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The clinical potential of current FDA-approved chimeric anti-
gen receptor (CAR)-engineered T (CAR-T) cell therapy is
encumbered by its autologous nature, which presents notable
challenges related to manufacturing complexities, heightened
costs, and limitations in patient selection. Therefore, there is
a growing demand for off-the-shelf universal cell therapies.
In this study, we have generated universal CAR-engineered
NKT (UCAR-NKT) cells by integrating iNKT TCR engineering
and HLA gene editing on hematopoietic stem cells (HSCs),
along with an ex vivo, feeder-free HSC differentiation culture.
The UCAR-NKT cells are produced with high yield, purity, and
robustness, and they display a stable HLA-ablated phenotype
that enables resistance to host cell-mediated allorejection.
These UCAR-NKT cells exhibit potent antitumor efficacy to
blood cancers and solid tumors, both in vitro and in vivo, em-
ploying a multifaceted array of tumor-targeting mechanisms.
These cells are further capable of altering the tumor microenvi-
ronment by selectively depleting immunosuppressive tumor-
associated macrophages and myeloid-derived suppressor cells.
In addition, UCAR-NKT cells demonstrate a favorable safety
profile with low risks of graft-versus-host disease and cytokine
release syndrome. Collectively, these preclinical studies under-
score the feasibility and significant therapeutic potential of
UCAR-NKT cell products and lay a foundation for their trans-
lational and clinical development.

INTRODUCTION
Autologous chimeric antigen receptor (CAR)-engineered T (CAR-T)
cell therapy has demonstrated remarkable clinical responses in the
treatment of hematological malignancies, particularly B cell malig-
nancies and multiple myeloma (MM).1–3 Despite its successes, cur-
rent autologous CAR-T cell therapy faces significant challenges. It ne-
This is an open access article unde
cessitates further enhancements in terms of efficacy and is inherently
limited by its autologous nature.4–7 Conventional ab T cell-based cell
products have the potential to induce graft-versus-host disease
(GvHD) when introduced into allogeneic recipients.8,9 Consequently,
personalized CAR-T cells must be individually manufactured for each
patient, rendering the therapy prohibitively costly and logistically
complex, impeding its broad accessibility to all eligible cancer pa-
tients.8,9 Therefore, there is a growing demand for allogeneic “off-
the-shelf” cell products that can be manufactured on a large scale
and readily distributed to address the needs of a diverse population
of cancer patients.

Invariant natural killer T (NKT) cells, a distinct subset of unconven-
tional ab T cells, possess several distinctive attributes that render
them exceptionally well-suited as cellular carriers for the development
of allogeneic CAR-directed cell therapies in the context of cancer.10–13

When compared with conventional CAR-T cells, CAR-engineered
NKT (CAR-NKT) cells exhibit heightened efficacy in targeting tumor
cells through multiple mechanisms. They demonstrate superior abil-
ities in trafficking to and infiltrating tumor sites, modifying the
immunosuppressive tumor microenvironment (TME), and, critically,
do not incite GvHD.14–16 However, the presence of NKT cells in hu-
man blood is extremely limited, typically ranging from 0.001% to 1%
of total blood cells. This scarcity poses a formidable challenge in
generating consistent and substantial quantities of allogeneic NKT
cells suitable for CAR engineering.17 Furthermore, allogeneic NKT
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cell products may be subject to rejection by host immune cells, leading
to restricted persistence and compromised antitumor efficacy.18

Consequently, there is a pressing need to explore alternative sources
for the production of CAR-NKT cells and develop strategies to render
these cells resistant to allorejection.

Hematopoietic stem cells (HSCs) hold the promise for genetic engi-
neering and subsequent differentiation into a variety of immune
cell types, including NKT cells.5,19,20 Previously, we successfully
generated HSC-engineered NKT cells through the utilization of an
artificial thymic organoid culture method.21 However, this method
presented inherent challenges associated with scalability and
manufacturing due to the reliance on organoids and feeder cells of
murine origin. Here, we present an advanced technology for the dif-
ferentiation of gene-engineered HSCs into CAR-NKT cells using a
feeder-free culture system. In addition, the incorporation of potent
gene-editing tools, such as the CRISPR-Cas9 system, enables the ge-
netic modification of NKT cells to confer resistance against host im-
mune cell-mediated depletion.22 This includes the knockout of the
beta 2-microglobulin (B2M) gene to eliminate HLA-I molecule
expression on NKT cells, thus evading host CD8+ T cell-mediated
rejection,23 as well as the knockout of the CIITA gene to abrogate
HLA-II molecule expression on NKT cells, thereby preventing
CD4+ T cell-mediated rejection.24

In this study, we have harnessed a synergistic approach that integrates
iNKT TCR gene engineering and CRISPR-Cas9 gene editing on
HSCs, as well as a feeder-free HSC differentiation culture. This strat-
egy has enabled the generation of a diverse spectrum of HLA-ablated
universal CAR-NKT (UCAR-NKT) cell products. We have conducted
a comprehensive series of preclinical investigations on these
UCAR-NKT cell products, which encompass assessments of their
manufacturing, pharmacology, efficacy, mechanism of action
(MOA), pharmacokinetics/pharmacodynamics (PK/PD), safety, and
immunogenicity.

RESULTS
HSC-engineered HLA-ablated UCAR-NKT cells can be

generated with high yield and purity

Cryopreserved human cord blood (CB)-derived CD34+ hematopoi-
etic stem and progenitor cells, hereafter referred to as HSCs, were
procured from commercial sources such as HemaCare. Subse-
quently, these HSCs underwent a five-stage, 6-week, feeder-free pro-
cess to yield two distinct cellular products: allogeneic IL-15-
enhanced BCMA-targeting CAR (BCAR)-NKT cells (referred to
as Allo15BCAR-NKT cells) and HLA-ablated universal IL-15-
enhanced BCAR-NKT cells (referred to as U15BCAR-NKT cells)
(Figures 1A and S1).

To produce Allo15BCAR-NKT cells, the HSCs were genetically engi-
neered using a Lenti/iNKT-BCAR-IL-15 vector (Figures 1B and
S2A). This lentivector encompassed a pair of iNKT TCR a and b

chains, previously employed in the development of autologous and
allogeneic HSC-engineered NKT cell therapies for cancer.21,25 In
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addition, the lentivector included a BCAR, a clinical modality utilized
for MM treatment,26 and IL-15, a cytokine known to augment the
longevity and in vivo antitumor efficacy of CAR-NKT cells.13,15

To produce U15BCAR-NKT cells, the HSCs were genetically engi-
neered using the same lentivector. In addition, a CRISPR-Cas9/
B2M-CIITA-gRNAs complex was simultaneously employed to ablate
the expression of HLA-I/II molecules (Figures 1B and S2A). Notably,
the gene-engineering and -editing processes exhibited high efficiency,
consistently achieving over 50% lentivector transduction rate and a
concurrent over 50% HLA-I/II double-ablation rate (Figures 1C,
1D, S2B, and S2C). The genetically engineered HSCs were then
cultured for a duration of 48 h in a classical X-VIVO 15-based
HSC medium.

Gene-engineeredHSCswere then subjected to a 6-week feeder-free cul-
ture process, resulting in the generation of a designated Allo/U15BCAR-
NKT cell product: stage 1HSC expansion (�2 weeks), stage 2 NKT dif-
ferentiation (�1 week), stage 3 NKT deep differentiation (�1 week),
and stage 4 NKT expansion (�2 weeks) (Figures S1 and S2D). The en-
tirety of this five-stage culture protocol was designed to be executed in a
feeder-free and serum-free manner, thereby providing significant sup-
port for both clinical and commercial development.27 Alternatively,
two feeder-dependent strategies were available for stage 4 NKT expan-
sion (Figure S1). These strategies included the utilization of either
a-galactosylceramide (aGC)-loaded healthy donor peripheral
blood mononuclear cells (PBMCs) or K562-based artificial antigen-
presenting cells (aAPCs). Both feeder-dependent approaches were
found to be suitable for clinical and commercial development.15,27

Notably, the Allo/U15BCAR-NKT cells generated through the three
different expansion approaches exhibited comparable expansion folds,
immunophenotypes, and functionalities, albeit with a slightly higher
expansion fold observed using the aAPC approach (Figures S2E
and S2F).

The differentiation process of Allo/U15BCAR-NKT cells followed a
conventional developmental trajectory observed in NKT cells,28 tran-
sitioning from a CD4�CD8� double-negative (DN) stage to a
CD4+CD8+ double-positive (DP) stage. Subsequently, these cells
further matured into either a CD8+ single-positive (SP) stage or re-
tained the DN phenotype (Figures 1E and 1F). Notably, the final
Allo/U15BCAR-NKT cell product did not include a CD4+ SP subpop-
ulation, a component typically present in endogenous human NKT
cells (Figure 1E).28–30 In general, CD8 SP/DN human NKT cells are
recognized for their pro-inflammatory characteristics and heightened
cytotoxicity, rendering them particularly appealing for applications in
cancer immunotherapy.28–30

The co-delivery of all therapeutic genes (i.e., iNKT TCR, BCAR,
and IL-15) within the same lentivector resulted in all the end product
Allo/U15BCAR-NKT cells expressing both BCAR and IL-15 (Fig-
ure 1G). This characteristic rendered these cell products inherently
pure and “clonal,” obviating the need for any further enrichment or
purification steps. It is important to note that the introduction of



Figure 1. HSC-derived BCMA-targeting CAR-engineered NKT (BCAR-NKT) cells with/out HLA gene editing can be produced at high yield and purity

(A) Schematics showing the generation of two BCAR-NKT cell products: allogeneic IL-15-enhanced BCAR-NKT (Allo15BCAR-NKT) cells, and HLA-ablated universal IL-15-

enhanced BCAR-NKT (U15BCAR-NKT) cells. HSC, hematopoietic stem cell; CAR, chimeric antigen receptor; gRNA, guide RNA; HLA-neg, HLA negative. (B) Schematics

showing the design of Lenti/iNKT-BCAR-IL-15 lentivector and gRNA sequences of B2M and CIITA. BCAR, B cell maturation antigen (BCMA)-targeting CAR; DLTR, self-

inactivating long-term repeats; MNDU3, internal promoter derived from the MND retroviral LTR U3 region; 4, packaging signal with the splicing donor and splicing acceptor

sites; RRE, rev-responsive element; cPPT, central polypurine tract; WPRE, woodchuck responsive element. (C) Intracellular expression of iNKT TCR (identified as Vb11+) and

surface ablation of HLA-I/II (identified as HLA-I/B2M�HLA-II�) in CB HSCs 72 h after lentivector transduction and 48 h after CRISPR-Cas9 gene editing. (D) Quantification of

Lenti/iNKT-BCAR-IL-15 lentivector transduction rate and CRISPR-Cas9 gene editing rate (n = 6). (E) FACSmonitoring of the generation of Allo/U15BCAR-NKT cells. iNKT TCR

was stained using a 6B11 monoclonal antibody. (F) Quantification of the transition among four subpopulations of U15BCAR-NKT cells during their developmental stages.

CD4 SP, CD4 single-positive; CD8 SP, CD8 single-positive; DP, CD4 CD8 double-positive; DN, CD4 CD8 double-negative. (G) FACS detection of BCAR expression

on Allo/U15BCAR-NKT cells. BCAR was stained using an anti-mouse IgG F(ab’)2 antibody. (H) FACS detection of HLA-I/II expression on Allo/U15BCAR-NKT cells. HLA-I/II-

negative U15BCAR-NKT cells were purified using MACS or FACS sorting. (I) Quantification of HLA-I/II-negative cells among unpurified U15BCAR-NKT cells (n = 6). (J) Yield of
Allo/U15BCAR-NKT cells (n = 5–9; n indicates different donors). Representative of 1 (A, B, and J) and >10 (C–I) experiments. Data are presented as the mean ± SEM. ns, not

significant, by Student’s t test (J).
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Figure 2. Allo/U15BCAR-NKT cells display a typical NKT cell phenotype and a Th0/Th1-prone, highly cytotoxic functionality

(A) Diagram of Allo15BCAR-NKT cells, U15BCAR-NKT cells, and healthy donor PBMC-derived conventional T cells engineeredwith the sameBCAR (denoted as BCAR-T cells).

(B) Diagram showing the generation of BCAR-T cells from healthy donor PBMCs. (C) FACS detection of surface markers on Allo/U15BCAR-NKT cells. BCAR-T cells were

included as a control. (D and E) FACS detection (D) and quantification (E) of NK receptors (NKRs) expression on the indicated cells (n = 8). (F–G) FACS detection (F) and

(legend continued on next page)
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CRISPR-Cas gene editing did not disrupt the differentiation of CAR-
NKT cells, and there was no discernible selection between HLA-I/II-
ablated cells and non-edited cells throughout the entire culture pro-
cess (Figures 1E, 1G, and S2G). The approach yielded CAR-NKT
cell products with a double-ablation rate exceeding 50% for HLA-I/
II, which could be further enriched through either MACS or fluores-
cence-activated cell sorting (FACS) sorting (Figures 1H, 1I, and S2G).
Interestingly, Allo15BCAR-NKT cells already expressed low levels of
HLA-I molecules and nearly no HLA-II molecules, suggesting that
these cells may inherently be well-suited for allogeneic transfer
(Figure 1H).18,31

The resultant cell products comprised of pure and clonal Allo/U15BCAR-
NKT cells, devoid of bystander conventional ab T cells and risk of
GvHD (Figure 1E). This manufacturing process demonstrated robust-
ness, yielding high quantities of pure Allo/U15BCAR-NKT cells across
over 10CBdonors tested. Based on estimations, from a single CBdonor
containing approximately 5 � 106 CD34+ HSCs, it is projected that
approximately 1012 Allo/U15BCAR-NKT cells could be generated
(Figures 1J and S2D). This would allow for potential formulation into
1,000–10,000 doses, with each dose containing approximately 108–
109 cells, in accordance with approved CAR-T cell therapy dosing stan-
dards (Figure 1A).32

UCAR-NKT cells display a typical NKT cell phenotype and a Th0/

Th1-prone, highly cytotoxic functionality

The phenotype and functionality of Allo/U15BCAR-NKT cells were
analyzed in comparison with BCAR-engineered conventional ab T
(BCAR-T) cells derived from endogenous human PBMCs
(Figures 2A and 2B). Flow cytometry analysis demonstrated that
Allo/U15BCAR-NKT cells exhibited a typical NKT cell phenotype (Fig-
ure 2C). In contrast to conventional BCAR-T cells, Allo/U15BCAR-
NKT cells expressed high levels of NK receptors (NKRs) (e.g.,
CD161, NKG2D, and DNAM-1) and produced exceedingly high
levels of effector cytokines (e.g., IFN-g, TNF-a, and IL-2) and cyto-
toxic molecules (e.g., Perforin and Granzyme B) (Figures 2D–2G).
These characteristics, in line with their CD8 SP/DN phenotype,
make Allo/U15BCAR-NKT cells particularly well-suited for cancer
therapy applications.33,34

To assess the functionality of the iNKT TCR, Allo/U15BCAR-NKT cells
were stimulated with the agonist glycolipid antigen aGC (Fig-
ure 2H).35,36 These cells exhibited robust proliferation (Figure 2I)
and secreted elevated levels of IL-15 and Th0/Th1 cytokines (i.e.,
IFN-g, TNF-a, and IL-2), while producing lower levels of Th2/
Th17 cytokines (i.e., IL-4 and IL-17a) (Figures 2J and 2K). These fea-
tures indicated a Th0/Th1-prone functionality of Allo/U15BCAR-NKT
cells, consistent with their CD8 SP/DN phenotype (Figures 1E and
quantification (G) of intracellular cytokines and cytotoxic molecules production by the ind
Allo/U15BCAR-NKT cells were stimulated with/out aGC/PBMC for 1 week. (H) Experiment

15 production by Allo/U15BCAR-NKT cells cultured in the presence or absence of aGC st

IL-4, and IL-17a) production on day 7 (n = 4). Representative of 3 experiments. Data are p

by one-way ANOVA.
2C).28,29 Importantly, the gene-editing of HLA molecules did not
disrupt either the development or the phenotype and functionality
of U15BCAR-NKT cells (Figures 1 and 2).

