC). MM.1S and K562 cells were cultured in R10 

medium. A375 cells were cultured in D10 medium.  

 To make stable tumor cell lines overexpressing human CD1d, human HLA-A2.1, human NY-

ESO-1, human IL-15, and/or firefly luciferase and enhanced green fluorescence protein (Fluc-

EGFP) 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. Six stable tumor 

cell lines were generated for this study, including MM.1S-FG, MM.1S-hCD1d-FG, A375-hIL-

15-FG, A375-hIL-15-hCD1d-FG, A375-A2-ESO-FG, and K562-FG. 

 

Human PBMCs, CD34+ HSCs, and Thymus Tissues  

Human peripheral blood mononuclear cells (PBMCs), human fetal liver or cord blood CD34+ 

hematopoietic stem and progenitor cells (referred to as HSCs), and fetal thymus tissues were 

obtained from the CFAR Gene and Cellular Therapy Core Laboratory at UCLA, without 

identification information under federal and state regulations. Postnatal human thymus was 

obtained under IRB exemption as anonymized, discarded waste from patients undergoing 

cardiac surgery at Children’s Hospital Los Angeles (CHLA). G-CSF-mobilized healthy donor 
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peripheral blood units were purchased from HemaCare or Cincinnati Children’s Hospital 

Medical Center (CCHMC), followed by isolation of CD34+ HSCs through magnetic-activated 

cell sorting using a CliniMACS (Miltenyi Biotec) according to the manufacturer’s instructions. 

For all isolates, the purity of CD34+ cells were more than 97% as evaluated by flow cytometry.  

 

Materials and Reagents 

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

Fluorochrome-conjugated hCD1d/PBS-57 tetramer reagents were provided by the NIH 

Tetramer Core Facility (Emory University, Atlanta, GA). Recombinant human IL-2, IL-3, IL-

4, IL-7, IL-15, Flt3-Ligand, Stem Cell Factor (SCF), Thrombopoietin (TPO), and Granulocyte-

Macrophage Colony-Stimulating Factor (GM-CSF) were purchased from Peprotech.  

 X-VIVO™ 15 Serum-free Hematopoietic Cell Medium was purchased from Lonza. 

RPMI1640 and DMEM cell culture medium were purchased from Corning Cellgro. Fetal 

bovine serum (FBS) was purchased from Sigma. Medium supplements, including Penicillin-

Streptomycine-Glutamine (P/S/G), MEM non-essential amino acids (NEAA), HEPES Buffer 

Solution, and Sodium Pyruvate, were purchased from Gibco. Beta-Mercaptoethanol (b-ME) 

was purchased from Sigma. Normocin was purchased from InvivoGen. Complete lymphocyte 

culture medium (denoted as C10 medium) was made of 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 uM), and Normocin (100 ug/ml). Medium for culturing monocyte-

derived dendritic cells (MoDC) and non-adherent tumor cells (denoted as R10 medium) was 

made of RPMI 1640 supplemented with FBS (10% vol/vol) and P/S/G (1% vol/vol). Adherent 

cell culture medium (denoted as D10 medium) was made of DMEM supplemented with FBS 

(10% vol/vol) and P/S/G (1% vol/vol).  
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Lentiviral Vectors 

Lentiviral vectors used in this study were all constructed from a parental lentivector pMNDW, 

that contains the MND retroviral LTR U2 region as an internal promoter and contains an 

additional Woodchuck Responsive Element (WPRE) to stabilize viral mRNA (Giannoni et al., 

2013; Smith et al., 2016). The Lenti/iNKT vector was constructed by inserting into pMNDW 

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

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

iNKT TCRα-F2A-TCRβ-P2A-EGFP; the Lenti/iNKT-sr39TK vector was constructed by 

inserting into pMNDW a synthetic tricistronic gene encoding human iNKT TCRα-F2A-TCRβ-

P2A-sr39TK; 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 Lenti/IL-15-FG vector 

was constructed by inserting into pMNDW a synthetic tricistronic gene encoding human IL-

15-F2A-Fluc-P2A-EGFP; the Lenti/ESO-sr39TK vector was constructed by inserting into 

pMNDW a synthetic tricistronic gene encoding human NY-ESO-1-specific TCRα-F2A-TCRβ-

P2A-sr39TK; the Lenti/HLA-A2 vector was constructed by inserting into pMNDW a synthetic 

gene encoding human HLA-A2.1; and the Lenti/NY-ESO-1 vector was constructed by 

inserting into pMNDW a synthetic gene encoding human NY-ESO-1. The synthetic gene 

fragments were obtained from GenScript and IDT. Lentiviruses were produced using 293T 

cells, following a standard calcium precipitation protocol and an ultracentrifigation 

concentration protocol or a tandem tangential flow filtration concentration protocol as 

previously described 42. Lentivector titers were measured by transducing HT29 cells with serial 

dilutions and performing Droplet Digital PCR (ddPCR), following established protocols 42.  

 

Antibodies and Flow Cytometry 
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Fluorochrome-conjugated antibodies specific for human CD45 (clone H130), TCRαb (clone 

I26), CD4 (clone OKT4), CD8 (clone SK1), CD45RO (clone UCHL1), CD45RA (clone 

HI100), CD161 (clone HP-3G10), CD69 (clone FN50), CD56 (clone HCD56), CD62L (clone 

DREG-56), CD14 (clone HCD14), CD11b (clone ICRF44), CD11c (clone N418), CD20 (clone 

2H7), HLA-A2 (clone BB7.2), CD1d (clone 51.1), PD-1 (clone EH12.2H7), CCR4 (clone 

L291H4), CCR5 (clone HEK/1/85a), CXCR3 (clone G025H7), NKG2D (clone 1D11), IFN-γ 

(clone B27), Granzyme B (clone QA16A02), Perforin (clone dG9), TNF-� (clone Mab11), IL-

2 (clone MQ1-17H12), IL-4 (clone MP4-25D2) and IL-17 (clone BL168) were purchased from 

BioLegend; fluorochrome-conjugated antibodies specific for human CD34 (clone 581), TCR 

Vα24-Jα18 (clone 6B11) were purchased from BD Biosciences; fluorochrome-conjugated 

antibodies specific for human PLZF (alone 9E12), T-bet (clone 4B10), and CD1d (clone 1B1) 

were purchased from eBioscience. A fluorochrome-conjugated antibody specific for human 

Vβ11 was purchased from Beckman-Coulter. Human Fc Receptor Blocking Solution (TruStain 

FcX™) was purchased from BioLegend, while mouse Fc Block (anti-mouse CD16/32) was 

purchased from BD Biosciences. Fixable Viability Dye eFluor506 (e506) were purchased from 

affymetrix eBioscience. Cells were stained as previously described (Yang and Baltimore, 

2005). Intracellular cytokines were measured using a Cell Fixation/Permeabilization Kit (BD 

Biosciences) according to the manufacturer’s instructions. Stained cells were analyzed using a 

MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec). FlowJo software was used to 

analyze the data. 

 

Human iNKT Cell TCR Vβ Repertoire Analysis  

Human iNKT cell TCR Vβ repertoire was analyzed through flow cytometry using an IOTest® 

Beta Mark TCR V beta Repertoire Kit (Beckman-Coulter), following the manufacturer’s 

instructions. Tube G was not used in staining because it included an antibody for Vβ11, which 
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was stained separately. All other combined hTCR Vbs (FITC) and hTCR Vbs (PE) antibodies 

collectively stained for human TCR Vb 1, 2, 3, 4, 5.1, 5.2, 5.3, 7.1, 7.2, 8, 9, 12, 13.1, 13.2, 

13.6, 16, 17, 18, 20, 21.3, and 23. 

 

ELISA 

The ELISAs for detecting human cytokines were performed following a standard protocol from 

BD Biosciences.  The capture and biotinylated antibody pairs for detecting human IFN-�, IL-

4, and IL-17 were purchased from BD Biosciences. The streptavidin-HRP conjugate was 

purchased from Invitrogen. Human IFN-γ, IL-4 and IL-17 standards were purchased from 

eBioscience. The tetramethylbenzidine (TMB) substrate was purchased from KPL. The 

samples were analyzed for absorbance at 450 nm using an Infinite M1000 microplate reader 

(Tecan). 

 

Ganciclovir (GCV) In Vitro Killing Assay 

Healthy donor PBMC T cells were cultured in vitro in C10 medium for 8 days, in the presence 

of 1 µg/ml anti-human CD3 (Clone HIT3a; LEAFTM purified; Biolegend), 1 µg/ml anti-

human CD28 (Clone CD28.2; LEAFTM purified; Biolegend), and 10 ng/ml recombinant 

human IL-2. On days 2 and 3, concentrated Lenti/iNKT-sr39TK vectors were added into the 

cell culture. On day 4, titrated amounts of GCV (0-50 µM) were added into the cell culture. On 

day 8, selective killing of lentivector-transduced T cells (identified as hCD1d/PBS-57+ cells 

among total T cells) were analyzed using flow cytometry. 

 

Single-Cell Human iNKT TCR Cloning 

The single-cell iNKT TCR RT-PCR was performed based on an established protocol, with 

certain modifications 42. Single human iNKT cells were sorted from healthy donor PBMCs 
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based on a stringent forum of surface markers (hTCRαβ+hTCR Vα24-Jα18+hTCR 

Vβ11+CD161+) using a FACSAria II flow cytometer (BD Biosciences). Single cells were 

sorted directly into PCR plates containing cell lysis buffer. The plates were then immediately 

flash frozen and stored at -80 C until use. Upon thawing, the cell lysate from each cell was split 

in half on the same PCR plate and processed directly into iNKT TCR cloning for both α and β 

chain genes using a OneStep RT-PCR kit (QIAGEN), following the manufacturer’s 

instructions and using the human iNKT TCR gene-specific primers. These primers were 

designed to amplify the ~200-300 bps spanning the CDR3 regions of the iNKT TCR α and β 

chain cDNAs and were customer-synthesized by IDT: for TCRα (FW primer: 5′- GCT CTC 

TGC ACA TCA CAG CCT CCC AG -3′; BW primer: 5′- CGG TGA ATA GGC AGA CAG 

ACT TGT CAC TG -3′) and for TCRβ (FW: 5′- CCA CAG AGA AGG GAG ATC TTT CCT 

CTG AGT C -3′; BW: 5′- CCT GTG GCC AGG CAC ACC AGT G -3′). Verified sequences 

(productive germline Vα24-Jα18-Cα assembly for TCRα and Vβ11-D/J/N-Cβ assembly for 

TCRβ) were used to construct the complete cDNA sequences encoding the TCR α and β chains 

from a single cell, based on information about human TCR genomic segments [the international 

ImMuno-GeneTics information system (IMGT), www.imgt.org]. The selected iNKT TCR α 

and β pair cDNAs were then synthesized as a single bicistonic gene, with codon optimization 

and an F2A sequence linking the TCRα and TCRβ cDNAs to enable their co-expression 

(GenScript).  

 

Generation of BLT and BLT-iNKT Humanized Mice  

BLT (human bone marrow-liver-thymus engrafted NSG mice) and BLT-iNKT (human iNKT 

TCR gene-engineered BLT mice) humanized mice were generated as previously described, 

with some modifications 42,65,66. In brief, human CD34+ HSCs were cultured for no more than 
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48 hours in X-VIVO™ 15 Serum-free Hematopoietic Cell Medium (Lonza) containing 

recombinant human Flt3 ligand (50 ng/mL), SCF (50 ng/mL), TPO (50 ng/mL), and IL-3 (20 

ng/mL) in non-tissue culture-treated plates coated with Retronectin (20 µg/ml) (Takara). Viral 

transduction, when applicable, was performed at 24 hours by adding concentrated lentivectors 

(Lenti/iNKT, Lenti/iNKT-EGFP, or Lenti/iNKT-sr39TK) directly to the culture medium. At 

around 48 hours, CD34+ cells were collected and i.v. injected into NSG mice (~0.5-1 x 106 

cells per recipient) that had received 270 rads of total body irradiation. 1-2 fragments of human 

fetal or postnatal thymus (~1 mm3) were implanted under the kidney capsule of each recipient 

NSG mouse. The mice were maintained on trimethoprim/sulfmethoxazole (TMS) chow in a 

sterile environment for 8-12 weeks until analysis or use for further experiments.  

 

Generation of Secondary BLT-iNKT Humanized Mice  

Secondary BLT-iNKT mice were generated through harvesting total bone marrow cells and 

human thymus implants from primary BLT-iNKT mice followed by adoptive transfer into NSG 

recipient mice. Recipient NSG mice were pre-conditioned with 270 rads of total body 

irradiation. 10 x 106 primary BLT-iNKT mice bone marrow cells were i.v. injected into each 

NSG recipient mouse.  Human thymus implants were dissected from the kidney capsule of 

primary BLT-iNKT mice, cut into fragments (~1 mm3), then surgically implanted under the 

kidney capsule of the NSG recipient mice (1-2 fragments per recipient). The mice were 

maintained on TMS chow in a sterile environment for 8-12 weeks until analysis or further 

experiments.  

 

Safety Study of HSC-iNKT Cell Therapy in BLT-iNKT Mice 

BLT-iNKT mice and control BLT mice were monitored for body weight and survival rate over 

a period of 5 months after HSC transfer. At the end of 5 months, mice were terminated, and 



 21 

various tissues were collected, including bone marrow, spleen, Ileum, pancreas, kidney, lung, 

liver, heart, and brain. Tissues were fixed with 10% neutral-buffered formalin and embedded 

in paraffin for sectioning (5 µm thickness), followed by hematoxylin and eosin staining using 

standard procedures (UCLA Translational Pathology Core Laboratory). The sections were 

examined by a mouse pathologist (N.R.) who was blinded to the sample group assignments 

during initial scoring. Scores were assigned on the basis of a combination of criteria, including 

inflammation, hematopoietic neoplasm, and non-hematopoietic neoplasm. An ordinal scale 

scoring system was used: 0, no abnormal findings; 1, mild; 2, moderate; and 3, severe.  

 In another set of longer-term experiments, BLT-iNKT mice and control BLT mice were 

maintained for a period of over 8 months, to monitor graft-versus-host (GvH) reactions in these 

animals. Over time, mouse survival rates were recorded. At 6 months post-HSC transfer, a 

subset of animals were terminated and their tissues (e.g. liver) were collected and processed 

for flow cytometry analysis following established protocols 42. Activation status of engrafted 

human conventional αβ T cells (identified as hCD45+hTCR αβ +6B11- cells) was assessed 

through measuring T cell expression of CD45RA and CD45RO surface markers 

(CD45RAloCD45ROhi indicating T cell activation).  

 

Biodistribution and Controlled Depletion of HSC-iNKT Cells in BLT-iNKT Humanized Mice 

Visualized by PET/CT Imaging 

BLT-iNKTTK mice (BLT-iNKT mice generated using Lenti/iNKT-sr39TK vector-transduced 

PBSCs) were utilized for this study. Regular BLT mice were included as imaging controls. To 

study controlled depletion of vector-engineered human HSCs and their progeny immune cells, 

experimental animals received i.p. injection of nucleoside prodrug ganciclovir (GCV) for five 

consecutive days (50 mg/kg per injection per day). PET/CT imaging data were collected one 

day prior to GCV treatment, and 7 days post GCV treatment. PET/CT scans were performed 
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using a microPET/CT system Genisys 8 (Sofie Bioscience). Mice were anesthetized using 1.5-

2% isoflurane.  20 μCi of 18F-FHBG probes was administrated via tail vein. Acquisition of 

static PET images was started 60 min after probe injection. Maximum-likelihood expectation 

maximization with 60 iterations was used for PET image reconstruction. All images were 

corrected for photon attenuation. The CT acquisition parameters were 40 kVp, 190 mA, and 

720 projections with an exposure time of 55 ms at each projection. For image analysis, PET/CT 

images were analyzed using OsiriX Imaging Software (Version 3.9.3; Pixmeo SARL). 

 

HSC-iNKT Cell Phenotype and Functional Study 

HSC-engineered human iNKT cells (denoted as HSC-iNKT cells) were isolated from the 

spleen of BLT-iNKT mice. Phenotype of HSC-iNKT cells was studied using flow cytometry, 

through analyzing cell surface markers, including co-receptors (CD4 and CD8), NK cell 

markers (CD161 and NKG2D), memory/effector T cell markers (CD45RO and CD69), and 

homing markers (CD62L, CCR4, CCR5, and CXCR3). Native human iNKT cells and 

conventional T cells isolated from healthy donor PBMCs (denoted as PBMC-iNKT and 

PBMC-Tc cells, respectively) were included as FACS analysis controls.  

 Response of HSC-iNKT cells to antigen stimulation was studied by culturing BLT-iNKT 

spleen cells in vitro in C10 medium for 7 days, in the presence or absence of αGC (100 ng/ml). 

Proliferation of HSC-iNKT cells (identified as hCD45+hTCR αβ+6B11+ cells of total cell 

culture) was measured by cell counting and flow cytometry over time. Cytokine production 

was assessed by ELISA analysis of cell culture supernatants collected on day 7 (for human 

IFN-γ, IL-4, and IL-17).  

 Capacity of HSC-iNKT cells to produce effector molecules was studied in comparison with 

that of native PBMC-iNKT cells and PBMC-Tc cells. BLT-iNKT spleen cells and healthy 

donor PBMCs were cultured in vitro in C10 medium for 7 days with αGC stimulation (100 
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ng/ml). On day 7, cells were collected and analyzed for intracellular production of various pro-

inflammatory cytokines (IFN-γ, TNF-α, and IL-2) and cytotoxic molecules (Perforin and 

Granzyme B) using a Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) 

(Smith et al., 2015). The CD4/CD8 co-receptor expression patterns on HSC-iNKT cells and 

PBMC-iNKT cells pre- and post-αGC stimulation were studied using flow cytometry.  

 

HSC-iNKT Cell In Vitro Expansion  

Various tissues (spleen, lymph nodes, liver, bone marrow) were collected from BLT-iNKT 

mice, processed into single mononuclear cells, and pooled together for in vitro culture. Healthy 

donor PBMCs were loaded with αGC (by culturing 1 x 108 PBMCs in 5 ml C10 medium 

containing 5 ug/ml  αGC for 1 hour), irradiated at 6,000 rads, then used to stimulate HSC-

iNKT cells (denoted as αGC/PBMCs). To expand HSC-iNKT cells, pooled BLT-iNKT mouse 

tissue cells were mixed with αGC/PBMCs (ratio 1:1 or 1:1.5) and cultured in C10 medium for 

7 days. Recombinant human IL-7 (10 ng/ml) and IL-15 (10 ng/ml) were added to cell cultures 

from day 2. On day 7, cell cultures were collected and HSC-iNKT cells were sorted out using 

flow cytometry (identified as hCD45+hTCRαβ+6B11+ cells). The sorted HSC-iNKT cells (>99% 

purify based on flow cytometry analysis) were expanded further with αGC/APCs and IL-7/IL-

15 for another 7 to 14 days, then were aliquoted and frozen in LN2 storage tanks. For 

mechanistic and efficacy studies, HSC-iNKT cells were thawed from frozen stock and utilized 

for the intended assays.  

 

HSC-iNKT Cell Tumor-Attacking Mechanism Study: In Vitro Direct Tumor Cell Killing Assay 

MM.1S-FG or MM.1S-hCD1d-FG tumor cells (5-10 x 103 cells per well) were co-cultured 

with HSC-iNKT cells (ratio 1:10, unless otherwise indicated) in Corning 96-well clear bottom 

black plates for 24-48 hours, in X-VIVOTM 15 medium with or without the addition of αGC 
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(100 ng/ml). At the end of culture, live tumor cells were quantified by adding D-Luciferin (150 

ug/ml) (Caliper Life Science) to cell cultures and reading out luciferase activities using an 

Infinite M1000 microplate reader (Tecan) according to the manufacturer’s instructions. In 

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

CD1d antibody (Clone 51.1, Biolegend) or LEAFTM purified mouse IgG2b isotype control 

antibody (Clone MG2b-57, Biolegend) was added to tumor cell cultures one hour prior to 

adding HSC-iNKT cells.  

 

HSC-iNKT Cell Tumor-Attacking Mechanism Study: In Vitro NK Adjuvant Effect Assay  

Primary human NK cells were isolated from healthy donor PBMCs through magnetic-activated 

cell sorting (MACS sorting), using an NK Cell Isolation Kit (Miltenyi Biotec) according to the 

manufacturer’s instructions. K562-FG cells (5 x 104 cells per well) were co-cultured with NK 

cells and HSC-iNKT cells (ratio 1:2:2) in Corning 96-well clear bottom black plates for 24 

hours, in C10 medium with or without the addition of αGC-loaded irradiated PBMCs as antigen 

presenting cells (APCs). Live tumor cells were quantified by adding D-Luciferin (150 ug/ml) 

(Caliper Life Science) to the cell cultures and reading out luciferase activities using an Infinite 

M1000 microplate reader (Tecan). NK cell activation status was monitored through measuring 

NK cell expression of CD69 using flow cytometry. Cytokine production from co-cultured NK 

and HSC-iNKT cells was analyzed through collecting cell culture supernatants and assaying 

cytokines (IFN-γ and IL-2) using ELISA.   

 

HSC-iNKT Cell Tumor-Attacking Mechanism Study: In Vitro DC/CTL Adjuvant Effect Assay  

CD1d+/HLA-A2+ human monocyte-derived dendritic cells (MoDCs) were generated by 

isolating CD14+ monocytes from HLA-A2+ healthy donor PBMCs using MACS sorting, 

followed by culturing monocytes in R10 medium supplemented with recombinant human GM-
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CSF (100 ng/ml) and IL-4 (20 ng/ml) for 4 days. NY-ESO-1 specific CD8+ human cytotoxic 

T lymphocytes (CTLs, or ESO-T cells) were generated through engineering human CD34+ 

HSCs with a TCR gene encoding a 1G4 TCR (HLA-A2-restricted, NY-ESO-1 tumor antigen-

specific) and differentiating the TCR gene-engineered HSCs into CD8+ CTLs in an Artificial 

Thymic Organoid (ATO) culture, following an established protocol (Bethune et al., 2018; Seet 

et al., 2017). The resulting ESO-T CTLs were co-cultured with CD1d+/HLA-A2+ MoDCs in 

C10 medium for 3 days, with or without the addition of HSC-iNKT cells (cell ratio 1:1:1) and 

αGC (100 ng/ml). Activation of MoDCs was analyzed at 24 hours through measuring MoDC 

surface expression of CD86 using flow cytometry. Expansion of ESO-T cells was quantified 

at 72 hours through cell counting and flow cytometry analysis (ESO-T cells were gated as 

hTCRαβ+hTCR Vα13.1+ cells of the total cell cultures). Tumor-killing potential of ESO-T cells 

was measured by adding A375-A2-ESO-FG tumor cells (1:1 ratio to input ESO-T cells) to the 

ESO-T/MoDC co-culture 24 hours post co-culture setup, and quantifying live tumor cells via 

luciferase activity reading in another 24 hours.  

 

HSC-iNKT Cell Tumor-Attacking Mechanism Study: In Vitro Macrophage Inhibition Assay 

CD14+ monocytes were isolated from healthy donor PBMCs through MACS sorting, followed 

by co-culturing with HSC-iNKT cells (ratio 1:1) for 24-48 hours in C10 medium with or 

without the addition of αGC (100 ng/ml). At the end of culture, cells were collected for flow 

cytometry analysis, to assess the activation of HSC-iNKT cells (gated as hTCRαβ+6B11+ cells 

of total cell culture) by measuring their expression of CD69, and to assess the viability of 

monocytes (gated as CD14+ cells of total cell culture) with the eBioscience Fixable Viability 

Dye eFluor 506 (e506).   

 

Bioluminescence Live Animal Imaging (BLI) 
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BLI was performed using an IVIS 100 imaging system (Xenogen/PerkinElmer). Live animal 

imaging was acquired 5 minutes after intraperitoneal injection of D-Luciferin (1 mg per mouse). 

Imaging results were analyzed using a Living Imaging 2.50 software (Xenogen/PerkinElmer).  

 

HSC-iNKT Cell In Vivo Antitumor Efficacy Study: MM.1S Human Multiple Myeloma 

Xenograft NSG Mouse Model 

NSG mice were inoculated with 0.5-1 x 106 MM.1S-hCD1d-FG or MM.1S-FG cells 

intravenously (day 0) and were allowed to develop MM over the course of about 3 weeks. Prior 

to tumor inoculation (day 0), mice were pre-conditioned with 175 rads of total body irradiation. 

Three days post-tumor inoculation (day 3), mice received i.v. injection of vehicle (PBS) or 1 x 

107 HSC-iNKT cells. Recombinant human IL-15 was supplemented to experimental animals 

through i.p injection to support the peripheral maintenance of HSC-iNKT cells twice per week 

starting from day 3 (500 ng per animal per injection). Over time, tumor loads in experimental 

animals were monitored using BLI, twice per week starting from day 2. At around week 3, 

mice were terminated. Various mouse tissues (blood, spleen, liver, and bone marrow) were 

harvested and processed for flow cytometry analysis to detect tissue-residing tumor cells 

(identified as GFP+ cells) and HSC-iNKT cells (identified as hCD45+6B11+ cells), following 

established protocols (Smith et al., 2016). Activation status of HSC-iNKT cells was monitored 

through measuring cell surface expression of CD62L and CD69 markers using flow cytometry.  

 

HSC-iNKT Cell In Vivo Antitumor Efficacy Study: A375 Human Melanoma Xenograft NSG 

Mouse Model 

NSG mice were inoculated with 1 x 106 αGC-loaded A375-hIL-15-hCD1d-FG cells or 1 x 106 

αGC-loaded A375-hIL-15-FG cells subcutaneously (day 0) and were allowed to grow solid 

tumors over the course of approximately 4 weeks. Three days post-tumor inoculation (day 3), 
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mice received 100 rads of total body irradiation followed by i.v. injection of vehicle (PBS) or 

1 x 107 HSC-iNKT cells. Note that inclusion of a human IL-15 gene in the tumor cells aimed 

to provide human IL-15 within solid tumors in vivo, because the on-site presence of IL-15 has 

been indicated to be critical in maintaining iNKT cell survival in the hypoxic solid tumor 

microenvironment. Recombinant human IL-15 was also supplemented to experimental animals 

through i.p injection to support the peripheral maintenance of HSC-iNKT cells twice per week 

starting from day 3 (500 ng per animal per injection). Over time, tumor loads in experimental 

animals were monitored twice per week starting from day 2 by measuring total body 

luminescence using BLI (shown as TBL p/s), and by measuring tumor size using a 

FisherbrandTM TraceableTM digital caliper (Thermo Fisher Scientific) (tumor volume 

calculated as (W(2) x L)/2 mm3). At approximately week 4, mice were terminated. Solid 

tumors were retrived, weighted using a PA84 precision balance (Ohaus), then processed for 

flow cytometry analysis to detect tumor-infiltrating HSC-iNKT cells (identified as 

hCD45+6B11+ cells). Various mouse tissues (blood, spleen, and liver) were also collected and 

processed for flow cytometry analysis to detect tissue-residing HSC-iNKT cells (identified as 

hCD45+6B11+ cells), following established protocols (Smith et al., 2016). Activation status of 

HSC-iNKT cells was monitored through measuring cell surface expression of CD62L and 

CD69 markers using flow cytometry. 

 

RESULTS 

Cloning of Human iNKT TCR Genes  

Single human iNKT cells were sorted from healthy donor peripheral blood mononuclear cells 

(PBMCs) using flow cytometry based on a stringent combination of surface markers, gated as 

hTCRab+6B11+hTCRVb11+hCD161hi (Figure 2-1A). 6B11 is a monoclonal antibody that 

specifically recognizes the human iNKT TCR invariant alpha chain (hTCR Va24-Ja18) 67. We 
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included hTCR Vb11 staining to focus on the dominant Vb11+ population of human iNKT 

cells 36. The sorted single human iNKT cells were then subjected to TCR cloning using an 

established single-cell TCR cloning technology (Figure 2-1B) 42. A validated pair of iNKT 

TCR a and b chain genes (thereafter collectively referred to as the human iNKT TCR gene) 

were selected for further development.  

 

Construction of Human iNKT TCR Gene Delivery Vectors 

A clinical lentiviral vector designated for HSC-based gene therapy was chosen to deliver the 

iNKT TCR gene (Figure 2-1C) 68. The lentivector contains an MNDU3 promoter that mediates 

high and stable expression of transgene in human HSCs and their progeny human immune cells 

68. Three vectors were constructed: 1) a Lenti/iNKT vector encoding the iNKT TCR gene, 

which is intended for eventual clinical usage; 2) a Lenti/iNKT-EGFP vector encoding the iNKT 

TCR gene together with an enhanced green fluorescent protein (EGFP) reporter gene, which 

allows for convenient tracking of vector-engineered HSCs and their progeny cells using flow 

cytometry and thus is valuable for preclinical studies; and 3) a Lenti/iNKT-sr39TK vector 

encoding the iNKT TCR gene together with an sr39TK suicide/PET imaging reporter gene, 

which allows for monitoring vector-engineered HSCs and their progeny cells using PET 

imaging and for depleting engineered cells through ganciclovir (GCV) administration in case 

of an adverse side effect, and thus is valuable for early clinical development (Figure 2-1C) 69. 

The gene-delivery capacity of these lentivectors, as well as the functionality of the encoded 

human iNKT TCR gene and EGFP and sr39TK reporter genes, were studied by transducing 

293T cells (Figure 2-1D) and primary human PBMC T cells (Figures 2-1E-2-1G) with 

individual lentivectors followed by functional tests. Notably, all three lentivectors mediated 

efficient expression of the human iNKT TCR gene (Figure 2-1D); the resulting transgenic 
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human iNKT TCRs recognized aGC and responded to aGC stimulation, as evidenced by 

hCD1d/PBS-57 tetramer binding and induced IFN-g production (Figures 2-1E and 2-1F); and 

the encoded sr39TK enabled efficient GCV-induced depletion of gene-engineered cells 

(Figure 2-1G). In the present study, these three lentivectors were utilized simultaneously or 

individually, depending on the purpose of a given experiment.  

 

iNKT TCR Gene-Engineering of Human HSCs 

iNKT TCR gene-delivery lentivectors were of high titer, and transduced human CD34+ 

hematopoietic stem and progenitor cells (referred to as HSCs thereafter) of various donors 

robustly and efficiently (Figures 2-2B-2-2D). Gene-engineering rate of HSCs could be 

conveniently adjusted through titrating lentivectors utilized for transduction, resulting in 0-

50% iNKT TCR+ cells with an average Vector Copy Number (VCN) of 0-3 per cell (Figure 

2-2E).  

 

Production of BLT-iNKT Humanized Mice 

We utilized a BLT (human bone marrow-liver-thymus engrafted NOD/SCID/gc-/- mice) 

humanized mouse model, that supports the engraftment of human HSCs and supports the 

development of human T cells, to study the in vivo generation of HSC-engineered human iNKT 

cells 42,65,66. Human HSCs, either mock-transduced or transduced with human iNKT TCR gene-

delivery vectors, were adoptively transferred into NOD/SCID/gc-/- (NSG) mice engrafted with 

human thymus to produce standard BLT mice or iNKT TCR gene-engineered BLT mice 

(denoted as BLT or BLT-iNKT mice, respectively) (Figure 2-3A). These BLT and BLT-iNKT 

humanized mice were then utilized for further study.  
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Generation of HSC-iNKT Cells in BLT-iNKT Humanized Mice 

We detected efficient and comparable reconstitution of human immune cells, in particular 

human ab T cells, in both BLT and BLT-iNKT mice (Figure 2-3B). BLT mice contained 

minimal numbers of endogenous human iNKT cells below detection level (Figure 2-3B). 

Numbers of human iNKT cells were greatly increased in BLT-iNKT mice; these iNKT cells 

started to appear in the peripheral blood of BLT-iNKT mice around 2 months post-HSC 

transfer, then peaked and stabilized around 3 months, indicating that they were derived from 

the iNKT TCR gene-engineered HSCs (Figure 2-3B). Analysis of BLT-iNKT mice revealed 

a tissue distribution of HSC-engineered human iNKT cells (referred to as HSC-iNKT cells 

thereafter) that was typical of human iNKT cells: besides circulating in blood, HSC-iNKT cells 

homed to lymphoid organs such as the bone marrow and spleen, as well as other peripheral 

organs such as the liver (Figures 2-3C and 2-3D) 34. The in vivo production of HSC-iNKT 

cells was stable and long-lasting, evident in the persistence of high levels of iNKT cells in the 

primary BLT-iNKT mice for over 5 months after the initial HSC transfer (Figure 2-3B), and 

in the secondary BLT-iNKT mice after the secondary HSC transfer (Figures 2-3E-2-3G). 

These results indicate that the iNKT TCR gene-engineered HSCs retain their longevity and 

self-renewal capacity and are able to produce iNKT cells over time, highlighting the long-term 

therapeutic potential of the HSC-engineered iNKT cell approach. Moreover, by titrating the 

iNKT TCR gene-engineering rate of HSCs used for adoptive transfer, we could generate BLT-

iNKT mice that contained gradient levels of human iNKT cells ranging from 5% to over 60% 

of total human ab T cells (Figures 2-3H and 2-2E). The capacity to control the outputs of 

engineered human iNKT cells could be very valuable for the clinical application of HSC-iNKT 

cell therapy, allowing dosing the engineered iNKT cells in cancer patients according to their 

therapeutic needs.  



 31 

 The method of generating human iNKT cells through TCR gene-engineering of HSCs is highly 

robust. In our experiments, we have succeeded in generating HSC-iNKT cells in BLT-iNKT 

mice engineered with all three iNKT TCR gene delivery lentivectors (Lenti/iNKT, 

Lenti/iNKT-EGFP, and Lenti/iNKT-sr39TK), using human CD34+ HSCs isolated from various 

cell sources from multiple donors (cord blood, fetal liver, and G-CSF-mobilized peripheral 

blood), and using human thymus implants collected from various tissue sources and multiple 

donors (fetal thymus and post-natal thymus) (Figure 2-3I). Notably, there was no need to 

match human CD34+ HSCs with human thymus implants for donors, or tissue sources, or 

human leukocytes antigens (HLAs), making the generation of BLT-iNKT mice highly 

adaptable (Figure 2-3I). The BLT-iNKT humanized mouse model therefore can be utilized as 

a powerful and versatile tool for the preclinical development of HSC-iNKT cell therapy, and 

for the study of human iNKT cell biology and other human iNKT cell-based immunotherapies. 

Importantly, the success of generating human iNKT cells through TCR gene engineering of G-

CSF-mobilized peripheral blood CD34+ HSCs (referred to as PBSCs thereafter) from multiple 

human donors directly indicates the robustness and translational potential of the proposed 

HSC-iNKT cell therapy (Figures 2-3I and 2-2A). Because of their possible relevance to early 

clinical development, in this report, we focused on studying HSC- iNKT cells generated in 

BLT-iNKT mice produced with Lenti/iNKT-sr39TK vector-transduced PBSCs (and implanted 

with human fetal thymus), unless otherwise indicated.   

 

Safety Study of HSC-iNKT Cell Therapy in BLT-iNKT Humanized Mice 

Safety of the HSC-iNKT cell therapy was evaluated by long-term monitoring and terminal 

pathology analysis of the BLT-iNKT humanized mice in comparison with the control BLT 

mice (Figure 2-5). Over a period of 5 months, BLT-iNKT mice showed a steady body weight 

increase and a survival rate comparable to that of the control BLT mice (Figures 2-5A and 2-
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5B). Pathological analysis of the various tissues of the BLT-iNKT mice collected at the end of 

5 months showed no increase of tissue inflammation, hematopoietic neoplasm, or non-

hematopoietic neoplasm, comparable to that of the control BLT mice (Figure 2-5C). 5 months 

after HSC transfer, BLT mice gradually developed graft-versus-host disease (GvHD) and 

eventually died of this disease due to the xenoreactive nature of the engrafted human 

conventional ab T cells. Intriguingly, compared to the control BLT mice, BLT-iNKT mice 

were significantly protected from GvHD, evidenced by the reduced auto-activation of 

engrafted human conventional ab T cells in BLT-iNKT mice (Figures 2-5D-2-5F) and the 

resulting elongated survival of these mice (Figure 2-5G). This phenomenon agreed with the 

clinical observation that in leukemia patients who received allogenic HSC transfer, levels of 

donor-derived iNKT cells positively correlated with the therapeutic effects of graft-versus-

leukemia (GvL) and negatively correlated with the incidences and severity of GvHD, 

presumably attributed to the regulatory function of human iNKT cells 30,31,39. Reduced GvHD 

in BLT-iNKT mice suggest that, like native human iNKT cells, HSC-iNKT cells promote a 

favorable balance of GvL compared to GvHD. Therefore, the HSC-iNKT cell therapy was 

demonstrated to be safe, with additional anti-GvHD benefits, in the BLT-iNKT pre-clinical 

animal model. 

 

Biodistribution and Controlled Depletion of HSC-iNKT Cells in BLT-iNKT Humanized Mice 

Visualized by PET Imaging 

Incorporation of an sr39TK suicide/PET imaging reporter gene in the human iNKT TCR gene 

delivery vector provides an additional safety control for HSC-iNKT cell therapy, allowing the 

depletion of gene-engineered human immune cells through GCV treatment in case the therapy 

needs to be terminated due to safety concerns (Figure 2-4A). It also provides an opportunity 

to visualize the biodistribution and in vivo dynamics of the gene-engineered human HSCs and 
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their progeny cells in Lenti/iNKT-sr39TK vector-engineered BLT-iNKT mice (denoted as 

BLT-iNKTTK mice) using non-invasive PET imaging, a clinically applicable technology 

(Figure 2-4A). Using PET imaging combined with CT scan, we detected the distribution of 

gene-engineered human immune cells across the lymphoid tissues of BLT-iNKTTK mice, 

particularly in the bone marrow and spleen (Figure 2-4B). Treating BLT-iNKTTK mice with 

GCV effectively depleted gene-engineered human cells across the body (Figures 2-4C-2-4D 

and 2-6A-2-6B). The depletion of gene-engineered human cells in bone marrow was 

confirmed by droplet digital PCR (Figure 2-4G). Importantly, the GCV-induced depletion was 

specific, evidenced by the selective depletion of HSC-iNKT cells but not the overall human 

immune cells in BLT-iNKTTK mice as measured by flow cytometry (Figures 2-4E-2-4F and 

2-6C-2-6D).  

 

Development of HSC-iNKT Cells in BLT-iNKT Humanized Mice 

Utilizing the BLT-iNKT mouse model, we set out to study the in vivo development of HSC-

iNKT cells. Like conventional ab T cells, iNKT cells originate from HSCs and develop in the 

thymus 34. Analysis of the human thymus implants in BLT-iNKT mice detected the presence 

of developing HSC-iNKT cells (Figures 2-7A and 2-8A). These cells appeared as CD4-CD8- 

double-negative (denoted as DN), CD4+CD8+ double-positive (denoted as DP), CD4+CD8- 

single-positive (denoted as CD4 SP), and CD4-CD8+ single-positive (denoted as CD8 SP), 

corresponding with a human iNKT development path from DN to DP, then to CD4/CD8 SP or 

back to DN cells (Figure 2-7A) 34. In addition to their development in the thymus to gain TCR 

expression (Control Point 1), iNKT cells differ from conventional ab T cells in that they 

undergo an additional maturation step in the periphery to upregulate the expression of memory 

T cell and NK cell markers (CD45RO and CD161, respectively) 34. Indeed, CD45RO and 

CD161 markers were upregulated further on HSC-iNKT cells detected in the periphery of 
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BLT-iNKT mice (Figures 2-7A-2-7B and 2-8A-2-8B). Overall, mature HSC-iNKT cells 

detected in the periphery of BLT-iNKT mice displayed a collection of surface developmental 

markers closely resembling that of endogenous human iNKT cells detected in the peripheral 

blood of healthy human donors: they expressed the CD4/CD8 co-receptors of a mixed pattern 

(DN, CD4 SP, and CD8 SP); and they expressed high levels of memory T cell and NK cell 

markers (CD45ROhi and CD161hi) (Figures 2-7B and 2-7C). Interestingly, previous mouse 

studies indicated that during their development in the thymus 34, iNKT cells were selected by 

DP thymocytes expressing CD1d, unlike that for conventional ab T cells. We found that in the 

human thymus implants of BLT-iNKT mice, the DP cells (of both developing HSC-iNKT cells 

and developing conventional ab T cells) expressed high levels of human CD1d, suggesting 

that HSC-iNKT cells could also be selected on DP human thymocytes (Figure 2-7A).  

 We have previously shown that overexpression of a transgenic mouse iNKT TCR gene in 

mouse HSCs induced allelic exclusion and blocked the rearrangement of endogenous TCR 

genes in the resulting HSC-engineered mouse iNKT cells 42. Study of the human HSC-iNKT 

cells generated in BLT-iNKT mice revealed that these cells expressed the transgenic human 

iNKT TCRs (hTCR Vb11+), but not the other human TCR Vb chains analyzed in our 

experiments, indicating that allelic exclusion also occurred during the development of human 

HSC-iNKT cells (Figures 2-7D and 2-7E). Utilizing BLT-iNKT mice engineered with the 

Lenti/iNKT-EGFP vector (denoted as BLT-iNKTGFP mice), we studied the lineage 

differentiation of iNKT TCR-engineered human HSCs by tracking GFP+ human HSCs and 

their progeny human immune cells. Analysis of human ab T cell population in the periphery 

of these BLT-iNKTGFP mice revealed that GFP+ cells were exclusively human iNKT cells 

(Figures 2-8C and 2-8D). Analysis of bone marrow cells of these BLT-iNKTGFP mice showed 

that GFP+ and GFP- cells comprised a similar composition of all lineages of human immune 

cells analyzed, including HSCs, T cells, B cells, myeloid cells, monocytes, dendritic cells, and 
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NK cells (Figures 2-8E and 2-8F). Taken together, these results indicate that iNKT TCR-

engineered human HSCs have the full potential to remain as long-term HSCs or to differentiate 

into various lineages of human immune cells; however, once going down the path of T cell 

development, the engineered T cell progenitor cells will commit to become iNKT cells 

following a TCR-instruction mechanism 42. Notably, because only T cells express the CD3 

molecules that are required to support the surface display of TCRs and the downstream TCR 

signaling events, the expression of transgenic human iNKT TCRs is functionally restricted to 

the therapeutic HSC-iNKT cells without interfering with the activities of other lineages of 

human immune cells, which is a desirable feature for gene- and cell-based therapies.  

 

Phenotype and Functionality of HSC-iNKT Cells  

Next, we studied the phenotype and functionality of HSC-iNKT cells, in comparison with that 

of endogenous human iNKT cells and conventional ab T cells isolated from the peripheral 

blood of healthy human donors (denoted as PBMC-iNKT and PBMC-Tc cells, respectively). 

HSC-iNKT cells displayed a surface phenotype closely resembling PBMC-iNKT cells but 

distinct from PBMC-Tc cells: they expressed a mixed pattern of CD4/CD8 co-receptors (DN, 

CD4 SP, and CD8 SP); they expressed high levels of NK cell markers (CD161 and NKG2D); 

they upregulated T cell memory and activation markers (CD45RO and CD69); and they down-

regulated lymphoid organ homing marker (CD62L) and upregulated peripheral tissue and 

inflammatory site homing markers (CCR4, CCR5, and CXCR3) (Figure 2-7F). When 

stimulated with aGC, HSC-iNKT cells proliferated vigorously (Figure 2-7G). They secreted 

high levels of TH0/TH1 cytokines such as IFN-g, limited amounts of TH2 cytokines such as IL-

4, and minimal amounts of TH17 cytokines such as IL-17, indicating a TH0/TH1-prone effector 

function of these cells (Figure 2-7H). Intracellular staining showed that at the single-cell level, 

HSC-iNKT cells produced excess amounts of effector molecules, in particular pro-
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inflammatory cytokines (IFN-g, TNF-a, and IL-2) and cytotoxic molecules (Perforin and 

Granzyme B), at levels comparable to that produced by the native PBMC-iNKT cells (Figure 

2-7I). The capacity to produce excess amounts of pro-inflammatory and cytotoxic effector 

molecules is a signature of iNKT cells which is attractive to cancer therapy 50–52. Analysis of 

transcription factor expression pattern revealed that HSC-iNKT cells expressed high levels of 

PLZF, the “master” transcription factor regulating iNKT cell development and functionality, 

resembling that of native iNKT cells while differing from that of native conventional ab T 

cells and gd T cells isolated from healthy donor peripheral blood (Figure 2-8G) 70,71.   

 

Tumor-Attacking Mechanisms of HSC-iNKT Cells 

One of the most attractive features of iNKT cells is that they can attack tumors through multiple 

mechanisms. We therefore studied HSC-iNKT cells for their capacity to deploy these various 

tumor-attacking mechanisms 26,28,42,72, including: 1) direct killing of CD1d+ tumor cells, 2) 

adjuvant effects on enhancing NK-mediated killing of tumor cells, 3) adjuvant effects on 

boosting dendritic cell and cytotoxic T lymphocyte (DC/CTL) antitumor activities, and 4) 

inhibition of tumor-associated macrophages (TAMs) (Figure 2-9A).  

  We utilized an in vitro tumor cell killing assay to study the direct killing of CD1d+ tumor cells, 

wherein HSC-iNKT cells were co-cultured with CD1d+ target tumor cells. A human multiple 

myeloma (MM) cell line, MM.1S, was chosen as the model tumor target, because MM has a 

strong clinical relevance to iNKT cells, and because primary human MM tumor cells are CD1d+ 

and are proven targets of native human iNKT cell killing 73,74. Notably, most MM cell lines, 

including MM.1S, have lost CD1d expression. We therefore engineered MM.1S cells to 

overexpress CD1d. We also engineered these cells to overexpress the firefly luciferase (Fluc) 

and EGFP reporters to enable the sensitive measurement of tumor killing using luminescence 
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reading or flow cytometry. The resulting MM.1S-FG and MM.1S-hCD1d-FG cell lines were 

then used for the in vitro tumor cell killing assay (Figures 2-10A and 2-10B). In the presence 

of aGC, HSC-iNKT cells killed tumor cells aggressively in an CD1d-dependant manner, 

attesting to the strong tumor-killing potency of HSC-iNKT cells triggered by CD1d/antigen 

recognition (Figures 2-9B-2-9C and 2-10C-2-10D). Importantly, even without the addition of 

aGC, HSC-iNKT cells could still effectively kill MM.1S-hCD1d-FG tumor cells, although 

tumor killing was less aggressive and required the addition of IL-15 (Figures 2-9D and 2-9E). 

Besides its role as an essential homeostatic cytokine in supporting the peripheral maintenance 

of iNKT cells, IL-15 is critical in supporting the function of iNKT cells, especially when iNKT 

cells respond to sub-optimal antigen stimulations 75. The direct killing of MM.1S-hCD1d-FG 

tumor cells by HSC-iNKT cells was dependent on the presence of CD1d on tumor cells 

(Figures 2-9E), indicating that HSC-iNKT cells can directly kill CD1d+ tumor cells by 

recognizing tumor cell-derived lipid antigens presented by CD1d.  

 Next, we studied the capacity of HSC-iNKT cells for enhancing NK cell-mediated killing of 

tumor cells, utilizing an in vitro NK adjuvant effect assay (Figure 2-9F). A K562 human 

myelogenous leukemia cell line, which did not express HLA-I or CD1d, was engineered to 

express Fluc and EGFP and utilized as the model tumor target to assess NK cell-mediated 

killing (Figures 2-10E-2-10G). aGC was used as a surrogate tumor-derived lipid antigen to 

stimulate HSC-iNKT cells. Antigen-stimulated HSC-iNKT cells significantly enhanced the 

activation and tumor cell-killing efficacy of NK cells (Figures 2-9G-2-9I), likely through 

secreting NK cell-activation cytokines, including IFN-g and IL-2 (Figure 2-10H). Therefore, 

HSC-iNKT cells can function as an effective cellular adjuvant to enhance NK cell-mediated 

killing of tumor cells.  

 Subsequently, we evaluated the ability of HSC-iNKT cells for boosting DC- and CTL-

mediated antitumor activities, using an in vitro DC/CTL adjuvant effect assay (Figure 2-9J). 
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DC-stimulated CTL response to NY-ESO-1, a well-studied tumor antigen common in many 

cancers, was analyzed 76. Monocyte-derived dendritic cells (MoDCs) were generated from 

HLA-A2+ healthy donor PBMCs (Figures S6A and S6B); these MoDCs expressed CD1d as 

well as HLA-A2 and thus could present aGC to stimulate HSC-iNKT cells, and also present 

NY-ESO-1 peptide (ESOp) to activate ESO-specific CD8+ CTLs (denoted as ESO-T cells) 

(Figures 2-11C and 2-11D). ESO-T cells were derived in vitro from ESO TCR gene-

engineered human CD34+ HSCs by growing these HSCs in an Artificial Thymic Organoid 

(ATO) culture followed by antigen expansion (Figures 2-11E and 2-11F) 77. In the presence 

of aGC, HSC-iNKT cells efficiently promoted the maturation of MoDCs as evidenced by the 

upregulation of co-stimulatory marker CD86 on MoDCs (Figures 2-9K and 2-9L). MoDCs 

matured by HSC-iNKT cells showed significantly enhanced capacity to present ESOp tumor 

antigens, thereby inducing greatly increased activation and expansion of ESO-T cells and 

resulting in enhanced ESO-T cell mediated killing of target tumor cells (Figures 2-12M-2-12N 

and 2-11G-2-11H). Therefore, HSC-iNKT cells can function as an effective cellular adjuvant 

to boost DC/CTL antitumor activities.  

 Lastly, we evaluated the potential of HSC-iNKT cells in inhibiting tumor-associated 

macrophages (TAMs), utilizing an in vitro macrophage inhibition assay (Figure 2-9O). Human 

CD14+ monocytes isolated from healthy donor PBMCs were used in this study (Figure 2-11I). 

These monocytes expressed CD1d (Figure 2-11J); when loaded with aGC as a surrogate 

tumor-derived lipid antigen, these monocytes stimulated HSC-iNKT cells (evidenced by 

upregulation of CD69 on HSC-iNKT cells; Figures 2-12P and 2-12Q) and were quickly killed 

by HSC-iNKT cells (Figures 2-12R and 2-12S). Therefore, HSC-iNKT cells have the 

potential to inhibit TAMs in a CD1d/antigen-dependent manner.  

 Taken together, these results indicate that HSC-iNKT cells are capable of deploying multiple 

mechanisms to attack tumor cells, attesting to their multifaceted cancer therapy potential.  
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In Vivo Antitumor Efficacy of HSC-iNKT Cells Against Hematologic Malignancies in a Human 

Multiple Myeloma Xenograft Mouse Model 

In vivo antitumor efficacy of HSC-iNKT cells against hematologic malignancies was studied 

using a human multiple myeloma (MM) xenograft NSG mouse model (Figure 2-12A). The 

pre-established MM.1S-hCD1d-FG human MM cell line was utilized for this study (Figure 2-

10A). MM.1S-hCD1d-FG cells were inoculated intravenously (i.v.) into NSG mice to establish 

disease, followed by i.v. injection of HSC-iNKT cells and monitoring of HSC-iNKT cell 

therapeutic effects (Figure 2-12A). This tumor model allowed the in vivo study of direct killing 

of CD1d+ blood cancer cells by HSC-iNKT cells (Figure 2-10E). HSC-iNKT cells showed a 

robust suppression of MM, as evidenced by a significant decrease of total body luminescence 

measured by BLI (Figures 2-12B and 2-12C). Terminal tissue collection and flow cytometry 

analysis confirmed a significant reduction of GFP+ tumor cells in multiple tissues, particularly 

in the bone marrow, which is the primary site of MM, and in the liver, which is another major 

MM site in this model (Figures 2-12D and 2-12E). Correspondingly, flow cytometry analysis 

detected the presence of HSC-iNKT cells in various tumor-residing tissues (Figure 2-12F). In 

particular, high numbers of HSC-iNKT cells homed to the areas of MM involvement, including 

bone marrow and liver (Figure 2-12F), where these HSC-iNKT cells displayed an activated 

phenotype (CD62LloCD69hi) correlating with their antitumor function (Figures 2-12G-2-12I). 

The antitumor efficacy of HSC-iNKT cells was robust and consistent for all three donors that 

we studied (Figure 2-12A). The suppression of MM in the MM.1S-CD1d-FG model was 

mediated by HSC-iNKT cells through a CD1d-dependent tumor recognition and suppression 

mechanism, because HSC-iNKT cells did not exhibit tumor suppression effects and were not 

enriched at tumor sites in the control MM.1S-FG model which lacked the expression of CD1d 
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(Figures 2-12J-2-12L). These data demonstrated the in vivo antitumor efficacy of HSC-iNKT 

cells and support their therapeutic potential against hematologic malignancies.  

 

In Vivo Antitumor Efficacy of HSC-iNKT Cells Against Solid Tumors in a Human Melanoma 

Xenograft Mouse Model  

To evaluate the in vivo antitumor efficacy of HSC-iNKT cells against solid tumors, we 

developed a human melanoma xenograft NSG mouse model that supports the study of in vivo 

direct killing of CD1d+ solid tumor cells by HSC-iNKT cells (Figure 2-13A). An A375-

hCD1d-hIL-15-FG human melanoma cell line and a control A375-hIL-15-FG melanoma cell 

line were generated for this study (Figures 2-14A and 2-14B). When co-cultured in vitro, 

HSC-iNKT cells effectively killed the A375-hCD1d-hIL-15-FG cells in a CD1d/antigen 

dependent manner (Figures 2-14C-2-14F). For the in vivo study, A375-hIL-15-hCD1d-FG 

cells loaded with aGC were subcutaneously inoculated into NSG mice to form solid tumors, 

followed by i.v. injection of HSC-iNKT cells and monitoring of tumor growth (Figure 2-13A). 

We detected a significant suppression of tumor growth by HSC-iNKT cells, analyzed by time-

course BLI (Figures 2-13B and 2-13C), measurement of tumor size over time (Figure 7D), 

and terminal tumor weight assessment (Figure 2-13E). Terminal tissue collection and flow 

cytometry analysis revealed a highly efficient infiltration of HSC-iNKT cells into solid tumors 

(Figure 2-13F). The targeted homing of HSC-iNKT cells to the tumor sites was impressive, as 

much smaller numbers of HSC-iNKT cells were detected in all other tissues examined (blood, 

spleen, and liver), likely due to the expression of inflammatory site-homing markers on HSC-

iNKT cells (e.g. CD62LloCXCR3hi) (Figures 2-13F and 2-7F). The capacity of human iNKT 

cells to effectively home to and infiltrate solid tumors is considered one of the most attractive 

features of iNKT cells for cancer immunotherapy. HSC-iNKT cells isolated from tumors 

displayed a highly active phenotype (CD62LloCD69hi) compared to HSC-iNKT cells isolated 
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from non-tumor tissues like the liver, corresponding with their antitumor activities (Figures 2-

13G-2-13I). The suppression of solid tumor growth in the A375-hIL-15-hCD1d-FG model was 

mediated by HSC-iNKT cells through a CD1d-dependent direct killing mechanism, because 

HSC-iNKT cells did not induce tumor suppression in the control A375-hIL-15-FG model 

which lacked the expression of CD1d (Figures 2-13J-2-13L and 2-14G-2-14H). Taken 

together, these in vivo results demonstrated the therapeutic potential of HSC-iNKT cells for 

treating solid tumors. In particular, the capacity of HSC-iNKT cells to effectively traffic to the 

tumor sites and infiltrate solid tumors is highly desirable for cancer immunotherapy.  

 

DISCUSSION  

 HSC transplantation (HSCT) has a history of over half a century and has been utilized routinely 

to treat a variety of malignant and non-malignant hematopoietic disorders. Over the last decade, 

gene-engineered HSCT has undergone rapid development and has shown great promise for 

treating diseases like monogene-related immunodeficiencies 78. Safe and efficient gene 

delivery vectors have been developed, and robust HSC gene modification protocols have been 

established. In 2016, the first gene-engineered HSCT therapy product received marketing 

authorization from the European Medicines Agency, marking a major milestone and paving 

the way for this new class of cell therapy drugs 78. Therefore, both the technology and clinical 

platforms are ready to translate the intended HSC-iNKT cell therapy. 

 HSCT for treating hematologic malignancies can be performed using patients’ autologous 

HSCs (referred to as auto-HSCT), or using allogeneic HSCs from HLA-matched or HLA-

haploidentical donors and cord blood units (referred to as allo-HSCT) 78. Because HSC-iNKT 

cells are selected by non-polymorphic CD1d molecule, HSC-iNKT therapy can be utilized in 

both auto-HSCT and allo-HSCT settings (Figure 2-3I). Interestingly, it has been reported that 
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in allo-HSCT recipients with various hematologic malignancies, the occurrences and levels of 

donor-derived iNKT cells positively correlated with cancer remission and overall survival 

while negatively correlated with GvHD 30,31,39. In our experiments, we observed a significant 

reduction of GvHD symptoms in BLT-iNKT mice compared to those in control BLT mice, 

supporting the anti-GvHD effects of HSC-iNKT cells (Figures 2-5D-2-5G). Overall, it is 

plausible to propose that HSC-iNKT cell therapy performed in an allo-HSCT setting may 

provide cancer patients with dual benefits of cancer suppression and GvHD prevention. HSCT 

are routinely performed in the US and around the world at well-established clinical centers. In 

2016 in the US alone, about 15,000 cases of auto-HSCT and 8,000 cases of allo-HSCT were 

performed, predominantly for treating MM, MDS, and acute leukemia. These existing 

therapeutic needs and clinic resources can greatly facilitate the clinical development and 

possible future application of HSC-iNKT cell therapy for treating hematologic malignancies, 

which if successful, can be extended to treat solid tumors 55,56.   

 Generation of HSC-engineered iNKT cells requires a functional thymus. Aging-related 

degeneration of human thymus in many cancer patients therefore may be a concern 79. Clinical 

studies of adult cancer patients receiving HSC transfer were reported previously, showing the 

reconstitution of iNKT cells in these patients 30,80. These clinical data support the likelihood 

that HSC-iNKT therapy can benefit aged cancer patients.  

 Increasing iNKT cells in cancer patients may have certain risks, including possible toxicity and 

interference of immune surveillance. The levels of iNKT cells achievable in cancer patients 

may also be limited by the availability of host supporting factors such as homeostatic cytokines. 