UCAR-NKT cells resist T cell-mediated allorejection

For allogeneic cell therapies, a critical concern is the risk of host cell-
mediated allorejection, which can result in the depletion of allogeneic
therapeutic cells by the host’s immune system, particularly by host
CD8 and CD4 T cells due to their recognition of disparate HLA-I/
II molecules present on allogeneic therapeutic cells.18,21,37,38 In com-
parison with BCAR-T cells and Allo15BCAR-NKT cells, U15BCAR-
NKT cells exhibit a complete absence of surface HLA-I/II molecules
(Figures 3A, 3B, S3A, and S3B). Intriguingly, even in the absence of
HLA gene-editing, Allo15BCAR-NKT cells already manifest markedly
reduced HLA-I expression and nearly undetectable HLA-II molecules
(Figures 3A, 3B, S3A, and S3B). The low HLA-I/II expression feature
of Allo15BCAR-NKT cells remained stable and was maintained
throughout the entire 6-week cell culture (Figures S3C and S3D).
This unique feature confers upon Allo/U15BCAR-NKT cells a lower
level of immunogenicity, potentially allowing these cells to persist
within an allogeneic host for an extended duration, thereby delivering
therapeutic benefits even without the necessity for gene editing to
ablate surface HLA-I/II molecules. Indeed, in an in vitro mixed
lymphocyte reaction (MLR) assay designed to study T cell-mediated
alloresponse (Figure 3C), compared with conventional BCAR-T cells,
Allo15BCAR-NKT cells elicited significantly diminished response from
multiple donor-mismatched PBMCs (Figures 3D, 3E, and S3E). As
expected, U15BCAR-NKT cells induced nearly imperceptible T cell-
mediated alloresponse when co-cultured with these mismatched
healthy donor PBMCs (Figures 3D, 3E, and S3E).

Subsequently, we assessed the susceptibility of Allo/U15BCAR-NKT
cells to T cell-mediated allorejection in a human xenograft NSG
mouse model (Figure 3F). To mimic the presence of host T cells,
donor-mismatched PBMCs were first injected into the mice.
Following this, therapeutic cells labeled with firefly luciferase and
enhanced green fluorescence protein dual reporters (FG) were intro-
duced into the mice, and their PK/PD profiles and resistance to
donor-mismatched T cells were evaluated through bioluminescence
imaging (BLI) (Figures 3F–3H).

In the absence of donor-mismatched PBMC injection, Allo/U15BCAR-
NKT cells exhibited distinct PK/PD dynamics when compared with
BCAR-T cells. Allo/U15BCAR-NKT cells demonstrated robust expan-
sion, reaching a peak at approximately 2–3 weeks, followed by a
gradual decline, yet they could persist in vivo for over 2 months
(Figures 4I and 4J). Conversely, BCAR-T cells initiated expansion
2 weeks post-injection, rapidly increased in number, and eventually
icated cells (n = 8). (H–K) Studying the antigen responses of Allo/U15BCAR-NKT cells.

al design. (I) Growth curve of Allo/U15BCAR-NKT cells (n = 4). (J) ELISA analyses of IL-

imulation for 48 h (n = 4). (K) ELISA analyses of effector cytokine (IFN-g, TNF-a, IL-2,

resented as themean ±SEM. ns, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001
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Figure 3. U15BCAR-NKT cells display an HLA-negative phenotype and resist to T cell-mediated allorejection

(A and B) Studying the HLA expression on Allo/U15BCAR-NKT cells. Conventional BCAR-T cells were included as a control. (A) FACS measurements of surface HLA-I/II on
Allo/U15BCAR-NKT cells. (B) Quantification of (A) (n = 5). (C and D) Studying the T cell-mediated allorejection against Allo/U15BCAR-NKT cells using an in vitro mixed

(legend continued on next page)
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led to the demise of mice due to GvHD (Figures 4I and 4J). In the
presence of donor-mismatched PBMCs, U15BCAR-NKT cells dis-
played potent resistance, characterized by their PK/PD profiles and
persistence being comparable with the condition without allogeneic
T cells (Figures 4I and 4J). On the other hand, Allo15BCAR-NKT cells
exhibited a degree of resistance to T cell-mediated allorejection, with
limited expansion, followed by a rapid decline, ultimately disappear-
ing 40 days after injection (Figures 4I and 4J). In stark contrast, con-
ventional BCAR-T cells were vigorously rejected by allogeneic T cells,
as they failed to expand at all in the experimental mice (Figures 4I
and 4J).

Collectively, these studies unveiled a stable HLA-I/II-low phenotype
of Allo15BCAR-NKT cells and an HLA-I/II-negative phenotype of
U15BCAR-NKT cells. These unique characteristics bestow upon
them a distinct advantage in resisting host T cell-mediated rejection
when compared with other allogeneic cell products derived from
healthy donor PBMCs. The observed “low immunogenicity” features
of Allo/U15BCAR-NKT cells provide a strong rationale for their poten-
tial application in off-the-shelf cell therapy strategies.

UCAR-NKT cells directly kill tumor cells at high efficacy and

using multiple targeting mechanisms

To study the tumor targeting efficacy and MOA of Allo/U15BCAR-
NKT cells, we utilized the BCMA+ human MM cell line, MM.1S,
which was genetically modified to express FG for luciferase assay
and flow cytometry monitoring (denoted as MM.1S-FG) (Figure 4A).
It is worth noting that a significant proportion of primary MM tumor
cells express both BCMA and CD1d, rendering them susceptible to
both BCAR and iNKT TCR-mediated targeting, although CD1d
expression levels may fluctuate with respect to MM disease
stages.21,39,40 Given that the parental MM.1S cell line lacks CD1d
expression, we also overexpressed CD1d expression in the MM.1S-
FG cell line to establish a BCMA+CD1d+ MM.1S-CD1d-FG cell
line for the investigation of iNKT TCR/BCAR dual targeting
(Figures 4A and 4B). Furthermore, a BCMA�CD1d� KOMM.1S-FG
cell line was generated by disrupting BCMA expression in MM.1S-
FG cells through CRISPR-Cas9 gene editing (Figures 4A and 4B).

In an in vitro tumor cell killing assay, Allo/U15BCAR-NKT cells
demonstrated superior tumor cell killing efficacy to all three
MM.1S tumor cell lines compared with conventional BCAR-T cells
(Figures 4C and 4D). In contrast to BCAR-T cells, which solely relied
on BCAR-BCMA recognition for tumor cell killing, Allo/U15BCAR-
NKT cells exhibited a reduced dependence on BCAR/BCMA recogni-
lymphocyte reaction (MLR) assay. PBMCs from over 10 random mismatched healthy

used as stimulator cells. Data from four representative donors are presented. BCAR-T

analyses of IFN-g production on day 4 (n = 3). (E) Diagram showing Allo/U15BCAR-NKT

(F–J) Studying the T cell-mediated allorejection against Allo/U15BCAR-NKT cells using

nescence live animal imaging. (G) Diagram of Allo15BCAR-NKT/FG, U15BCAR-NKT/FG,

the firefly luciferase and green fluorescence protein (FG) dual reporters. (H) FACS detec

therapeutic cells in experimental mice over time. (J) Quantification of (I) (n = 3). Rep

significant; *p < 0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA.
tion, although they still benefited from it (Figure 4D). Interestingly,
Allo/U15BCAR-NKT cells exhibited enhanced tumor cell killing in
the presence of CD1d/aGC, indicating an iNKT TCR-directed target-
ing mechanism (Figure 4D). Moreover, Allo/U15BCAR-NKT cells
effectively eliminated BCMA�CD1d� tumor cells through recogni-
tion by NKRs such as NKG2D and DNAM-1, confirming an NKR-
mediated targeting mechanism (Figures 4D–4F). Notably,
even when compared with PBMC-derived NK (PBMC-NK) cells,
Allo/U15BCAR-NKT cells displayed a heightened tumor cell killing ca-
pacity targeting over 20 different tumor cell lines in vitro (Figures S4A
and S4B). This enhanced performance can be attributed to their
inherent capacity for NKR-mediated tumor cell killing (Figures 2D,
2E, and S4C–S4F). Furthermore, these cells demonstrated potent tu-
mor suppression in an OVCAR8-FG human ovarian cancer xenograft
mouse model in vivo through their intrinsic NK killing (Figures S5A–
S5D). In summary, Allo/U15BCAR-NKT cells utilize CAR/TCR/NKR
triple-targeting mechanisms to target tumor cells (Figure 4G). These
multiple targeting mechanisms may enhance their capacity to over-
come tumor immune evasion during immunotherapy.2,41,42

The direct recognition and targeting of MM.1S tumor cells by Allo/U15

BCAR-NKT cells were observable through scanning electron micro-
scopy (SEM) (Figure S6A). Aligned with their diverse targeting mecha-
nisms and robust cytotoxicity, Allo/U15BCAR-NKT cells exhibited
heightened expression of activationmarkers (i.e., CD69), and increased
production of effector cytokines (i.e., IFN-g) and cytotoxic
molecules (i.e., Perforin and Granzyme B), compared with BCAR-T
cells following co-culture with tumor cells (Figures 4H–4J and S6B).
Notably, Allo/U15BCAR-NKT cells generated through three expansion
approaches (i.e., aCD3/aCD28 Ab, aGC/PBMCs, and aAPCs) ex-
hibited comparable antitumor capacities (Figure S6C), indicating the
viability of utilizing all three expansion methods to produce functional
therapeutic cell products to treat cancers.

Furthermore, a cohort of primary MM patient bone marrow (BM)
samples was collected and employed to assess the tumor cell killing
efficacy of Allo/U15BCAR-NKT cells (Figure 4K). The co-expression
of BCMA, CD1d, and NK ligands was identified on MM tumor cells
across all the samples (Figure 4L). In an in vitro tumor cell killing
assay, Allo/U15BCAR-NKT cells demonstrated a superior effectiveness
in eliminating primary MM tumor cells compared with conventional
BCAR-T cells (Figures 4M, 4N, and S6D). Collectively, these results
underscore the compelling potential of Allo/U15BCAR-NKT cells for
off-the-shelf cancer immunotherapy. The high antitumor efficacy
and multiple tumor-targeting mechanisms of Allo/U15BCAR-NKT
donors were used as responder cells, and irradiated Allo/U15BCAR-NKT cells were

cells were included as an allorejection control. (C) Experimental design. (D) ELISA

cells display HLA-low/negative phenotype and resist T cell-mediated allorejection.

an in vivo humanized NSG mouse model. (F) Experimental design. BLI, biolumi-

and BCAR-T/FG cells. The three therapeutic cells were engineered to overexpress

tion of FG expression in the indicated cells. (I) BLI images showing the presence of

resentative of 3 experiments. Data are presented as the mean ± SEM. ns, not
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Figure 4. U15BCAR-NKT cells directly kill tumor cells at high efficacy and use multiple targeting mechanisms

(A) Schematics showing the indicated human MM.1S cell lines. MM.1S-FG, MM.1S cell line engineered to express FG dual reporters; MM.1S-FG-CD1d, MM.1S-FG cell line

further engineered to overexpress human CD1d; KOMM.1S-FG, MM.1S-FG cell line further engineered to knock out theBCMA gene. (B) FACS detection of BCMA and CD1d

(legend continued on next page)
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cells may open up new avenues for targeting hard-to-treat tumors and
counteracting tumor antigen escape.

UCAR-NKT cells exhibit potent antitumor efficacy in vivo

To assess the in vivo antitumor effectiveness of Allo/U15BCAR-NKT
cells, a series of in vivo experiments were carried out utilizing human
MM xenograft NSGmouse models. Conventional BCAR-T cells were
included as a benchmark control. Four separate in vivo experiments
were conducted to replicate distinct tumor burdens (comprising
low and high tumor burdens) (Figures 5A and 5E) and various tumor
heterogeneity scenarios, involving BCMA+CD1d� MM tumor cells
(Figures 5A and 5E), BCMA+CD1d+ MM tumor cells (Figure 5I),
and BCMA�CD1d� MM tumor cells (Figure 5M).

In a scenario characterized by a low tumor burden and the presence of
BCMA+CD1d� tumor cells, Allo/U15BCAR-NKT cells exhibited a tu-
mor cell elimination efficacy on a par with that of BCAR-T cells
(Figures 5B and 5C). However, mice treated with BCAR-T cells, while
becoming tumor free, eventually succumbed to GvHD (Figure 5D). In
contrast, mice treated with Allo/U15BCAR-NKT cells achieved a long-
term survival with both tumor eradication and an absence of GvHD
(Figure 5D).

Remarkably, even under conditions of high tumor burden and
BCMA+CD1d� tumor cells, Allo/U15BCAR-NKT cells continued to
effectively suppress tumor growth and achieved superior tumor clear-
ance (Figures 5F and 5G). Conventional BCAR-T cells, on the other
hand, exhibited a less-effective suppression of tumor growth and led
to earlier mortality in experimental mice (Figures 5F–5H).

Under high tumor load conditions and BCMA+CD1d+ tumor cells,
Allo/U15BCAR-NKT cells still effectively suppressed tumor growth
and achieved tumor clearance in a portion of the experimental mice
(specifically, three out of five mice for Allo15BCAR-NKT cells and three
out of six for U15BCAR-NKT cells) (Figures 5J–5L). Conventional
BCAR-T cells, however, displayed a less effective tumor growth sup-
pression and failed to achieve tumor clearance (Figures 5J–5L).