These concerns can be greatly alleviated through controlling the iNKT cell outputs via 

controlling the HSC gene-engineering rates (Figures 2-3H and 2-2E). iNKT cell levels range 

widely in human population; the high end can reach ~5% of iNKT cells in blood of healthy 

individuals. For clinical trial design, an initial dose targeting ~5% iNKT cells in blood may be 



 43 

a rational starting point:  1) this level exists in healthy individuals and therefore should be 

physiological safe and possible to achieve, and 2) this level represents over 100-1,000 folds 

increase of iNKT cells in cancer patients and likely can exhibit certain therapeutic effects. After 

the 5% initial dose proven to be possible and tolerable, dose escalation (up or down) may 

follow. Of course, all need to be tested clinically. Notably, besides the dosage design, we have 

engineered an additional safety control for the intended HSC-iNKT therapy, by incorporating 

an sr39TK suicide gene in the iNKT TCR gene delivery vector (Figures 2-1C and 2-1G). This 

engineered safety control will allow the effective depletion of engineered iNKT cells (and their 

engineered progenitor HSCs) through GCV administration in case of a safety need (Figures 2-

4 and 2-6). 

 In our study, HSC-iNKT cells suppressed tumor growth but did not eliminate tumor cells, 

suggesting that the efficacy of HSC-iNKT therapy may be further improved through combining 

with other therapeutic modalities. For instance, adoptive transfer of aGC-loaded DCs into 

cancer patients has been demonstrated to be safe and effective in stimulating human iNKT cells 

in vivo; therefore, it is plausible to propose that a combination of HSC-iNKT cell therapy with 

DC/aGC vaccination would maximize the therapeutic potential of the engineered HSC-iNKT 

cells 55,56. Alternatively, iNKT cells in cancer patients have been shown to express high levels 

of T cell-exhaustion marker PD-181. In our in vivo study, we detected the upregulation of PD-

1 on HSC-iNKT cells isolated from tumor sites in both the human MM and melanoma 

xenograft models. It is therefore conceivable that a combination of HSC-iNKT cell therapy 

with the PD-1/PD-L1 blockade therapy may also produce synergistic therapeutic effects 82. 

Moreover, recent studies showed promising cancer therapy potential of chimeric antigen 

receptor (CAR)-engineered iNKT cells; therefore further engineering HSC-iNKT cells to 

express CAR to enhance their tumor-targeting effectiveness may represent another attractive 

approach 37,47,83.  
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 One of the most attractive features of iNKT cells is their capacity to attack tumors through 

multiple mechanisms (Figure 2-9). Notably, compared to the direct killing mechanism, other 

indirect adjuvant/regulatory mechanisms of HSC-iNKT cells could be even more powerful and 

more valuable for cancer therapy, especially for treating solid tumors that largely do not 

express CD1d or only express low levels of CD1d. Because of the limitation of current human 

tumor xenograft models, which are primarily designed to study the direct killing of tumor cells, 

we only examined the direct tumor-killing effect of HSC-iNKT cells in vivo (Figures 2-12 and 

2-13). A complete study and full appreciation of the potential of HSC-iNKT cells in vivo 

requires an animal model supporting the engraftment of various human effector immune cells 

(NK, DC, CTL, TAM) and supporting the in vivo function of these human immune cells, and 

ideally also supporting the engraftment of primary human tumor cells rather than just human 

tumor cell lines, which remains a challenging task 84. The development of next-generation 

humanized mouse models, that are based on NSG (NOD/SCID/gc-/-) or BRG 

(BALB/cA/RAG2-/-gc-/-) mice engineered to express human immune cell-supporting 

cytokines/molecules (e.g. SIRPa, TPO, IL-3, GM-CSF, M-CSF), may provide new 

opportunities to incorporate various human immune cells in a human tumor xenograft model 

and allow for in vivo study of the multifaceted antitumor mechanisms of human iNKT cells 85. 

Nonetheless, in our previous mouse study using immune-competent animals, we proved that 

HSC-engineered mouse iNKT cells effectively suppressed tumor growth in a syngeneic B16 

melanoma mouse model. Because the B16 tumor cells utilized in that study do not express 

CD1d, antitumor effects in that mouse study were considered to be mediated by the adjuvant 

and TAM suppression effects of HSC-iNKT cells 42,86. 

 In summary, here we report the pre-clinical development of an HSC-iNKT cell therapy that 

has the potential to treat a broad range of hematologic malignancies and solid tumors and that 

is ready to translate into clinical development. Our study also established a humanized BLT-
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iNKT mouse model that can be utilized as a valuable tool to study human iNKT cell biology 

and human iNKT cell-based immunotherapy. Interestingly, compared to native human iNKT 

cells expanded from healthy donor peripheral blood, HSC-iNKT cells generated in BLT-iNKT 

mice were more prone to differentiate into DN/CD8+ subtype producing TH1 cytokines (such 

as IFN-g) post-antigen stimulation. It could be an interesting topic for future study to find out 

whether this is a special phenomenon of the BLT-iNKT mouse model or a common feature of 

HSC-engineered human iNKT cells. The latter may suggest a unique advantage of HSC-iNKT 

therapy because DN/CD8+ and TH1-like human iNKT cells are generally considered most 

valuable for cancer therapy. 
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Figures  

 
Figure 2-1. Cloning of Human Invariant Natural Killer T Cell Receptor (iNKT TCR) 
Genes and Construction of Lentiviral Gene Delivery Vectors.   
(A-B) Cloning of human iNKT TCR genes using a single-cell RT-PCR approach. (A) FACS 
sorting of single human iNKT cells. (B) Representative DNA gel image showing the human 
TCR a and b chain PCR products from six sorted single iNKT cells.  
(C) Schematic of the Lenti/iNKT, Lenti/iNKT-EGFP, and Lenti/iNKT-sr39TK vectors.  
(D) FACS detection of intracellular expression of iNKT TCRs (identified as hTCR 
Vb11+6B11+) in 293T cells transduced with the indicated iNKT TCR gene delivery 
lentivectors.  
(E-G) Functional characterization of the Lenti/iNKT-sr39TK vector. Human PBMC T cells 
were transduced with the Lenti/iNKT-sr39TK vector, then subjected to functional tests. (E) 
FACS detection of surface iNKT TCR expression on vector-transduced PBMC T cells. (F) 
ELISA analysis of IFN-g production by vector-transduced PBMC T cells one day post-aGC 
stimulation (n = 3). (G) FACS quantification of the depletion of vector-transduced PBMC T 
cells (gated as hCD1d/PBS-57+ cells among total hTCRab+ cells) at day 4 post GCV treatment 
(n = 4).  

Representative of 2 experiments. Data are presented as the mean ± SEM. ***P < 0.001, ****P 
< 0.0001, by Student’s t test.  
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Figure 2-2. Development of a hematopoietic stem cell-engineered invariant natural killer 
T (HSC-iNKT) cell therapy.  
(A) Schematic representation of the concept of HSC-iNKT cell therapy. Autologous or 
allogeneic human CD34+ HSCs will be collected and engineered in vitro with a human iNKT 
TCR gene, followed by adoptive transfer into cancer patients. Post-HSC reconstitution, iNKT 
TCR gene-engineered HSCs will continuously produce human iNKT cells. This therapy has 
the potential to provide cancer patients with therapeutic levels of iNKT cells for a life time. 
HSC-iNKT cell therapy may benefit patients with a broad range of cancers, including various 
hematologic malignancies and solid tumors. MM, multiple myeloma; MDS, myelodysplastic 
syndromes.  
(B) Titer of the Lenti/iNKT-sr39TK vector. A 4-liter batch of Lenti/iNKT-sr39TK lentiviral 
vector was produced using a 293T virus packaging cell line transient transfection method, 
followed by concentration to 2 ml (2000x fold) using an established tandem tangential filtration 
method. Vector titers prior to and post-concentration were measured by transducing HT29 cells 
with serial dilutions and performing Droplet Digital PCR (ddPCR) (n = 3). TU, transduction 
unit.  
(C-D) Transduction of HSCs with the Lenti/iNKT-sr39TK vector. G-CSF-mobilized 
peripheral blood CD34+ HSCs from three healthy donors were studied. Concentrated 
Lenti/iNKT-sr39TK vector were added to HSC cultures (2 x 108 TU per 1 x 106 HSCs). Three 
days later, HSCs were collected and analyzed for intracellular expression of iNKT TCR 
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(identified as hTCR Vb11+) using flow cytometry. (C) Representative FACS plots. (D) 
Quantification of C (n = 3).  
(E) Titrated transduction of HSCs with the Lenti/iNKT-sr39TK vector. Representative data 
studying G-CSF-mobilized peripheral blood CD34+ HSCs from a selected donor were 
presented. Titrated amount of concentrated Lenti/iNKT-sr39TK vector were added to HSC 
cultures. Three days later, a portion of HSCs were collected and analyzed for intracellular 
expression of iNKT TCR (identified as hTCR Vb11+) using flow cytometry. 14 days later, the 
remaining HSCs were collected and analyzed for vector copy number (VCN) using droplet 
digital PCR (ddPCR). Note the correlation between vector titers and transduction rates. 
Average VCN per cell at all transduction rates remained between 1-3, which is considered to 
be a relative safe range for lentivector-mediated gene therapy. 

Representative of 2 experiments. Data were presented as the mean ± SEM. ns, not significant, 
by 1-way ANOVA (D).  
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Figure 2-3. Generation of Hematopoietic Stem Cell-Engineered Human iNKT (HSC-
iNKT) Cells in BLT-iNKT Humanized Mice. 
(A) Experimental design to generate HSC-iNKT cells in a BLT humanized mouse model.  
(B-D) Generation of HSC-iNKT cells in BLT-iNKT mice (produced using human fetal thymus 
and Lenti/iNKT-sr39TK vector-transduced PBSCs). (B) Time-course FACS monitoring of 
human immune cells (gated as hCD45+ cells of total mononuclear cells), human ab T cells 
(gated as hTCRab+ cells of total hCD45+ cells), and human iNKT cells (gated as 6B11+ cells 
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of total hTCRab+ cells) in the peripheral blood of BLT-iNKT mice and control BLT mice post-
HSC transfer (n = 9-10). (C) FACS detection of human immune cells (gated as hCD45+ cells) 
in various tissues of BLT-iNKT and control BLT mice, at week 20 post HSC transfer. (D) 
FACS detection of HSC-iNKT cells in various tissues of BLT-iNKT mice, at week 20 post-
HSC transfer. hiNKT, human iNKT cells (gated as hTCRab+6B11+ cells of total hCD45+ 
cells); hTc, conventional human ab T cells (gated as hTCRab+6B11- cells of total hCD45+ 
cells).  
(E-G) Long-term production of HSC-iNKT cells in BLT-iNKT mice. Data from a 
representative secondary HSC transfer experiment were presented, wherein the primary BLT-
iNKT mice were generated using human fetal thymus and Lenti/iNKT vector-transduced 
PBSCs. (E) Experimental design. BM, total bone marrow cells harvested from the primary 
BLT-iNKT mice; Thy, human thymus implants collected from the primary BLT-iNKT mice. 
(F) FACS detection of HSC-iNKT cells in the peripheral blood of the secondary BLT-iNKT 
mice at week 16 after the secondary BM/Thy transfer. (G) Quantification of F (n = 4-5).  
(H) Controlled production of HSC-iNKT cells in BLT-iNKT mice. PBSCs were transduced 
with titrated amounts of Lenti/iNKT-sr39TK vector (4 x 108, 2 x 108, or 1 x 108 TU per 1 x 106 
PBSCs), followed by adoptive transfer into NSG mice together with human fetal thymus 
implants to produce BLT-iNKT mice. FACS quantification of human iNKT cells in the blood 
of indicated BLT-iNKT mice at week 16 post-HSC transfer (n = 8-10).  
(I) Table summarizing experiments that have successfully generated HSC-iNKT cells in the 
BLT human mouse model. HLA, human leukocyte antigen.  
Representative of 2 (E-G, H) and over 10 (B-D) experiments, respectively. Data are presented 
as the mean ± SEM. ns, not significant, ****P < 0.0001, by Student’s t test.  
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Figure 2-4. Biodistribution and Controlled Depletion of HSC-iNKT Cells in BLT-iNKT 
Humanized Mice Visualized by PET Imaging. 

(A) Experimental design. BLT-iNKTTK, BLT-iNKT mice generated with Lenti/iNKT-sr39TK 
vector-transduced PBSCs; PET/CT, positron emission tomography-computed tomography; 
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[18F]-FHBG, a PET reporter probe for imaging sr39TK gene-engineered cells; Ganciclovir 
(GCV), a drug which selectively ablates sr39TK gene-engineered cells.  

(B) Biodistribution of vector-engineered human immune cells. Representative PET/CT images 
were presented. Note that there were background signals in the gastrointestinal tract (GI) and 
gallbladder of all mice. BM, bone marrow.   

(C-D) PET/CT analysis of controlled depletion of vector-engineered human immune cells in 
BLT-iNKTTK mice via GCV treatment. (C) Representative PET/CT images. (D) Quantification 
of C (n = 4-5).  

(E-F) FACS validation of controlled depletion of HSC-engineered human iNKT (HSC-iNKT) 
cells in BLT-iNKTTK mice via GCV treatment. (E) Representative FACS plots of bone marrow 
cells. (F) Quantification of E (n= 4-5).  

(G) Droplet Digital PCR (ddPCR) validation of controlled depletion of vector-engineered 
human immune cells in BLT-iNKTTK mice via GCV treatment (n = 4-5).  

Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
**P < 0.01, by Student’s t test (F, G).   
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Figure 2-5. Safety study of HSC-iNKT cell therapy in BLT-iNKT humanized mice.  
Representative data were presented, studying BLT-iNKT mice produced with human fetal 
thymus and Lenti/iNKT-sr39TK vector-transduced PBSCs. BLT mice generated in parallel 
using the same fetal thymus and PBSCs (mock-transduced) were included as a control.  
(A-C) Monitoring of BLT-iNKT mice and control BLT mice over a period of 5 months post-
HSC transfer, followed by tissue collection and pathological analysis. (A) Mouse body weight 
(n = 9-10). (B) Kaplan-Meier analysis of mouse survival rate (n = 9-10). (C) Mouse pathology. 
Various tissues were collected and analyzed by the UCLA Pathology Core. Tissues were 
analyzed for inflammation (Inf), hematopoietic neoplasm (HN), and non-hematopoietic 
neoplasm (NHN). Data were presented as pathologist’s scores of individual mouse tissues (n 
= 9-10). 0, no abnormal findings; 1, mild; 2, moderate; 3, severe.  
(D-F) Analysis of the auto-activation of human conventional T cells in BLT-iNKT and control 
BLT mice at 6 months post-HSC transfer. (D) FACS plots showing the expression of CD45RA 
and CD45RO markers on human T cells isolated from the liver of experimental mice. Tc, 
human conventional ab T cells (gated as hCD45+hTCRab+6B11- cells). (E-F) Quantification 
of E (n = 5). Note that compared to Tc cells isolated from the control BLT mice, Tc cells 
isolated from the BLT-iNKT mice displayed a less antigen-experienced phenotype (marked as 
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hCD45RAlohCD45ROhi), indicating their reduced graft-versus-host (GvH) responses in BLT-
iNKT mice. 
(G) Kaplan-Meier survival curves of BLT-iNKT mice and control BLT mice over a period of 
8 months post-HSC transfer. N = 14-19. Mice were combined from 2 independent experiments.  

Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P < 0.05, by Student’s t test (A, E, F) or by log rank (Mantel-Cox) test adjusted for multiple 
comparisons (B, G).    
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Figure 2-6. Controlled depletion of HSC-iNKT cells in BLT-iNKT humanized mice.  
Representative data were presented, studying BLT-iNKTTK mice produced with human fetal 
thymus and Lenti/iNKT-sr39TK vector-transduced PBSCs. BLT mice generated in parallel 
using the same fetal thymus and PBSCs (mock-transduced) were included as a control. 
(A) Statistical analysis of PET/CT signals in the spleen of BLT-iNKTTK and control BLT mice 
pre- and post-GCV treatment (n= 4-5).  
(B) Statistical analysis of PET/CT signals in the bone marrow of BLT-iNKTTK and control 
BLT mice pre- and post-GCV treatment (n = 4-5).  
(C-D) FACS validation of controlled depletion of HSC-engineered human iNKT (HSC-iNKT) 
cells in BLT-iNKTTK mice via GCV treatment. (C) Representative FACS plots of blood cells. 
(D) Quantification of C (n= 4-5). Note the selective depletion of HSC-iNKT cells (gated as 
hCD45+ hTCRab+6B11+ cells) but not the overall human immune cells (gated as total hCD45+ 
cells) in BLT-iNKTTK mice post-GCV treatment.  

Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P < 0.05, **P < 0.01, by 1-way ANOVA (A, B) or by Student’s t test (D).   
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Figure 2-7. Development, Phenotype, and Functionality of HSC-iNKT Cells. 
(A-C) Development of HSC-iNKT cells. (A) FACS analysis of cells harvested from the human 
thymus implants of BLT-iNKT mice, showing the detection of developing HSC-iNKT cells 
(gated as 6B11+ cells; pre-gated on hCD45+ cells) and their surface markers. (B) FACS analysis 
of cells harvested from the periphery (blood) of BLT-iNKT mice, showing the detection of 
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mature HSC-iNKT cells (gated as hTCRab+6B11+ cells; pre-gated on hCD45+ cells) and their 
surface markers. (C) FACS analysis of control PBMCs collected from a representative healthy 
human donor, showing the presence of endogenous human iNKT (PBMC-iNKT) cells (gated 
as hTCRab+6B11+ cells; pre-gated on hCD45+ cells) and their surface markers.  
(D-E) Allelic exclusion of endogenous TCRs in HSC-iNKT cells. (D) FACS plots showing the 
TCR Vb usage by HSC-iNKT cells (pre-gated as hCD45+hTCRab+6B11+ cells) and HSC-TC 
cells (pre-gated as hCD45+hTCRab+6B11- cells) harvested from the liver of BLT-iNKT mice. 
hTCR Vbs (FITC) and hTCR Vbs (PE) staining antibodies collectively stained human TCR 
Vb 1, 2, 3, 4, 5.1, 5.2, 5.3, 7.1, 7.2, 8, 9, 12, 13.1, 13.2, 13.6, 16, 17, 18, 20, 21.3, and 23. (E) 
Quantification of D (n = 5).  
(F) Phenotype of HSC-iNKT cells. FACS plots are presented, showing the surface markers of 
HSC-iNKT cells isolated from the spleen of BLT-iNKT mice (identified as 
hCD45+hTCRαβ+6B11+ cells), compared to those of native human iNKT cells and 
conventional ab T cells isolated from healthy donor peripheral blood (identified as 
hCD45+hTCRαβ+6B11+ or hCD45+hTCRαβ+6B11- cells, denoted as PBMC-iNKT and 
PBMC-Tc cells, respectively).  
(G-H) Antigen responses of HSC-iNKT cells. Spleen cells of BLT-iNKT mice were cultured 
in vitro in the presence or absence of aGC (denoted as aGC or Vehicle, respectively) for 7 
days. (G) FACS quantification of HSC-iNKT cell expansion over time (n = 3). (H) ELISA 
analysis of cytokine (IFN-g, IL-4, IL-17) production at day 7 (n = 3).  
(I) Production of effector molecules by HSC-iNKT cells. BLT-iNKT mice spleen cells and 
healthy donor PBMCs were stimulated in vitro with aGC for 7 days, followed by flow 
cytometry analysis of intracellular production of effector cytokines (IFN-g, TNF-a, and IL-2) 
and cytotoxic molecules (Perforin and Granzyme B) in HSC-iNKT cells compared to that of 
the PBMC-iNKT and PBMC-Tc cells.  

Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P < 0.05, **P < 0.01, ****P < 0.0001, by Student’s t test.  
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Figure 2-8. Development, phenotype, and functionality of HSC-iNKT cells. 
Representative data were presented, studying HSC-iNKT cells generated from BLT-iNKT 
mice produced with Lenti/iNKT-sr39TK vector (A-B, G) or Lenti/iNKT-EGFP vector (C-F) 
transduced PBSCs.  
(A) FACS plots showing the analysis of cells isolated from the human thymus implants of 
BLT-iNKT mice and control BLT mice. Note the detection of developing HSC-iNKT cells 
(gated as hCD45+hTCRab+6B11+) in BLT-iNKT mice but not in control BLT mice. N.D., not 
detected. 
(B) FACS plots showing the analysis of cells isolated from the periphery (blood) of BLT-iNKT 
mice and of control BLT mice. Note the detection of mature HSC-iNKT cells (gated as 
hCD45+hTCRab+6B11+) in BLT-iNKT mice but not in control BLT mice. N.D., not detected.  

 



 60 

(C-F) Lineage commitment of iNKT TCR gene-engineered human HSCs. BLT-iNKT mice 
generated with Lenti/iNKT-EGFP vector-transduced PBSCs were studied (denoted as BLT-
iNKTGFP mice). (C) FACS plots showing the analysis of human ab T cells (pre-gated as 
hTCR45+hTCRab+ cells) present in the blood of BLT-iNKTGFP mice, studying the correlation 
of GFP expression and iNKT cell (gated as 6B11+) commitment. (D) Quantification of F (n = 
5). (E) FACS plots showing the analysis of bone marrow cells of BLT-iNKTGFP mice. (F) 
Quantification of E, showing the quantification of various lineages of human immune cells 
within the GFP- and GFP+ subpopulations (pre-gated as hCD45+GFP- and hCD45+GFP+, 
respectively) (n = 5). CD34+ (34+), CD34+ hematopoietic stem and progenitor cells (gated as 
Lin-hCD34+); T, T cells (gated as hTCRαβ+); B, B cells (gated as hCD19+); My, myeloid cells 
(gated as hCD11b+); Mo, monocytes/macrophages (gated as hCD14+); DC, dendritic cells 
(gated as hCD11c+); NK, natural killer cells (gated as hCD56+).  
(G) FACS plots showing the intracellular expression of master transcription factors PLZF and 
T-bet in HSC-iNKT cells. Various lineages of native human T cells isolated from healthy donor 
peripheral blood were studied as controls, including iNKT cells (identified as hTCRab+6B11+ 
cells), conventional CD4+ ab T cells (Tab CD4+; identified as hTCRab+6B11-CD4+CD8- 
cells), conventional CD8+ ab T cells (Tab CD4+; identified as hTCRab+6B11-CD4-CD8+ 
cells), and gamma-delta T cells (Tgd; identified as hTCRgd+ cells).  

Representative of 2 experiments. Data were presented as the mean ± SEM. ****P < 0.0001, by 
Student’s t test.  
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Figure 2-9. Tumor-Attacking Mechanisms of HSC-iNKT Cells.  
(A) Diagram showing the possible mechanisms utilized by human iNKT cells to attack tumors. 
APC, antigen presenting cell; NK, natural killer cell; DC, dendritic cell; CTL, cytotoxic T 
lymphocyte; TAM, tumor-associated macrophage.  
(B-E) Studying the direct killing of CD1d+ tumor cells by HSC-iNKT cells (tumor:iNKT ratio 
1:10). (B) Experimental design to study CD1d-dependent killing of MM.1S-hCD1d-FG cells 
in the presence of aGC. (C) Tumor killing data from B (n = 3). (D) Experimental design to 
study CD1d-dependent killing of MM.1S-hCD1d-FG cells in the absence of aGC. (E) Tumor 
killing data from D (n = 3). MM.1S-hCD1d-FG, MM.1S human multiple myeloma cell line 
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engineered to express human CD1d, firefly luciferase (Fluc), and enhanced green fluorescent 
protein (EGFP).  
(F-I) Studying the adjuvant effects of HSC-iNKT cells on enhancing NK cell-mediated killing 
of tumor cells (tumor:NK:iNKT ratio 1:2:2). NK cells were isolated from healthy donor 
PBMCs. (F) Experimental design. (G) Tumor killing (n = 3). (H) FACS plots showing CD69 
expression on NK cells (pre-gated as hCD56+ cells) as a measurement of NK cell activation 
status. (I) Quantification of H (n = 3). K562-FG, K562 human myelogenous leukemia cell line 
engineered to express Fluc and EGFP.  
(J-N) Studying the adjuvant effects of HSC-iNKT cells on boosting DC/CTL antitumor 
reactions (DC:CTL:iNKT ratio 1:1:1). Human monocyte-derived dendritic cells (MoDCs) and 
NY-ESO-1 TCR transgenic human CD8 cytotoxic T (ESO-T) cells were studied. NY-ESO-1 
peptide (ESOp) was utilized as the tumor antigen (TA). Irradiated healthy donor PBMCs were 
utilized as antigen presenting cells (APCs). (J) Experimental design. (K) FACS plots showing 
CD86 expression on MoDCs (pre-gated as hCD11c+ cells) as a measurement of MoDC 
maturation status. (L) Quantification of K (n = 3). (M) FACS plots showing the detection of 
ESO-T cells (gated as hTCRab+Vb13.1+ cells) in the mixed cell culture. (N) Quantification of 
M (n = 3).  
(O-S) Studying the inhibition of macrophages by HSC-iNKT cells (macrophage:iNKT ratio 
1:1). Monocytes isolated from healthy donor PBMCs were studied. (O) Experimental design. 
(P) FACS plots showing CD69 expression on HSC-iNKT cells (pre-gated as hTCRab+6B11+ 
cells). (Q) Quantification of P (n = 3). (R) FACS plots showing the viability of monocytes (pre-
gated as hCD14+). Live cells were identified as e506-. (S) Quantification of R (n = 3). 

Representative of 2 experiments. 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, E, G, I, N) or by 
Student’s t test (L, Q, S).  
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Figure 2-10. Tumor-attacking mechanisms of HSC-iNKT cells; direct killing of CD1d+ 
tumor cells and NK adjuvant effects.  
(A-D) Schematics showing the engineered MM.1S-FG and MM.1S-hCD1d-FG cell lines. 
MM.1S is a human multiple myeloma cell line. MM.1S-FG cell line was generated by stably 
transducing the parental MM.1S cell line with a Lenti/FG lentiviral vector encoding a firefly 
luciferase (Fluc) reporter gene and an enhanced green fluorescent protein (EGFP) reporter 
gene. MM.1S-hCD1d-FG cell line was generated by stably transducing the MM.1S-FG cell 
line with another Lenti/CD1d lentiviral vector encoding the human CD1d gene.  
(B) FACS plots showing the detection of CD1d on MM.1S-hCD1d-FG cells, but not on 
MM.1S-FG cells.  

(C-D) Studying the CD1d/aGC-mediated killing of tumor cells by HSC-iNKT cells. (C) 
Experimental design. (D) Tumor killing data from C (n = 3). Note the aggressive killing of 
tumor cells in a CD1d-dependant manner in the presence of aGC. 
(E) Schematic of the K562-FG cell line. K562 is a human myelogenous leukemia cell line that 
is sensitive to NK cell-mediated tumor killing. The K562-FG cell line was generated by stably 
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transducing the parental K562 cell line with a Lenti/FG lentiviral vector encoding Fluc and 
EGFP dual reporter genes.  
(F) FACS plot showing the absence of expression of MHC class I (HLA-I) on K562-FG cells.  
(G) FACS plot showing the absence of expression of CD1d on K562-FG cells. 

(H) ELISA analysis of IFN-g and IL-2 in the supernatants of various mixed cell cultures 
(tumor:NK:iNKT ratio 1:2:2), showing the massive production of these cytokines by HSC-
iNKT cells post-APC/aGC stimulation (n = 3).  

Representative of 2 experiments. Data were presented as the mean ± SEM. ns, not significant, 
*P < 0.05, **, P<0.01, ***P < 0.001, ****P < 0.0001, by 1-way ANOVA. 
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Figure 2-11. Tumor-attacking mechanisms of HSC-iNKT cells; adjuvant effects of HSC-
iNKT cells on boosting DC/CTL antitumor reactions and inhibiting TAMs. 
 
(A) Diagram showing the experimental design to generate HLA-A2+hCD1d+ human MoDCs. 
PBMCs, peripheral blood mononuclear cells; MoDCs, monocyte-derived dendritic cells.  
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(B) FACS plots showing the lineage verification of MoDCs (identified as hCD14+hCD11c+). 
PBMCs were included as a staining control.  

(C) FACS plot showing the detection of CD1d on MoDCs.  

(D) FACS plot showing the detection of HLA-A2 on MoDCs.  

(E) Diagram showing the experimental design to generate NY-ESO-1-specific human CD8 
cytotoxic T lymphocytes (denoted as ESO-T cells). Human CD34+ HSCs were transduced with 
a Lenti/ESO-sr39TK vector, then differentiated into ESO-T cells in an artificial thymic 
organoid (ATO) culture, following by in vitro expansion of ESO-T cells with APC/ESOp 
stimulation. Human CD34+ HSCs were isolated from cord blood (CB) or G-CSF-mobilized 
peripheral blood (denoted as peripheral blood stem cells, PBSCs). Lenti/ESO-sr39TK, 
lentivector encoding a human NY-ESO-1 TCR gene as well as an sr39TK suicide/PET imaging 
reporter gene; MS5-hDLL4, MS5 murine bone marrow stromal cell line engineered to express 
human Delta Like Canonical Notch Ligand 4; APC/ESOp, antigen-presenting cell (irradiated 
HLA-A2+ healthy donor PBMCs) loaded with NY-ESO-1157-165 peptide (ESOp). The 
transgenic NY-ESO-1 TCR recognizes NY-ESO-1 peptide presented by HLA-A2.1, and 
comprises a Vb 13.1+ beta chain.  
(F) FACS plots showing the phenotype of ESO-T cells (characterized as 
hCD45+hTCRab+hTCR Vb13.1+A2/ESO Dextramer+hCD4-hCD8+). Human T cells expanded 
from healthy donor PBMCs through CD3/CD28 Dynabeads stimulation were included as a 
staining control (denoted as PBMC-T cells). HLA-A2.1/NY-ESO-1157-165 (A2/ESO) dextramer 
is a FACS staining reagent that detects HLA-A2.1-restricted and NY-ESO-1-specific human 
TCRs.  
(G) Schematic showing the engineered A375-A2-ESO-FG cell line. A375 is a human 
melanoma cell line. A375-A2-ESO-FG cell line was generated by stably transducing the 
parental A375 cell line with lentivectors encoding an HLA-A2.1 gene, a NY-ESO-1 gene, and 
the Fluc and EGFP dual reporter genes.  
(H) Tumor killing by ESO-T cells (n = 3). ESO-T cells were stimulated with MoDC/ESOp in 
the presence or absence of HSC-iNKT/aGC, followed by co-culture with A375-A2-ESO-FG 
tumor cells and analysis of tumor killing (tumor:DC:CTL:iNKT ratio 1:1:1:0.5).  

(I) FACS plots showing the identification of T cells (gated as hTCRab+ cells), B cells (gated 
as hCD20+ cells), and monocytes (gated as hCD14+ cells) from healthy donor peripheral blood 
mononuclear cells (PBMCs).  
(J) FACS plots showing the measurement of CD1d expression on PBMC T cells, B cells, and 
monocytes gated from A. Note CD1d was highly expressed on antigen presenting cells (APCs) 
like B cells and monocytes, but not on T cells.  

Representative of 2 experiments. Data were presented as the mean ± SEM. ns, not significant, 
***P < 0.001, ****P < 0.0001, by 1-way ANOVA (H).  
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Figure 2-12. In Vivo Antitumor Efficacy of HSC-iNKT Cells Against Hematologic 
Malignancies in a Human Multiple Myeloma (MM) Xenograft Mouse Model.   
(A-I) In vivo antitumor efficacy of HSC-iNKT cells was studied using an MM.1S-hCD1d-FG 
human MM xenograft NSG mouse model. HSC-iNKT cells derived from PBSCs of three 
different donors were studied, to verify the robustness of the HSC-iNKT cell therapy. Data 
from one representative donor were presented. (A) Experimental design. BLI, live animal 
bioluminescence imaging. (B) BLI images showing tumor loads in experimental mice over 
time. (C) Quantification of B (n = 6-8). TBL, total body luminescence. (D) FACS plots 
showing the detection of tumor cells (gated as GFP+ cells) in various tissues of experimental 
mice. (E) Quantification of D (n = 6-8). MNCs, mononuclear cells. (F) FACS plots showing 
the detection of HSC-iNKT cells (gated as hCD45+hTCRab+6B11+ cells) in various tissues of 
experimental mice. (G) FACS plots showing the expression of CD62L and CD69 on HSC-
iNKT cells isolated from the blood and bone marrow of tumor-bearing mice. (H-I) 
Quantification of G (n = 6).  
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(J-L) In vivo antitumor efficacy of HSC-iNKT cells was studied using a control MM.1S-FG 
human MM xenograft NSG mouse model. HSC-iNKT cells derived from PBSCs of a 
representative donor were studied. (J) Experimental design. (K) BLI images showing tumor 
loads in experimental mice over time. (L) Quantification of K (n = 4-5). 

Representative of 3 (A-I) and 2 (J-L) experiments. Data are presented as the mean ± SEM. ns, 
not significant, *P < 0.05, **P < 0.01, ****P < 0.0001, by Student’s t test (C, E, H, I, L).  
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Figure 2-13. In Vivo Antitumor Efficacy of HSC-iNKT Cells Against Solid Tumors in a 
Human Melanoma Xenograft Mouse Model.   
(A-I) In vivo antitumor efficacy of HSC-iNKT cells was studied using an A375-hIL-15-
hCD1d-FG human melanoma xenograft NSG mouse model. (A) Experimental design. (B) BLI 
images showing tumor loads in experimental mice over time. Note that beyond day 22, BLI 
signals were saturated and thus were not included for quantification. (C) Quantification of B 
(n = 5). (D) Measurements of tumor size over time (n = 5). (E) Measurements of tumor weight 
at the terminal harvest on day 30 (n = 5). (F) FACS plots showing the detection of HSC-iNKT 
cells (gated as hCD45+hTCRab+6B11+ cells) in various tissues of experimental mice. (G) 
FACS plots showing the expression of CD62L and CD69 on HSC-iNKT cells isolated from 
the livers and tumors of tumor-bearing mice. (H-I) Quantification of G (n = 5).  
(J-L) In vivo antitumor efficacy of HSC-iNKT cells was studied using a control A375-hIL-15-
FG human melanoma xenograft NSG mouse model. (J) Experimental design. (K) BLI images 
showing tumor loads in experimental mice over time. Note that beyond day 21, BLI signals 
were saturated and thus were not included for quantification. (L) Quantification of K (n = 5). 
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Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
**P < 0.01, ****P < 0.0001, by Student’s t test (C, D, E, H, I, L).  
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Figure 2-14. In vivo antitumor efficacy of HSC-iNKT cells against solid tumors in a 
human melanoma xenograft mouse model. 
(A) Schematics showing the engineered A375-hIL-15-FG and A375-hIL-15-hCD1d-FG cell 
lines. A375 is a human melanoma cell line. A375-hIL-15-FG cell line was engineered by stably 
transducing the parental A375 cell line with a Lenti/hIL-15-FG lentiviral vector encoding a 
human IL-15 gene, a Fluc reporter gene, and an EGFP reporter gene. A375-hIL-15-hCD1d-FG 
cell line was generated by stably transducing the A375-hIL-15-FG cell line with another 
Lenti/CD1d lentiviral vector encoding the human CD1d gene.  
(B) FACS plots showing the detection of CD1d on A375-hIL-15-hCD1d-FG cells, but not on 
A375-hIL-15-FG cells.  
(C-D) Studying the in vitro direct killing of A375-hIL-15-hCD1d-FG cells by HSC-iNKT cells 
in the presence of aGC (tumor:iNKT ratio 1:2). (C) Experimental design. (D) Tumor killing 
(n = 3). Note that tumor killing was dependent on CD1d. 
(E-F) Studying the in vitro direct killing of A375-hIL-15-FG cells by HSC-iNKT cells in the 
presence of aGC (tumor:iNKT ratio 1:2). (E) Experimental design. (F) Tumor killing (n = 3). 
Note the lack of tumor killing.  
(G-H) Studying the in vivo antitumor efficacy of HSC-iNKT cells in the control A375-hIL-15-
FG human melanoma xenograft NSG mouse model (related to main Figures 7J-7L). (G) 

 



 72 

Measurements of tumor size over time (n = 5). (H) Measurements of tumor weight at the 
terminal harvest on day 28 (n = 5). 

Representative of 2 experiments. Data were presented as the mean ± SEM. ns, not significant, 
**P < 0.01, ****P < 0.0001, by 1-way ANOVA (D) or by Student’s t test (F, G, H). 
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Chapter 3 - Development of Allogeneic HSC-Engineered iNKT Cells for Off-The-Shelf 

Cancer Immunotherapy 

Abstract 

Cell-based immunotherapy has become the new-generation cancer medicine; “off-the-shelf” 

allogenic cell products that can be manufactured at large-scale and distributed readily to treat 

cancer patients are in great demand. Invariant natural killer T (iNKT) cells are ideal cell carriers 

for developing allogeneic cell therapy because they are powerful immune cells targeting 

cancers without graft-versus-host disease (GvHD) risk. However, healthy donor blood contains 

extremely low numbers of endogenous iNKT cells, making it exceedingly challenging to 

generate adequate iNKT cells for allogeneic cell therapy. Here, we report a technology 

breakthrough to overcome this critical limitation. Through combining hematopoietic stem cell 

(HSC) gene engineering and in vitro HSC differentiation, we achieved the generation of human 

allogeneic HSC-engineered iNKT (AlloHSC-iNKT) cells at high yield and purity; these cells 

closely resembled endogenous iNKT cells, effectively targeted tumor cells using multiple 

mechanisms in vitro and in vivo, and most attractively, exhibited high safety and low 

immunogenicity. These cells could be further engineered with chimeric antigen receptor (CAR) 

to enhance tumor targeting, or/and gene-edited to ablate surface HLA molecules and further 

reduce immunogenicity. Collectively, these preclinical studies demonstrated the feasibility and 

cancer therapy potential of AlloHSC-iNKT cell products and laid a foundation for their future 

translational and clinical development. 

 

Introduction 

Over the past decade, immunotherapy has become the new-generation cancer medicine 1,87,88. 

In particular, T cell-based cancer therapy has shown great promise 89. An outstanding example 

is the chimeric antigen receptor (CAR)-engineered T (CAR-T) cell adoptive therapy, which 
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targets certain blood cancers at impressive efficacy, and has been approved by FDA to treat 

CD19+ B cell malignancies 89–91. Adoptive transfer of in vitro expanded tumor-infiltrating T 

lymphocytes (TILs) and TCR-engineered T cells also show promises in treating some blood 

cancers and solid tumors in clinics 92,93. However, most of the current T cell therapies fall in 

the category of autologous cell therapy, wherein T cells collected from a patient are 

manufactured and used to treat that single patient. Such an approach is time consuming, 

logistically challenging, and costly; furthermore, for the patients with heavily lymphopenic 

pretreatment or rapidly proliferative disease, it might not always be possible to produce 

autologous cell products 90,94. Allogenic cell products that can be manufactured at large-scale 

and distributed readily to treat a broad range of cancer patients therefore are in great demand. 

 Conventional αβ T cells have been utilized for generating allogeneic cell products; however, 

these T cells risk inducing graft-versus-host disease (GvHD) in allogeneic hosts due to HLA 

incompatibility, and thereby requiring additional gene-editing to ablate their endogenous TCR 

expression that may potentially increase manufacture complexity 18–21. Innate immune cells 

such as natural killer (NK) cells that have no GvHD risk have been investigated; however, NK 

cells may have limited in vivo clonal expansion and antitumor performance compared to those 

of T cells 12,95. 

   Invariant natural killer T (iNKT) cells are a small population of αβ T lymphocytes 36. iNKT 

cells have several unique features, making them ideal for developing off-the-shelf cellular 

therapy for cancer. Compared to conventional T cells, iNKT cells can attack tumor cells using 

multiple mechanisms and at higher efficacy; can more effectively traffic to and infiltrate solid 

tumors; can alter solid tumor immunosuppressive microenvironment; and most importantly, do 

not induce GvHD 26,28,30,31,37–40,45. However, human blood contains extremely low numbers of 

iNKT cells (0.001-1%), making it very difficult to reliably grow large numbers of allogeneic 

iNKT cells for cell therapies 51. Moreover, allogeneic iNKT products expanded from blood 
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may contain bystander allogeneic conventional αβ T cells and thus risk inducing GvHD. 

Technology breakthroughs are needed to exploit the allogeneic cell therapy potential of iNKT 

cells. 

 Previously, we have established a method to generate large numbers of iNKT cells through 

TCR gene engineering of hematopoietic stem cells (HSCs) followed by in vivo reconstitution; 

using this method, we have successfully generated both mouse and human HSC-engineered 

iNKT (HSC-iNKT) cells 41,42. However, such an in vivo approach cannot be used to produce 

off-the-shelf mature allogeneic iNKT cells 41,42. Here, we intended to build on the HSC-iNKT 

engineering approach and develop an in vitro culture method to produce large numbers of off-

the-shelf human iNKT cells for allogeneic cell therapy applications. Here we report the 

preclinical development of the proposed allogeneic HSC-iNKT cell therapy, demonstrating its 

manufacture feasibility, cancer therapy potential, and high safety profile. 

 

Materials and 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 of UCLA. 

  

Cell Lines 

The MS5-DLL4 murine bone marrow derived stromal cell line was obtained from Dr. Gay 

Crooks’ lab (UCLA). Human multiple myeloma cancer cell line MM.1S, chronic myelogenous 

leukemia cancer cell line K562, melanoma cell line A375, lung carcinoma cell line H292, and 

prostate cancer cell line PC3 were purchased from the American Type Culture Collection 
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(ATCC). MM.1S cells were cultured in R10 medium. K562 cells were cultured in C10 medium. 

A375, H292, and PC3 were cultured in D10 medium. 

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

and enhanced green fluorescence protein (Fluc-EGFP) dual-reporters, the parental tumor cell 

lines were transduced with lentiviral vectors encoding the intended gene(s) 41. 72h post 

lentivector transduction, cells were subjected to flow cytometry sorting to isolate gene-

engineered cells for making stable cell lines. Six stable tumor cell lines were generated for this 

study, including MM.1S-FG, MM.1S-CD1d-FG, A375-FG, PC3-FG, H292-FG, and K562-FG.  

 

Human CD34+ Hematopoietic Stem Cells (HSCs) and Periphery Blood Mononuclear Cells 

(PBMCs) 

Cord blood cells were purchased from HemaCare. G-CSF-mobilized healthy donor peripheral 

blood cells were purchased from HemaCare or Cincinnati Children’s Hospital Medical Center 

(CCHMC). Human CD34+ HSCs were isolated through magnetic-activated cell sorting using 

ClinMACs CD34+ microbeads (Miltenyi Biotech). Cells were cryopreserved in Cryostor CS10 

(Sigma) using CoolCell (BioCision) and were frozen in liquid nitrogen for all experiments and 

long-term storage. Healthy donor human PBMCs were obtained from the UCLA/CFAR 

Virology Core Laboratory, without identification information under federal and state 

regulations. 

 

Media and Reagents 

α-Galactosylceramide (αGC, KRN7000) was purchased from Avanti Polar Lipids. 

Recombinant human IL-2, IL-3, IL-4, IL-7, IL-15, Flt3-Ligand, Stem Cell Factor (SCF), 

Thrombopoietin (TPO), and Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) 

were purchased from Peprotech. Ganciclovir (GCV) was purchased from Sigma. 
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X-VIVO 15 Serum-free Hematopoietic Cell Medium was purchased from Lonza. 

RPMI 1640 and DMEM cell culture medium were purchased from Corning Cellgro. Fetal 

bovine serum (FBS) was purchased from Sigma. Medium supplements, including Penicillin-

Streptomycine-Glutamine (P/S/G), MEM non-essential amino acids (NEAA), HEPES Buffer 

Solution, and Sodium Pyruvate, were purchased from GIBCO. Beta-Mercaptoethanol (β-ME) 

was purchased from Sigma. Normocin was purchased from InvivoGen. Complete lymphocyte 

culture medium (denoted as C10 medium) was made of 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), β-ME (50 mM), and Normocin (100 mg/ml). Medium for culturing human 

MM.1S tumor cell line (denoted as R10 medium) was made of RPMI 1640 supplemented with 

FBS (10% vol/vol) and P/S/G (1% vol/vol). Adherent cell culture medium (denoted as D10 

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

 
Lentiviral and Retroviral Vectors 

Lentiviral vectors used in this study were all constructed from a parental lentivector 

pMNDW as previously described 41. 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/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 cells, following a standard calcium precipitation protocol and an ultracentrifigation 

concentration protocol as previously described 41,42. Lentivector titers were measured by 

transducing HT29 cells with serial dilutions and performing digital qPCR, following 

established protocols 41,42. 
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The Retro/BCAR-tEGFR vector was constructed by inserting into the parental MP71 

vector a synthetic gene encoding human BCMA scFV-41BB-CD3ζ-P2A-tEGFR. The synthetic 

gene fragments were obtained from IDT. Vsv-g-pseudotyped Retro/BCAR-tEGFR retroviruses 

were generated by transfecting HEK 293T cells following a standard calcium precipitation 

protocol 41,42; the viruses were then used to transduce PG13 cells to generate a stable retroviral 

packaging cell line producing Retro/BCAR-tEGFR retroviruses (denoted as PG13-BCAR-

tEGFR cell line). For retrovirus production, the PG13-BCAR-tEGFR cells were seeded at a 

density of 8 x 105 cells per ml in D10 medium and cultured in a 15 cm-dish (30 ml per dish) 

for 2 days; virus supernatants were then harvested and stored at -80 °C for future use.  

 

Antibodies and Flow Cytometry 

All flow cytometry stains were performed in PBS for 15 min at 4 °C. The samples were stained 

with Fixable Viability Dye eFluor506 (e506) mixed with Mouse Fc Block (anti-mouse 

CD16/32) or Human Fc Receptor Blocking Solution (TrueStain FcX) prior to antibody staining. 

Antibody staining was performed at a dilution according to the manufacturer’s instructions. 

Fluorochrome-conjugated antibodies specific for human CD45 (Clone H130), TCRαβ (Clone 

I26), CD4 (Clone OKT4), CD8 (Clone SK1), CD45RO (Clone UCHL1), CD161 (Clone HP-

3G10), CD69 (Clone FN50), CD56 (Clone HCD56), CD62L (Clone DREG-56), CD14 (Clone 

HCD14), CD11b (Clone ICRF44), CD11c (Clone N418), CD1d (Clone 51.1), CCR4 (Clone 

L291H4), CCR5 (Clone HEK/1/85a), CXCR3 (Clone G025H7), 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 (Clone 

L243), TCR Vδ2 (Clone B6) were purchased from BioLegend; Fluorochrome-conjugated 

antibodies specific for human CD34 (Clone 581) and TCR Vɑ24-Jβ18 (Clone 6B11) were 
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purchased from BD Biosciences; Fluorochrome-conjugated antibodies specific for human 

Vβ11 was purchased from Beckman-Coulter; Fluorochrome-conjugated antibodies specific for 

human ULBP-2,5,6 (Clone 165903) was purchased from R&D Systems. Human Fc Receptor 

Blocking Solution (TrueStain FcX) was purchased from Biolegend, and Mouse Fc Block (anti-

mouse CD16/32) was purchased from BD Biosciences. Fixable Viability Dye e506 were 

purchased from Affymetrix eBioscience. Intracellular cytokines were stained using a Cell 

Fixation/Permeabilization Kit (BD Biosciences). Stained cells were analyzed using a 

MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotech). FlowJo software was utilized to 

analyze the data.  

 

Enzyme-Linked Immunosorbent Cytokine Assays (ELISA) 

The ELISAs for detecting human cytokines were performed following a standard protocol from 

BD Biosciences. Supernatants from co-culture assays were collected and assayed to quantify 

IFN-γ, TNF-α, IL-2, IL-4, and IL-17. 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. The samples were analyzed 

for absorbance at 450 nm using an Infinite M1000 microplate reader (Tecan). 

 

In Vitro Generation of Allogeneic HSC-Engineered iNKT (AlloHSC-iNKT) Cells 

Frozen-thawed human CD34+ HSCs were revived in HSC-culture medium composed of X-

VIVO 15 Serum-free Hematopoietic Cell Medium supplemented with SCF (50 ng/ml), FLT3-

L (50 ng/ml), TPO (50 ng/ml), and IL-3 (10 ng/ml) for 24 hours; the cells were then transduced 

with Lenti/iNKT-sr39TK viruses for another 24 hours following an established protocol (Zhu 
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et al., 2019). The transduced HSCs were then collected and put into a 2-Stage in vitro HSC-

iNKT culture.  

At Stage 1, gene-engineered HSCs were differentiated into iNKT cells in an artificial 

thymic organoid (ATO) culture over 8 weeks. ATO was generated following a previously 

established protocol, with certain modifications 77,96. Briefly, MS5-DLL4 cells were harvested 

by trypsinization and resuspended in serum free ATO culture medium (‘‘RB27’’) composed 

of RPMI 1640 (Corning), 4% B27 supplement (ThermoFisher Scientific), 30 mM L-ascorbic 

acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich) reconstituted in PBS, 1% 

penicillin/streptomycin (Gemini Bio-Products), 1% Glutamax (ThermoFisher Scientific), 5 

ng/ml rhFLT3L and 5 ng/ml rhIL-7 (Peprotech). RB27 was made fresh weekly. 1.5-6 x 105 

MS5-DLL4 cells were combined with 0.3-10 x 104 transduced HSCs per ATO in 1.5 mL 

Eppendorf tubes (up to 12 ATOs per tube) and centrifuged at 300 g for 5 min at 4 °C in a 

swinging bucket centrifuge. Supernatants were carefully removed, and the cell pellet was 

resuspended in 6 ml RB27 per ATO and mixed by brief vortexing. ATOs were plated on a 0.4 

mm Millicell transwell insert (EMD Millipore; Cat. PICM0RG50) placed in a 6-well plate 

containing 1 mL RB27 per well. Medium was changed completely every 3-4 days by aspiration 

from around the cell insert followed by replacement with 1 ml fresh RB27/cytokines. ATO 

cells were harvested by adding FACS buffer (PBS/0.5% bovine serum album/2mM EDTA) to 

each well and briefly disaggregating the ATO by pipetting with a 1 ml ‘‘P1000’’ pipet, 

followed by passage through a 50 mm nylon strainer. 

At Stage 2, isolated ATO cells comprising AlloHSC-iNKT cells were expanded with 

αGC-loaded PBMCs (αGC-PBMCs). αGC-PBMCs were prepared by incubating 107-108 

PBMCs in 5 ml C10 medium containing 5 μg/ml αGC for 1 hour, followed by irradiation at 

6,000 rads. ATO cells were mixed with irradiated αGC-PBMCs at ratio 1:1, followed by 

culturing in C10 medium supplemented with human IL-7 (10 ng/ml) and IL-15 (10 ng/ml) for 
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2 weeks; cell cultures were split and fresh media/cytokines were added if needed. The Stage 2 

expansion culture could be extended to 3 weeks by adding additional αGC-PBMCs at ratio 1:1 

at the end of week 2. At the end of Stage 2 culture, the resulting AlloHSC-iNKT cell products 

were collected and cryopreserved for future use. 

 

In Vitro Generation of BCMA CAR-Engineered AlloHSC-iNKT (AlloBCAR-iNKT) Cells 

AlloHSC-iNKT cells were generated in the 2-Stage HSC-iNKT culture as described above, 

followed by an additional Stage 3 CAR engineering culture. At one week into Stage 2 culture, 

AlloHSC-iNKT cells were collected and stimulated with CD3/CD28 T-activator beads 

(ThermoFisher Scientific) in the presence of recombinant human IL-15 (10 ng/ml) and human 

IL-7 (10 ng/ml) for two days; the cells were then spin-infected with frozen-thawed 

Retro/BCAR-tEGFR retroviral supernatants supplemented with polybrene (10 μg/ml, Sigma-

Aldrich) at 660 g at 30 °C for 90 min. Retronectin (Takara) could be pre-coated on plate to 

increase transduction efficiency. After transduction, the resulting AlloBCAR-iNKT cells were 

expanded for another 1-2 weeks in C10 medium supplemented with recombinant human IL-15 

(10 ng/ml) and IL-7 (10 ng/ml), and then were collected and cryopreserved for future use. 

 

In Vitro Generation of HLA-Ablated Universal HSC-iNKT (UHSC-iNKT) Cells 

UHSC-iNKT cells were generated following the protocol of generating AlloHSC-iNKT cells, 

with one additional gene-editing step. CD34+ HSCs were revived in HSC-culture medium on 

day 1, transduced with Lenti/iNKT-sr39TK viruses on day 2, and then were electroporated with 

a CRISPR-Cas9/B2M-CIITA-gRNAs complex on day 3, followed by entering the 2-Stage 

HSC-iNKT culture to generate UHSC-iNKT cells. 

 UBCAR-iNKT cells were generated following the protocol of generating AlloBCAR-iNKT cells, 

with the same additional gene-editing step. CD34+ HSCs were revived in HSC-culture medium 



 82 

on day 1, transduced with Lenti/iNKT-sr39TK viruses on day 2, and then were electroporated 

with a CRISPR-Cas9/B2M-CIITA-gRNAs complex on day 3, followed by entering the 3-Stage 

BCAR-iNKT culture to generate UBCAR-iNKT cells. 

For electroporation, 2 × 105 HSCs per condition were pelleted at 90 x g for 10 mins at 

room temperature (RT), resuspended in 20 μl P3 solution (Lonza), mixed with pre-aliquoted 

B2M and CIITA gRNAs (1 μl of each gRNA at 100 μM) and Cas9 (4 μl at 6.5 mg/ml), and 

pulsed once at 250 V for 5 milliseconds in an Amaxa 4D Nucleofector X Unit (Lonza). After 

electroporation, HSCs were rested at RT for 10 minutes, and then transferred to a 24-well tissue 

culture treated plate overnight before entering the 2-Stage HSC-iNKT or 3-Stage BCAR-iNKT 

culture. 

If necessary, the resulting UHSC-iNKT or UBCAR-iNKT cell products collected at the 

end of the in vitro culture could be purified using Magnetic-Activate Cell Sorting (MACS) via 

B2M (Santa Cruz Biotechnology) and HLA-II magnetic beads labeling (Miltenyi Biotec), to 

enrich the HLA-I/II double negative cells in the final UHSC-iNKT or UBCAR-iNKT cell 

products. 

 

Generation of PBMC-Derived Conventional αβT, iNKT, γδT, and NK Cells 

Healthy donor PBMCs were obtained from the UCLA/CFAR Virology Core Laboratory, and 

were used to generate the PBMC-Tc, PBMC-iNKT, PBMC-γδT, and PBMC-NK cells. 

To generate PBMC-Tc cells, PBMCs were stimulated with CD3/CD28 T-activator 

beads (ThermoFisher Scientific) and cultured in C10 medium supplemented with human IL-2 

(20 ng/mL) for 2-3 weeks, following the manufacturer’s instructions.  

To generate PBMC-iNKT cells, PBMCs were MACS-sorted via anti-iNKT microbeads 

(Miltenyi Biotech) labeling to enrich iNKT cells, which were then stimulated with donor-

matched irradiated αGC-PBMCs at the ratio of 1:1, and cultured in C10 medium supplemented 
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with human IL-7 (10 ng/ml) and IL-15 (10 ng/ml) for 2-3 weeks. If needed, the resulting 

PBMC-iNKT cells could be further purified using Fluorescence-Activated Cell Sorting (FACS) 

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

To generate PBMC-γδT cells, PBMCs were stimulated with Zoledronate (5 µM; 

Sigma-Aldrich) and cultured in C10 medium supplemented with human IL-2 (20 ng/ml) for 2 

weeks. If needed, the resulting PBMC-γδT cells could be further purified using FACS via 

human TCR Vδ2 antibody (Clone B6; Biolegend) staining or via MACS using a human 

TCRγ/δ T Cell Isolation Kit (Miltenyi Biotech).  

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 BCMA CAR-Engineered PBMC T (BCAR-T) cells 

Healthy donor PBMCs were stimulated with CD3/CD28 T-activator beads (ThermoFisher 

Scientific) in the presence of recombinant human IL-2 (30 ng/ml), following the 

manufacturer’s instructions. On day 2, cells were spin-infected with frozen-thawed 

Retro/BCAR-tEGFR retroviral supernatants supplemented with polybrene (10 μg/ml, Sigma-

Aldrich) at 660 g at 30 °C for 90 min. Retronectin (Takara) could be pre-coated on plate to 

increase transduction efficiency. The resulting BCAR-T cells were expanded for another 7-10 

days, and then were cryopreserved for future use. 

 

Single Cell TCR Sequencing 

AlloHSC-iNKT (6B11+TCRαβ+), PBMC-iNKT (6B11+TCRαβ+), and PBMC-Tc (6B11-

TCRαβ+) cells were sorted using a FACSAria II flow cytometer. Sorted cells were immediately 

delivered to the UCLA TCGB (Technology Center for Genomics and Bioinformatics) Core to 
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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 (Cat#FC-122-1001) and sequenced with 150 bp paired end reads (5,000 

reads/cell) on an Illumina NovaSeq. The reads were mapped to the human T cell receptor 

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

recombination were plotted. 

 

Deep RNA Sequencing (Deep RNAseq) and Data Analysis 

A total of 25 cell samples were analyzed, as described in the following table: 

Sample 
name 

Number of 
replicates (from 
different donors) 

FACS  
sorting 
markers 

Description 

AlloHSC-
iNKT  
(from 
PBSC) 

3 6B11+TCRαβ
+ 

AlloHSC-iNKT cells derived from G-CSF 
mobilized peripheral blood CD34+ HSCs 

AlloHSC-
iNKT  
(from CB) 

3 6B11+TCRαβ
+ 

AlloHSC-iNKT cells derived from cord blood 
CD34+ HSCs 

PBMC-
iNKT  
(CD4-) 

3 6B11+TCRαβ
+CD4- 

PBMC-iNKT cells derived from healthy 
donor PBMCs (CD4- cells were analyzed) 

PBMC-
αβTc  
(CD4-) 

8 6B11-

TCRαβ+CD4- 
PBMC-αβTc cells derived from healthy 
donor PBMCs (CD4- cells were analyzed) 

PBMC-
NK 

2 CD56+TCRα
β- 

PBMC-NK cells derived from healthy donor 
PBMCs 

PBMC-
γδT 

6 TCRγδ+TCR
αβ- 

PBMC-γδT cells derived from healthy donor 
PBMCs 
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Both AlloHSC-iNKT and PBMC-iNKT cells were activated in vitro with aGC, PBMC-αβTc 

cells were stimulated with CD3/CD28 T-activator beads, and PBMC-γδT cells were stimulated 

with Zoledronate. Cell samples were sorted using a FACSAria II flow cytometer. Total RNAs 

were isolated from each cell sample using an 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 (1708890, BioRad). Libraries were 

constructed using an Illumina TruSeq Stranded Total RNA Sample Prep kit and sequenced 

with 50 bp single end reads (20 M reads/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 to default. Data quality was checked using Illumina’s proprietary software. 