In the scenario involving a low tumor burden and BCMA�CD1d� tu-
mor cells, both BCAR-T cells and Allo/U15BCAR-NKT cells demon-
strated reduced antitumor efficacy due to the absence of a CAR target
(Figures 5N–5P). Nevertheless, Allo/U15BCAR-NKT cells still managed
to suppress tumor growth, potentially attributable to their intrinsic
on the indicated tumor cells. (C and D) Studying the antitumor efficacy of U15BCAR-NK

engineered PBMC-T cells were included as therapeutic cell controls. (C) Experimental

mechanism of U15BCAR-NKT cells mediated by NK activating receptors (i.e., NKG2D

10:1; n = 4). (G) Diagram showing the CAR/TCR/NKR triple tumor-targeting mechanis

after co-culturing with MM.1S-FG. (H) FACS detection of surface CD69 as well as intrac

(J) ELISA analyses of IFN-g production by U15BCAR-NKT cells (n = 3). (K–N) Studying th

Diagram showing the collection of bone marrow (BM) samples from MM patients. (L)

(ULBP-1 and CD155) on primary MM patient-derived tumor cells. (M) Experimental desi

data at 24 h (n = 4). Representative of 3 experiments. Data are presented as the mean ±

way ANOVA (F, I, J, and N) or two-way ANOVA (D).
capability for NKR-mediated tumor cell killing (Figures 4E–4G and
5N–5P). It is noteworthy that the inflammatory TME can potentially
induce the upregulation of HLAmolecules on immune cells infiltrating
the tumor site, possibly through factors such as IFN-g.43,44 We there-
fore assessed HLA expressions on Allo/U15BCAR-NKT cells collected
from the BM of tumor-bearing mice, as well as those acquired from
in vitro culture following IFN-g stimulation (Figures S7A–S7E). In
comparison with conventional T cells, Allo/U15BCAR-NKT cells ex-
hibited low/no expression of HLA-I and HLA-II molecules, signifying
their resistance to T cell-mediated allorejection under in vivo or IFN-g
stimulation conditions (Figures S7B–S7E).

UCAR-NKT cells maintain high antitumor efficacy despite T cell-

mediated allorejection

Subsequently, we assessed the in vivo antitumor efficacy of
Allo/U15BCAR-NKT cells in a setting of T cell-mediated allorejection.
Four days following the injection of MM.1S-FG, donor-mismatched
PBMCs were introduced into the mice, simulating the presence of
host T cells. Following this, therapeutic cells were administered,
and their effectiveness in suppressing tumor growth was evaluated
(Figure 6A).

Remarkably, U15BCAR-NKT cells continued to effectively suppress
tumor growth and achieved superior tumor control, leading to
improved mouse survival (Figures 6B–6D). Allo15BCAR-NKT cells
exhibited a less-effective suppression of tumor growth, resulting in
earlier mouse mortality (Figures 6B–6D). In contrast, conventional
BCAR-T cells performed the worst, with the least-effective
tumor suppression and the earliest onset of mouse mortality
(Figures 6B–6D).

These results substantiate that U15BCAR-NKT cells possess a robust
resistance to host T cell-mediated allorejection and maintain the
highest level of antitumor efficacy. While their antitumor efficacy
may experience some attenuation compared with scenarios lacking
T cell-mediated allorejection (Figures 5A–5H and 6B–6D), they
nonetheless exhibit significant promise for the effective treatment
of cancer with a diminished susceptibility to allorejection concerns.

UCAR-NKTcells alter the TMEby selectively depleting TAMs and

MDSCs through CD1d recognition

The immunosuppressive TME poses a substantial challenge to cancer
immunotherapy, particularly in the context of solid tumors, but it is
T cells against human MM.1S cell lines. Allo15BCAR-NKT, BCAR-T, and non-BCAR-

design. (D) Tumor cell killing data at 24 h (n = 4). (E and F) Studying the tumor killing

and DNAM-1). (E) Experimental design. (F) Tumor cell killing data at 24 h (E:T ratio =

ms of U15BCAR-NKT cells. (H–J) FACS characterization of U15BCAR-NKT cells 24 h

ellular Perforin and Granzyme B in U15BCAR-NKT cells. (I) Quantification of (H) (n = 3).

e antitumor efficacy of U15BCAR-NKT cells against primary MM patient samples. (K)

FACS detection of CAR target (BCMA), iNKT TCR target (CD1d), and NKR target

gn to study the primary MM tumor cell killing by therapeutic cells. (N) Tumor cell killing

SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-
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Figure 5. U15BCAR-NKT cells exhibit potent antitumor efficacy in vivo

(A–D) Studying the in vivo antitumor efficacy of U15BCAR-NKT cells in an MM.1S-FG human MM xenograft NSG mouse model. Therapeutic cells are injected on day 4 to

mimic the low tumor burden condition. (A) Experimental design. (B) BLI images showing the presence of tumor cells in experimental mice over time. (C) Quantification of (B)

(n = 5). TBL, total body luminescence. (D) Kaplan-Meier survival curves of experimental mice over time (n = 5). (E–H) Studying the in vivo antitumor efficacy of U15BCAR-NKT

cells in an MM.1S-FG human MM xenograft NSGmouse model. Therapeutic cells are injected on day 20 to mimic the high tumor burden condition. (E) Experimental design.

(F) BLI images showing the presence of tumor cells in experimental mice over time. (G) Quantification of (F) (n = 5). (H) Kaplan-Meier survival curves of experimental mice over

(legend continued on next page)
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also pertinent to certain blood cancers such as MM, especially
when the disease affects BM sites.45–47 Within the TME, two major
immunosuppressive components are tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs).47–50

Notably, both TAMs and MDSCs express elevated levels of CD1d,
rendering them direct targets of NKT cells (Figure 7A).45,47,51 In light
of this, we conducted an investigation into the interactions between
Allo/U15BCAR-NKT cells and the MM TME, using in vitro cultured
macrophages/MDSCs (Figure 7B) and primary MM patient samples
(Figure 7K).

In the first study, we generatedM2-polarizedmacrophages orMDSCs
from healthy donor-derived monocytes (Figure 7B). These macro-
phages and MDSCs displayed elevated expression levels of macro-
phage markers, including CD11b, CD206, CD163, and HLA-DR (Fig-
ure 7C). Significantly, these cells exhibited notable levels of CD1d
expression, indicating their susceptibility to targeting by NKT cells
via the iNKT TCR/CD1d recognition (Figures 7D and 7E). To assess
the capacity of therapeutic cells to target macrophages and MDSCs,
we established an in vitro macrophage/MDSC assay (Figure 7F).
Allo/U15BCAR-NKT cells demonstrated effective elimination of M2
macrophages and MDSCs, particularly in the presence of aGC, a
phenomenon that was impeded when CD1d was blocked (Figure 7G).
Similar findings were also noted for PBMC-derived NKT (PBMCNKT)
cells (Figures S8A–S8C), which further validate the capacity of
Allo/U15BCAR-NKT cells to deplete macrophages and MDSCs
through CD1d-antigen-iNKT TCR recognition. Significantly, even
in the absence of aGC, Allo/U15BCAR-NKT cells displayed a substan-
tial capacity to target M2 macrophages and MDSCs, suggesting their
inherent capability for NKR-mediated function (Figure 7G). The
depletion of macrophages and MDSCs by Allo/U15BCAR-NKT cells
corresponded with the upregulation of cytotoxic molecules such as
Granzyme B (Figure 7H). It is noteworthy that Allo/U15BCAR-NKT
cells did not exhibit cytotoxicity toward healthy donor-derived T
and B cells, which is likely attributable to the absence of CD1d
expression on these particular target cells (Figures 7H and 7I). In
contrast, BCAR-T cells were unable to target macrophages and
MDSCs, underscoring the potential of Allo/U15BCAR-NKT cells to
alter the TME (Figure 7J). Furthermore, Allo/U15BCAR-NKT cells
also demonstrated cytotoxic activity against CD1d+ M1-polarized
macrophages, which are recognized as antitumorigenic myeloid
populations (Figures S8D–S8G).52,53 Consequently, there is an
intriguing opportunity for further investigation into the potential of
Allo/U15BCAR-NKT cells to target pro-inflammatory myeloid cells in
alternate contexts such as viral infections and autoimmune
disorders.54,55
time (n = 5). (I–L) Studying the in vivo antitumor efficacy of U15BCAR-NKT cells in anMM.1

on day 20 to mimic the high tumor burden condition. (I) Experimental design. (J) BLI

Quantification of (J) (n = 5–6). (L) Kaplan-Meier survival curves of experimental mice over t
KOMM.1S-FG human MM xenograft NSG mouse model. Therapeutic cells are injected

images showing the presence of tumor cells in experimental mice over time. (O) Quantific

(n = 4–5). Representative of 2 experiments. Data are presented as themean ± SEM. ns, n

(G and O), two-way ANOVA (C and K), or by log rank (Mantel-Cox) test adjusted for m
In the second study, we co-cultured Allo/U15BCAR-NKT cells with pri-
mary MM patient BM samples (Figure 7K). Allo/U15BCAR-NKT cells
demonstrated effective and selective depletion of TAMs and MDSCs,
which was due to the high expression of CD1d on TAMs and MDSCs
(Figures 7L and 7M). Notably, Allo/U15BCAR-NKT cells spared other
immune cells expressing no or low level of CD1d, including granulo-
cytes, T cells, B cells, NK cells, and HSCs (Figures 7M–7O and
S8H–S8L). Further investigations were directed toward specific sub-
populations of HSCs isolated from MM patient samples, including
long-term HSCs, short-term HSCs, and multi-potent progenitor cells
(Figure S8I). Notably, all three subpopulations of HSCs exhibited un-
detectable CD1d expression and were not targeted by Allo/U15BCAR-
NKT cells (Figures S8J–S8L). Preserving the normal functionality of
other immune cells, particularly HSCs in the BM, is of paramount
importance given their pivotal role in supporting functional
hematopoiesis.56

UCAR-NKT cells exhibit a prominent safety profile featured by

minimal GvHD risk and low CRS attributes

The primary safety concern associated with allogeneic cell therapy
typically revolves around the risk of GvHD.57–61 For UCAR-NKT
cells, the unique feature of their iNKT TCR recognition of the non-
polymorphic MHC molecule CD1d suggests that these cells are un-
likely to induce GvHD.62,63 This characteristic was assessed through
both in vitro MLR assays (Figure 8A) and an in vivo MM xenograft
model (Figure 5A).

In the in vitro MLR assay, Allo/U15BCAR-NKT cells were stimulated
with irradiated PBMCs derived from a diverse set of mismatched
healthy donors (>20 donors) (Figures 8A and 8B). This assay revealed
minimal production of IFN-g by Allo/U15BCAR-NKT cells, in stark
contrast to conventional BCAR-T cells, which exhibited robust
IFN-g production (Figure 8B).

In the in vivo MM NSG xenograft model, the administration of con-
ventional BCAR-T cells led to the development of severe GvHD, ul-
timately resulting in the demise of experimental mice (Figure 5D).
This was accompanied by substantial immune cell infiltration into
critical organs such as the liver and lung (Figures 8C and 8D). In
sharp contrast, the treatment with Allo/U15BCAR-NKT cells yielded
a GvHD-free, long-term survival outcome for experimental mice
(Figure 5D). Importantly, this was associated with the absence of im-
mune cell infiltration in vital organs (Figures 8C and 8D).

Cytokine release syndrome (CRS) is a substantial side effect associ-
ated with CAR-T cell therapy, and it has been documented that
S-CD1d-FG humanMMxenograft NSGmousemodel. Therapeutic cells are injected

images showing the presence of tumor cells in experimental mice over time. (K)

ime (n = 5–6). (M–P) Studying the in vivo antitumor efficacy of U15BCAR-NKT cells in a

on day 4 to mimic the low tumor burden condition. (M) Experimental design. (N) BLI

ation of (N) (n = 4–5). (P) Kaplan-Meier survival curves of experimental mice over time

ot significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by one-way ANOVA

ultiple comparisons (D, H, L, and P).
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Figure 6. U15BCAR-NKT cells maintain high antitumor efficacy despite T cell-mediated allorejection

(A) Experimental design to study the in vivo antitumor efficacy of U15BCAR-NKT cells under T cell-mediated allorejection in a human MM xenograft NSG mouse model.
Allo15BCAR-NKT and BCAR-T cells were included as controls. (B) BLI images showing the presence of tumor cells in experimental mice over time. (C) Quantification of (B)

(n = 5). (D) Kaplan-Meier survival curves of experimental mice over time (n = 5). Representative of 2 experiments. Data are presented as themean ±SEM. ns, **p < 0.01, by log

rank (Mantel-Cox) test adjusted for multiple comparisons.
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macrophages can exacerbate CRS effects.64–66 Interestingly, the treat-
ment with Allo/U15BCAR-NKT cells, in contrast to BCAR-T cells, led
to a reduction in the levels of CRS-related biomarkers, such as IL-6
and serum amyloid A-3 (SAA-3), in the serum (Figures 8C and
8D).64–66 These results indicate that UCAR-NKT cells may carry a
lower risk of CRS-like response, a characteristic that can be attributed
to their NK cell attributes (Figures 2D, 2E, S4, and S5)67–69 and their
ability to deplete macrophages associated with CRS (Figure 7).64–66

In summary, these findings collectively point to a favorable safety
profile for UCAR-NKT cells. They exhibit low CRS-like response
and minimal GvHD risk, thus strengthening their potential for off-
the-shelf therapeutic applications.

UCAR-NKT cells can be further engineered with a safety switch

While our studies did not reveal any tissue toxicity induced by
Allo/U15BCAR-NKT cells in our NSG xenograft mouse models
(Figures 8C and 8D), it is important to acknowledge that these
safety assessments may have limitations associated with the chosen
preclinical animal models. As such, additional safety measures,
particularly in the early stages of clinical development, may be war-
ranted. To address this concern, we have implemented a “safety
switch” in universal BCAR-NKT cell products by introducing a sui-
cide gene (i.e., sr39TK) into the human iNKT TCR gene delivery
vector (Figure S9A). This engineering results in universal BCAR-
NKT cells that are entirely labeled with the suicide gene (denoted
12 Molecular Therapy Vol. 32 No 6 June 2024
as UBCAR-NKT-TK cells) (Figure S9A). In cell culture, the addition
of a guanosine analog, such as ganciclovir (GCV), effectively led to
the elimination of UBCAR-NKT-TK cells (Figure S9B). Further-
more, in an NSG mouse xenograft model, the administration of
GCV successfully depleted UBCAR-NKT-TK cells from all exam-
ined tissues, including the blood, liver, spleen, and lung
(Figures S9C–S9E). It is noteworthy that GCV has already been uti-
lized clinically as a prodrug to induce the sr39TK-mediated suicide
effect in cellular products.70–72 In addition, other alternative suicide
switch systems, such as inducible Cas9 and truncated EGFR, can
also be employed.73–75

Taken together, our results indicate that universal BCAR-NKT cells
pose no risk of GvHD, low risk of CRS, and can be equipped with
an additional safety switch, rendering them well-suited for off-the-
shelf allogeneic cell therapy.