Sequencing depth normalized counts were obtained from the differential expression analysis 

and were used for principal component analysis. 

 

AlloHSC-iNKT Cell Phenotype and Functional Study 

AlloHSC-iNKT cells and their derivatives (i.e., AlloBCAR-iNKT, UHSC-iNKT, and UBCAR-

iNKT cells) were analyzed in comparison with PBMC-Tc, PBMC-NK, PBMC-iNKT, or/and 

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, 

NKG2D, DNAM-1, and KIR), memory T cell markers (i.e., CD45RO), and inflammatory 

tissue/tumor homing markers (i.e., CCR4, CCR5, and CXCR3). 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.  
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Response of AlloHSC-iNKT cells to antigen stimulation was studied by culturing 

AlloHSC-iNKT cells in vitro in C10 medium for 7 days, in the presence or absence of αGC (100 

ng/ml). Proliferation of AlloHSC-iNKT 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 7 (for human IFN-γ. TNF-α, IL-2, IL-4, and IL-

17). 

 

In Vitro Tumor Cell 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 some experiments, 10 μg/ml of 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. 

All the PBMC-derived cells and HSC-derived iNKT cells were cryopreserved before 

use. The cells for comparison (e.g., AlloHSC-iNKT and PBMC-NK cells in Figure 3) were 

cryopreserved and thawed for testing side-by-side using Mr. Frosty Freezing Container 

(Thermo Scientific Nalgene) following the manufacture’s instructions. 

 

In Vitro Mixed Lymphocyte Reaction (MLR) Assay: Studying Graft-Versus-Host (GvH) 

Response 
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PBMCs of multiple healthy donors were irradiated at 2,500 rads and used as stimulators, to 

study the GvH response of AlloHSC-iNKT cells and their derivatives (i.e., AlloBCAR-iNKT and 

UBCAR-iNKT cells) as responders. PBMC-Tc or BCAR-T cells were included as responder 

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 Host-Versus-Graft (HvG) Response 

PBMCs of multiple healthy donors were used as responders, to study the HvG response of 

AlloHSC-iNKT cells and their derivatives (i.e., AlloBCAR-iNKT and UBCAR-iNKT cells) as 

stimulators (irradiated at 2,500 rads). PBMC-Tc, PBMC-iNKT or 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 AlloHSC-iNKT cells and their derivatives (i.e., AlloBCAR-iNKT 

and UBCAR-iNKT cells). Allogeneic PBMC-Tc or PBMC-iNKT cells 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. 

 

Bioluminescence Live Animal Imaging (BLI) 
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BLI was performed using an IVIS 100 imaging system (Xenogen/PerkinElmer) or 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 per mouse). Imaging results were analyzed using a Living Imaging 2.50 software 

(Xenogen/ PerkinElmer) or an AURA imaging software (Spectral Instrument Imaging). 

 

AlloHSC-iNKT Cell In Vivo Antitumor Efficacy Study: A375 Human Melanoma Xenograft NSG 

Mouse Model 

NSG mice were pre-conditioned with 100 rads of total body irradiation (day -1), followed by 

subcutaneous inoculation with 1 x 106 A375-FG cells (day 0). On day 3, the tumor-bearing 

experimental mice received intravenous (i.v.) injection of vehicle (PBS), 1.2 x 107 AlloHSC-

iNKT cells, or 1.2 x 107 PBMC-NK cells. Over time, tumor loads were monitored by measuring 

total body luminescence using BLI and by measuring tumor size using a FisherbrandTM 

TraceableTM digital caliper (Thermo Fisher Scientific). The tumor size was calculated as W x 

L mm2. At around week 3, mice were terminated, and solid tumors were retrieved and weighted 

using a PA84 precision balance (Ohaus). 

 

AlloBCAR-iNKT Cell In Vivo Antitumor Efficacy Study: MM.1S Human MM Xenograft NSG 

Mouse Model 

NSG mice were pre-conditioned with 175 rads of total body irradiation (day -1), followed by 

intravenous inoculation with 1 x 106 MM-CD1d-FGFP cells (day 0). To study antitumor 

efficacy under low tumor load condition, on day 3, the tumor-bearing experimental mice 

received i.v. injection of vehicle (PBS), AlloBCAR-iNKT cells (7 x 106 CAR+ cells), or 

conventional BCAR-T cells (7 x 106 CAR+ cells). To study antitumor efficacy under high 

tumor load condition, on day 15, the tumor-bearing experimental mice received i.v. injection 
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of vehicle (PBS), AlloBCAR-iNKT cells (5 x 106 CAR+ cells), or conventional BCAR-T cells 

(5 x 106 CAR+ cells). Over time, experimental mice were monitored for survival, and their 

tumor loads were measured using BLI. 

 

UBCAR-iNKT Cell In Vivo Antitumor Efficacy Study: MM.1S Human MM Xenograft NSG 

Mouse Model 

NSG mice were pre-conditioned with 175 rads of total body irradiation (day -1), followed by 

intravenous inoculation with 5 x 105 MM-CD1d-FGFP cells (day 0). On day 3 the tumor-

bearing experimental mice received i.v. injection of vehicle (PBS), AlloBCAR-iNKT cells (3 x 

106 CAR+ cells), or conventional BCAR-T cells (3 x 106 CAR+ cells). Over time, experimental 

mice were monitored for survival, and their tumor loads were measured using BLI. 

 

Ganciclovir (GCV) In Vitro and In Vivo Killing Assay 

For GCV in vitro killing assay, AlloHSC-iNKT cells were cultured in C10 medium in the 

presence of titrated amount of GCV (0-50 μM) for 4 days; live AlloHSC-iNKT cells were then 

counted using a hematocytometer (VWR) via Trypan Blue staining (Fisher Scientific).  

GCV in vivo killing assay was performed using an NSG xenograft mouse model. NSG 

mice received i.v. injection of 1 x 107 AlloHSC-iNKT cells on day 0, followed by i.p. injection 

of GCV for 5 consecutive days (50 mg/kg per injection per day). On day 5, mice were 

terminated. Multiple tissues (i.e., spleen, liver, and lung) were collected and processed for flow 

cytometry analysis to detect tissue-infiltrating AlloHSC-iNKT cells (identified as iNKT 

TCR+CD45+), following established protocols (Zhu et al., 2019). 

 

Histological Analysis 



 90 

Tissues (i.e., heart, liver, kidney, lung, and spleen) were collected from the experimental mice, 

fixed in 10% Neutral Buffered Formalin for up to 36 hours, then 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). 

 

Statistical Analysis 

GraphPad Prism 6 (Graphpad Software) was used for statistical data analysis. Student’s two-

tailed t test was used for pairwise comparisons. Ordinary 1-way ANOVA followed by Tukey’s 

or Dunnett’s multiple comparisons test was used for multiple 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 utilized in the indicated experiments. A P 

value of less than 0.05 was considered significant. ns, not significant; *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001. 

 

Results 

Generation of Allogeneic HSC-Engineered iNKT (AlloHSC-iNKT) Cells 

Human CD34+ hematopoietic stem and progenitor cells (referred to as HSCs in this study) 

collected from either cord blood (denoted as CB-HSCs) or from granulocyte-colony 

stimulating factor (G-CSF)-mobilized human periphery blood (denoted as PBSCs) were 

transduced with a Lenti/iNKT-sr39TK vector and then cultured in vitro in a 2-Stage artificial 
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thymic organoid (ATO)/α-galactosylceramide (αGC) culture system (Figure 3-1A). The 

Lenti/iNKT-sr39TK vector has been previously used to develop an autologous HSC-

engineered iNKT cell therapy for cancer 41; ATO is an in vitro 3D culture that supports the 

human HSC differentiation into T cells 77,96; while αGC is a synthetic agonist glycolipid ligand 

that specifically stimulates iNKT cells 36. We routinely achieved over 50% lentivector 

transduction rate of HSCs (Figure 3-1B). Transduced HSCs were then placed in the Stage 1 

ATO culture, where they differentiated into human iNKT cells over a course of 8 weeks with 

over 100-fold expansion (Figures 3-1A and 3-1C). At the end of Stage 1 culture, ATOs were 

dissociated into single cells that were then placed in the Stage 2 αGC expansion culture for 

another 2-3 weeks, resulting in another 100-1000-fold expansion and an AlloHSC-iNKT cell 

product of high yield and purity (Figures 3-1A and 3-1D). 

In the ATO/αGC culture, AlloHSC-iNKT cells followed a typical iNKT cell 

development path defined by CD4/CD8 co-receptor expression 34. During Stage 1, AlloHSC-

iNKT cells transited from CD4-CD8- (DN) to CD4+CD8+ (DP), then toward CD4-CD8+/- 

(Figure 3-1E).  At the end of Stage 2, majority (> 99%) of AlloHSC-iNKT cells showed a CD4-

CD8+/- (CD8 SP/DN) phenotype (Figure 1E). Note that the end AlloHSC-iNKT cell product did 

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

cells (Figure 1E; 34. In general, CD8 SP/DN human iNKT cells are considered to be 

proinflammatory and highly cytotoxic and thereby are desirable for cancer immunotherapy 

34,45,97–100. 

Flow cytometry analysis showed that the AlloHSC-iNKT cell product comprised high-

purity transgenic iNKT cells (Figure 3-1D); single cell TCR sequencing analysis confirmed 

that these AlloHSC-iNKT cells uniformly expressed the transgenic iNKT TCRs while nearly 

undetectable randomly recombined endogenous αβ TCRs (Figure 3-1F). In sharp contrast to 

AlloHSC-iNKT cells, conventional αβ T cells isolated from health donor periphery blood 
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(denoted as PBMC-Tc cells) expressed highly diverse endogenously recombined αβ TCRs, 

whereas iNKT cells isolated from health donor periphery blood (denoted as PBMC-iNKT cells) 

expressed a conserved invariant TCR α chain (Vα24-Jα18) and limited diverse TCR β chains 

(dominantly Vβ11) (Figure 3-1F). 

The manufacture of AlloHSC-iNKT cells was highly robust: we generated AlloHSC-

iNKT cell products of high purity and yield from all 12 donors tested (4 CB-HSCs and 8 PBSCs) 

(Figure 3-1G). Based on our results, it was estimated that from one CB donor (comprising ~5 

x 106 CB-HSCs), ~5 x 1011 AlloHSC-iNKT cells could be generated that can potentially be 

formulated into ~500-5,000 doses (~108-109 cells per dose based on the approved CAR-T cell 

therapy doses) 89; from one PBSC donor (comprising ~5 x 108 PBSCs), ~3 x 1013 AlloHSC-

iNKT cells could be generated that can potentially be formulated into ~30,000-300,000 doses 

(Figure 3-1G). The resulting AlloHSC-iNKT cell product contained pure transgenic iNKT cells 

and nearly undetectable bystander conventional αβ T cells, thereby lack of GvHD risk and 

suitable for “off-the-shelf” application. 

 

Phenotype and Functionality of AlloHSC-iNKT Cells 

Next, we analyzed the phenotype and functionality of AlloHSC-iNKT cells in comparison with 

endogenous human PBMC-iNKT and PBMC-Tc cells. AlloHSC-iNKT cells displayed a 

phenotype closely resembling PBMC-iNKT cells while distinct from PBMC-Tc cells: they 

expressed high levels of memory T cell markers (i.e., CD45RO), NK cell markers (i.e., CD161), 

as well as peripheral tissue and inflammatory site homing markers (i.e., CCR4, CCR5 and 

CXCR3) (Figure 3-2A). When stimulated with αGC, AlloHSC-iNKT cells proliferated 

vigorously (Figure 3-2B) and secreted high levels of Th0/Th1 cytokines (i.e., IFN-γ, TNF-α, 

and IL-2) while limited amounts of Th2 cytokines (i.e., IL-4) and Th17 cytokines (i.e., IL-17) 

(Figure 3-2C), indicating a Th0/Th1-prone functionality of AlloHSC-iNKT cells that agrees 
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with their CD8 SP/DN phenotype (Figures 3-1E and 3-2A) (34,45,97,98. Intracellular staining 

showed that at the single-cell level, AlloHSC-iNKT cells produced exceedingly high levels of 

effector cytokines (i.e., IFN-γ, TNF-α, and IL-2) and cytotoxic molecules (i.e., Perforin and 

Granzyme B) (Figure 3-2D). The ability to generate excess amounts of antitumor effector 

molecules is a promising signature of iNKT cells for cancer immunotherapy 51,52. 

 

Transcriptome Profiling of AlloHSC-iNKT Cells 

To fully characterize AlloHSC-iNKT cells, we performed deep RNAseq analysis of these cells; 

AlloHSC-iNKT cells generated from both CB and PBSC CD34+ HSCs were studied. Healthy 

donor PBMC-derived endogenous iNKT (PBMC-iNKT), conventional αβ T (PBMC-αβTc), 

γδ T (PBMC-γδT), and NK (PBMC-NK) cells were included as controls. All cell types were 

prepared from multiple donors. Because AlloHSC-iNKT cells were dominantly CD4-negative 

(CD8 SP/DN), the CD4-negative subpopulations of PBMC-iNKT (CD8 SP/DN) and PBMC-

αβTc (CD8+) cells were analyzed in this experiment. 

Principal component analysis (PCA) of the global gene expression profiles showed that 

AlloHSC-iNKT cells (both CB and PBSC-derived) were located the closest to PBMC-iNKT 

cells, next to PBMC-αβTc and PBMC-γδT cells, and the furthest from PBMC-NK cells, 

validating the iNKT cell nature of AlloHSC-iNKT cells (Figure 3-2E) 101. 

“Master” transcription factor gene profiling analysis revealed a distinctive signature of 

AlloHSC-iNKT cells: they expressed high levels of ZBTB16 that encodes PLZF, a signature 

transcription factor of innate T (e.g., iNKT and γδT) cells and NK cells 102; they expressed high 

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

of T cells 103; they expressed low levels of GATA3 and RORC that respectively encodes GATA3 

and RORγ, critical transcription factors regulating Th2 and Th17 polarization of T cells 104; 

and they expressed high levels of NFKB1 and JUN that respectively encodes NF-κB1 and c-
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Jun, important transcription factors for TCR signaling (Figure 3-2F) 105,106. These transcription 

factors have been indicated to play important roles in  regulating iNKT cell development and 

functionality 70,107,108. Of note, the TBX21highGATA3lowRORClow expression profile of AlloHSC-

iNKT cells consists with their Th0/Th1-prone cytokine production profile (Figure 3-2C). 

Further analysis of the various genes related to antitumor effector functions (e.g., genes 

encoding activation/homing markers, cytokines, and cytotoxic molecules) revealed AlloHSC-

iNKT cells to be highly potent effector cells, in agreement with their in vitro phenotype and 

functionality characterization (Figures 3-2A to 3-2D). In addition, several interesting gene 

signatures stood out, which are highlighted below. 

Typical iNKT cells exert NK function besides T cell function, via surface expression of 

NK receptors (Bendelac et al., 2007, Fujii et al., 2013; Vivier et al., 2012). Interestingly, 

compared to PBMC-iNKT and even PBMC-NK cells, AlloHSC-iNKT cells expressed 

exceedingly high levels of NK activating receptor genes (e.g., NCAM1, NCR1, NCR2, KLR2, 

and KLR3) while low levels of NK inhibitory receptor genes (e.g., KIR3DL1, KIR3DL2, 

KIR2DL1, and KIR2DL2), suggesting that AlloHSC-iNKT cells might exhibit a superior 

antitumor NK function (Figure 3-2G). 

Tissue inflammatory homing markers expressed on effector immune cells enable them to 

access inflammatory tissues including tumor sites 97,109. AlloHSC-iNKT cells expressed 

exceedingly high levels of multiple tissue inflammatory homing marker genes (e.g., CCR1, 

CCR2, CCR3, CCR5, CCR6, and CXCR3), comparable to those of endogenous innate T cells 

(i.e., PBMC-iNKT and PBMC-γδT cells) but significantly higher than those of endogenous 

conventional αβ T and NK cells (i.e., PBMC-αβTc and PBMC-NK cells), suggesting a strong 

capacity of AlloHSC-iNKT cells to home to and penetrate tumor sites (Figure 3-2H). 

Human leukocyte antigen (HLA) incompatibility may trigger host T cell-mediated 

allorejection of adoptively transferred allogeneic cellular products, thereby limiting their 
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therapeutic efficacy 110,111. Interestingly, compared to all the endogenous T cells (i.e., PBMC-

iNKT, PBMC-αβTc, and PBMC-γδT cells) and NK cells (i.e., PBMC-NK cells) tested, 

AlloHSC-iNKT cells expressed much lower levels of HLA expression-related genes (e.g., genes 

encoding HLA-I molecules, B2M, HLA-II molecules, and HLA-II transactivators), suggesting 

that AlloHSC-iNKT cells might naturally resist allorejection and thereby have certain advantage 

over many PBMC-derived allogeneic cell products for “off-the-shelf” cell therapy (Figure 3-

2I). 

 

Tumor Targeting of AlloHSC-iNKT Cells Through Intrinsic NK Function 

Following the NK lead of our RNAseq study (Figure 3-2G), we investigated the NK phenotype 

and antitumor function of AlloHSC-iNKT cells, in comparison with those of endogenous 

PBMC-NK cells. Flow cytometry analysis of cell surface markers showed that AlloHSC-iNKT 

cells expressed significantly higher levels of NK activating receptors (i.e., NKG2D and 

DNAM-1) while nearly undetectable NK inhibitory receptors (i.e., killer cell immunoglobulin-

like receptors, KIRs) (Figures 3-3A and 3-3B). NK activating receptors recognize stress 

molecules (e.g., MIC-A/B and ULBP1-4 recognized by NKG2D, and CD112 and CD155 

recognized by DNAM-1) upregulated on many tumor cells and trigger tumor targeting (Lee et 

al., 2017; Liu et al., 2019; Paul and Lal, 2017); while NK inhibitory receptors recognize 

matched “self” MHC molecules and suppress tumor killing 115,116. Flow cytometry analysis of 

intracellular effector molecules showed that compared to PBMC-NK cells, AlloHSC-iNKT cells 

produced exceedingly higher levels of cytotoxic molecules (i.e., Perforin and Granzyme B) 

(Figures 3-3A and 3-3B). Collectively, these results confirmed a promising antitumor 

potential of AlloHSC-iNKT cells through their intrinsic NK function. 

An attractive feature of NK cell-based cancer immunotherapy is its capacity to target a 

broad range of tumor cells independent of HLA and tumor antigen restrictions 112. However, 
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NK cell-based therapy also confronts several significant challenges such as the limited in vivo 

efficacy of NK cells, as well as their intolerance to cryopreservation that poses a significant 

technical hurdle for their clinical and commercial applications 117,118. Based on the “super 

active” NK phenotype of AlloHSC-iNKT cells, we wondered whether these cells might exhibit 

improved antitumor NK function. Moreover, unlike NK cells, iNKT cells can resist well to 

cryopreservation 119; we therefore wondered whether AlloHSC-iNKT cells might also improve 

on this aspect.  

Using an in vitro tumor cell killing assay, we evaluated the tumor killing efficacy of 

AlloHSC-iNKT cells in comparison with PBMC-NK cells (Figure 3-3C). Five human tumor 

cell lines were used as targets, including a leukemia cell line K562, a melanoma cell line A375, 

a lung cancer cell line H292, a prostate cancer cell line PC3, and a multiple myeloma cell line 

MM.1S. All five tumor cell lines were engineered to overexpress the firefly luciferase (Fluc) 

and enhanced green fluorescence protein (EGFP) dual-reporters, to enable the convenient 

monitoring of these tumor cells using either luciferase assay or flow cytometry (Figure 3-4A). 

Compared to PBMC-NK cells, AlloHSC-iNKT cells exhibited a significantly enhanced tumor 

killing efficacy across all five tumor cell lines (Figures 3-3D, 3-3E, and 3-4B to 3-4D). 

Interestingly, AlloHSC-iNKT cells sustained strong tumor killing efficacy after 

cryopreservation, whereas PBMC-NK cells were sensitive to freeze-thaw cycles and showed 

greatly reduced viability and antitumor capacity following cryopreservation (Figures 3-3D, 3-

3E, and 3-4B to 3-4D). Blocking of NK activating receptors (i.e., NKG2D and DNAM-1) 

reduced tumor killing efficacy of AlloHSC-iNKT cells (Figures 3-3F to 3-3H and 3-4E to 3-

4G), confirming their NK activating receptor-mediated tumor targeting function. 

Next we evaluated the in vivo antitumor efficacy of AlloHSC-iNKT cells using a human 

melanoma xenograft NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mouse model. A375-FG tumor 

cells were subcutaneously inoculated into NSG mice to form solid tumors, followed by a 
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paratumoral injection of AlloHSC-iNKT or PBMC-NK cells (Figure 3-3I). AlloHSC-iNKT cells 

effectively suppressed tumor growth at an efficacy higher than that of PBMC-NK cells, as 

evidenced by the time-course live animal bioluminescence imaging (BLI) monitoring (Figures 

3-3J and 3-4H), tumor size measurement (Figure 3-3K), and terminal tumor weight 

assessment (Figure 3-4I).  

Taken together, these studies support a cancer therapy potential of AlloHSC-iNKT cells 

through their intrinsic NK function, allowing these cells to target a board range of tumors 

independent of HLA and tumor antigen restrictions. Attractively, AlloHSC-iNKT cells may 

exhibit improved antitumor efficacy and cryopreservation resistance compared to NK cell-

based allogeneic cell therapy products. 

 

Tumor Targeting of AlloHSC-iNKT Cells Through Engineered Chimeric Antigen Receptors 

Chimeric antigen receptor (CAR)-engineered cell therapy has great promise for treating cancer 

89–91,120; we therefore explored the potential of AlloHSC-iNKT cells as the allogeneic cell 

carriers for CAR-directed “off-the-shelf” cell therapy. A second-generation B-cell maturation 

antigen (BCMA)-targeting CAR (BCAR) was used for this study (Figure 3-6A); this BCAR 

contains 4-1BB and CD3ζ signaling domains and has shown clinical efficacy in treating human 

multiple myeloma (MM) 121. 

 AlloHSC-iNKT cells were generated as previously described (Figure 3-1A); mature AlloHSC-

iNKT cells were further transduced with a Retro/BCAR-tEGFR retroviral vector to produce 

the BCAR-engineered AlloHSC-iNKT cells (denoted as AlloBCAR-iNKT cells) (Figure 3-5A). 

The entire culture time (~10-11 weeks) and cell yield (~1011 per CB donor or ~1012 per PBSC 

donor) were similar to those of generating non-CAR engineered AlloHSC-iNKT cells (Figures 

3-1A and 3-1G). The resulting AlloBCAR-iNKT cells were pure iNKT cells with high BCAR 

expression rate (> 98% iNKT TCR+ and up to 80% BCAR+; Figure 3-5B), and displayed a 
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typical human iNKT cell phenotype and functionality similar to those of AlloHSC-iNKT cells 

(Figures 3-2A, 3-2D, 3-6C, and 3-6D). Therefore, AlloHSC-iNKT cells can be effectively 

engineered to express CARs without compromising cell yield and quality. 

To assess the antitumor capacity of AlloBCAR-iNKT cells, we used an established in vitro 

MM.1S-CD1d-FG tumor cell killing assay 41; non-CAR engineered AlloHSC-iNKT cells, as 

well as healthy donor PBMC-derived conventional T cells with or without engineering with 

the same BCAR (denoted as PBMC-T or BCAR-T cells), were included as controls (Figure 3-

5C). The MM.1S-CD1d-FG cell line was generated by engineering the parental BCMA-

positive MM.1S human MM cell line to overexpress human CD1d and the Fluc-EGFP dual-

reporters 41, mimicking a large portion of primary patient MM  samples that are BCMA+CD1d+ 

(Figure 3-6B) 122. This in vitro tumor cell killing assay allowed us to evaluate the tumor killing 

capacity of AlloBCAR-iNKT cells, as well as to investigate their possible NK/TCR/CAR triple-

mechanisms for targeting MM (Figure 3-5D). 

 The AlloHSC-iNKT cells without BCAR engineering were able to kill MM.1S-CD1d-FG tumor 

cells while PBMC-T cells could not, indicating an intrinsic antitumor NK function of AlloHSC-

iNKT cells (Figures 3-5E, 3-4D, and 3-4G); this intrinsic antitumor NK function was inherited 

by AlloBCAR-iNKT cells, confirmed by NK activating receptor (i.e., DNAM-1) blocking assay 

(Figure 3-5F). Meanwhile, the tumor cell killing efficacy of AlloHSC-iNKT cells was enhanced 

by the addition of αGC that did not happen to PBMC-T cells, indicating an iNKT TCR-

mediated antitumor function of AlloHSC-iNKT cells; this TCR-mediated antitumor function 

was also inherited by AlloBCAR-iNKT cells (Figure 3-5E). Importantly, compared to AlloHSC-

iNKT cells, AlloBCAR-iNKT cells showed stronger tumor cell killing, indicating a CAR-

mediated antitumor function of AlloBCAR-iNKT cells (Figure 3-5E). Therefore, AlloBCAR-

iNKT cells are able to target MM tumor cells using the NK/TCR/CAR triple-mechanisms, that 

may grant AlloBCAR-iNKT cells a higher tumor targeting efficacy and an enhanced capacity to 
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counteract tumor antigen escape compared to conventional BCAR-T cells (Figures 3-5D-3-

5F) 37,123,124. 

The In vivo antitumor efficacy of AlloBCAR-iNKT cells was studied using an 

established MM.1S-CD1d-FG xenograft NSG mouse model (Zhu et al., 2019); conventional 

BCAR-T cells were included as a control. At a low tumor load condition, AlloBCAR-iNKT cells 

eliminated MM tumor cells as effectively as BCAR-T cells (Figures 3-5H and 3-5I); however, 

experimental mice treated with BCAR-T cells eventually died of graft-versus-host disease 

(GvHD) despite being tumor-free, while experimental mice treated with AlloBCAR-iNKT cells 

lived long-term with tumor-free and GvHD-free (Figures 3-5I and 3-5J). Impressively, at a 

high tumor load condition, AlloBCAR-iNKT cells still managed to suppress tumor growth 

effectively and achieved tumor clearance in a fraction of experimental mice (2 out of 5 mice); 

conventional BCAR-T cells suppressed tumor growth less well and could not achieve tumor 

clearance (Figures 3-5K-3-5N and 3-6E). 

Taken together, these studies support an attractive potential of AlloHSC-iNKT cells as 

“off-the-shelf” cell carriers for CAR-directed cancer immunotherapy. The high antitumor 

efficacy and multiple tumor-targeting mechanisms of CAR-engineered AlloHSC-iNKT cells 

may provide new opportunities to target hard-to-treat tumors and counteract tumor antigen 

escape. 

 

Safety Study of AlloHSC-iNKT Cells 

Graft-versus-host (GvH) response is the primary safety concern of an “off-the-shelf” allogeneic 

cell therapy 89. Since iNKT cells do not react to mismatched HLA molecules and protein 

alloantigens, these cells are not expected to mount GvH responses 30,31. To verify this safety 

feature of AlloHSC-iNKT cells, we performed both in vitro and in vivo studies. In an in vitro 

mixed lymphocyte reaction (MLR) assay, in sharp contrast to conventional PBMC-Tc cells, 



 100 

AlloHSC-iNKT cells did not react to all the mismatched healthy donor PBMCs tested, evidence 

by their lack of IFN-γ production (Figures 3-7A and 3-7B). In an in vivo NSG mouse xenograft 

model, unlike PBMC-Tc cells that induced GvHD and killed experimental mice around two 

months post PBMC-Tc cell transfer, AlloHSC-iNKT cells did not cause GvHD and sustained 

long-term survival of experimental mice (Figures 3-7C and 3-7D). The lack of GvHD in 

AlloHSC-iNKT cell engrafted experimental mice was confirmed by histology analysis showing 

healthy tissue structures without lymphocyte infiltrations; on the contrary, analyses of PBMC-

Tc cell engrafted experimental mice showed severe tissue damages associated with heavy 

lymphocyte infiltrations (Figures 3-7E and 3-7F). To study the influence of CAR engineering, 

we analyzed the GvH response of AlloBCAR-iNKT cells; BCAR-T cells were included as a 

control. Distinct from BCAR-T cells, AlloBCAR-iNKT cells showed no response in the in vitro 

MLR assay (Figures 3-8A and 3-8B) and induced no GvHD in the human MM xenograft NSG 

mouse model (Figures 3-8C and 3-8D), indicating that CAR engineering and tumor 

encountering do not change the GvH-free safety feature of AlloHSC-iNKT cells. 

 Besides GvHD risk, allogeneic cell therapy may confer other safety risks, including those 

common to cell-based cancer immunotherapy such as cytokine release syndrome (CRS) and 

neurotoxicity 125. Although we did not observe that AlloHSC-iNKT cells induced tissue toxicity 

in our NSG xenograft mouse models (Figures 3-7E and 3-7F), these safety studies may be 

limited by the utilized preclinical animal models 125. Additional safety control may be 

necessary, especially for the initial clinical development. We therefore have engineered a 

“safety switch” in AlloHSC-iNKT cell products by incorporating a suicide gene (i.e., sr39TK) 

in the human iNKT TCR gene delivery vector, resulting in AlloHSC-iNKT cells that are 100% 

labeled with the suicide gene (Figure 3-1A). In cell culture, addition of guanosine analog 

(GCV) effectively killed AlloHSC-iNKT cells (Figure 3-8E); in an NSG mouse xenograft 

model, administration of GCV effectively depleted AlloHSC-iNKT cells from all tissues 
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examined (e.g., liver, spleen, and lung; Figures 3-7G-3-7I). Of note, GCV has been used 

clinically as a prodrug to induce sr39TK-mediated suicide effect in cellular products 126. Other 

alternative suicide switch systems (e.g., inducible Cas9 and truncated EGFR) can certainly be 

utilized 89,127–129. 