UCAR-NKT cells resist NK cell-mediated allorejection

In addition to T cell-mediated allorejection, host NK cells can
contribute to allorejection through a dual-trigger mechanism. This
mechanism involves two aspects: (1) “missing self,” which occurs
when there is a lack of matching HLA-I molecules on allogeneic cells,
triggering the release of inhibitory signals mediated by killer cell
immunoglobulin-like receptors. (2) “Stress signals,” which involve
the upregulation of stress molecules on allogeneic cells, inducing
the activation of NKRs such as NKG2D (Figure S10A).21,37,76



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 32 No 6 June 2024 13

Please cite this article in press as: Li et al., Engineering allorejection-resistant CAR-NKT cells from hematopoietic stem cells for off-the-shelf cancer immu-
notherapy, Molecular Therapy (2024), https://doi.org/10.1016/j.ymthe.2024.04.005

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Li et al., Engineering allorejection-resistant CAR-NKT cells from hematopoietic stem cells for off-the-shelf cancer immu-
notherapy, Molecular Therapy (2024), https://doi.org/10.1016/j.ymthe.2024.04.005
To assess the allorejection prospect of Allo/U15BCAR-NKT cells,
especially HLA-I-ablated U15BCAR-NKT cells, we conducted
in vitro MLR assays, specifically designed to investigate NK cell-me-
diated allorejection (Figure S10B). In these assays, Allo/U15BCAR-
NKT cells were co-cultured with donor-mismatched PBMC-NK
cells (>10 donors), followed by quantifying viable Allo/U15BCAR-
NKT cells (Figure S10B). Compared with BCAR-T cells,
Allo/U15BCAR-NKT cells exhibited markedly improved survival rates
(Figure S10C), which can be attributed to their reduced expression
of surface NK ligands, such as ULBP and MICA/B (Figure S10D).
This diminished NK ligand expression may contribute to their resis-
tance to NK cell-mediated allorejection. In summary, these results
reveal an intriguing “hypoimmunogenic” feature of Allo/U15BCAR-
NKT cells, potentially providing advantages for their off-the-shelf
cell therapy applications.

UCAR-NKT cells can be engineeredwith HLA-E to further ensure

resistance to NK cell-mediated allorejection

Although NK cell-mediated allorejection of U15BCAR-NKT cells was
not observed, it is important to acknowledge potential limitations in
our immunogenicity studies using preclinical assays (Figures S10B–
S10D). Therefore, we have taken additional steps to enhance their
resistance to allogeneic NK cells. Specifically, we have engineered
HLA-E, which has been reported to bind with CD94/NKG2A on
NK cells and leads to inhibitory signaling within the NK cell,77 on uni-
versal BCAR-NKT cells to prevent NK cell-mediated allorejection
(Figures S11A and S11B).

CD34+ HSCs were gene engineered with a Lenti/iNKT-BCAR-HLA-
E vector together with a CRISPR-Cas9/B2M-CIITA-gRNAs complex
to ablate surface expression of HLA-I/II and achieve overexpression
of HLA-E on BCAR-NKT cells, referred to as UEBCAR-NKT cells
(Figures S11A–S11E). Importantly, as all therapeutic genes (iNKT
TCR, BCAR, and HLA-E) are co-delivered by the same lentivector,
the resulting UEBCAR-NKT cells co-expressed HLA-E, ensuring the
purity and clonality of these cellular products (Figures S11D and
S11F). These engineered cells exhibited similar development, pheno-
type, and yield to non-HLA-E-engineered universal BCAR-NKT cells
(Figures 1E–1J and S11C–S11H). Furthermore, UEBCAR-NKT cells
have demonstrated resistance to host T and NK cell-mediated allor-
ejection, along with potent antitumor activity against various cancer
cells (Figures S11I–S11L). In conclusion, these results underscore the
Figure 7. U15BCAR-NKT cells alter the TME by selectively depleting TAMs and

(A) Diagram showing the TAM/MDSC targeting by U15BCAR-NKT cells via CD1d/iNKT T

in vitro cultured cells. (B) Diagram showing the generation of healthy donor PBMC-derive

FACS detection of macrophage markers on the indicated cells. (D) FACS detection of C

M4/MDSC targeting by U15BCAR-NKT cells using an in vitro M4/MDSC targeting ass

production by U15BCAR-NKT cells 24 h after co-culturing with M4. (I) T and B cell killing d

at 24 h (n = 4). (K–O) Study the TAM/MDSC targeting by U15BCAR-NKT cells using prima

samples. (L) FACS analysis of immune cell composition in theMMpatient BM samples. G

in the indicated TME cell component. MFI, mean florescence intensity. (N) Experimental d

TME cell component (n = 3). Representative of 3 experiments. Data are presented as the

Student’s t test (J), or one-way ANOVA (E, G, H, I, and M).
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feasibility and cancer therapy potential of UEBCAR-NKT cell prod-
ucts, setting the stage for their translational and clinical development.

DISCUSSION
In this study, we present a technological advancement aimed at facil-
itating the generation of HLA-ablated UCAR-NKT cells. This process
is achieved through the genetic modification of HSCs and the estab-
lishment of a feeder-free differentiation culture system. Our technol-
ogy has demonstrated the capability to produce UCAR-NKT cells
with a high degree of yield, purity, and robustness (Figure 1). These
HLA-ablated UCAR-NKT cells exhibit remarkable resistance to allor-
ejectionmediated by host T and NK cells (Figures 3, S3, S10, and S11),
which addresses a significant limitation of conventional CAR-T cell
therapy,5,18 as these cells can persist in vivo longer and exert a sus-
tained tumor-suppressive effect (Figure 6). The resulting UCAR-
NKT cells exhibit several favorable characteristics for the develop-
ment of off-the-shelf cancer immunotherapies. They demonstrate
potent antitumor efficacy through multiple mechanisms (Figures 4
and 5), possess a high safety profile characterized by a minimal risk
of GvHD and low CRS attributes, and can be further engineered
with a suicide switch for added safety (Figure 8). Moreover, these
UCAR-NKT cells exhibit the intriguing capacity to modulate the
immunosuppressive TME by selectively depleting CD1d+ TAMs
and MDSCs (Figure 7). This technological advancement holds signif-
icant promise in the field of cancer immunotherapy, offering a multi-
faceted approach to enhance the effectiveness and safety of off-the-
shelf cellular therapies.

The off-the-shelf HSC-derived CAR-NKT technology demonstrates
remarkable versatility, as demonstrated by its successful application
in the generation of six distinct CAR-NKT cell products through
various gene engineering approaches (Figure S2A). These modifica-
tions encompass the incorporation of diverse genes, including those
conferring immune enhancement (e.g., IL-15) (Figures 1A and 1B),
the integration of suicide switches (e.g., sr39TK) (Figure 8G), the
introduction of reporter genes (e.g., FG) (Figures 3G and 3H), and
the incorporation of NK inhibitory factors (e.g., HLA-E)
(Figures S11A and S11B). In addition, this technology allows for
the targeted ablation of specific genes, such as HLA molecules
(Figures 1A, 1B, 8G, S11A, and S11B). Notably, the incorporation
of these various cargo genes did not result in any discernible
disruptions in the manufacturing process, yield, or quality of the
MDSCs via CD1d recognition

CR recognition. (B–J) Study the TAM/MDSC targeting by U15BCAR-NKT cells using
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mean ±SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by



Figure 8. U15BCAR-NKT cells exhibit a high safety profile featured by low CRS attributes and minimal GvHD risk

(A and B) Studying the graft-versus-host response of U15BCAR-NKT cells using an in vitroMLR assay. PBMCs from over 10 random mismatched healthy donors were used

as stimulator cells. Data from six representative donors are presented. Allo15BCAR-NKT and conventional BCAR-T cells were included as responder controls. (A) Experimental

design. (B) ELISA analyses of IFN-g production on day 4. N, no addition of stimulator PBMCs (n = 3). (C and D) Studying the GvHD risk of U15BCAR-NKT cells using a human

MM.1S xenograft NSGmousemodel. Experimental design is shown in Figure 5A. (C) H&E-stained tissue sections. Tissues were collected from experimental mice on day 60.

Scale bars, 100 mm. (D) Quantification of (C) (n = 7). (E and F) Studying CRS response induced by U15BCAR-NKT cells using an in vivo human MM.1S xenograft NSGmouse

model. (E) Experimental design. (F) ELISA analyses of mouse IL-6 and SAA3 in mouse plasma collected on days 11 and 13 (n = 3). SAA-3, serum amyloid A-3. NT, mouse

plasma sample collected from tumor-bearing mice receiving no therapeutic cell treatment. 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 (B, D, and F).
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UCAR-NKT cell products (Figures 1E–1J and S11D–S11H). This sig-
nificant achievement underscores the wide-ranging potential of the
technology, enabling its application to produce UCAR-NKT cell
products armed with diverse CARs to target a broad spectrum of
blood cancers and solid tumors, and potentially extending to other
diseases.7

Currently, a diverse range of allogeneic off-the-shelf CAR-engineered
cell therapies have been developed and are rapidly advancing as a
frontier in cancer immunotherapy. Initially, conventional ab

CAR-T cells have been subjected to gene editing techniques, such
as disruption of TRAC and/or TRBC loci, to prevent GvHD induced
by HLA incompatibility.8 Additional modifications include disrupt-
ing HLA-I and/or HLA-II molecules to mitigate rejection by host
T cells and disrupting CD52 to make these allogeneic T cells resistant
to lymphodepleting drugs such as alemtuzumab.8,78 Secondly, NK
cell-based allogeneic cell products have been developed, which are
considered to carry a lower risk of GvHD and, therefore, do not
require extensive gene editing.79,80 However, their clonal expansion
and effectiveness against tumors in vivo might be more limited
compared with conventional ab T cells. Currently, various such con-
ventional ab T- and NK-based allogeneic cell products have under-
gone phase I clinical trials, targeting B cell malignancies, acute
myeloid leukemia, MM, and specific solid tumors.8,80–84 These studies
demonstrate the feasibility, antitumor activity, and manageable safety
profile of these therapies, marking a significant advancement in the
field of allogeneic cell therapy. In addition, some preclinical studies
have explored the use of other immune cell types, such as NKT,
mucosal-associated invariant T cells, and gd T cells, as well as alter-
native cell sources such as induced pluripotent stem cell-derived
Molecular Therapy Vol. 32 No 6 June 2024 15
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NK or T cells.19,20,85–87 Diverse hypoimmunogenic cell products have
been developed and have shown promise for off-the-shelf cancer
immunotherapy.88

The reported technology employs a feeder-free culture method that is
amenable to easy scaling for clinical and commercial development.
The resultant CAR-NKT cell products demonstrate remarkable attri-
butes, including high yield, purity, and robustness (Figure 1). Impor-
tantly, there is an absence of bystander conventional ab T cells
(Figures 1E and 1G), eliminating the need for supplementary purifi-
cation steps. Significantly, due to the inherent property of NKT cells
not to recognize mismatched HLAs, the elimination of endogenous
TCR is rendered unnecessary, thereby preserving the TCR and its
associated advantages for CAR-NKT cells.89 Notably, an unintended
characteristic of non-HLA-ablated Allo15BCAR-NKT cells is their
notably lower immunogenicity when compared with conventional
ab T cells (Figure 3). Allo15BCAR-NKT cells express diminished levels
of HLA-I molecules and nearly undetectable levels of HLA-II mole-
cules, which appear to be genetically predetermined and remain stable
throughout in vitro culture and in vivo persistence, even within the
TME (Figures 3 and S7). This unique feature may confer resistance
to allorejection by host T cells, thereby reducing the necessity for
additional HLA gene editing or intensive preconditioning treatments
targeting host T cell depletion, such as CD52 antibody treatment.
Furthermore, a recent study has documented distinct characteristics
of NKT cells, where allogeneic NKT cells exhibit prolonged persis-
tence in MHC-mismatched canine recipients, along with sustained
immunomodulatory effects.90 This discovery further advances the
potential application of allogeneic NKT cells as a readily accessible
universal platform for the treatment of cancer and other diseases.

The UCAR-NKT cell products exhibit remarkable antitumor efficacy
against a wide spectrum of cancers, including both hematologic ma-
lignancies and solid tumors, encompassing various tumor cell lines
and primary samples from cancer patients (Figures 4, 5, 6, S4,
S11K, and S11L). This exceptional potency is attributed to the robust
cytotoxicity, potent effector functions, and multiple tumor-targeting
mechanisms of these UCAR-NKT cells, which are acquired during
the manufacturing process and persist in vivo (Figures 2, 4, and
S6). Notably, their potent antitumor efficacy paralleled or surpassed
that of PBMC-derived conventional CAR-T (Figures 4 and 5),
CAR-NK (Figure S12), and CAR-NKT cells (Figure S13), underscor-
ing their considerable promise as a potent antitumor therapy.
Furthermore, in comparison with conventional CAR-T cells,
UCAR-NKT cells possess an additional distinct characteristic that
equips them to overcome the current limitations encountered by
CAR-T cells in targeting the TME.6,91,92

The immunosuppressive TME, consisting of TAMs andMDSCs, pre-
sents a significant challenge to the effectiveness of CAR T cell-based
immunotherapy. Current strategies aimed at modulating TAMs and
MDSCs have often proven to be suboptimal, typically involving ap-
proaches to reduce monocyte recruitment and induce an antitumor
M1-like transformation.93–96 Remarkably, UCAR-NKT cells have
16 Molecular Therapy Vol. 32 No 6 June 2024
demonstrated the ability to alter the TME by effectively and selec-
tively depleting CD1d-high TAMs and MDSCs (Figure 7). Impor-
tantly, the treatment with UCAR-NKT cells preserves the integrity
of other blood cells, including HSCs, T, B, and NK cells, and granu-
locytes, maintaining the host’s hemostasis and functional immunity
(Figures 7 and S8). It is noteworthy that, in addition to M2-polarized
macrophages, CD1d+M1-polarizedmacrophages can also be targeted
by UCAR-NKT cells (Figures S8D–S8G). These M1-polarized macro-
phages exhibit both pro-inflammatory and antitumor properties.52,53

Consequently, the ability of UCAR-NKT cells to deplete all myeloid
populations may pose certain limitations for cancer immunotherapy.
Nonetheless, this observation prompts an intriguing avenue for
research into leveraging UCAR-NKT cells to target pro-inflammatory
myeloid cells in different disease contexts, such as viral infections and
autoimmune disorders.54,55

While the reported technology holds significant promise, it faces
certain limitations that necessitate further refinement. In this study,
T and NK cell-mediated allorejections were explored through
in vitro MLR assays and/or in vivo xenograft NSG mouse models
(Figures 3C, 3D, 3F–3J, S3C, 6A–6D, and S10B–S10D). However, it
is crucial to acknowledge that these assays only partially replicate T
and NK cell-mediated alloresponse, and the true conditions can
only be fully understood through clinical studies. IL-15 integration
has been a prevalent feature across various CAR-NKT cell formula-
tions, with clinical trials showcasing enhanced in vivo functionality
of IL-15-engineered CAR-NKT cells.13,15,97 Our investigation sub-
stantiates the efficacy of IL-15 on CAR-NKT cells, specifically high-
lighting improvements in long-term antitumor activity and overall
performance (Figure S14). In addition, incorporating genes encoding
other immune-enhancing molecules (such as IL-7, IL-12, IL-18, and
IL-21) and immunosuppression-resistant factors (such as immune
checkpoint inhibitors such as anti-PD-1 antibody and dominant-
negative TGF-b receptor) into UCAR-NKT cells could enhance their
antitumor capabilities.3 Furthermore, synergistic approaches
involving other therapeutic modalities such as checkpoint blockade
therapy, preconditioning regimens, and cancer vaccines could be
explored to improve the in vivo performance of UCAR-NKT cells.84

Considering the potential immunogenicity induced by sr39TK, alter-
native suicide switch systems, such as inducible Cas9 and truncated
EGFR, could be integrated to enhance the safety profile of UCAR-
NKT cells.73,98 In summary, comprehensive clinical investigations
are essential to fully assess the potential of UCAR-NKT cells as allo-
geneic candidates for off-the-shelf cancer therapy. Continued
research and refinement are crucial to address the identified limita-
tions and unlock the full therapeutic potential of this innovative
approach.

MATERIALS AND METHODS
Mice

NOD.Cg-PrkdcSCIDIl2rgtm1Wjl/SzJ (NOD/SCID/IL-2Rg�/�, NSG)
mice were maintained in the animal facilities of the University of Cal-
ifornia, Los Angeles (UCLA). Six- to 10-week-old female mice were
used for all experiments. All animal experiments were approved by
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the Institutional Animal Care and Use Committee (IACUC) of
UCLA. All mice were bred and maintained under specific path-
ogen-free conditions, and all experiments were conducted in accor-
dance with the animal care and use regulations of the Division of Lab-
oratory Animal Medicine (DLAM) at the UCLA.

Media and reagents

The X-VIVO 15 Serum-Free Hematopoietic Cell Medium was pur-
chased from Lonza. The StemSpan T cell Generation Kit, comprising
the StemSpan SFEM II Medium, the StemSpan Lymphoid Progenitor
Expansion Supplement, the StemSpan Lymphoid Progenitor Matura-
tion Supplement, the StemSpan Lymphoid Progenitor Differentiation
Coating Material, and the ImmunoCult Human CD3/CD28/CD2 T
Cell Activator, was purchased from STEMCELL Technologies.
The CTS OpTmizer T Cell Expansion SFM (no phenol red, bottle
format), the RPMI 1640 cell culture medium, and the DMEM cell cul-
ture medium were purchased from Thermo Fisher Scientific. The
CryoStor Cell Cryopreservation Media CS10 was purchased from
MilliporeSigma.

The homemade C10 medium was made of RPMI 1640 cell culture
medium, supplemented with fetal bovine serum (FBS) (10% v/v),
penicillin-streptomycin-glutamine (P/S/G) (1% v/v), MEM non-
essential amino acids (NEAA) (1% v/v), HEPES (10mM), sodium py-
ruvate (1 mM), b-mercaptoethanol (b-ME) (50 mM), and Normocin
(100 mg/mL). The homemade D10 medium was made of DMEM
supplemented with FBS (10% v/v), P/S/G (1% v/v), and Normocin
(100 mg/mL). The homemade R10 medium was made of RPMI sup-
plemented with FBS (10% v/v), P/S/G (1% v/v), and Normocin
(100 mg/mL).

aGC (KRN7000) was purchased from Avanti Polar Lipids. Recombi-
nant human IL-2, IL-3, IL-7, IL-15, IL-21, IFN-g, Flt3 ligand (Flt3L),
stem cell factor (SCF), and thrombopoietin (TPO) were purchased
from PeproTech. GCV, FBS, and b-ME were purchased from Sigma.
P/S/G, MEM NEAA, HEPES buffer solution, and sodium pyruvate
were purchased from Gibco. Normocin was purchased from
InvivoGen. GCV was purchased from Sigma.

Lentiviral vectors

Lentiviral vectors used in this study were all constructed from a
parental lentivector pMNDW.99,100 The 2A sequences derived from
foot-and-mouth disease virus (F2A), porcine teschovirus-1 (P2A),
and thosea asigna virus (T2A) were used to link the inserted genes
to achieve co-expression.

Seven lentivectors were constructed and used in this study. The Lenti/
iNKT-BCAR-IL-15 vector was constructed by inserting into the
pMNDW vector a synthetic tetracistronic gene encoding human
iNKT TCRa-F2A-TCRb-P2A-BCAR-T2A-IL15 (BCAR indicates a
BCMA-targeting CAR,26 and IL15 indicates the secreting form of hu-
man IL-15). The Lenti/iNKT-BCAR-sr39TK vector was constructed
by inserting into the pMNDW vector a synthetic tetracistronic
gene encoding human iNKT TCRa-F2A-TCRb-P2A-BCAR-T2A-
sr39TK (sr39TK indicates an sr39TK suicide and positron emission
tomography imaging reporter gene). The Lenti/iNKT-BCAR-HLA-
E vector was constructed by inserting into the pMNDW vector a
synthetic tetracistronic gene encoding human iNKT TCRa-F2A-
TCRb-P2A-BCAR-T2A-HLA-E. The Lenti/BCAR vector was con-
structed by inserting into the pMNDW a synthetic gene encoding
BCAR. The Lenti/FG vector was constructed by inserting into the
pMNDW a synthetic bicistronic gene encoding Fluc-P2A-EGFP.25

The Lenti/CD1d vector was constructed by inserting into the
pMNDW a synthetic gene encoding human CD1d.25 The Lenti/
BCMA vector was constructed by inserting into the pMNDW a syn-
thetic gene encoding BCMA.

The synthetic gene fragments were obtained fromGenScript and IDT.
Lentiviruses were produced using human embryonic kidney 293T
(HEK293T) cells (American Type Culture Collection [ATCC]),
following a standard transfection protocol using the Trans-IT-Lenti
Transfection Reagent (Mirus Bio) and a centrifugation concentration
protocol using the Amicon Ultra Centrifugal Filter Units, according
to the manufacturer’s instructions (MilliporeSigma).

Cell lines

HumanMM cell line MM.1S, chronic myelogenous leukemia cell line
K562, Burkitt’s lymphoma cell line RAJI, acute lymphoblastic leuke-
mia cell line NALM-6, acute myeloid leukemia cell line THP1, mela-
noma cell line A375, lung cancer cell lines H226, A549, H292, and
HCC827, ovarian cancer cell lines OVCAR3, OVCAR8, and
SKOV3, pancreatic cancer cell lines ASPC1 and CAPAN2, prostate
cancer cell line PC3, glioblastoma cell line U87-MG, breast cancer
cell line MDA-MB-231, hepatocellular carcinoma cell lines HEPG2
and HEP3B, and HEK293T were purchased from the ATCC.

To make stable tumor cell lines overexpressing human CD1d, and/or
firefly luciferase and enhanced green fluorescence protein dual re-
porters (FG), the parental tumor cell lines were transduced with len-
tiviral vectors encoding the intended gene(s). Seventy-two hours post
lentivector transduction, cells were subjected to flow cytometry sort-
ing to isolate gene-engineered cells for making stable cell lines. Nine
stable tumor cell lines were generated for this study, including MM-
FG, MM-CD1d-FG, K562-FG, RAJI-FG, NALM-6-FG, THP1-FG,
A375-FG, H292-FG, HCC827-FG, OVCAR3-FG, OVCAR8-FG,
SKOV3-FG, ASPC1-FG, CAPAN2-FG, PC3-FG, U87-MG-FG,
MDA-MB-231-FG, HEPG2-FG, and HEP3B-FG cell lines. The
KOMM.1S-FG cell line was generated by knocking out the BCMA
gene from the parental MM.1S-FG cell line using CRISPR-Cas9.
The single guide RNA targeting the BCMA gene (UAUUAAGC
UCAGUCCCAAAC101) was purchased from Synthego, and was
introduced into MM.1S-FG cells via electroporation using an Amaxa
4D Nucleofection X Unit (Lonza), according to the manufacturer’s
instructions.

The aAPC was generated by engineering the K562 human
chronic myelogenous leukemia cell line (ATCC) to overexpress
human CD83/CD86/4-1BBL co-stimulatory receptors.102 The
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aAPC-BCMA cell lines were generated by further engineering the
parental aAPC line to overexpress human BCMA.
Human CB CD34+ HSCs, PBMCs, and primary MM patient BM

samples

Purified CB-derived human CD34+ HSCs were purchased from
HemaCare. Healthy donor PBMCs were provided by the UCLA/
CFAR Virology Core Laboratory without identification information
under federal and state regulations. Primary MM patient BM samples
were collected at the Ronald Reagan UCLAMedical Center from con-
sented patients through an IRB-approved protocol (IRB no. 21-
001444) and processed.
Antibodies and flow cytometry

Fluorochrome-conjugated antibodies specific for human CD45 (clone
H130, PerCP, FITC or Pacific Blue-conjugated, 1:500), TCR ab (clone
I26, Pacific Blue or PE-Cy7-conjugated, 1:25), CD3 (clone HIT3a, Pa-
cific Blue, PE, or PE-Cy7-conjugated, 1:500), CD4 (clone OKT4,
PE-Cy7, PerCP, or FITC-conjugated, 1:500), CD8 (clone SK1, PE,
APC-Cy7, or APC-conjugated, 1:300), CD45RO (clone UCHL1,
APC-Cy7-conjugated, 1:100), CD161 (clone HP-3G10, PerCP-conju-
gated, 1:50), CD69 (clone FN50, PE-Cy7 or PerCP-conjugated, 1:50),
CD56 (clone HCD56, FITC or PerCP-conjugated, 1:10), CD1d (clone
51.1, PE-Cy7 orAPC-conjugated, 1:50), BCMA (19F2, PE-Cy7-conju-
gated, 1:50), CD14 (clone HCD14, Pacific Blue-conjugated, 1:100),
CD19 (clone HIB19, APC-Cy7-conjugated, 1:200), CD11b (clone
ICRF44, PerCP or FITC-conjugated, 1:500), MICA/MICB (clone
6D4, APC-conjugated, 1:25), NKG2D (clone 1D11, PE-Cy7-conju-
gated, 1:50), DNAM-1 (clone 11A8, APC-conjugated, 1:50), NKp30
(clone P30-15, APC-conjugated, 1:50), NKp44 (clone P44-8, PE-
Cy7-conjugated, 1:50), NKp46 (clone 9E2, PerCP-conjugated, 1:50),
CD155 (clone SKII.4, PE-Cy7-conjugated, 1:250), CD163 (clone
GHI/61, APC-Cy7-conjugated, 1:500), CD206 (clone 15-2, APC-con-
jugated, 1:500), IFN-g (clone B27, PE-Cy7-conjugated, 1:50), Gran-
zyme B (clone QA16A02, APC-conjugated, 1:2,000 or 1:5,000), Per-
forin (clone dG9, PE-Cy7-conjugated, 1:50 or 1:100), TNF-a (clone
Mab11, APC-conjugated, 1:4,000), IL-2 (clone MQ1-17H12, APC-
Cy7-conjugated, 1:50), b2-microglobulin (B2M) (clone 2M2, FITC,
APC, or PerCP-conjugated, 1:2,000 or 1:5,000), HLA-DR (clone
L243, APC-Cy7-conjugated, 1:200 or 1:500), and HLA-DR, DP, DQ
(clone Tü 39, APC-Cy7-conjugated, 1:200 or 1:500) were purchased
fromBioLegend. Fluorochrome-conjugated antibodies specific for hu-
man CD34 (clone 581) and human iNKT TCR Vɑ24-Jb18 (clone
6B11, PE-conjugated, 1:20) were purchased from BD Biosciences.
Fluorochrome-conjugated antibody specific for human iNKT TCR
Vb11 (APC-conjugated, 1:50) was purchased from Beckman-
Coulter. Fluorochrome-conjugated antibodies specific for human
ULBP-1 (clone 170818, PE-conjugated, 1:25) and ULBP-2,5,6 (clone
165903, APC-conjugated, 1:25) were purchased from R&D Systems.
A goat anti-mouse IgG F(ab’)2 secondary antibody was purchased
from Thermo Fisher Scientific. Fixable Viability Dye eFluor506
(e506, 1:500) was purchased from Affymetrix eBioscience. Mouse Fc
Block (anti-mouse CD16/32) was purchased from BD Biosciences,
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and human Fc Receptor Blocking Solution (TrueStain FcX) was pur-
chased from BioLegend.

All flow cytometry staining was performed following standard proto-
cols, as well as specific instructions provided by the manufacturer of a
particular antibody. Stained cells were analyzed using a MACSQuant
Analyzer 10 flow cytometer (Miltenyi Biotech), following the manu-
facturer’s instructions. FlowJo software version 9 (BD Biosciences)
was used for data analysis.

Enzyme-linked immunosorbent cytokine assays

The enzyme-linked immunosorbent cytokine assays (ELISAs) for de-
tecting human cytokines were performed following a standard proto-
col from BD Biosciences.25 Supernatants from cell culture assays were
collected and assayed to quantify human IFN-g, TNF-a, IL-2, and
IL-4. The capture and biotinylated pairs for detecting cytokines
were purchased from BD Biosciences. The streptavidin-HRP conju-
gate was purchased from Invitrogen. Human cytokine standards
were purchased from eBioscience. Tetramethylbenzidine substrate
was purchased from KPL. Human IL-15 was quantified using a Hu-
man IL-15 Quantikine ELISA Kit (R&D Systems), following the man-
ufacturer’s instructions. Human IL-17a was quantified using a Hu-
man IL-17A ELISA MAX Deluxe Kit (BioLegend), following the
manufacturer’s instructions. Mouse IL-6 was quantified with paired
purified anti-mouse IL-6 antibody and biotin anti-mouse IL-6 anti-
body (BioLegend). Mouse SAA-3 was quantified using a Mouse
SAA-3 ELISA Kit (MilliporeSigma), as per the manufacturer’s in-
structions. The samples were analyzed for absorbance at 450 nm us-
ing an Infinite M1000 microplate reader (Tecan).

Generation of HSC-derived BCAR-engineered NKT cells and

their derivatives (denoted as Allo/U15BCAR-NKT cells)
Allo/U15BCAR-NKT cells were generated by differentiating gene-engi-
neered CB CD34+ HSCs in a five-stage feeder-free Ex Vivo HSC-
Derived NKT Cell Culture. Allo15BCAR-NKT cells were differentiated
from HSCs engineered to overexpress a human transgenic iNKT
TCR, together with a BCAR and the secreting form of human
IL-15. U15BCAR-NKT cells were differentiated fromHSCs engineered
to overexpress iNKT TCR, BCAR, and IL-15, and to ablate HLA-I/II
expression. UBCAR-NKT-TK cells were differentiated fromHSCs en-
gineered to overexpress iNKT TCR, BCAR, and sr39TK, and to ablate
HLA-I/II expression. UEBCAR-NKT cells were differentiated from
HSCs engineered to overexpress iNKT TCR, BCAR, and HLA-E,
and to ablate HLA-I/II expression.