Taken together, AlloHSC-iNKT cells are free of GvHD risk and can be equipped with 

an additional “safety switch”, making them suitable for “off-the-shelf” allogeneic cell therapy. 

 

Immunogenicity Study of AlloHSC-iNKT Cells 

For allogeneic cell therapies, immunogenicity can be a concern because allorejection by host 

T and NK cells may greatly limit the efficacy of therapeutic allogeneic cells 13. Host 

conventional CD8 and CD4 αβ T cells reject allogeneic cells through recognizing mismatched 

HLA-I and HLA-II molecules, respectively 14,32. In a classical in vitro MLR assay studying T 

cell-mediated host-versus-graft (HvG) response via IFN-γ secretion reading, compared to 

endogenous conventional T and iNKT (i.e., PBMC-Tc and PBMC-iNKT) cells, AlloHSC-iNKT 

cells triggered a significantly reduced HvG response (Figures 3-9A, 3-9C, and 3-10A). Our 

previous RNAseq study made an interesting observation that compared to endogenous immune 

cells (i.e., conventional αβT, iNKT, γδT, and NK cells), AlloHSC-iNKT cells globally 

downregulated the expression of many genes controlling cell surface display of HLA-I and 

HLA-II molecules (Figure 3-2I). Flow cytometry analysis confirmed that compared to PBMC-

Tc and PBMC-iNKT cells, AlloHSC-iNKT cells expressed significantly reduced levels of HLA-

I molecules and nearly undetectable HLA-II molecules (Figures 3-9B and 3-10B), which may 

account for their resistance to T cell-mediated HvG response (Figures 3-9C and 3-10A). 

Because interferons can upregulate HLA-I expression (Axelrod et al., 2019), we studied HLA-

I expression on AlloHSC-iNKT cells under IFN-γ stimulation (Figure 3-11A). AlloHSC-iNKT 

cells slightly upregulated surface HLA-I expression post IFN-γ stimulation; however, their 
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overall surface HLA-I level still remained significantly lower than those of PBMC-Tc and 

PBMC-iNKT cells (Figures 3-11B and 3-11C). Because an in vivo inflammatory tumor 

microenvironment may upregulate the expression of HLA molecules on tumor-infiltrating 

immune cells (e.g., via IFN-γ) 132, we also assessed HLA expression on AlloHSC-iNKT cells in 

an A375-FG human melanoma xenograft NSG mouse model adapted from a previous study 

(Figures 3-3I). A375-FG melanoma cells were subcutaneously inoculated in NSG mice to 

form solid tumors followed by injection of AlloHSC-iNKT cells; PBMC-Tc and PBMC-iNKT 

cells were included as controls (Figure 3-9D). Flow cytometry analysis of tumor-infiltrating 

AlloHSC-iNKT cells showed that these cells maintained low expressions of HLA-I and HLA-II 

molecules, at levels significantly lower than those of tumor-infiltrating PBMC-Tc and PBMC-

iNKT cells (Figures 3-9E and 3-9F). 

 Next, we studied NK cell–mediated allorejection. Host NK cells reject allogeneic cells through 

a double-trigger mechanism: 1) “missing self” (i.e., missing of matching HLA-I molecules on 

allogeneic cells) triggers the release of KIR inhibition, and 2) “stress signal” (i.e., upregulated 

stress molecules on allogeneic cells) triggers the activation of NK activating receptors such as 

NKG2D 114,133,134. Because AlloHSC-iNKT cells expressed low levels of HLA-I molecules, we 

wondered whether this might make AlloHSC-iNKT cells susceptible to host NK rejection. 

Surprisingly, in an in vitro MLR assay studying NK cell-mediated allorejection, compared to 

endogenous conventional T and iNKT (i.e., PBMC-Tc and PBMC-iNKT) cells, AlloHSC-iNKT 

cells survived rejection by mismatched healthy donor PBMC-derived NK cells significantly 

better (Figures 3-9G-3-9I); correspondingly, NK cells co-cultured with AlloHSC-iNKT cells 

exhibited less upregulation of NK activation markers (i.e., CD107a) (Figures 3-10D and 3-

10E). Flow cytometry analysis revealed that compared to PBMC-Tc and PBMC-iNKT cells, 

AlloHSC-iNKT cells expressed much reduced and nearly undetectable levels of NKG2D ligands 
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(i.e., ULBP; Figures 3-9J and 3-10C) 135, which may be one of the possible mechanisms 

accounting for their resistance to NK cell-mediated allorejection. 

 Collectively, these studies revealed a stable HLA-I/IIlow phenotype of AlloHSC-iNKT cells that 

may grant them advantage to resist host T cell-mediated rejection, compared to other healthy 

donor PBMC-derived allogeneic cell products; meanwhile, AlloHSC-iNKT cells also expressed 

low levels of stress molecules such as NKG2D ligands, making them also resistant to host NK 

cell-mediated allorejection. These “low immunogenicity” features of AlloHSC-iNKT cells 

support their application for “off-the-shelf” cell therapy. 

 

Development of HLA-Ablated Universal HSC-iNKT (UHSC-iNKT) Cells and Derivatives 

Although AlloHSC-iNKT cells display a stable HLA-I/IIlow phenotype (Figures 3-2I, 3-9B, 3-

9E, 3-9F, and 3-10B), their residual HLA-I/II molecules may still make them susceptible to 

certain levels of host T cell-mediated allorejection. We therefore explored further engineering 

of the AlloHSC-iNKT cell products to achieve total ablation of their surface HLA-I/II molecules. 

Interestingly, this task can be accomplished by ablation of only two genes: 1) a B2M gene 

encoding the beta 2-microglobulin (B2M) that is required for the surface display of all types 

of HLA-I molecules 14, and 2) a CIITA gene encoding the class II transactivator (CIITA) that 

is required for the transcription of all types of HLA-II molecules 32. Ablation of B2M and CIITA 

genes can be achieved by using the powerful gene-editing tools like the CRISPR-Cas9/gRNA 

system 33. We postulated that by combining iNKT TCR gene-engineering and B2M/CIITA 

gene-editing, we would produce HLA-ablated “universal” HSC-iNKT (UHSC-iNKT) cells 

totally resistant to host T cell-mediated allorejection. We intended to perform both gene-

engineering and gene-editing on the small numbers of starting HSCs upfront of the HSC-iNKT 

cell culture; this manufacturing design would save on the use of gene-engineering/editing 

materials (i.e., lentivector and CRISPR-Cas9/gRNA) that can be cost-limiting, and also enable 
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the maximal gene engineering/editing efficiency that can be carried on into the final UHSC-

iNKT cell products. Similar to the generation of AlloCAR-iNKT cell products (Figure 4A), a 

CAR engineering step can be incorporated after UHSC-iNKT cell differentiation, resulting in 

HLA-ablated universal CAR engineered HSC-iNKT (UCAR-iNKT) cell products. 

 CB or PBSC-derived CD34+ HSCs were transduced with the Lenti/iNKT-sr39TK lentivector; 

24 hours later, these HSCs were electroporated with a CRISPR-Cas9/B2M-CIITA-gRNAs 

complex (Figure 3-12A). The gene-engineering/editing efficiency was high; we routinely 

achieved over 50% lentivector transduction rate and over 50% HLA-I/II double-ablation rate 

(Figure 3-12B). The engineered HSCs were then put into the HSC-iNKT differentiation ATO 

culture for 8 weeks followed by 1 week of αGC expansion (Figures 3-12A); CRISPR-Cas9 

gene editing did not interfere with HSC differentiation into iNKT cells and we obtained high 

yield of differentiated UHSC-iNKT cells similar to that of AlloHSC-iNKT cells (Figures 3-1C 

and 3-12C). CRISPR-Cas9 gene editing also did not interfere with the follow-up CAR 

engineering; we obtained an efficient BCMA-targeting CAR (BCAR) engineering rate similar 

to that of engineering PBMC-derived conventional BCAR-T cells (Figure 3-12C). The high 

HLA-I/II double-ablation rate of the starting HSCs was inherited by the resulting UBCAR-

iNKT cells (i.e., ~50% of the resulting cells were HLA-I/II double-negative); if needed, the 

HLA-I/II double-negative cells could be further enriched (to over 97%) using Magnetic-

Activated Cell Sorting (MACS) via B2M and HLA-II magnetic beads labeling (Figures 3-

12D). 

 Despite HLA-I/II ablation, UBCAR-iNKT cells displayed a typical iNKT phenotype and a 

highly cytotoxic functionality similar to those of AlloBCAR-iNKT cells (Figure 3-13A). As 

expected, UBCAR-iNKT cells induced nearly undetectable T cell-mediated alloresponse when 

mixed with mismatched healthy donor PBMCs (Figures 3-12E, 3-12F, and 3-13E); 

meanwhile, UBCAR-iNKT cells maintained the resistance to NK cell-mediated allorejection 
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(Figures 3-12G, 3-12H, and 3-13F). Safety features of UBCAR-iNKT cells resembled those 

of AlloBCAR-iNKT cells: UBCAR-iNKT cells did not mount GvH response (Figures 3-13B 

and 3-13C) and they were sensitive to sr39TK/GCV-induced suicide control (Figure 3-13D). 

 To study whether HLA ablation may impact the antitumor efficacy of UBCAR-iNKT cells, we 

performed in vitro and in vivo antitumor assays. In an established in vitro MM tumor cell killing 

assay (Figure 3-5C), UBCAR-iNKT cells effectively killed tumor cells at an efficacy 

comparable to that of AlloBCAR-iNKT cells (Figures 3-5E, 3-13G, and 3-13H). Similar to 

AlloBCAR-iNKT cells, UBCAR-iNKT cells could also utilize an NK/TCR/CAR triple-

mechanisms targeting tumor cells (Figures 3-5E, 3-5F, 3-13H, and 3-13I), that may grant 

them advantage over conventional BCAR-T cells to gain additional antitumor efficacy (Figure 

3-13H), as well as to counteract BCMA antigen escape that has been reported in conventional 

BCAR-T cell therapy clinical trials 37,123,124. In an established in vivo human MM xenograft 

NSG mouse model (Figure 3-5G), UBCAR-iNKT cell treated animals achieved total tumor 

clearance and long-term survival; while BCAR-T cell treated animals only achieved partial 

tumor suppression that was followed by tumor relapse and GvHD development, leading to 

limited survival benefit (Figures 3-12I-3-12L). 

 Collectively, these studies support the generation of HLA-ablated universal HSC-iNKT cell 

products and derivatives (e.g., CAR-iNKT cell products), that are fully resistant to host T cell-

mediated allorejection and thereby may have improved in vivo persistence and antitumor 

efficacy. 

 

Discussion 

Here we report the generation and characterization of allogeneic HSC-engineered iNKT cells 

and derivatives. Using an in vitro HSC-iNKT differentiation cell culture, we showed the 

generation of AlloHSC-iNKT cells that were of high yield and purity, high antitumor efficacy, 
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high safety profile (GvH-free and suicide control), and low immunogenicity (largely resistant 

to T and NK cell-mediated allorejection). These AlloHSC-iNKT cells could be further 

engineered to express CAR, thereby enhancing their tumor targeting capacity; these cells can 

also be further engineered to ablate their surface HLA molecules, thereby enhancing their 

resistance to host T cell-mediated allorejection. Collectively, our studies have generated 

AlloHSC-iNKT cells and demonstrated them as promising cell carriers for developing off-the-

shelf cancer immunotherapy. 

 Development of allogeneic “off-the-shelf” cell therapies, many equipped with CARs, is 

becoming a fast-evolving frontier of cancer immunotherapy. Two major categories of such 

allogeneic cell products are based on engineering healthy donor-derived conventional αβ T 

cells or NK cells 11–14. Because conventional αβ T cells risk inducing GvHD in allogeneic hosts 

due to HLA incompatibility, these T cells need to be gene-edited to ablate endogenous TCR 

expression, usually through disrupting the TRAC or/and TRBC gene loci, to make them suitable 

for allogeneic cell therapy but meanwhile may also potentially increase manufacture 

complexity 18–21. On the other hand, NK-based allogeneic cell products are considered of low 

GvHD risk and thereby do not require additional gene-editing, but their in vivo clonal 

expansion and antitumor performance may be limited compared to that of conventional αβ T 

cells 12. Two such allogeneic cell products, a conventional αβ T cell-based universal CD19-

CAR engineered T cells (UCART19) and an NK cell-based CB-derived CD19-CAR 

engineered NK cells, were recently tested in phase I clinical trials treating CD19+ B cell 

malignancies 19,23. These studies reported the feasibility, certain antileukemic activity, and 

manageable safety profile of the two cell products, showing an encouraging step forward for 

the field of allogeneic cell therapy 19,23. 

 Engineering unconventional innate-type T cells (e.g., iNKT, γδ T, and MAIT cells) that have 

potent antitumor capacity while free of GvHD risk represents another promising direction for 
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developing allogeneic cell therapy for cancer especially for solid tumors 37,46,48,136. In particular, 

iNKT cell-based cancer immunotherapy has attracted considerable attention. A preclinical 

study reported the enhanced anti-lymphoma activity of CAR19-engineered iNKT cells 

compared to conventional CAR19-T cells 37. Another preclinical study reported the potent 

antitumor efficacy to neuroblastoma and no GvHD risk of CAR.GD2-engineered iNKT cells 

compared to conventional CAR.GD2-T cells 136. A recent clinical trial testing autologous 

GD2.CAR-engineered iNKT cells also showed safety and certain efficacy in patients with 

relapsed or refractory neuroblastoma 48. These studies suggest the therapeutical potential of 

iNKT-based cell products and support the development of such cell products for allogeneic 

cell therapy for cancer even solid tumors. 

The in vitro HSC-iNKT differentiation cell culture was robust and of high yield (Figure 

3-1G). The resulting AlloHSC-iNKT cell products were of high purity and nearly free of 

bystander conventional αβ T cells (Figure 3-1D), that may allow these cell products to be 

directly used for allogeneic cell therapy without an additional purification step; if necessary, 

commercially available human iNKT cell isolation reagents (e.g., human anti-iNKT 

microbeads from Miltenyi) can be used for further purification. Notably, we detected no 

expression of endogenous TCRs in AlloHSC-iNKT cells (Figure 3-1F), suggesting an induction 

of allelic exclusion by transgenic iNKT TCRs as previously reported 41,42. The robustness, high 

yield, and high purity of AlloHSC-iNKT cell products will facilitate their next-stage translational 

and clinical development. 

The antitumor efficacy of AlloHSC-iNKT cells was promising. These cells displayed a 

typical iNKT phenotype and functionality: they co-expressed memory T cell and NK cell 

markers, they expressed high levels of inflammatory tissue/tumor homing markers, and they 

produced high levels of cytokines and cytotoxic molecules outperforming T and NK cells 

(Figures 3-2 and 3-3). Interestingly, compared to endogenous cells (i.e., T, NK, and iNKT 
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cells), AlloHSC-iNKT cells expressed exceedingly high levels of NK activating receptors and 

low levels of NK inhibitory receptors (Figure 3-2G), that was associated with their superior 

antitumor NK function in vitro and in vivo (Figure 3-3). In addition, the NK/TCR/CAR tumor-

targeting triple-mechanisms of AlloHSC-iNKT cells and their derivatives grant these cells a 

stronger antitumor efficacy (Figures 3-5D-3-5F, 3-12I-3-12J, and 3-13G-3-13I) and may 

enable them to counteract tumor antigen escape which has been observed in T cell-based cancer 

therapies 37,89,123,124. Overall, in both a human blood cancer (i.e., MM) and a human solid tumor 

(i.e., melanoma) preclinical mouse xenograft models utilized in this study, AlloHSC-iNKT cells 

or their CAR-derivatives (i.e., AlloBCAR-iNKT and UBCAR-iNKT cells) showed an enhanced 

antitumor efficacy compared to healthy donor PBMC-derived NK or CAR-engineered 

conventional αβ T cells, highlighting their cancer therapy potential (Figures 3-3I-3-3K, 3-4H-

3-4I, 3-5G-3-5N, 3-6E, and 3-12I-3-12L). Notably, a synthetic iNKT cell antagonist, αGC, 

has been demonstrated to specifically stimulate and expand iNKT cells in both preclinical and 

clinical studies; αGC is clinically available and may be used as a “designer stimulator” to 

enhance the in vivo performance of AlloHSC-iNKT cells 28,35,38,57,137. 

The safety of AlloHSC-iNKT cells was appealing. In our studies, AlloHSC-iNKT cells 

showed no GvH responses against multiple random healthy donor PBMCs in an in vitro MLR 

assay (Figures 3-7A, 3-7B, 3-8A, and 3-8B), and showed no GvHD in vivo in multiple human 

tumor xenograft NSG mouse models (Figures 3-7C-3-7F, and 3-8C-3-8D), in consistent with 

their iNKT cell nature and high purity (Figure 3-1) 36. A suicide switch (e.g., sr39TK/GCV) 

can also be incorporated into AlloHSC-iNKT cells to provide an additional safety control 

(Figure 3-7G-3-7I, and 3-8E). The high safety of AlloHSC-iNKT cells strongly support their 

allogeneic application. 

A serendipity feature of AlloHSC-iNKT cells is their significantly lower 

immunogenicity compared to PBMC-derived endogenous immune cells (i.e., αβ T, iNKT, γδ 
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T, and NK cells). AlloHSC-iNKT cells expressed reduced levels of HLA-I molecules and nearly 

undetectable HLA-II molecules, that seemed to be genomically programmed (Figure 3-2I) and 

stable through the in vitro culture and in vivo persistence even within the tumor 

microenvironment (Figures 3-9A-3-9F); this feature may allow these cells to resist 

allorejection by host T cells and thereby alleviating the need of additional HLA gene editing 

or intense host T cell depletion preconditioning treatment (e.g., CD52 antibody treatment) 18,19. 

Meanwhile, AlloHSC-iNKT cells also expressed reduced levels of NK activating receptor 

ligands (e.g., ULBP) (Figure 3-9J); this feature may allow these cells to also resist the 

allorejection by host NK cells and increase their suitability for allogeneic cell therapy (Figures 

3-9G-3-9I). The biological regulations resulting in this low immunogenicity feature of 

AlloHSC-iNKT cells remain to be illustrated; nonetheless, such biological regulations seemed 

to interfere with neither the production nor the antitumor efficacy of AlloHSC-iNKT cells both 

in vitro and in vivo (Figures 3-3, 3-5, and 3-12). 

Despite their promises, the current AlloHSC-iNKT cell products confront certain 

limitations that may be further improved: the manufacturing process can benefit from switching 

to a feeder-free culture system that will greatly simplify and accelerate the clinical and 

commercial development; the sr39TK/GCV suicide switch can be replaced with an alternative 

suicide switch system (e.g., inducible Cas9 or truncated EGFR) that are less immunogenic and 

cell-cycle dependent 89,127–129,138; an HLA-E transgene can also be incorporated into the 

AlloHSC-iNKT cell products to further increase their resistance to host NK cell-mediated 

allorejection 133,139; and pluripotent stem cells (i.e., ES cells and iPSCs) may be utilized as an 

alternative “unlimited” cell source to derive HSCs for the generation of AlloHSC-iNKT cells 45. 

Further exploration of AlloHSC-iNKT cells as allogeneic cell carriers for developing off-the-

shelf cell therapy treating cancer especially solid tumors will certain be interesting directions 

for future study. 
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Figures 

 

Figure 3-1. In Vitro Generation of Allogenic HSC-Engineered iNKT (AlloHSC-iNKT) Cells  
(A) Experimental design to generate AlloHSC-iNKT cells in vitro. HSC, hematopoietic stem 
cell; CB, cord blood; PBSC, periphery blood stem cell; αGC, α-galactosylceramide; 
Lenti/iNKT-sr39TK, lentiviral vector encoding an iNKT TCR gene and an sr39TK 
suicide/PET imaging gene. 
(B-E) FACS monitoring of AlloHSC-iNKT cell generation. (B) Intracellular expression of iNKT 
TCR (identified as Vβ11+) in CD34+ HSCs at 72 hours post lentivector transduction. (C) 
Generation of iNKT cells (identified as iNKT TCR+TCRαβ+ cells) during Stage 1 ATO 
differentiation culture. A 6B11 monoclonal antibody was used to stain iNKT TCR. (D) 
Expansion of iNKT cells during Stage 2 αGC expansion culture. (E) Expression of CD4/CD8 
co-receptors on AlloHSC-iNKT cells during Stage 1 and Stage 2 cultures. DN, CD4/CD8 double 



 113 

negative; CD4 SP, CD4 single positive; DP, CD4/CD8 double positive; CD8 SP, CD8 single 
positive.  
(F) Single cell TCR sequencing analysis of AlloHSC-iNKT cells. Healthy donor periphery blood 
mononuclear cell (PBMC)-derived conventional αβ T (PBMC-Tc) and iNKT (PBMC-iNKT) 
cells were included as controls. The relative abundance of each unique T cell receptor sequence 
among the total unique sequences identified for individual cells was represented by a pie slice. 
(G) Table summarizing experiments that have successfully generated AlloHSC-iNKT cells.  
Representative of 1 (F) and over 10 experiments (A-E). 
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Figure 3-2. Characterization and Gene Profiling of AlloHSC-iNKT Cells 

(A) FACS detection of surface markers on AlloHSC-iNKT cells. PBMC-iNKT and PBMC-Tc 
cells were included as controls. 
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(B-C) Antigen responses of AlloHSC-iNKT cells. AlloHSC-iNKT cells were cultured for 7 days, 
in the presence or absence of αGC (denoted as αGC or Vehicle, respectively). (B) Cell growth 
curve (n = 3). (C) ELISA analyses of cytokine (IFN-γ, TNF-α, IL-2, IL-4 and IL-17) production 
at day 7 post αGC stimulation (n = 3). 
(D) FACS detection of intracellular cytokines and cytotoxic molecules in AlloHSC-iNKT cells. 
PBMC-iNKT and PBMC-Tc cells were included as controls. 
(E-I) Deep RNAseq analysis of AlloHSC-iNKT cells generated from CB or PBSC-derived 
CD34+ HSCs (n = 3 for each). Healthy donor PBMC-derived conventional CD4- αβ T (PBMC-
αβTc; n = 8), CD4- iNKT (PBMC-iNKT; n = 3), γδ T (PBMC- γδT; n = 6), and NK (PBMC-
NK; n = 2) cells were included as controls. N indicates different donors. (E) Principal 
component analysis (PCA) plot showing the ordination of all six cell types. (F-I) Heatmaps 
showing the expression of selected genes encoding transcription factors (F), NK activating and 
inhibitory receptors (G), tissue-inflammatory homing markers (H), and HLA molecules (I), for 
all six cell types. 
Representative of 1 (E-I) and 3 (A-D) experiments. Data are presented as the mean ± SEM. ns, 
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by Student's t test. 
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Figure 3-3. Tumor Targeting of AlloHSC-iNKT Cells Through Intrinsic NK Function 
(A-B) FACS analyses of surface NK receptor expression and intracellular cytotoxic molecule 
production by AlloHSC-iNKT cells. PBMC-NK cells were included as a control. (A) 
Representative FACS plots. (B) Quantification of A (n = 9). 
(C-E) In vitro direct killing of human tumor cells by AlloHSC-iNKT cells. PBMC-NK cells 
were included as a control. Both fresh and frozen-thawed cells were studied. Five human tumor 
cell lines were studied: A375 (melanoma), K562 (myelogenous leukemia), H292 (lung cancer), 
PC3 (prostate cancer), and MM.1S (multiple myeloma). All tumor cell lines were engineered 
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to express firefly luciferase and green fluorescence protein (FG) dual-reporters. (C) 
Experimental design. (D and E) Tumor killing data of A375-FG human melanoma cells (D) 
and K562-FG human myelogenous leukemia cells (E) at 24-hours (n = 4). 
(F-H) Tumor killing mechanisms of AlloHSC-iNKT cells. NKG2D and DNAM-1 mediated 
pathways were studied. (F) Experimental design. (G) Tumor killing data of A375-FG human 
melanoma cells at 24-hours (tumor:iNKT ratio 1:2; n = 4). (H) Tumor killing data of K562-FG 
human myelogenous leukemia cells at 24-hours (tumor:iNKT ratio 1:1; n = 4). 
(I-K) Studying the in vivo antitumor efficacy of AlloHSC-iNKT cells in an A375-FG human 
melanoma xenograft NSG mouse model. (I) Experimental design. BLI, live animal 
bioluminescence imaging. (J) BLI images showing tumor loads in experimental mice over time. 
(K) Tumor size measurements over time (n = 4-5). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by Student's t test (B) or by 1-way 
ANOVA (D, E, G, H, and K). 
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Figure 3-4. Tumor Targeting of AlloHSC-iNKT Cells Through NK Function 
(A) Schematics showing the engineered A375-FG, K562-FG, H292-FG, PC3-FG, and MM.1S-
FG cell lines. Fluc, firefly luciferase; EGFP, enhanced green fluorescent protein; F2A, foot-
and-mouth disease virus 2A self-cleavage sequence. 
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(B-D) In vitro direct killing of human tumor cells by AlloHSC-iNKT cells. PBMC-NK cells 
were included as a control. Both fresh and frozen-thawed cells were studied. Tumor cell killing 
was analyzed at 24-hours post co-culture. Tumor killing data of H292-FG human lung cancer 
cells (B), PC3-FG human prostate cancer cells (C), and MM.1S-FG human multiple myeloma 
cells (D) were presented. N = 4. 
(E-G) Tumor killing mechanisms of AlloHSC-iNKT cells. NKG2D and DNAM-1 mediated 
pathways were studied. Tumor cell killing was analyzed at 24-hours post co-culture. Tumor 
killing data of H292-FG (tumor:iNKT ratio 1:2), PC3-FG (tumor:iNKT ratio 1:10), and 
MM.1S-FG (tumor:iNKT ratio 1:15) were presented. N = 4. Related to main Figures 3F-3H. 
(H-I) In vivo antitumor efficacy of AlloHSC-iNKT cells in an A375-FG human melanoma 
xenograft NSG mouse model. (H) BLI measurements of tumor loads over time (n = 4 or 5). (I) 
Tumor weight at the terminal harvest on day 18 (n = 4 or 5). Related to main Figures 3I-3K. 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, by 1-way ANOVA (B-G, I) or by Student's 
t test (H). 
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Figure 3-5. Tumor Targeting of AlloHSC-iNKT Cells Through Engineered Chimeric 
Antigen Receptors 
(A) Experimental design to generate BCMA CAR-engineered AlloHSC-iNKT (AlloBCAR-iNKT) 
cells in vitro. BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; BCAR, 
BCMA CAR; Retro/BCAR-tEGFR, retroviral vector encoding a BCMA CAR gene as well as 
a truncated epidermal growth factor receptor (tEGFR) reporter gene. tEGFR was used as a 
staining marker indicating the BCAR expression. 
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(B) FACS analysis of BCAR expression (identified as tEGFR+) on AlloBCAR-iNKT at 72-hours 
post retrovector transduction. Healthy donor PBMC T cells transduced with the same 
Retro/BCAR-tEGFR vector (denoted as BCAR-T cells) were included as a staining control.   
(C-F) In vitro killing of human multiple myeloma cells by AlloBCAR-iNKT cells. MM.1S-
CD1d-FG, human MM.1S cell line engineered to overexpress human CD1d as well as FG dual-
reporters. PBMC-T, BCAR-T, and AlloHSC-iNKT cells were included as effector cell controls. 
(C) Experimental design. (D) Diagram showing the tumor-targeting triple-mechanisms of 
AlloBCAR-iNKT cells, mediated by NK activating receptors, iNKT TCR, and BCAR. (E) 
Tumor cell killing by the indicated effector cells with/out the addition of αGC (n = 4). (F) 
Tumor cell killing by AlloBCAR-iNKT cells with/out the blockade of DNAM-1 (n = 4). Tumor 
cell killing was analyzed at 8-hours post co-culture (effector:tumor ratio 5:1). 
(G-N) Studying the in vivo antitumor efficacy of AlloBCAR-iNKT cells in an MM.1S-CD1d-
FG human multiple myeloma xenograft NSG mouse model. Tumor-bearing mice injected with 
BCAR-T cells or no cells (Vehicle) were included as controls. (G-J) Low tumor load condition. 
(G) Experimental design. (H) BLI images showing tumor loads in experimental mice over time. 
(I) Quantification of H (n = 5). (J) Kaplan-Meier survival curves of experimental mice over a 
period of 4 months post tumor challenge (n = 5). (K-N) High tumor load condition. (K) 
Experimental design. (L) BLI images showing tumor loads in experimental mice at day 38. (M) 
Quantification of tumor load in experimental mice over time (n = 5). (N) Kaplan-Meier survival 
curves of experimental mice over a period of 4 months post tumor challenge (n = 5). 
Representative of 2 experiments (K-N) and 3 experiments (A-J). Data are presented as the 
mean ± SEM. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by 
one-way ANOVA (E, F, I, and M), or by log rank (Mantel-Cox) test adjusted for multiple 
comparisons (J and N). 
 