At stage 0, frozen-thawed human CD34+ HSCs were revived in
X-VIVO 15 Serum-Free Hematopoietic Stem Cell Medium supple-
mented with 50 ng/mL Flt3L, 50 ng/mL SCF, 50 ng/mL TPO, and
20 ng/mL IL-3 for 24 h, then transduced with lentiviruses for another
24 h following an established protocol.21,25 For U15BCAR-NKT cell
generation, HSCs were further electroporated with a CRISPR-Cas9/
B2M-CIITA-gRNAs complex, following an established proto-
col.21The gRNA sequences are CGCGAGCACAGCUAAGGCCA
(B2M) and GAUAUUGGCAUAAGCCUCCC (CIITA).
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At stage 1, gene-engineered HSCs collected from stage 0 were
cultured in the feeder-free StemSpan SFEM II Medium supplemented
with StemSpan Lymphoid Progenitor Expansion Supplement for
�2 weeks. CELLSTAR 24-well Cell Culture Nontreated Multiwell
Plates (VWR) were used to culture HSCs. The plates were coated
with 500 mL/well StemSpan Lymphoid Differentiation Coating Mate-
rial for 2 h at room temperature or overnight at 4�C. Transduced
CD34+ HSCs were suspended at 2 � 104 cells/mL and 500 mL of
cell suspension was added into each pre-coated well. Twice per
week, half of the medium from each well was removed and replaced
with fresh medium. During this stage, cells would undergo approxi-
mately a 300-fold expansion.

At stage 2, cells collected from the stage 1 were cultured in the feeder-
free StemSpan SFEM II Medium supplemented with StemSpan
Lymphoid Progenitor Maturation Supplement for about 1 week.
Non-Treated Falcon Polystyrene 6-well Microplates (Thermo Fisher
Scientific) were coated with 1 mL/well of StemSpan Lymphoid Differ-
entiation Coating Material. The stage 1 cells were collected and resus-
pended at 1 � 105 cells/mL; 2 mL of cell suspension was added into
each pre-coated well. Cells were passaged 2–3 times per week tomain-
tain a cell density at 1–2� 106 cells per well; fresh medium was added
at every passage. During this stage, cells would undergo approxi-
mately a 10-fold expansion.

At stage 3, cells collected from stage 2 were cultured in the feeder-free
StemSpan SFEM II Medium supplemented with StemSpan Lymphoid
Progenitor Maturation Supplement, CD3/CD28/CD2 T Cell Acti-
vator and 20 ng/mL human recombinant IL-15 for �1 week. Cells
were resuspended at 5 � 105 cells/mL; 2 mL cell suspension was
added into Non-Treated Falcon Polystyrene 6-well Microplates
(Thermo Fisher Scientific) pre-coated with 1 mL/well of StemSpan
Lymphoid Differentiation Coating Material. Cells were passaged 2–
3 times per week to maintain a cell density at 1–2 � 106 cells per
well, and fresh medium was added at every passage. During this stage,
cells would undergo approximately a 15-fold expansion.

At stage 4, cells collected from stage 3, now mature Allo/U15BCAR-
NKT cells or their derivatives, were expanded using various expan-
sion approaches: (1) an aCD3/aCD28 expansion approach, (2) an
aGC/PBMC expansion approach, or (3) an aAPC expansion
approach. The expansion stage lasted for�1–2 weeks. The expansion
can happen in a feeder-free, serum-free CTS OpTmizer T Cell Expan-
sion SFM (Thermo Fisher Scientific), or a homemade C10 medium.
The resulting Allo/U15BCAR-NKT cells were aliquoted and cryopre-
served in CryoStor Cell Cryopreservation Medium CS10 using a
Thermo Scientific CryoMed Controlled-Rate Freezer 7450 (Thermo
Scientific) for future use, following the manufacturer’s instructions.
During this stage, cells would undergo approximately a 150-fold
expansion.

The aCD3/aCD28 antibody expansion approach

CELLSTAR 24-well Cell Culture Nontreated Multiwell Plates
(VWR) were coated with 1 mg/mL (500 mL/well) of Ultra-LEAF Pu-
rified Anti-Human CD3 Antibody (clone OKT3, BioLegend) for 2 h
at room temperature or overnight at 4�C. Mature Allo/U15BCAR-
NKT cells collected from the stage 3 culture were resuspended
in the expansion medium supplemented with 10 ng/mL IL-7,
10 ng/mL IL-15, and 1 mg/mL Ultra-LEAF Purified Anti-Human
CD28 antibody (clone CD28.2, BioLegend) at 5 � 105 cells/mL;
2 mL cell suspension was added into each pre-coated well. After
3 days, cells were collected and resuspended in fresh expansion me-
dium supplemented with 10 ng/mL IL-7 and IL-15, at 0.5–1 � 106

cells/mL; 2 mL cell suspension was added into each well of Corning
Costar Flat Bottom Cell Culture 6-well Plates (Corning, no aCD3
antibody coating). Cells were passaged 2–3 times per week to main-
tain a cell density at 0.5–1 � 106 cells/mL; fresh medium was added
at every passage.

The aGC/PBMC expansion approach

Healthy donor PBMCs were loaded with aGC (Avanti Polar
Lipids) at 5 mg/mL in C10 medium for 1 h following a previously
established protocol.25 The resulting aGC-loaded PBMCs
(aGC/PBMCs) were then irradiated at 6,000 rads using a Rad
Source RS-2000 X-Ray Irradiator (Rad Source Technologies).
Mature Allo/U15BCAR-NKT cells and derivatives collected from
the stage 3 culture were mixed with the irradiated aGC/PBMCs
at 1:5 ratio, resuspended in expansion medium supplemented
with 10 ng/mL IL-7 and IL-15 at 0.5–1 � 106 cells/mL, and seeded
into the Corning Costar Flat Bottom Cell Culture 6-well Plates at
2 mL per well. Cells were passaged 2–3 times per week to maintain
a cell density at 0.5–1 � 106 cells/mL; fresh medium was added at
every passage.

The aAPC expansion approach

aAPCs were irradiated at 10,000 rads using a Rad Source RS-2000
X-Ray Irradiator (Rad Source Technologies). Mature Allo/U15BCAR-
NKT cells collected from the stage 3 culture were mixed with the irra-
diated aAPCs at 1:1 ratio, resuspended in expansion medium supple-
mented with 10 ng/mL IL-7 and IL-15 at 0.5–1 � 106 cells/mL, and
seeded into the Corning Costar Flat Bottom Cell Culture 6-well Plates
(Corning) at 2 mL per well. Allo/U15BCAR-NKT cells were passaged 2–
3 times per week to maintain a cell density at 0.5–1 � 106 cells/mL;
fresh medium was added at every passage.

Generation of PBMC-derived conventional ab T and NK cells

Healthy donor PBMCs were used to generate the PBMC-derived
conventional ab T and NK cells (denoted as PBMC-T and
PBMC-NK cells, respectively). To generate PBMC-T cells,
PBMCs were stimulated with Dynabeads Human T-Activator
CD3/CD28 (Thermo Fisher Scientific) according to the manufac-
turer’s instructions, followed by culturing in the C10 medium sup-
plemented with 20 ng/mL IL-2 for 2–3 weeks. To generate PBMC-
NK cells, PBMCs were FACS sorted using a FACSAria III Sorter
(BD Biosciences) via human CD56 antibody (clone HCD56,
BioLegend) labeling, or MACS sorted using a Human NK Cell
Isolation Kit (Miltenyi Biotech), following the manufacturer’s
instructions.
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Generation of BCAR-T cells

Non-treated tissue culture 24-well plates (Corning) were coated with
Ultra-LEAF Purified Anti-Human CD3 Antibody (clone OKT3,
BioLegend) at 1 mg/mL (500 mL/well), at room temperature for 2 h
or at 4�C overnight. Healthy donor PBMCs were resuspended in
the C10 medium supplemented with 1 mg/mL Ultra-LEAF Purified
Anti-Human CD28 Antibody (clone CD28.2, BioLegend) and
30 ng/mL IL-2, followed by seeding in the pre-coated plates at
1 � 106 cells/mL (1 mL/well). On day 2, cells were transduced with
Lenti/BCAR viruses for 24 h. The resulting BCAR-T cells were
expanded for about 2 weeks in C10 medium and cryopreserved for
future use, following established protocols.21

Generation of BCAR-NK cells

Healthy donor PBMCs were MACS sorted using a Human NK Cell
Isolation Kit (Miltenyi Biotech), following the manufacturer’s in-
structions. The enriched NK cells were mixed with irradiated aAPCs
at a ratio of 1:10, followed by culturing in C10 medium supplemented
with 10 ng/mL IL-7 and IL-15. On day 3, NK cells were transduced
with Lenti/BCAR viruses for 24 h. The resulting BCAR-NK cells
were expanded for about 1 week in C10 medium supplemented
with 10 ng/mL IL-7 and IL-15 and cryopreserved for future use.

Generation of PBMCNKT cells

To generate PBMCNKT cells, PBMCs were MACS sorted via Anti-
iNKT Microbeads (Miltenyi Biotech) labeling to enrich NKT cells,
following the manufacturer’s instructions. The enriched NKT cells
were mixed with donor-matched irradiated aGC/PBMCs at a ratio
of 1:1, followed by culturing in C10 medium supplemented with
10 ng/mL IL-7 and IL-15 for 2–3 weeks. If needed, the resulting
cultured cells could be further purified using FACS via human
NKT TCR antibody (clone 6B11, BD Biosciences) staining.

Generation of PBMC-derived IL-15-enhancedBCAR-engineered

NKT (PBMC15BCAR-NKT) cells

Healthy donor PBMCs were MACS-sorted via Anti-iNKT Microbe-
ads (Miltenyi Biotech) labeling to enrich NKT cells, following the
manufacturer’s instructions. The enriched NKT cells were mixed
with donor-matched irradiated aGC/PBMCs at a ratio of 1:1, fol-
lowed by culturing in C10 medium supplemented with 10 ng/mL
IL-7 and IL-15. On day 3, NKT cells were transduced with Lenti/
BCAR-IL15 viruses for 24 h. The resulting PBMC15BCAR-NKT cells
were expanded for about 2 weeks in C10 medium supplemented
with 10 ng/mL IL-7 and IL-15 and cryopreserved for future use.

Generation of healthy donor PBMC-derived M1- and M2-

polarized macrophages and MDSCs

Human monocytes were isolated from PBMCs by adherence. In brief,
PBMCs were suspended in serum-free RPMI 1640 media (Corning
Cellgro) at 1 � 107 cells/mL. About 10–15 mL of the cell suspension
was added to each 10 cm dish and incubated for 1 h. Next, medium
containing non-adherent cells was discarded. The dishes were then
washed twice using PBS, and the adherent monocytes were used to
generate M1- or M2-polarized macrophages or MDSCs. To generate
20 Molecular Therapy Vol. 32 No 6 June 2024
M1-polarized macrophages, monocytes were cultured in C10 me-
dium supplemented with human GM-CSF (10 ng/mL) for 6 days to
generate MDMs. At day 6, the generated MDMs were dissociated
by 0.25% Trypsin/EDTA (Gibco), collected, and reseeded in 6- or
12-well plates in C10 medium (0.5–1 � 106 cells/mL) for 48 h in
the presence of recombinant human IFN-g (20 ng/mL) and LPS
(50 ng/mL) to induce M1-polarized macrophage polarization. To
generate M2-polarized macrophages, monocytes were cultured in
C10 medium supplemented with human M-CSF (10 ng/mL) for
6 days to generate MDMs. At day 6, the generated MDMs were disso-
ciated by 0.25% Trypsin/EDTA (Gibco), collected, and reseeded in 6-
or 12-well plates in C10 medium (0.5–1 � 106 cells/mL) for 48 h in
the presence of recombinant human IL-4 (10 ng/mL) and human
IL-13 (10 ng/mL) to induce M2-polarized macrophage polarization.
To generate MDSCs, monocytes were cultured in C10 medium sup-
plemented with human GM-CSF and IL-6 (10 ng/mL) for 6 days.

BCAR-NKT cell phenotype and functional study

BCAR-NKT cells were analyzed in comparison with BCAR-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 (e.g., CD161, NKG2D, DNAM-1, NKp30,
NKp44, and NKp46), and memory T cell markers (i.e., CD45RO).
The capacity of these cells to produce cytokines (i.e., IFN-g, TNF-
a, and IL-2) and cytotoxic molecules (i.e., Perforin and Granzyme
B) were studied using flow cytometry via intracellular staining.

Response of BCAR-NKT cells to antigen stimulation was studied by
culturing BCAR-NKT cells in vitro in C10 medium for 7 days, in
the presence or absence of aGC (100 ng/mL). Proliferation of
BCAR-NKT cells was measured by cell counting and flow cytometry
(identified as 6B11+CD3+) over time. Cytokine production was as-
sessed by ELISA analysis of cell culture supernatants collected on
day 7 (for human IFN-g, TNF-a, IL-2, IL-4, and IL-17).

In vitro tumor cell killing assay

Tumor cells (1� 104 cells per well) were co-cultured with therapeutic
cells (at ratios indicated in the figure legends) in Corning 96-well clear
bottom black plates for 24 h, in C10 medium with or without the
addition of aGC (100 ng/mL). At the end of culture, live tumor cells
were quantified by adding D-luciferin (150 mg/mL, Caliper Life Sci-
ence) to cell cultures and reading out luciferase activities using an In-
finite M1000 microplate reader (Tecan).

In tumor killing assays involving blocking CD1d, 10 mg/mL LEAF pu-
rified anti-human CD1d antibody (clone 51.1, BioLegend) or LEAF
purified mouse lgG2bk isotype control antibody (clone MG2B-57,
BioLegend) was added to tumor cell cultures 1 h prior to adding
Allo(CAR)-NKT cells. In some experiments, 10 mg/mL LEAF purified
anti-human NKG2D (clone 1D11, BioLegend), anti-human
DNAM-1 antibody (clone 11A8, BioLegend), or LEAF purified
mouse lgG2bk isotype control antibody (clone MG2B-57,
BioLegend) was added to co-cultures, to study the NKR-mediated tu-
mor cell killing mechanism.
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In vitro serial tumor cell killing assay

A total of 1 � 104 non-engineered tumor cells (e.g., MM.1S cells;
referred to as stimulator cells) was co-cultured with 2� 105 therapeu-
tic cells in a Corning 96-well clear bottom black plate in C10 medium.
Cultures were supplemented with a dose of 1 � 104 stimulator cells
every 2 days. Stimulator cells were then substituted with 1 � 104 of
FG-engineered tumor cells (e.g., MM.1S-FG cells; referred to as indi-
cator cells) 24 h prior to luminescent readout of tumor killing. On the
day of imaging, remaining live indicator cells were quantified through
addition of 100 mL of D-Luciferin (10 mg/mL) with subsequent
readout using an Infinite M1000 microplate reader (Tecan) to mea-
sure luciferase activity from residual indicator cells.