 



 122 

 
Figure 3-6. Tumor Targeting of AlloHSC-iNKT Cells Through Engineered Chimeric 
Antigen Receptors. 
(A) Schematics showing the design of BCMA-CAR. LS, leader sequence; ScFv, single-chain 
variable fragment; TM, transmembrane domain.  
(B) FACS analyses of BCMA and CD1d expression on MM.1S-CD1d-FG cells. A 
representative MM patient primary bone marrow (BM) sample was included as a control. 
(C-D) FACS characterization of AlloBCAR-iNKT cells. (C) Surface marker expression. (D) 
Intracellular cytokine and cytotoxic molecule production. BCAR-T cells were included as a 
control. 
(E) In vivo antitumor efficacy of AlloBCAR-iNKT cells in an MM.1S-CD1d-FG human multiple 
myeloma xenograft NSG mouse model. BLI images were presented showing tumor loads in 
experimental mice over time. Related to main Figures 4K-4N. 
Representative of 2 (E) and 3 (A-D) experiments. 
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Figure 3-7. Safety Study of AlloHSC-iNKT Cells 
(A-B) Studying the graft-verus-host (GvH) response of AlloHSC-iNKT cells using an in vitro 
mixed lymphocyte reaction (MLR) assay. PBMC-Tc cells were included as a responder cell 
control. (A) Experimental design. PBMCs from 4 different healthy donors were used as 
stimulator cells. (B) ELISA analyses of IFN-γ production at day 4 (n = 4). N, no stimulator 
cells. 
(C-F) Studying the GvH response of AlloHSC-iNKT cells using an NSG mouse xenograft model. 
Donor-matched PBMC-Tc cells were included as a control. (C) Experimental design. (D) 
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Kaplan-Meier survival curves of experimental mice over time (n = 5). (E) H&E-stained tissue 
sections. Blank indicates tissue sections collected from control NSG mice receiving no 
adoptive cell transfer. Arrows point to mononuclear cell infiltrates. Scale bar: 200 μm. (F) 
Quantification of E (n = 4). 
(G-I) In vivo controlled depletion of AlloHSC-iNKT cells via GCV treatment. GCV, ganciclovir. 
(G) Experimental design. (H) FACS detection of AlloHSC-iNKT cells in the liver, spleen, and 
lung of NSG mice at day 5. (I) Quantification of G (n = 4). 
Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way ANOVA (B), Student's t 
test (F and I), or by log rank (Mantel-Cox) test adjusted for multiple comparisons (D). 
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Figure 3-8. Safety study of AlloHSC-iNKT cells. 
(A-B) Studying the graft-verus-host (GvH) response of AlloBCAR-iNKT cells using an in vitro 
mixed lymphocyte reaction (MLR) assay. BCAR-T cells were included as a responder cell 
control. (A) Experimental design. PBMCs from 4 different healthy donors were used as 
stimulator cells. (B) ELISA analyses of IFN-γ production at day 4 (n = 4). 
(C-D) Histology analysis of tissue sections collected from experimental mice as described in 
Figures 4G-4J. (C) H&E-stained tissue sections. Blank indicates tissue sections collected from 
NSG mice receiving no adoptive cell transfer. Arrows point to mononuclear cell infiltrates. 
Scale bar: 200 μm. (D) Quantification of C (n = 4). 
(E) In vitro GCV killing assay. AlloHSC-iNKT cells were cultured in vitro in the presence of 
gradient concentrations of GCV for 4 days, followed by quantification of live cells via cell 
counting (n = 6). 
Representative of 2 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, by Student's t test (D) or by 1-way ANOVA 
(B and E). 
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Figure 3-9. Immunogenicity Study of AlloHSC-iNKT Cells 
(A-C) Studying allogenic T cell response against AlloHSC-iNKT cells using an in vitro MLR 
assay. Irradiated AlloHSC-iNKT cells (as stimulators) were co-cultured with donor-mismatched 
PBMC cells (as responders). Irradiated PBMC-iNKT and PBMC-Tc cells were included as 
stimulator cell controls. (A) Experimental design. PBMCs from 3 different healthy donors were 
used as responders. (B) FACS analyses of HLA-I and HLA-II expression on the indicated 
stimulator cells (n = 6). (C) ELISA analyses of IFN-γ production at day 4 (n = 3). 
(D-F) Studying HLA-I/II expression on AlloHSC-iNKT cells in vivo in an A375-FG human 
melanoma xenograft NSG mouse model. PBMC-iNKT and PBMC-Tc cells were included as 
effector cell controls. (D) Experimental design. (E) FACS analyses of HLA-I/II expression on 
the indicated effector cells isolated from A375-FG solid tumors. (F) Quantification of E (n = 
5). 
 (G-J) Studying allogenic NK cell response against AlloHSC-iNKT cells using an in vitro MLR 
assay. AlloHSC-iNKT cells were co-cultured with donor-mismatched PBMC-NK cells. PBMC-
iNKT and PBMC-Tc cells were included as controls. (G) Experimental design. (H) FACS 
analyses of the indicated cells at day 0 and 1. (I) Quantification of H (n = 3). (J) FACS analyses 
of ULBP expression on the indicated cells (n = 5-6).  
Representative of 2 (D-F) and 3 (A-C, and G-J) experiments. Data are presented as the mean 
± SEM. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by Student's 
t test (I) or by one-way ANOVA (B, C, F, and G). 
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Figure 3-10. Immunogenicity Study of AlloHSC-iNKT Cells. 
(A) ELISA analyses of IFN-γ production at day 4 in an in vitro MLR assay (n = 3). Data of 
PBMC2 and PBMC3 responders were presented. Related to main Figures 6A and 6C. 
(B) FACS analyses of HLA-I/II expression on PBMC-Tc, PBMC-iNKT, and AlloHSC-iNKT 
cells. Representative FACS plots were presented. Related to main Figure 6B. 
(C) FACS analyses of ULBP expression on PBMC-Tc, PBMC-iNKT, and AlloHSC-iNKT cells. 
Representative FACS plots were presented. Related to main Figure 6F. 
(D-E) Studying CD107a expressions on PBMC-NK cells using an in vitro MLR assay. PBMC-
NK cells were co-cultured with AlloHSC-iNKT, PBMC-iNKT, and PBMC-Tc cells for 24 hours. 
CD107a antibody was added into the cell cultures and incubated for 2 hours prior to flow 
cytometry. (D) FACS analyses of CD107a expression on PBMC-NK cells. (E) Quantification 
of D (n = 4). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way ANOVA. 
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Figure 3-11. HLA-I Expression Study on AlloHSC-iNKT Cells Under IFN-γ Stimulation. 
(A) Experimental design. AlloHSC-iNKT cells were stimulated with a range of IFN-γ (0, 5, and 
50 ng/ml) for 3 days. PBMC-iNKT and PBMC-Tc cells were included as controls. 
(B) FACS analyses of HLA-I expression on the indicated cells. 
(C) Quantification of HLA-I expression on the indicated cells stimulated with IFN-γ of 
indicated concentrations (n = 3). 
Representative of 3 experiments. Data are presented as the mean ± SEM. *P < 0.05, ***P < 
0.001, ****P < 0.0001, by 1-way ANOVA. 
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Figure 3-12. Development of HLA-Ablated Universal HSC-iNKT (UHSC-iNKT) Cells 
and Derivatives 
(A) Experimental design to generate UHSC-iNKT and BCMA CAR-engineered UHSC-iNKT 
(UBCAR-iNKT) cells. CRISPR, clusters of regularly interspaced short palindromic repeats; 



 130 

Cas 9, CRISPR associated protein 9; gRNA, guide RNA; B2M, beta-2-microglobulin; CIITA, 
class II major histocompatibility complex transactivator. 
(B-D) FACS monitoring of UHSC-iNKT and UBCAR-iNKT cell generation. (B) Intracellular 
expression of iNKT TCR (identified as Vβ11+) and surface ablation of HLA-I/II (identified as 
HLA-I/B2M-HLA-II-) in CD34+ HSCs cells at day 5 (72 hours post lentivector transduction 
and 48 hours post CRISPR/Cas9 gene editing). (C) Generation of iNKT cells (identified as 
iNKT TCR+TCRαβ+ cells) during Stage 1 ATO differentiation culture, Stage 2 αGC expansion, 
and Stage 3 CAR transduction. Healthy donor PBMC T cells transduced with the same 
Retro/BCAR-tEGFR vector was included as a staining control (denoted as BCAR-T cells). (D) 
Purification of HLA-I/II-negative UHSC-iNKT cells using MACS sorting.  
(E-F) Studying allogenic T cell response against UBCAR-iNKT cells using an in vitro MLR 
assay. Irradiated UBCAR-iNKT cells (as stimulators) were co-cultured with donor-mismatched 
PBMC cells (as responders). Irradiated AlloBCAR-iNKT and conventional BCAR-T cells were 
included as stimulator cell controls. (E) Experimental design. PBMCs from 3 different healthy 
donors were used as responders. (F) ELISA analyses of IFN-γ production at day 4 (n = 3).  
(G-H) Studying allogenic NK cell response against UHSC-iNKT cells using an in vitro MLR 
assay. UHSC-iNKT cells were co-cultured with donor-mismatched PBMC-NK cells. AlloHSC-
iNKT cells were included as a control. (G) Experimental design. (H) FACS quantification of 
the indicated cells (n = 3). 
(I-L) Studying the in vivo antitumor efficacy of UBCAR-iNKT cells in an MM.1S-CD1d-FG 
human multiple myeloma xenograft NSG mouse model. (I) Experimental design. (J) BLI 
images showing tumor loads in experimental mice over time. (K) Quantification of J (n = 5). 
(L) Kaplan-Meier survival curves of experimental mice over a period of 4 months post tumor 
challenge (n = 8). Mice were combined from 2 independent experiments. 
Representative of 2 (I-L) and 3 (B-H) experiments. Data are presented as the mean ± SEM. ns, 
not significant, ****P < 0.0001, by Student's t test (H), one-way ANOVA (F and K), or by log 
rank (Mantel-Cox) test adjusted for multiple comparisons (L). 
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Figure 3-13. Development of HLA-Ablated Universal HSC-iNKT (UHSC-iNKT) Cells 
and Derivatives. 
(A) FACS analyses of surface marker expression, and Intracellular cytokine and cytotoxic 
molecule production by UBCAR-iNKT cells. AlloBCAR-iNKT and BCAR-T cells were 
included as controls. 



 132 

(B-C) Studying the GvH response of uBCAR-iNKT cells using an in vitro MLR assay. BCAR-
T cells were included as a responder cell control. (B) Experimental design. PBMCs from 3 
different healthy donors were used as stimulator cells. (C) ELISA analyses of IFN-γ production 
at day 4 (n = 4). 
(D) In vitro GCV killing assay. UBCAR-iNKT cells were cultured in vitro in the presence of 
gradient concentrations of GCV for 4 days, followed by quantification of live cells via cell 
counting (n = 6). 
(E) Studying allogenic T cell response against UBCAR-iNKT cells using an in vitro MLR assay. 
ELISA analyses of IFN-γ production at day 4 were presented (n = 3). Related to main Figures 
7E and 7F. 
(F) Studying allogenic NK cell response against UBCAR-iNKT cells using an in vitro MLR 
assay.  AlloBCAR-iNKT cells were included as a control. Representative FACS plots were 
presented, showing the quantification of the indicated cells at day 0 and day 1. Related to main 
Figures 7G and 7H. 
(G-I) In vitro killing of MM.1S-CD1d-FG human multiple myeloma cells by UBCAR-iNKT 
cells. PBMC-T, BCAR-T, and UHSC-iNKT cells were included as effector cell controls. (G) 
Experimental design. (H) Tumor cell killing by the indicated effector cells with/out the addition 
of αGC (n = 4). (I) Tumor cell killing by AlloBCAR-iNKT cells with/out the blockade of 
DNAM-1 (n = 4). Tumor cell killing was analyzed at 8-hours post co-culture (effector:tumor 
ratio 5:1). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, by 1-way ANOVA. 
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Chapter 4 - Combating Ovarian Cancer Using Stem Cell-Engineered Off-The-Shelf 

CAR-iNKT Cells 

Abstract 

Adoptive cellular therapy has recently transformed the field of cancer 

immunotherapy, specifically the treatment of hematological malignancies, through the 

application of chimeric antigen receptor (CAR) T cells. While a tremendous step forward for 

cell therapy, current CAR T products face barriers to patient accessibility and clinical benefit. 

Their autologous nature renders the therapies patient selective and costly, and mechanisms of 

resistance to CAR T cells, including antigen downregulation/antigen-negative relapse, limit 

long-term therapeutic efficacy. In this letter, we report novel ex vivo HSC-derived mesothelin-

CAR engineered NKT (AlloMCAR-iNKT) cell products that are pure, potent, and safe 

allogeneic cell therapies. AlloMCAR-iNKT cells execute ovarian cancer killing through a CAR-

TCR-NK triple-mechanism, do not cause GvHD, and are resistant to allorejection. Our feeder-

free, serum-free culture method promotes the speedy clinical translationof HSC engineered 

cells, and here we validate our system as a versatility platform for the development of designer 

“off-the-shelf” cellular products with high therapeutic potential to ovarian cancer patients. 

 

Introduction 

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

malignancies1. In the USA, California is the state with the highest incidences and deaths of 

ovarian cancer. In 2021, it is estimated that 2,550 women will be diagnosed with OC and 1,640 

women will die from this disease at California140. Despite surgery and chemotherapy, 5-years 

survival rates for advanced stage disease have been improved only modestly over the past few 

decades remaining at about 45%, and majority of patients relapse within 10-18 months141. 

Therefore, novel therapies are urgently needed. 
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Adoptive T cell therapy is emerging as an attractive immunotherapy approach for OC. 

In particular, early clinical studies testing a mesothelin (MSLN)-targeting CAR-T (MCAR-T) 

cell therapy have generated encouraging results: the therapy was feasible and safe; the CAR-T 

cells engrafted and expanded in all subjects; and there was evidence of trafficking to tumor 

sites resulting in the clearance of pleural effusion in one patient and in stabilization of disease 

in all six patients142. Notably, MSLN is expressed at low levels in normal tissue but 

overexpressed in about 70% of OC tumors, making it an ideal CAR-T cell therapeutic target 

for treating OC143. Despite its promise, the current MCAR-T cell therapy has significant 

limitations: its efficacy needs to be improved; and importantly, it falls into the category of 

autologous cell therapy142. Such a conventional αβ T cell-based cell product risk inducing graft-

versus-host disease (GvHD) when adoptively transferred into allogeneic hosts; therefore 

personalized MCAR-T cells need to be manufactured for each patient and can only be used to 

treat that single patient, making the therapy extremely costly and difficult to deliver to all OC 

patients in need142. In order to fully harness the potential of MCAR-directed cell therapy for 

OC, the development of a potent allogeneic “off-the-shelf” cell therapy is of great demand.

 Invariant natural killer T (iNKT) cells are a small population of unconventional αβ T cells53. 

These cells have several unique features, making them ideal cell carriers for developing 

allogeneic CAR-directed cell therapy for OC53. Compared to conventional CAR-T cells, CAR-

engineered iNKT (CAR-iNKT) cells can attack tumor cells using multiple mechanisms and at 

higher efficacy; can more effectively traffic to and infiltrate solid tumors; can alter solid tumor 

immunosuppressive microenvironment; and most importantly, do not induce GvHD37,136. 

However, human blood contains extremely low numbers of iNKT cells (0.001-1%), making it 

very difficult to reliably grow large numbers of allogeneic iNKT cells for CAR-engineering53. 

Moreover, allogeneic iNKT cell products expanded from blood may contain bystander 

allogeneic conventional αβ T cells and thus risk inducing GvHD. Recently, we have 
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successfully overcome this critical hurdle by establishing a novel Ex Vivo Hematopoietic Stem 

Cell (HSC)-Derived CAR-iNKT Cell Culture Method, that can produce therapeutic levels of 

pure and potent CAR-iNKT cells suitable for allogeneic cell therapy. Based on this method, in 

this project we propose to develop a next-generation, off-the-shelf cell therapy for OC by 

generating potent allogeneic MCAR-iNKT (AlloMCAR-iNKT) cells targeting OC. 

 

Materials and Methods 

Human CD34+ Hematopoietic Stem Cells (HSCs) and Periphery Blood Mononuclear Cells 

(PBMCs) 

Human CD34+ HSCs from cord blood (CB) sources were purchased from HemaCare. For all 

CB HSCs aliquots, the purity of CD34+ cells were more than 97%, as evaluated by flow 

cytometry. CB HSCs were cultured in X-VIVO 15 Serum-free Hematopoietic Cell Medium 

(Lonza). Healthy donor human PBMCs were obtained from the UCLA/CFAR Virology Core 

Laboratory without identification information under federal and state regulations. PBMCs were 

cultured in a complete lymphocyte culture medium (denoted as C10 medium) unless other 

specified. C10 was made of RPMI 1640 supplemented with FBS (10% vol/vol), P/S/G 40 (1% 

vol/vol), MEM NEAA (1% vol/vol), HEPES (10 mM), Sodium Pyruvate (1 mM), β-ME (50 

mM), and Normocin (100 mg/ml). 

 

Cell Lines 

Human multiple myeloma cancer cell line MM.1S was purchased from American Type Culture 

Collection (ATCC), human ovarian carcinoma cell OVCAR8, human ovarian adenocarcinoma 

cell line OVCAR3, and human ovarian carcinoma cell line Skov3 were obtained from NIH. 

All cells were cultured in R10 medium, made of RPMI 1640 supplemented with FBS (10% 

vol/vol) and P/S/G (1% vol/vol). The parental tumor cell lines were transduced with lentiviral 
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vectors encoding the intended gene(s) as needed. Genes of interest include a human mesothelin 

(MSLN) and a dual reporter of firefly luciferase and enhanced green fluorescence protein (FG). 

72h post lentivector transduction, cells were subjected to flow cytometry sorting to isolate 

gene-engineered cells for making stable cell lines. Six stable tumor cell lines were generated 

for this study, including MM.1S-FG, MM.1S-MSLN-FG, OVACR3-FG, OVCAR8-FG, and 

Skov3-FG. 

 

Mice  

All animal experiments used NOD.Cg-PrkdcSCIDIl2rgtm1Wjl/SzJ (NOD/SCID/IL-2Rγ-/-, 

NSG) mice were purchased from The Jackson Laboratory. All mice were 6- to 10-weeks old 

and maintained at the animal facilities of the University of California, Los Angeles (UCLA) 

under pathogen-free conditions. All mouse studies were conducted in accordance with national 

guidelines for the humane treatment of animals and were approved by the Institutional Animal 

Care and Use Committee of UCLA.  

 

Lentiviral Vector Construction and Transduction 

Lentiviral vectors used in this study were all constructed from a parental lentivector pMNDW 

as previously described. 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-MCAR vector was constructed by inserting into pMNDW vector a 

synthetic tricistronic gene encoding human iNKT TCRα-F2A-TCRβ-P2A-mesothelin CAR; 

the Lenti/FG vector was constructed by inserting into pMNDW a synthetic bicistronic gene 

encoding Fluc-P2A-EGFP. The synthetic gene fragments were obtained from GenScript and 

IDT. Lentiviruses were produced using HEK 293T cells, following a standard lipofection with 

Trans-IT-Lenti Transfection reagent (Mirus Bio) and centrifugation concentration protocol as 
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previously described. Lentivector titers were measured by transducing HEK 293T-hCD3 

(human CD3 expressing line, cloned in Lili Yang lab) 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) were 

purchased from BioLegend. Fluorochrome-conjugated antibodies specific for human CD34 

(Clone 581) and human iNKT TCR Vɑ24-Jβ18 (Clone 6B11) were purchased from BD 

Biosciences. Fluorochrome-conjugated antibodies specific for human iNKT TCR Vβ11 were 

purchased from Beckman-Coulter; Fluorochrome conjugated antibodies specific for human 

ULBP-2,5,6 (Clone 165903) was purchased from R&D Systems. Human Fc Receptor Blocking 

Solution (TrueStain FcX) was purchased from Biolegend, and Mouse Fc Block (anti-mouse 

CD16/32) was purchased from BD Biosciences. Fixable Viability Dye eFluor506 (e506) was 

purchased from Affymetrix eBioscience. All flow cytometry stains for surface markers were 

performed in PBS at 4°C for 15mins. Samples were stained with Fixable Viability Dye 

eFluor506 (e506) mixed with Mouse Fc Block (anti-mouse CD16/32) or Human Fc Receptor 

Blocking Solution (TrueStain FcX), followed by PBS wash. Antibody staining was then added 
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to all samples at specified dilutions according to the manufacturer's instructions. Intracellular 

cytokines were stained using a Cell Fixation/Permeabilization Kit (BD Biosciences). Flow 

cytometry was performed using a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotech), 

and FlowJo software version 9 and 10 was used for data analysis. 

 

Ex Vivo Allogeneic HSC-Derived CAR-Engineered NKT (AlloMCAR-NKT) Cell Culture  

Non-tissue culture-treated 24-well plates were coated with StemSpan lymphoid differentiation 

coating material (LDCM, 500μl/well, StemCell Technologies) for 2 hours at room temperature 

or alternatively, overnight at 4oC. Coating supernatants were removed, and plates were washed 

with a D-PBS buffer. Transduced CD34+ human stem cells (HSCs) at 2 x 104/well were 

suspended in 500 μl of StemSpan lymphoid progenitor expansion medium (LPEM, StemCell 

Technologies) and seeded into coated wells of the 24-well plate on day 0. Cells were cultured 

for 3 days at 5% CO2 and 37oC. On day 4, another 500 μL LPEM was added to each well, and 

cells were cultured for additional 4 days. On days 7 and 11, half of the medium was removed 

and replenished with 500 μl fresh LPEM. On day 14, cells were harvested, counted, and 

reseeded into an LDCM-coated 12-well plate in 1mL of T cell progenitor maturation medium 

per well (TPMM, StemCell Technologies) (5 x 105 - 1 x 106 cells/well). On day 18, 1mL of 

fresh TPMM was added to each well. On days 21 and 24, half of the medium in each well was 

discarded and replaced with 1mL of TPMM. On day 28, cells were harvested, counted, and re-

seeded into a new coated 12-well plate in 1mL of TPMM (1 x 106 cells/mL/well) with 12.5 

µL/well CD3/CD28/CD2 T Cell Activator (StemCell Technologies) and 10 ng/mL Human 

Recombinant IL-15 (PeproTech). On Day 31, 1mL of fresh TPMM containing 10 ng/mL 

Human Recombinant IL-15 was added into the culture. On day 35, cells were harvested and 

analyzed by flow cytometry for double-positive (DP) and single-CD8 (SP) cells. Usually, over 

50% DP/ SP CD8 cells could be reliably generated after 5 weeks of differentiation.  
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Feeder-Free Expansion of AlloMCAR-iNKT Cells 

One day before the expansion, 24-well plates were coated with 1ug/ml anti-human CD3 

antibody (OKT3, Biolegend) at 4oC overnight. Freshly collected AlloMCAR-iNKT cells were 

seeded at 5x105/ml in OpTmizer™ CTS™ T-Cell Expansion serum-free medium (Gibco, 

Thermo Fisher Scientific) with IL-7 (10ng/ml), IL-15 (10ng/ml) and IL-21 (30ng/ml) for 3 

days. The cultures were then collected, washed, and reseeded into new plates without Ab 

coating at 1x106/ml with 10ng/ml IL-7 and 10ng/ml IL-15. Medium change was performed 

every 2-3 days. AlloMCAR-iNKT cells were allowed to expand for 7-14 days, then were 

aliquoted and frozen in liquid nitrogen storage tanks for future use.  

 

On-Feeder Expansion of AlloMCAR-iNKT Cells 

Healthy donor PBMCs were loaded with α-Galactosylceramide (αGC, Avanti Polar Lipids). 

Culture 107 - 108 PBMCs with 5 μg/ml αGC in 10ml culture medium for 1 hour. PBMCs were 

then irradiated at 6,000 rads (denoted as αGC/PBMCs). Freshly generated AlloMCAR-iNKT 

cells were mixed with αGC /PBMCs (at 1:3 or 1:5 ratios) and cultured in C10 medium with 

IL-7 (10ng/ml) and IL-15 (10ng/ml). Alternatively, expansion can be achieved with K562-

based artificial antigen-presenting cells expression CD80, CD86, and CD137L (K562-aAPC) 

as previously described. K562-aAPC were engineered to express mesothelin for the expansion 

of corresponding AlloMCAR-iNKT cells. Prior to expansion, K562-aAPC was irradiated at 

10,000 rads. Freshly generated AlloMCAR-iNKT cells were mixed irradiated K562-aAPC at 

4:1 ratio with 10 ng/ml IL-7 and 10 ng/ml IL-15. AlloMCAR-iNKT cells were allowed to expand 

for 7-14 days, then were aliquoted and frozen in liquid nitrogen storage tanks for future use. 

All cultures described here were carried out in OpTmizer™ CTS™ T-Cell Expansion serum-

free medium (Gibco, Thermo Fisher Scientific). 
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Generation of PBMC-Derived Conventional αβT, iNKT, γδT, and NK Cells 

Healthy donor PBMCs were obtained from the UCLA/CFAR Virology Core Laboratory and 

were used to generate the PBMC-Tc, PBMC-iNKT, PBMC-γδT, and PBMC-NK cells. To 

generate PBMC-Tc cells, PBMCs were stimulated with CD3/CD28 T-activator beads (Thermo 

Fisher Scientific) and cultured in a C10 medium supplemented with human IL-2 (20 ng/mL) 

for 2-3 weeks, following the manufacturer's instructions. To generate PBMC-iNKT cells, 

PBMCs were MACS-sorted via anti-iNKT microbeads (Miltenyi Biotech) labeling to enrich 

iNKT cells, which were then stimulated with donor-matched irradiated αGC-PBMCs at the 

ratio of 1:1 and cultured in C10 medium supplemented with human IL-7 (10 ng/ml) and IL-15 

(10 ng/ml) for 2-3 weeks. If needed, the resulting PBMC-iNKT cells could be further purified 

using Fluorescence-Activated Cell Sorting (FACS) via human iNKT TCR antibody (Clone 

6B11; BD Biosciences) staining. To generate PBMC-γδT cells, PBMCs were stimulated with 

Zoledronate (5 μM; Sigma-Aldrich) and cultured in C10 medium supplemented with human 

IL-2 (20 ng/ml) for 2 weeks. If needed, the resulting PBMC-γδT cells could be further purified 

using FACS via human TCR Vδ2 antibody (Clone B6; Biolegend) staining or via MACS using 

a human TCRγ/δ T Cell Isolation Kit (Miltenyi Biotech). 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 Mesothelin CAR-Engineered PBMC T (MCAR-T) Cells 

Healthy donor PBMCs were stimulated with CD3/CD28 T-activator beads (Thermo Fisher 

Scientific) in the presence of recombinant human IL-2 (30 ng/ml), following the manufacturer's 

instructions. On day 3, cells were infected with lentivector encoding mesothelin CAR. The 
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resulting MCAR-T cells were expanded for another 7-10 days and then were cryopreserved for 

future use. 

 

Single-Cell TCR Sequencing 

AlloMCAR-iNKT (6B11+TCRαβ+), PBMC-iNKT (6B11+TCRαβ+), and PBMC-αβTc (6B11-

TCRαβ+) cells were sorted using a FACSAria II flow cytometer. Sorted cells were immediately 

delivered to the UCLA TCGB (Technology Center for Genomics and Bioinformatics) Core to 

perform single cell TCR sequencing using a 10X Genomics ChromiumTM Controller Single 

Cell Sequencing System (10X Genomics), following the manufacturer's instructions and the 

TCGB Core's standard protocol. Libraries were constructed using an Illumina TruSeq RNA 

Sample Prep Kit (Cat #FC-122-1001) and sequenced with 150 bp paired-end reads (5,000 

reads/cell) on an Illumina NovaSeq. The reads were mapped to the human T cell receptor 

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

recombination were plotted. 

 

Cell Phenotype and Function Assay 

 AlloMCAR-iNKT cells were analyzed in comparison with PBMC-Tc, PBMC-NK, PBMC-

iNKT, or/and MCAR-T cells. The 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, NKG2D, DNAM-1, and KIR), memory T cell markers (i.e., CD45RO), 

and inflammatory tissue/tumor homing markers (i.e., CCR4, CCR5, and CXCR3). 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 AlloMCAR-iNKT cells to antigen stimulation was studied by culturing 

AlloMCAR-iNKT cells in vitro in C10 medium for 7 days, in the presence or absence of αGC 
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(100 ng/ml). The proliferation of AlloMCAR-iNKT 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-17). 

 

In Vitro Tumor Cell 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 experiments for 

tumor killing mechanism studies, 10 μg/ml of LEAFTM purified anti-human CD1d (Clone 

51.1, Biolegend), anti-human DNAM-1 antibody (Clone 11A8, Biolegend), or LEAFTM 

purified mouse lgG2bk isotype control antibody (Clone MG2B-57, Biolegend) was added. 

 

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 AlloMCAR-iNKT cells as responders. PBMC derived MCAR-T cells 

were included as responder 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 Host-Versus-Graft (HvG) Response 
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PBMCs of multiple healthy donors were used as responders to study the HvG response of 

AlloMCAR-iNKT cells as stimulators (irradiated at 2,500 rads). PBMC derived MCAR-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 AlloMCAR-iNKT cells. Allogeneic MCAR-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 Antitumor Efficacy and Biodistribution Study of AlloMCAR-iNKT: human OVCAR3 

xenograft NSG mouse model.  