In vitro assays using MM patient samples

Primary MM patient BM samples were collected and subsequently
diluted in PBS and subjected to density gradient centrifugation using
Ficoll-Paque (Thermo Fisher Scientific) to obtain mononuclear cells
following the manufacturer’s instructions. The resulting cells were
cryopreserved for future use.

In one assay, the primary MM patient samples were analyzed for tu-
mor cell phenotype and the TME composition using flow cytometry.
Tumor cells were identified as CD45�CD31�FAP (fibroblast activa-
tion protein)�CD38+CD138+ cells, T cells were identified as CD45+

CD3+ cells, B cells were identified as CD45+CD19+ cells, NK cells
were identified as CD45+CD56+ cells, monocytes and macrophages
were identified as CD45+CD11b+CD14+ cells, granulocytes were
identified as CD45+CD11b+CD14� cells, and granulocytic MDSCsS
were identified as CD45+CD11b+CD14�HLA-DR+ cells. Surface
expression of BCMA, CD1d, and NK ligands on tumor or/and im-
mune cells were also analyzed using flow cytometry.

In another assay, the primary MM patient samples were used to study
tumor cell killing by Allo/U15BCAR-NKT cells. Tumor cells were
sorted using a Human Tumor Cell Isolation Kit (Miltenyi Biotec), fol-
lowed by co-culturing with various therapeutic cells (E:T ratio = 1:1)
in C10medium in Corning 96-well Round Bottom Cell Culture plates
for 24 h. At the end of culture, cells were collected and live MM tumor
cells (identified as CD45�CD3�6B11�) were analyzed using flow
cytometry.

In another assay, the primary MM patient samples were used to study
the TME targeting by Allo/U15BCAR-NKT cells. Patient samples were
directly co-cultured with Allo/U15BCAR-NKT cells (ratio 1:1) in C10
medium in Corning 96-well Round Bottom Cell Culture plates for
24 h. At the end of culture, cells were collected, and the TME targeting
of Allo15BCAR-NKT cells was assessed using flow cytometry
by quantifying live human TAMs (identified as 6B11�CD45hi

CD14+CD11b+), MDSCs (identified as 6B11�CD45medCD11b+

CD14�HLA-DR+), CD4 T cells (identified as 6B11�CD3+CD4+),
CD8 T cells (identified as 6B11�CD3+CD8+), B cells (identified as
6B11�CD3�CD19+), granulocytes (identified as 6B11�CD45med

CD11b+CD14�HLA-DR�), and NK cells (identified as 6B11�

CD3�CD56+).
In vitro macrophage/MDSC targeting assay

Macrophages or MDSCs (1 � 105 cells per well) were co-cultured
with therapeutic cells (1� 105 cells per well) in 96-well round bottom
plates for 24 h, in C10 medium with or without the addition of aGC
(100 ng/mL). At the end of culture, live macrophages or MDSCs
(identified as CD11b+CD14+ cells) were quantified using flow cytom-
etry. In assays involving blocking CD1d, 10 mg/mL LEAF purified
anti-human CD1d antibody (clone 51.1, BioLegend) or LEAF purified
mouse lgG2bk isotype control antibody (cloneMG2B-57, BioLegend)
was added to cell cultures 1 h prior to adding BCAR-NKT cells.

In vitro MLR assay: Studying GvH response

PBMCs from multiple random healthy donors were irradiated at
2,500 rads and used as stimulators to study the GvH response of
Allo/U15BCAR-NKT cells as responders. PBMC-derived BCAR-T cells
were included as a responder control. Stimulators (5� 105 cells/well)
and responders (2 � 104 cells/well) were co-cultured in 96-well
round-bottom plates in C10medium for 4 days; the cell culture super-
natants were then collected to measure IFN-g production
using ELISA. Note that the IFN-g production is solely attributed to
Allo/U15BCAR-NKT or BCAR-T responder cells.

In vitro MLR assay: Studying T cell-mediated allorejection

PBMCs from multiple healthy donors were used as responders to
study the T cell-mediated allorejection of Allo/U15BCAR-NKT cells
as stimulators, which were irradiated at 2,500 rads. PBMC-derived
BCAR-T cells were included as a stimulator control. Irradiated stim-
ulators (5 � 105 cells/well) and responders (2 � 104 cells/well) were
co-cultured in 96-well round-bottom plates in C10 medium for
4 days; the cell culture supernatants were then collected to measure
IFN-g production using ELISA. Note that the IFN-g production is
solely attributed to PBMC responder cells.

In vitro MLR assay: Studying NK cell-mediated allorejection

PBMC-derived NK cells obtained from multiple healthy donors were
employed to investigate the NK cell-mediated allorejection of univer-
sal BCAR-NKT cells. PBMC-derived BCAR-T cells were included as
an allogeneic subject control. PBMC-NK cells (2� 104 cells/well) and
the corresponding allogeneic subject cells (2� 104 cells/well) were co-
cultured in 96-well round bottom plates with C10 medium for 24 h.
Subsequently, the cell cultures were collected to quantify live cells via
flow cytometry.

In vitro SEM

SEM was used to visualize the Allo15BCAR-NKT cell targeting of
MM.1S-FG human MM cells. The Allo15BCAR-NKT cells were co-
cultured withMM.1S -FG cells in C10medium on a Cover Glass Slide
(Bioland Scientific) for 8 h. After the culture, the cells were rinsed with
warm HBSS and then fixed with warm 3% glutaraldehyde in the SEM
buffer, moved to 4�C, and stored overnight. The SEM buffer (pH 7.4)
was prepared using 0.1 M Na-phosphate buffer containing 0.1 M su-
crose. On the second day, the cells were washed twice with SEM buffer
for 5 min each time. Then, the cells were fixed with 2% osmium te-
troxide in SEM buffer on ice for 1 h and washed again with SEM
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buffer twice for 5 min each time. After the washing step, the cells were
dehydrated successively with 50%, 70%, 95%, and 100% ethanol, each
for 15 min. The final 100% ethanol was replaced with hexamethyldi-
silazane, and then the cells were evaporated in the hood. The pro-
cessed cells were then subjected to low-vacuum SEM on an FEI
Nova Nano 230 SEM (Thermo Fisher Scientific), following the man-
ufacturer’s instructions.

Immunostaining and confocal microscopy
Allo/U15BCAR-NKT and BCAR-T cells were fixed using 4% PFA.
Following fixation, the cells were washed with PBS and blocked
with 10% goat serum (Thermo Fisher Scientific). Subsequently, they
were stained using the following antibodies: FITC anti-human CD3
Antibody (OKT3, BioLegend, 1:20), APC anti-human b2-microglo-
bulin Antibody (A17082A, BioLegend, 1:100), and PE/Cyanine7
anti-human HLA-DR Antibody (Tü39, BioLegend, 1:10), all in 10%
goat serum. After staining, the cells were washed with PBS, placed
onto glass slides, and sealed using Prolong Gold antifade reagent
with DAPI (Thermo Fisher Scientific). For imaging, a Leica Confocal
SP8-STED/FLIM/FCS microscope was employed. The acquired im-
ages were subsequently processed using DeconvolutionLab2 in
ImageJ.

In vivo BLI

BLI was performed using a spectral advanced molecular maging HTX
imaging system (Spectral Instrument Imaging). Live animal images
were acquired 5 min after intraperitoneal (i.p.) injection of
D-Luciferin (1mg/mouse for visualizing tumor cells, and 3mg/mouse
for visualizing therapeutic cells) for total body bioluminescence. Im-
aging data were analyzed using an AURA imaging software (Spectral
Instrument Imaging, version 3.2.0).

In vivo PK/PD and T cell-mediated allorejection study of

universal BCAR-NKT cells

The experimental design is shown in Figure 3F. In brief, on day �4,
NSG mice received intravenous (i.v.) injection of healthy donor-
derived PBMCs (1 � 107 cells per mouse). In one experiment set,
PBMCs from a single donor were utilized to compare allorejection
with different therapeutic cells. These PBMCs are donor-mismatched
with the therapeutic cells. On day 0, the experimental mice received
i.v. injection of Allo/U15BCAR-NKT/FG cells (10 � 106 cells in
100 mL PBS per mouse), or control BCAR-T/FG cells (10 � 106 cells
in 100 mL PBS per mouse). Over the experiment, mice were moni-
tored for survival and their therapeutic cells were measured twice
per week using BLI. Note, in this study, therapeutic cells but not
the tumor cells were labeled with FG.

In vivo antitumor efficacy study of universal BCAR-NKT cells:

Human MM xenograft NSG mouse model

The experimental design is shown in Figures 5A, 5E, 5I, and 5M. In
brief, on day 0, NSG mice received i.v. inoculation of human MM
cells, including MM.1S-FG, MM.1S-CD1d-FG, and KOMM.1S-FG
cells (1 � 106 cells per mouse). On days 4 or 20, the experimental
mice received i.v. injection of vehicle (100 mL PBS per mouse),
22 Molecular Therapy Vol. 32 No 6 June 2024
Allo/U15BCAR-NKT cells (10 � 106 CAR+ cells in 100 mL PBS per
mouse), or control BCAR-T cells (10 � 106 CAR+ cells in 100 mL
PBS per mouse). Over the experiment, mice were monitored for sur-
vival and their tumor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of universal BCAR-NKT cells

under T cell-mediated allorejection: Human MM xenograft NSG

mouse model

The experimental design is shown in Figure 6A. In brief, on day 0,
NSG mice received i.v. inoculation of human MM.1S-FG cells
(1 � 106 cells per mouse). On day 4, the experimental mice received
i.v. injection of healthy donor-derived donor-mismatched PBMCs
(1 � 107 cells per mouse). On day 8, the experimental mice received
i.v. injection of vehicle (100 mL PBS per mouse), Allo/U15BCAR-NKT
cells (10 � 106 CAR+ cells in 100 mL PBS per mouse), or control
BCAR-T cells (10 � 106 CAR+ cells in 100 mL PBS per mouse).
Over the experiment, mice were monitored for survival and their tu-
mor loads were measured twice per week using BLI.

In vivo antitumor efficacy study of universal BCAR-NKT cells:

Human ovarian cancer xenograft NSG mouse model

The experimental design is shown in Figure S5A. In brief, on day 0,
NSG mice received i.p. inoculation of OVCAR8-FG human ovarian
cancer cells (5 � 105 cells per mouse). On day 4, the experimental
mice received i.v. injection of vehicle (100 mL PBS per mouse),
U15BCAR-NKT cells, or control PBMC-NK cells. Over the experi-
ment, mice were monitored for survival and their tumor loads were
measured 3 times per week using BLI.

In vivo CRS study

The experimental design is shown in Figure 8E. In brief, on day 0,
NSG mice received i.v. inoculation of MM.1S-FG cells (5 � 106 cells
per mouse). On day 10, the experimental mice received i.v. injection
of vehicle (100 mL PBS per mouse), Allo/U15BCAR-NKT cells (10� 106

CAR+ cells in 100 mL PBS per mouse), or control BCAR-T cells
(10 � 106 CAR+ cells in 100 mL PBS per mouse). On days 11 and
13, blood samples were collected from the experimental mice, and
their serum IL-6 and SAA-3 were measured using ELISA. A Mouse
SAA-3 ELISA Kit (Millipore Sigma) was used to measure SAA-3,
following the manufacturer’s instructions.

In vivo GCV depletion study

The experimental design is shown in Figure S9C. In brief, on day 0,
NSG mice received i.v. injection of UBCAR-NKT-TK cells, followed
by i.p. injection of GCV for 5 consecutive days (50 mg/kg per injec-
tion per day). On day 5, mice were terminated. Multiple tissues
(i.e., blood, spleen, liver, and lung) were collected and processed for
flow cytometry analysis to detect circulating and tissue-infiltrating
UBCAR-NKT-TK cells (identified as iNKT TCR+CD45+).

Histology analysis

Tissues (i.e., liver and lung) were collected from experimental mice,
fixed in 10% neutral buffered formalin for up to 36 h, and embedded
in paraffin for sectioning (5 mm thickness). Tissue sections were
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prepared and stained with hematoxylin and eosin by the UCLA
Translational Pathology Core Laboratory (TPCL), 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). The images were analyzed
using an Optronics PictureFrame software (AU Optronics).

Statistics

GraphPad Prism 8 software (GraphPad) was used for statistical data
analysis. Student’s two-tailed t test was used for pairwise compari-
sons. Ordinary one- or two-way ANOVA followed by Tukey’s or
Dunnett’s multiple comparisons test was used for multiple compari-
sons. Log rank (Mantel-Cox) test adjusted for multiple comparisons
was used for Meier survival curves analysis. Data are presented as the
mean ± SEM, unless otherwise indicated. In all figures and figure leg-
ends, n represents the number of samples or animals utilized in the
indicated experiments. A p value of less than 0.05 was considered sig-
nificant. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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Figure S1. Diagram of the Ex Vivo HSC-Derived NKT Cell Culture. 
Cryopreserved human cord blood-derived CD34+ hematopoietic stem and progenitor cells 
(referred to as HSCs) were used to generate NKT cell products through a 5-stage, 6-week process. 
At Stage 0, HSCs were transduced with a lentivector, electroporated with a CRISPR-Cas9/B2M-
CIITA-gRNAs complex, and then cultured over 48 hours in a classical X-VIVO 15-based HSC 
Medium. Gene-engineered HSCs were then cultured over ~6 weeks to generate a designated 
CAR-NKT cell product: Stage 1 HSC expansion (~2 weeks), Stage 2 NKT differentiation (~1 
week), Stage 3 NKT deep differentiation (~1 week), and Stage 4 NKT expansion (~2 weeks). The 
Stage 1 Culture Medium comprised the StemSpanTM SFEM II Medium (SFEM) and the 
StemSpanTM Lymphoid Progenitor Expansion Supplement to support the HSC expansion. The 
Stage 2 Culture Medium comprised the SFEM and the StemSpanTM Lymphoid Progenitor 
Maturation Supplement (LPMS) to support the NKT cell differentiation. The Stage 3 Culture 
Medium comprised the SFEM, the LPMS, the CD3/CD28/CD2 T Cell Activator, and the human 
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recombinant IL-15 to support NKT cell deep differentiation. In addition, the StemSpanTM Lymphoid 
Differentiation Coating Material were utilized throughout Stages 1 to 3 to support HSC expansion 
and differentiation into T cell lineage. The entire 5-stage culture can be implemented in a feeder-
free and serum-free manner. Alternatively, two feeder-dependent strategies involving α-
galactosylceramide (αGC)-loaded healthy donor PBMCs or K562-based artificial antigen-
presenting cells (aAPCs) can be employed for Stage 4 NKT expansion. 
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Figure S2. Summary of CAR-NKT cell products generated in this study and the generation 
of Allo/U15BCAR-NKT cells. 
(A) Table summarizing the generated CAR-NKT cell products in this study. 
(B) Titers of the three lentivectors used in this study. Vector titers were measured by transducing 
HEK 293T cells with serial dilutions and performing flow cytometry (n = 3-6). IFU, infectious units. 
(C) Vector copy numbers (VCNs) in the three indicated cell products. The generated BCAR-NKT 
cells were collected and analyzed for average VCN per cell using droplet digital PCR (ddPCR) (n 
= 3-6). 
(D) Yield of Allo/U15BCAR-NKT cells during the Ex Vivo HSC-Derived NKT Cell Culture. 
(E) Comparison of Allo/U15BCAR-NKT cell expansion fold using the three expansion approaches (n 
= 5). 
(F) FACS detection of surface markers on U15BCAR-NKT cells generated using the three 
expansion approaches. 
(G) The ratio of HLA-I/II-ablated U15BCAR-NKT cells to non-gene-edited cells during the Ex Vivo 
HSC-Derived NKT Cell Culture (n = 5). 
Representative of > 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
by one-way ANOVA. 
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Figure S3. U15BCAR-NKT cells display an HLA-negative phenotype and resist to T cell-
mediated allorejection, related to Figure 3.  
(A-B) Studying HLA expression on Allo/U15BCAR-NKT cells. (A) Immunofluorescence analysis of 
surface HLA-I/II on Allo/U15BCAR-NKT cells. (B) Quantification of (A) (n = 7). 
(C-D) Studying HLA expression Allo15BCAR-NKT cells throughout the 6-week cell culture. (C) 
FACS measurements of surface HLA-I/II molecules on Allo15BCAR-NKT cells collected from the 
indicated weeks. Conventional BCAR-T cells were included as a staining control. (D) 
Quantification of (C) (n = 3). 
(E) ELISA analyses of IFN-γ production on day 4 in the T cell-mediated allorejection MLR assays 
(n = 3).  
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, *p 
< 0.05, ***p < 0.001, ****p < 0.0001, by one-way ANOVA. 
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Figure S4. In vitro tumor targeting of U15BCAR-NKT cells through intrinsic NK function, 
related to Figure 4.  
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(A) Tumor cell killing data of U15BCAR-NKT cells at 24 h (n = 4). Healthy donor peripheral blood 
mononuclear cell (PBMC)-derived NK (PBMC-NK) and conventional T (PBMC-T) cells are 
included as therapeutic cell controls. E:T ratio = 10:1. 
(B) Summary of tumor cell lines used in this study. 
(C) FACS detection of surface NKR expression and intracellular cytotoxic molecules production 
by the indicated cells. 
(D) FACS analyses of surface tumor antigen expressions on the indicated tumor cell lines. Data 
from 4 tumor cell lines (i.e., K562, A375, OVCAR3, and ASPC1) are presented. The numbers in 
the heatmap represent the percentage of antigen-positive tumor cells relative to the total tumor 
cell population. These percentages were determined based on control isotype staining. 
(E-F) Studying the tumor killing mechanism of U15BCAR-NKT cells mediated by NKRs (i.e., 
NKG2D, DNAM-1, and NKp30). (E) Experimental design. (F) Tumor cell killing data at 24 h (E:T 
ratio = 2:1; 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 1-way ANOVA. 
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Figure S5. In vivo tumor targeting of U15BCAR-NKT cells through intrinsic NK function, 
related to Figure 4. 
(A) Experimental design to study the in vivo antitumor efficacy of U15BCAR-NKT cells in an 
OVCAR8-FG xenograft NSG mouse model. PBMC-NK cells were included as a therapeutic cell 
control.  
(B) BLI images showing tumor loads in experimental mice over time.  
(C) Quantification of (B) (n = 5-6).  
(D) Kaplan-Meier survival curves of experimental mice over time (n = 5-6).  
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, **p 
< 0.01, ***p < 0.001, ****p < 0.0001, by 2-way ANOVA (C), or log rank (Mantel-Cox) test adjusted 
for multiple comparisons (D). 
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Figure S6. In vitro antitumor efficacy and mechanism of action (MOA) study of U15BCAR-
NKT cells, related to Figure 4.  
(A) Scanning electron microscope (SEM) image showing that an Allo15BCAR-NKT cell (blue) is 
attacking an MM.1S tumor cell (purple). 
(B) FACS analyses of surface activation marker (i.e., CD69) and intracellular cytotoxic molecule 
(i.e., Perforin) in the indicated cells after coculturing with MM.1S-FG cells for 24 hours (n = 3). 
(C) Tumor cell killing data by the indicated therapeutic cells at 24 h (E:T ratio = 1:1; n = 4). 
U15BCAR-NKT cells generated using the three expansion approaches were compared. 
(D)  Primary MM tumor cell killing data by the indicated cells at 24 h (n = 4). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by 1-way ANOVA. 
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Figure S7. HLA expression of Allo/U15BCAR-NKT cells in vivo or under IFN-γ stimulation, 
related to Figure 5.  
(A-C) Studying HLA expression of Allo/U15BCAR-NKT cells in a human MM.1S xenograft NSG 
mouse model. (A) Experimental design. Conventional BCAR-T cells were included as a control. 
(B) FACS measurements of surface HLA-I/II on Allo/U15BCAR-NKT cells post in vivo antitumor 
response. (C) Quantification of (B) (n = 5). 
(D-E) Studying HLA expression of Allo/U15BCAR-NKT cells under IFN-γ stimulation. (D) 
Experimental design. Allo/U15BCAR-NKT cells were stimulated with a range of IFN-γ (0, 5, and 50 
ng/ml) for 3 days. PBMC-Tc cells were included as a positive control. (E) Quantification of HLA-
I/II expressions on the indicated cells stimulated with IFN-γ of indicated concentrations (n = 3). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, ***p 
< 0.001, ****p < 0.0001, by 1-way ANOVA (C) or 2-way ANOVA (E). 
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Figure S8. Allo/U15BCAR-NKT cells selectively target the TME but not affect the human HSCs, 
related to Figure 7.   
(A-C) Studying the TAM/MDSC targeting by PBMC-derived NKT (PBMCNKT) cells.  (A) Schematics 
showing the generation of PBMCNKT cells. (B) Experimental design to study Mφ/MDSC targeting 
by PBMCNKT cells using an in vitro Mφ/MDSC targeting assay. Mφ/MDSC:PBMCNKT ratio = 1:1. 
(C) Mφ/MDSC killing data at 24 h (n = 4). 
(D-G) Studying the M1-type macrophage (M1-Mφ) targeting by Allo/U15BCAR-NKT cells. (D) Diagram 
showing the generation of healthy donor PBMC-derived M1-Mφs. (E) FACS detection of CD1d on the 
indicated cells. (F) Experimental design to study M1-Mφ targeting by Allo/U15BCAR-NKT cells using an 
in vitro Mφ targeting assay. Mφ:NKT ratio = 1:1. (G) Mφ killing data at 24 h (n = 4). 
(H-L) Studying the toxicity of Allo/U15BCAR-NKT cells against human HSCs using primary MM 
patient BM samples. (H) Diagram showing the BM collection from primary MM patients. (I) FACS 
detection of long-term HSCs (LT-HSCs; gated as CD34+CD90+CD45RA- cells), short-term HSCs 
(ST-HSCs; gated as CD34+CD90-CD45RA- cells), and multi-potent progenitor cells (MPPs; gated 
as CD34+CD90-CD45RA+ cells) in the MM patient BM cells. (J) FACS plots showing the lack of 
CD1d expression on primary MM patient BM HSCs. (K) Experimental design to study HSC killing 
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by Allo/U15BCAR-NKT cells. MM patient BM cells were mixed with Allo/U15BCAR-NKT cells at 1:1 ratio 
and cultured in vitro. (L) HSC killing data at 24 h (n = 4). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by 1-way ANOVA. 
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Figure S9. Incorporation of an sr39TK suicide switch in HSC-derived BCAR-NKT cells, 
related to Figure 8. 
(A) Schematic showing the experimental design to generate HSC-engineered HLA-ablated 
BCAR-NKT cells equipped with an sr39TK suicide gene (denoted as UBCAR-NKT-TK cells). 
Lenti/iNKT-BCAR-sr39TK, lentivector encoding iNKT TCR, BCAR, and sr39TK.  
(B) In vitro depletion of UBCAR-NKT-TK cells via GCV treatment (n = 4). GCV, ganciclovir that 
specifically depleting cells expressing the sr39TK gene.  
(C-E) In vivo depletion of UBCAR-NKT-TK cells via GCV administration. (C) Experimental design. 
(D) FACS detection of UBCAR-NKT-TK cells in the indicated tissues of the experimental animals. 
(E) Quantification of (D). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant; 
****p < 0.0001 by Student's t test (E), or one-way ANOVA (B). 
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Figure S10. U15BCAR-NKT cells resist to NK cell-mediated allorejection. 
(A) Diagram showing that host NK cells mediate allorejection through a double-trigger mechanism: 
1) "missing self," which refers to the absence of matching HLA-I molecules on allogeneic cells, 
triggers the release of inhibitory signals mediated by NK inhibitory receptors, and 2) "stress 
signals," which refer to the upregulation of stress molecules on allogeneic cells, activate NK 
activating receptors such as NKG2D, DNAM-1, and NKp44. 
(B-D) Studying the NK cell-mediated allorejection against U15BCAR-NKT cells using an in vitro 
MLR assay. PBMC-NK cells isolated from over ten random mismatched healthy donors were 
used. Data from one representative donor are presented. Allo15BCAR-NKT and BCAR-T cells were 
included as allorejection controls. (B) Experimental design. (C) FACS quantification of the 
indicated live cells on day 0 and day 1 (n = 3). (D) FACS measurements of NK ligands on the 
indicated therapeutic cells. 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, **p 
< 0.01, by Student‘s t test. 
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Figure S11. Generation of universal BCAR-NKT cells engineered with HLA-E to further 
ensure resistance to NK cell-mediated allorejection. 
(A) Schematics showing the design of Lenti/iNKT-BCAR-HLA-E lentivector.  
(B) Schematic showing the experimental design to generate HSC-engineered HLA-ablated 
BCAR-NKT cells equipped with an HLA-E gene (denoted as UEBCAR-NKT cells).  
(C) Intracellular expression of iNKT TCR, surface expression of HLA-E, and surface ablation of 
HLA-I/II in CB HSCs 72 h after lentivector transduction and 48 h after CRISPR-Cas9 gene editing. 
(D) FACS monitoring of the generation of UEBCAR-NKT cells.  
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(E) Quantification of the transition among four subpopulations of UEBCAR-NKT cells during their 
developmental stages.  
(F) FACS detection of BCAR and HLA-E expressions on UEBCAR-NKT cells. 
(G) Yield of UEBCAR-NKT cells (n = 4; n indicates different CB donors). 
(H) FACS analyses of surface NK receptors on UEBCAR-NKT cells. 
(I-J) Studying the T and NK cell-mediated allorejection against UEBCAR-NKT cells using in vitro 
MLR assays. BCAR-T cells were included as a control. (I) ELISA analyses of IFN-γ production on 
day 4 in the T cell-mediated allorejection assay (n = 3). (J) FACS quantification of the indicated 
live cells on day 0 and day 1 in the NK cell-mediated allorejection assay (n = 3). 
(K-L) Tumor cell killing data by UEBCAR-NKT cells at 24 h (n = 4). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by Student‘s t test (J), 1-way ANOVA (I), or 2-way 
ANOVA (K). 
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Figure S12. Comparison between U15BCAR-NKT cells and BCAR-engineered NK (BCAR-NK) 
cells. 
(A) Schematics showing the generation of BCAR-NK cells. 
(B) FACS plots showing the BCAR expression on BCAR-NK cells. 
(C) FACS plots showing the surface NKR expression and intracellular cytotoxic molecule 
production of U15BCAR-NKT and BCAR-NK cells. 
(D-E) Studying the in vitro antitumor efficacy of U15BCAR-NKT and BCAR-NK cells. (D) 
Experimental design. (E) Tumor cell killing data at 24 h (n = 4). 
(F-G) Studying the long-term antitumor efficacy of U15BCAR-NKT and BCAR-NK cells using an in 
vitro serial tumor cell killing assay. (F) Experimental design. (G) Tumor cell killing data (n = 4). 
Representative of two experiments. Data are presented as the mean ± SEM. ns, not significant, 
****p < 0.0001, by two-way ANOVA. 
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Figure S13. Comparison between U15BCAR-NKT cells and PBMC-derived IL-15-enhanced 
BCAR-engineered NKT (PBMC15BCAR-NKT) cells. 
(A) Schematics showing the generation of PBMC15BCAR-NKT cells. 
(B) FACS plots showing the purity, CAR expression, and CD4/CD8 co-receptor expression of 
PBMC15BCAR-NKT cells. 
(C) Yield and CAR expression of PBMC15BCAR-NKT cells (n = 3; n indicates different donors). 
(D) FACS analyses of surface NKR expressions on U15BCAR-NKT and PBMC15BCAR-NKT cells (n 
= 3). 
(E) FACS analyses of intracellular cytokine and cytotoxic molecule production in U15BCAR-NKT 
and PBMC15BCAR-NKT cells (n = 3). 
(F-G) Studying the in vitro antitumor efficacy of U15BCAR-NKT and PBMC15BCAR-NKT cells. (F) 
Experimental design. (G) Tumor cell killing data at 24 h (n = 4). 
(H-K) Studying the in vivo antitumor efficacy of U15BCAR-NKT and PBMC15BCAR-NKT cells in a 
human MM xenograft NSG mouse model. (H) Experimental design. (I) BLI images showing the 
presence of tumor cells in experimental mice over time. (J) Quantification of (I) (n = 5). (K) Kaplan-
Meier survival curves of experimental mice over time (n = 5).   
Representative of three (A-G) and two (H-K) 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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(D and E), two-way ANOVA (G and J), or by log rank (Mantel-Cox) test adjusted for multiple 
comparisons (K). 
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Figure S14. Comparison between non-IL-15-enhanced allogeneic BCAR-NKT (AlloBCAR-
NKT) cells with IL-15-enhanced Allo15BCAR-NKT cells. 
(A) Schematics showing the design of Lenti/iNKT-BCAR lentivector.  
(B) Schematic showing the experimental design to generate AlloBCAR-NKT cells. 
(C) FACS detection of surface markers on Allo/15BCAR-NKT cells. 
(D) Yield of Allo/15BCAR-NKT cells (n = 6-9; n indicates different donors). 
(E) Tumor cell killing data by Allo/15BCAR-NKT cells at 24 h (n = 4). 
(F-G) Studying the long-term antitumor efficacy of Allo/15BCAR-NKT cells using an in vitro serial 
tumor cell killing assay. (F) Experimental design. (G) Tumor cell killing data (n = 4). 
Representative of 3 experiments. Data are presented as the mean ± SEM. ns, not significant, 
****p < 0.0001, by Student‘s t test (D), or 2-way ANOVA (E and G). 
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