NSG mice were i.p. inoculated with 5 x 105 OVCAR3-FG cells as indicated on experimental 

design figure (day 0). To study antitumor efficacy with a single administration of effector cells, 

on day 4 or 40, the tumor-bearing experimental mice received i.p. injection of vehicle (PBS), 

AlloMCAR-iNKT cells (1 x 107 CAR+ cells), or conventional MCAR-T cells (1 x 107 CAR+ 

cells). Over time, experimental mice were monitored for survival, and their tumor loads were 

measured using BLI. Bleeding was performed if needed through the retro-orbital route.  

 

Ganciclovir (GCV) In Vitro and In Vivo Killing Assay 
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For GCV in vitro killing assay, AlloMCAR-iNKT cells were cultured in C10 medium in the 

presence of the titrated amount of GCV (0-50 μM) for 4 days; live AlloMCAR-iNKT cells were 

then counted using flow cytometry with viability staining.  

 

Histopathologic Analysis 

Heart, liver, kidney, and lung tissues were taken from all experimental mice. Tissue samples 

were fixed in 10% Neutral Buffered Formalin for up to 36 hours and embedded in paraffin for 

sectioning (3 μm thickness). After sectioning, tissues were stained either with Hematoxylin 

and Eosin or anti-human CD3 primary antibodies following standard procedures (UCLA 

Translational Pathology Core Laboratory, Los Angeles, CA). 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. All images were analyzed using 

Optronics PictureFrame software (AU Optronics). 

 

Statistics  

Statistical analysis using Graphpad Prism 8 software (Graphpad). Pairwise comparisons were 

made using a 2-tailed Student's T test. Multiple comparisons were performed using an ordinary 

1-way ANOVA, followed by Tukey's multiple comparisons test. Kaplan- Meier survival curves 

were analyzed by log rank (Mantel-Cox) test adjusted for multiple comparisons. Data are 

presented as the mean ± SEM unless otherwise indicated. In all figures and figure legends, "n" 

represents the number of samples or animals utilized in the indicated experiments. P values 

less than 0.05 were considered significant. “ns” denotes not significant; * denotes P < 0.05; ** 

denotes P < 0.01; *** denotes P < 0.001; **** denotes P < 0.0001. 

 

Results 
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Generation of Allogeneic MSLN-Targeting CAR-iNKT (AlloMCAR-iNKT) Cells 

Based on an established clinical lentivector and design 41, we have constructed a Lenti/iNKT-

MCAR vector for the efficient co-delivery of an iNKT TCR gene and a MCAR gene into HSCs 

(Figure 4-1A). The MCAR construct is adapted from a clinically proven design that has been 

previously confirmed for safety and MSLN-targeting function 142,144. This study collected 

human cord blood CD34+ hematopoietic stem and progenitor cells (referred to as HSCs) 

through CliniMACS selection and cryopreserved. Thawed HSCs were transduced with 

Lenti/iNKT-MCAR vector and then differentiate and expand in the ex vivo AlloMCAR-iNKT 

cell culture over 6 weeks with ~106 folds of expansion (tested from 10 cord blood donors) 

(Figure 4-1A). Over 50% of the transduction rate was routinely achieved with lentivectors 

described (Figure 4-1B). We adopted an in vitro system of plate-bound delta-like 4 (DLL4) 

and vascular cell adhesion protein 1 (VCAM-1) to enable lymphoid differentiation as 

previously described 145–148. Notch signaling through DLL1 or DLL4 is pivotal to thymocyte 

commitment 145,149,150, while VCAM-1 enhances pro-T cell mobility 145. DLL4 and VCAM-1 

synergistically enables T cell development from HSCs 145. One week into the culture, HSCs 

gave rise to T-cell progenitors with iNKT TCR presented on the cell surface. At week 4, more 

mature CD4+CD8+ double-positive (DP) population emerges. By the end of culture at week 6, 

the final cell product can reach a purity of more than 99% iNKT TCR+CD3+ DP without any 

detectable endogenously rearranged TCR, suggesting the induction of allelic exclusion through 

the transgenic iNKT TCR (Figure 4-1C). The ex vivo generated AlloMCAR-iNKT cells 

presented a CD8+ single-positive (SP) or CD4-CD8- double-negative (DN) phenotype (Figure 

4-1C). The introduction of CAR at the HSCs stage did not interfere with the ex vivo 

development of AlloMCAR-iNKT cells, and the product expresses MCAR and iNKT TCR 

(Figure 4-1C). Our approach saves the additional CAR transducing process upon mature T or 

NK cells required for all current allogeneic products, including many with the iPSC approach 
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146,148,151. Single-cell TCR sequencing analysis confirmed that these AlloMCAR-iNKT cells 

uniformly expressed the transgenic iNKT TCRs with nearly undetectable randomly rearranged 

endogenous αβ TCR pairs (Figure 4-1D). In contrast, healthy donor periphery blood 

mononuclear cells (PBMCs) derived conventional αβ T (PBMC- αβTc) cells expressed highly 

diverse endogenously rearranged αβ TCRs (Figure 4-1D); PBMC derived iNKT (PBMC-

iNKT) cells expressed a conserved invariant TCR α chain (Vα24-Jα18) and limited diverse 

TCR β chains (dominantly Vβ11) (Figure 4-1D). We started from 1 x 105 HSCs and produced 

~4 x 109 AlloMCAR-iNKT cells; based on this yield, it was estimated that from a single quality 

CB donor (~5 x 106 CD34+ HSCs), ~1011 therapeutic AlloMCAR-iNKT cells could be generated 

that could potentially be formulated into ~1,000 doses (~108 cell per dose) (Figure 4-1E). 

 

Characterization of AlloMCAR-iNKT Cells 

The phenotype and functionality of the AlloMCAR-iNKT cells were studied using flow 

cytometry. AlloMCAR-iNKT cells displayed typical iNKT cell phenotype and functionality 

similar to that of the endogenous PBMC-derived iNKT cells: they expressed high levels of 

memory T cell marker CD45RO and NK cell marker CD161; they expressed high levels of NK 

activating receptors (i.e., NKG2D and DNAM-1); and they produced exceedingly high levels 

of effector cytokines (i.e., IFN-γ, TNF-α, and IL-2) and cytotoxic molecules (i.e., Perforin and 

Granzyme B) compared to that of the conventional MCAR-T cells (Figure 4-1F). 

 

In Vitro Killing and Mechanism of AlloMCAR-iNKT Cells 

To study the OC-targeting efficacy and mechanism of action (MOA) of AlloMCAR-iNKT cells, 

we used a pair of human OC tumor cell lines: OVCAR3 (MSLN+; from ATCC) and SKOV3 

(MSLN-; from ATCC); both are human OC adenocarcinoma cell lines that have been proved 

suitable for studying CAR-directed tumor targeting in cell culture and in xenograft mouse 
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models (Figure 4-2A) 49,144,152. We also included a pair of human MM cell lines as non-OC 

controls: a parental MM.1S cell line (MSLN-; from ATCC) and an MM.1S-MSLN derivative 

engineered to overexpress MSLN (MSLN+) (Figure 4-2A). All 4 cell lines were further 

engineered to express firefly luciferase (Fluc) and enhanced green fluorescence protein (EGFP) 

dual-reporters; that allows the sensitive measurement of tumor cell killing using luciferase 

activity assay or flow cytometry (Figure 4-2B). The 4 resulting cell lines (MSLN- MM.1S-FG, 

MSLN+ MM.1S-MSLN-FG, MSLN- SKOV3-FG, and MSLN+ OVCAR3-FG) were then used 

for in vitro efficacy/MOA study, in a pre-established In Vitro Tumor Cell Killing Assay 

(Figure 4-2C) 41. Both MCAR-T and AlloMCAR-iNKT cells effectively killed the MM.1S-

MSLN-FG cells but not MM.1S-FG cells, indicating an MCAR-mediated MSLN-dependent 

killing mechanism; AlloMCAR-iNKT cells showed highly tumor killing efficacy (Figure 4-2D). 

Similarly, both MCAR-T and AlloMCAR-iNKT cells effectively killed the MSLN+ OVCAR3-

FG cells, with AlloMCAR-iNKT showing a higher efficacy (Figure 4-2D). Interestingly, unlike 

MCAR-T cells that did not kill the MSLN- SKOV3-FG cells, AlloMCAR-iNKT cells could still 

kill SKOV3-FG cells effectively, albeit at a lower efficacy compared to their killing of the 

MSLN+ OVCAR3 cells (Figure 4-2D). Therefore, AlloMCAR-iNKT cells may target OC using 

both MSLN/MCAR-dependent and independent mechanisms, such as the NK tumor-targeting 

mechanisms mediated by the highly-expressed NK activating receptors on these cells (i.e., 

NKG2D and DNAM-1) (Figure 4-2G). Indeed, blocking of NKG2D and DNAM-1 dampened 

the killing of OVCAR3-FG tumor cells by AlloMCAR-iNKT cells, confirming the presence of 

an NK-targeting mechanism for AlloMCAR-iNKT cells to attack both MSLN-positive and 

MSLN-negative OC tumor cells (Figure 4-2H). The capacity to deploy multiple OC-targeting 

mechanisms and thereby overcoming OC immune escape can be a very attractive feature of an 

HSC-engineered allogeneic MCAR-iNKT cell product. Corresponding to their higher tumor-

killing efficacy, AlloMCAR-iNKT cells outperformed MCAR-T cells in upregulating the 
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production effector molecules (e.g., Granzyme B) when co-cultured with OC tumor cells 

(Figures 4-2E and F). 

 

In Vivo Antitumor Capacity and Biodistribution of AlloMCAR-iNKT Cells 

Using an OVCAR3-FG xenograft NSG (NOD/SCID/γc-/-) mouse model, we studied the in vivo 

efficacy of AlloMCAR-iNKT cells in comparison with MCAR-T cells. In a low tumor load 

model, with single administration of effector cells, AlloMCAR-iNKT cells effectively 

eliminated the development of OVCAR3 tumor cells (Figures 4-3A, B, and C). Nevertheless, 

MCAR-T cells could not eradicate OVCAR3-FG with this regimen (Figures 4-3 B and C). 

Under this condition, mice receiving the conventional MCAR-T cells, despite low tumor 

burdern, eventually die of GvHD due to xenoreactivity (Figure 4-3D). On the contrary, mice 

receiving AlloMCAR-iNKT cells remained tumor-free and survived long-term without GvHD 

(Figure 4-3D). Impressively, at a high tumor load condition, AlloMCAR-iNKT cells still 

managed to suppress tumor growth effectively and achieved tumor clearance in a fraction of 

experimental mice (2 out of 6 mice); conventional MCAR-T cells suppressed tumor growth 

less well and could not achieve tumor clearance (Figures 4-3E-H). 

In the OVCAR3-FG xenograft mouse model, a single injection of AlloMCAR-iNKT 

cells can suppress the tumor progression better than MCAR-T cells (Figures 4-3E-H). Under 

the heavy tumor load, AlloMCAR-iNKT cells mounted an impressive in vivo expansion at an 

even higher magnitude than that of MCAR-T cells (Figures 4-3I-K). Biodistribution analysis 

showed that AlloMCAR-iNKT cells distribute across tissues similarly to the BCAR-T cells 

(Figures 4-3I-K). Although with the significant expansion, the proinflammatory cytokine IFN-

γ produced by AlloMCAR-iNKT cells in the peripheral blood of experimental mice does not 

differ from that of MCAR-T (Figure 4-3L). Importantly, combined with traditional 

chemotherapy, AlloMCAR-iNKT cells displayed an extremely potent antitumor capacity in 
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OVCAR3-FG xenograft mouse model (Figures 4-3M-P), indicating their potential in the 

treatment of ovarian cancer.  

 

Safety and Immunogenicity of AlloMCAR-iNKT Cells 

For allogeneic immune cell therapy, GvHD is a major safety concern. We evaluated the GvHD 

risk of AlloMCAR-iNKT cells using an In Vitro Mixed Lymphocyte Reaction (MLR) Assay 

designated to study GvH response (Figure 4-4A). AlloMCAR-iNKT cells did not react to donor-

mismatched PBMCs (Figure 4-4B), confirming that AlloMCAR-iNKT cells are free of GvHD 

risk. Meanwhile, for allogeneic cell therapies, a significant efficacy concern is the host-versus-

graft (HvG) risk that may lead to the depletion of allogeneic therapeutic cells by host immune 

cells, in particular by host CD8 and CD4 T cells through their recognition of mismatched HLA-

I/II molecules present on allogeneic therapeutic cells. Interestingly, study of AlloMCAR-iNKT 

cells revealed that these cells expressed on their cell surface significantly reduced HLA-I and 

nearly undetectable HLA-II molecules, compared to conventional MCAR-T cells. This unique 

feature render AlloMCAR-iNKT cells low immunogenicity and may enable these cells to persist 

in an allogeneic host long enough for delivering therapeutic benefits, without the need to ablate 

their surface HLA-I/II molecules through gene editing 136. Indeed, in an in vitro MLR Assay 

designated to study HvG response (Figure 4-4C), compared to MCAR-T cells, AlloMCAR-

iNKT cells triggered significantly reduced responses from PBMC T cells of multiple 

mismatched donors (Figure 4-4D). Because an inflammatory tumor microenvironment can 

upregulate surface HLA expression on many immune cells (e.g., via IFN-g stimulation), we 

examined AlloMCAR-iNKT cells isolated from in vivo tumor site or stimulated with IFN-g in 

vitro, and interestingly, found that these cells still maintained significantly lower surface HLA-

I/II expression compared to MCAR-T cells (Figures 4-4E and F). Taken together, these 
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studies suggest AlloMCAR-iNKT cells to be GvHD-free and HvG-resistant, strongly supporting 

an off-the-shelf therapeutic application of these cells. 

 

Antitumor Efficacy of AlloMCAR-iNKT cells Using an In Vivo OC-PDX Model and a Collection 

of Primary OC Patient Tumor Samples  

Besides the OC xenograft models based on human OC tumor cell lines (i.e., OVCAR3 and 

SKOV3), we have successfully established a MSLN-positive OC patient-derived xenograft 

(OC-PDX) model, as a more physiologically relevant model for studying MCAR-directed OC-

targeting efficacy (Figure 4-5A) 153. Tumor cells were collected from a patient with advanced, 

therapy resistant ovarian cancer through IRB-approved protocols and viably cryopreserved. 

Tumor cells were thawed, injected into the peritoneal space of NSG mice, and serially passaged 

in vivo. A portion of passage 2 PDX cells harvested from mice were cryopreserved for future 

experimental use. Remaining cells were histologically analyzed by immunohistochemistry. 

Results demonstrate that Pax8+ PDX cells (marker of gynecologic tumors) are MSLN+ and 

may be targeted by AlloMCAR-iNKT cells (Figure 4-5A). We also have generated a collection 

of primary OC patient tumor samples expressing varied levels of surface mesothelin, that can 

be used in an in vitro tumor cell killing assay to study the antitumor efficacy of AlloMCAR-

iNKT cells against primary OC tumor cells (Figure 4-5B). Impressively, our AlloMCAR-iNKT 

cells exhibited a tumor-killing efficacy significantly higher than that of conventional MCAR-

T cells across multiple primary OC tumor samples (Figure 4-5C). In particular, some MSLNlo 

primary OC patient tumor samples were not susceptible to MCAR-T killing but were still 

effectively killed by AlloMCAR-iNKT cells, likely due to the multiple tumor-targeting 

mechanisms of these cells which can be very attractive for their therapeutic applications. 

 

Discussion 
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Epithelial ovarian cancers are aggressive tumors characterized by metastatic disease at the time 

of diagnoses and frequent recurrence despite standard treatment approaches with surgery and 

chemotherapy. Unfortunately, at this time the outcomes of this cancer are even more 

unfavorable for women from underserved communities, particularly Black women. Even after 

controlling for access to care, significant and disparate outcomes are evident in Black vs White 

patients. These epidemiologic and scientific data suggest existence of more aggressive and 

therapy resistant subtypes of ovarian cancer in Black women. Therefore, to close disparities in 

cancer care outcomes, and to deliver more effective therapies for these women, innovative 

research approaches as outlined in this proposal targeting these specific tumors is critical. 

Even with equal access to care, Black women diagnosed with ovarian cancer have 1.3 

times higher risk of death from ovarian cancer compared to white women 154–156. The 

underlying cause of this health disparity is likely multifactorial. Contributing factors include 

some modifiable factors such as lifestyle and nutrition, but also inherent factors such as 

genetics and also epigenetic differences 13 . The genetic underpinning of this disease may also 

vary between Black vs White women based on discovery of distinct epithelial ovarian cancer 

risk foci in Black patients 158. Beyond these inherent biologic differences, access to care based 

on geographic location is a clear barrier for cancer therapy and impacts outcome of women 

diagnosed with ovarian cancer 159. This becomes particularly challenging for women of 

underserved communities who are diagnosed with aggressive ovarian tumors that invariably 

recur, necessitating repeated visits to care facilities. 

Our proposed cell-based therapeutic, AlloMCAR-iNKT cells, is uniquely poised to help 

advance the care of women in underserved communities. AlloMCAR-iNKT cells can provide a 

new treatment option that eradicates the cancer with initial treatment, avoiding the need for 

repeated visits to the clinic-a barrier to care of underserved women. Additionally, given that 
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AlloMCAR-iNKT cells do not require HLA haplotype matching, this cell-based therapy can be 

provided widely, irrespective of race and ethnicity. 

There is a strong interest in finding a robust and scalable allogeneic cell source for “off-

the-shelf” therapy with the advancement in cancer immunotherapy. Safety and tumor targeting 

capacity are two keys to successful cell therapy for cancer. In the AlloMCAR-iNKT cell culture 

platform that we developed, iNKT TCR directed the ex vivo development of NKT cells from 

HSCs giving the clonal expression of iNKT TCR, which significantly reduces the GvHD risks 

while bringing in the unique tumor-targeting capacity of iNKT TCR. This iNKT cell culture 

platform was scalable, high yield and purity, and highly editable with compatibility with CARs, 

suicide genes, and other enhancement genes like IL-15. AlloMCAR-iNKT cells generated from 

the platform targeted tumor through an effective CAR/TCR/NK triple-targeting mechanism. In 

addition, they are of low immunogenicity resistant to T cell-mediated allorejection. Have 

established an iNKT generation platform, in future work, we will study the development of 

NKT cells and evaluate ration combinations with genes and agents that affect persistence, 

exhaustion, and tumor targeting under the context of “off-the-shelf” cancer immunotherapy. 
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Figures 

 

Figure 4-1. Generation of AlloMCAR-iNKT Cells  
(A) Experimental design to generate AlloMCAR-iNKT cells in vitro.  
(B-C) FACS monitoring of AlloMCAR-iNKT cell generation. (B) Intracellular expression of 
iNKT TCR (identified as Vβ11+) in CD34+ HSCs at 72 hours post lentivector transduction. (C) 
FACS monitoring of the generation of AlloMCAR-iNKT cells over 6 weeks. 
(D) Single cell TCR sequencing analysis of AlloMCAR-iNKT cells. Healthy donor periphery 
blood mononuclear cell (PBMC)-derived conventional αβ T (PBMC-Tc) and iNKT (PBMC-
iNKT) cells were included as controls. The relative abundance of each unique T cell receptor 
sequence among the total unique sequences identified for individual cells was represented by 
a pie slice. 
(E) Yield of AlloMCAR-iNKT cells. 
(F) FACS detection of surface markers, intracellular cytokines and cytotoxic molecules of 
AlloMCAR-iNKT cells. MCAR-T cells were included as a control. 
Representative of 1 (E) and over 10 experiments (A-D, F). 
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Figure 4-2. In vitro efficacy/MOA study of AlloMCAR-iNKT Cells  
(A) Schematics of the 4 human tumor cell lines engineered and used for the study.  
(B) FACS detection of MSLN expression on the 4 human tumor cell lines. 
 (C-F) In vitro tumor cell killing assay. Data were collected at 24-hours post setting up the 
assay. (C) Experimental design. (D) Tumor cell killing measured by luciferase activity assay 
(n = 4). (E) FACS detection of surface CD69, intracellular Peforin, Granzyme B, and CD107a 
of AlloMCAR-iNKT cells co-cultured with OVCAR3-FG cells. (F) FACS analysis of Granzyme 
B and IFN-γ production in AlloMCAR-iNKT cells co-cultured with OVCAR3-FG cells (n = 4). 
(G-H) Modified in vitro tumor cell killing assay to study NK activating receptor-mediated 
killing mechanism. Data were collected at 24-hours post setting up the assay. (G) Experimental 
design. (H) OVCAR3-FG and Skov3-FG tumor cell killing data (n = 4).   
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Figure 4-3. In Vivo Efficacy and Biodistribution Study of AlloMCAR-iNKT Cells 
(A-D) Low tumor load of OVCAR3-FG i.p. xenograft model is presented (n = 8-10). (A) 
Experimental design. (B) Representative BLI images over time. (C) Quantification of B. (D) 
Kaplan-Meier survival curves. BLI, live animal bioluminescence imaging; TBL, total body 
luminescence. 
(E-H) Heavy tumor load of OVCAR3-FG i.p. xenograft model is presented (n = 6). (E) 
Experimental design. (F) Representative BLI images over time. (G) Quantification of F. (H) 
Kaplan-Meier survival curves. 
(I-L) In vivo biodistribution of AlloMCAR-iNKT cells in the heavy tumor load of OVCAR3-FG 
i.p. xenograft model (n = 5). FG labeled AlloMCAR-iNKTand MCAR-T cells were injected to 
experimental mice (I) Experimental design. (F) Representative BLI images over time. (K) 
Quantification of J. (L) Detection of plasma IFN-γ in the experimental mice. 
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(M-P) Combination therapy study using OVCAR3-FG i.p. xenograft model (n = 5). Traditional 
chemotherapy and AlloMCAR-iNKT cell therapy were studied. (M) Experimental design. (N) 
Representative BLI images over time. (O) Quantification of N. (P) Kaplan-Meier survival 
curves. 
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Figure 4-4. Safety and Immunogenicity Study of AlloMCAR-iNKT Cells 
(A) An In Vitro Mixed Lymphocyte Reaction (MLR) Assay designated to study graft-versus-
host (GvH) response.  
(B) IFN-g production from A showing no GvH responses induced by AlloMCAR-iNKT cells (n 
= 4). PBMCs from 5 random healthy donors were included as stimulators. N, no PBMC 
stimulator.  
(C) An In Vitro Mixed Lymphocyte Reaction (MLR) Assay designated to study host-versus-
graft (HvG) response.  
(D) IFN-g production from C showing low HvG responses induced by AlloMCAR-iNKT cells. 
PBMCs from 3 random healthy donors were tested as responders; data from one representative 
donor were shown (n = 4).  
(E) FACS analyses of surface HLA-I/II expression on showing that AlloMCAR-iNKT cells 
isolated from OVCAR3-FG tumor bearing mice ascites 7 days post therapeutic cell transfer 
maintained low surface HLA-I/II expression (n = 5).  
(F) FACS analyses showing that AlloMCAR-iNKT cells stimulated with IFN-g in vitro 
maintained low surface HLA-I/II expression (n = 3). 
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Figure 4-5. Studying the antitumor efficacy of AlloMCAR-iNKT cells using an in vivo OC-
PDX model and a collection of primary OC patient tumor samples.  
(A) An in vivo OC-PDX (patient-derived xenograft) model.  
(B-C) A collection of primary OC patient tumor samples. (B) FACS analyses of these primary 
OC patient tumor samples, showing their varied expression of surface mesothelin (MSLN). (C) 
In vitro primary OC patient tumor cell killing assay, showing a higher antitumor efficacy of 
AlloMCAR-iNKT cells compared to conventional MCAR-T cells across multiple samples (n = 
4). 
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Chapter 5 - Conclusions 

Autologous cell therapy has transformed the treatment of hematological malignancies. 

Patients with relapsed and refractory B cell cancers experience response rates of up to 90% 

with CAR-T cell treatment, and durable clinical benefit occurs in about 30-40% of patients 160. 

Tumor infiltrating lymphocyte (TIL) therapy continues to show clinical promise, with durable 

responses in some patients with refractory melanoma and cervical squamous cell carcinoma 

161,162, and recombinant TCR-transduced T cells have shown encouraging clinical activity in 

multiple myeloma and melanoma 163. These autologous therapies are by nature one of one, 

which hinders their manufacturability, accessibility, and affordability. Current CAR-T cell 

therapies are priced over $300,000 per treatment, not including additional costs associated with 

adverse events, and typically require over two weeks for production and administration 164. 

Patients with rapidly progressing disease may not qualify for CAR-T cell therapy, and patient-

derived cell starting material results in highly variable final products 165. Allogeneic cell 

sources enable “off-the-shelf” cell therapies that can be produced at scale and administered on 

demand but face severe challenges of their own 166. Graft-versus-host responses of 

conventional αβ T cells require efficient gene-editing of T cells or the use of non-alloreactive 

cell populations. Allogeneic cells also confront the host immune system, which can limit the 

persistence and efficacy of donor-derived cells. Various cell populations have been studied to 

achieve the holy grail of allogeneic cell therapy: maximizing the cancer-fighting ability of 

allogeneic cells while minimizing GvHD and allorejection. In this study, we highlighted the 

potential of hematopoietic stem cell-engineered iNKT cells to achieve this aim.  

The HSC-iNKT cell production platform is robust and versatile, allowing the plug-in 

of additional engineering approaches. In our studies, we demonstrated the success to generate 

CAR-engineered or/and HLA-I/II-ablated AlloHSC-iNKT cells by incorporating additional 

CAR gene engineering and CRISPR-Cas9/B2M-CIITA-gRNAs gene editing steps. These 
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additional engineering approaches did not interfere with the production and antitumor function 

of AlloHSC-iNKT cells, opening up the possibility of developing more advanced AlloHSC-iNKT 

cell products. For example, incorporation of multiple tumor targeting molecules (e.g., CARs 

and TCRs) and functional enhancement factors (e.g., overexpression of immune enhancement 

genes like IL-15, and ablation of immune inhibitory genes like PD-1) may improve the cancer 

therapy potential of AlloHSC-iNKT cell products 167,168. 

The intrinsic genomic instability of cancer cells coupled with the Darwinian process of 

immunoediting precipitates cancer cells that can avoid immune destruction 169,170. Antigen 

negative relapse has been documented in CAR-T cell therapy 171, as well as the loss of an 

immunogenic epitope following TIL therapy 172. We propose that multiple tumor-killing 

mechanisms are vital for adoptively transferred cells to contend with a cancer’s plasticity and 

heterogeneity. iNKT cells possess intrinsic cancer killing ability. Using these cellular 

populations as carriers for CARs thus enables the killing of CAR-antigen positive and negative 

tumor cells.  

The ex vivo activation, genetic manipulation, and expansion of patient or healthy donor 

lymphocytes leads to the differentiation of effector cells to achieve necessary cell numbers for 

dosing. This can result in cell products with limited self-renewal potential and diminished 

persistence upon infusion 173,174. Telomere, differentiation, and CDKN2a mRNA analysis 

revealed that 15 days of T cell expansion aged cells the equivalent of 30 years 175. Initiating 

genetic engineering and immune cell development at the stem cell level gives researchers 

control over the differentiation status of the final cell product while maintaining production of 

sufficient cell numbers. The massive expansion of stem cells can make multi-, high-dose 

strategies possible for all patients.  
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The number of genetic alterations that can be successfully applied to stem cells is 

continuing to grow. Wang et al. recently reported the generation of hypoimmunogenic T cells 

from genetically engineered allogeneic human iPSCs, in which iPSC lacking MHC Class I, 

MHC Class II, and NK cell-ligand poliovirus receptor CD155 were transduced to express 

single-chain MHC Class I antigen E 176. Following iPSC to T cell differentiation, the resulting 

T cells were resistant to T, B and NK cell alloreactivity and, when further manipulated to 

express CAR, controlled preclinical tumor growth. The next steps are to incorporate 

modifications that allow the adoptively transferred cells to persistent autonomously, maintain 

proliferative potential, outmaneuver the immunosuppressive tumor microenvironment, 

infiltrate tumor beds, and stimulate endogenous antitumor immunity. Each of these goals has 

been addressed extensively in preclinical T and NK cell studies 177–179, such as through the 

exogenous expression of IL-15, immune checkpoint inhibitors, chemokine receptors, or 

immunomodulatory proteins, but are usually targeted individually or in pairs due to the limited 

genetic pliability of mature immune cells. Stem cell engineering opens the door for increasingly 

complex designer cell products, and future research will need to reveal if the accumulated 

changes hinder immune cell antitumor efficacy. By pursuing allogeneic therapies using stem 

cell-derived iNKT cells, we can take advantage of their natural tumor-targeting abilities and 

superior safety profiles to create ideal candidates for off-the-shelf cancer cell therapies. 

In summary, here we report the pre-clinical development of autologous and allogeneic 

HSC-iNKT cell therapies that have the potential to treat a broad range of hematologic 

malignancies and solid tumors and that is ready to translate into clinical development. Three 

generations of HSC-iNKT cell products were reported here, including autologous HSC-iNKT 

cells generated in a humanized BLT-iNKT mouse model, and allogeneic HSC-iNKT cells 

generated in ATO and Ex Vivo Feeder-free culture systems. Further exploration of HSC-iNKT 
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cells as autologous and allogeneic cell carriers for developing cell therapy treating cancer 

especially solid tumors will certain be interesting directions for future study. 
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