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Invariant natural killer T (iNKT) cells are immune cells that harness properties of

both the innate and adaptive immune system and exert multiple functions critical

for the control of various diseases. Prevention of graft-versus-host disease

(GVHD) by iNKT cells has been demonstrated in mouse models and in

correlative human studies in which high iNKT cell content in the donor graft is

associated with reduced GVHD in the setting of allogeneic hematopoietic stem

cell transplants. This suggests that approaches to increase the number of iNKT

cells in the setting of an allogeneic transplant may reduce GVHD. iNKT cells can

also induce cytolysis of tumor cells, and murine experiments demonstrate that

activating iNKT cells in vivo or treating mice with ex vivo expanded iNKT cells can

reduce tumor burden. More recently, research has focused on testing anti-tumor

efficacy of iNKT cells genetically modified to express a chimeric antigen receptor

(CAR) protein (CAR-iNKT) cells to enhance iNKT cell tumor killing. Further, several

of these approaches are now being tested in clinical trials, with strong safety

signals demonstrated, though efficacy remains to be established following these

early phase clinical trials. Here we review the progress in the field relating to role

of iNKT cells in GVHD prevention and anti- cancer efficacy. Although the iNKT

field is progressing at an exciting rate, there is much to learn regarding iNKT cell

subset immunophenotype and functional relationships, optimal ex vivo

expansion approaches, ideal treatment protocols, need for cytokine support,

and rejection risk of iNKT cells in the allogeneic setting.
KEYWORDS

invariant natural killer T cell, iNKT, chimeric antigen receptor, CAR, graft versus host
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Introduction

Invariant natural killer T (iNKT) cells are immune cells with both innate and

adaptive properties that play key roles in immune responses to both pathogens and

malignant cells. These cells are named for their expression of a semi-invariant ab T cell

receptor (TCR) and variable expression of surface proteins similar to natural killer (NK)
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cells along with functional properties similar to both populations.

Murine iNKT cells express a Va14-Ja18 alpha chain (1) which

pairs with Vb8.2, Vb2 or Vb7. Human iNKT cells express a Va24-
Ja18 (1) TCR a chain that pairs with a Vb11 b chain. The semi-

invariant TCR is restricted to the monomorphic major

histocompatibility complex (MHC) class I-like molecule, CD1d

(2), which heterodimerizes with b-2 microglobulin (b2M) and,

unlike typical MHC complexes, presents glycolipids rather than

protein peptides (3). The glycolipid a-galactosylceramide

(aGalCer), originally isolated from a marine sponge (4) is the

most well-known glycolipid that when complexed to CD1d

induces iNKT cell activation (4–6). Early studies of murine

iNKT cells showed that they are CD4+CD8- or CD4-CD8-

(double negative (DN) (5, 6). Human iNKT cells isolated from

PBMC, similar to mice, are mostly CD4+CD8- or DN, although a

CD4-CD8+ population has also been described (7, 8). Both CD4+

and DN iNKT cells induce T-helper 1 cells (Th1) cytokines

interferon gamma (IFN-g) and tumor necrosis factor (TNF)

upon activation, while CD4+ cells were found to also express

Th2 like cytokines interleukin-4 (IL-4), and IL-13 (8, 9). Further

work has described three main transcriptionally and functionally

distinct subsets in mice: iNKT1, iNKT2 and iNKT17. iNKT1 are

Th1-like, express T-bet, produce primarily interferon gamma

(IFNg), and are predominantly DN, though can also be CD4+;

iNKT2 are Th2-like, express high levels of promyelocytic leukemia

zinc finger (PLZF), primarily produce interleukin IL-4, and are

CD4+; while Th17-like iNKT17 cells express RAR-related orphan

receptor-gamma (RORgt), secrete primarily IL-17, and are DN

(10–21). These patterns of cytokine production and CD4

expression (or lack thereof) correlate with the results from

human studies of CD4+ and DN iNKT cells noted above.

Importantly, functional distinctions for the iNKT1, iNKT2 and

iNKT17 subsets have been demonstrated, such as maximal

cytotoxic function in iNKT1 cells and graft-versus-host disease

(GVHD) suppressive capacity in iNKT2 and iNKT17 cells (15–

23). Additionally, in both mice and humans, growing evidence

suggests the existence of a subset of NKT cells characterized by IL-

10 secretion and immunosuppressive function (NKT10) (24–27).

These cells have been detected in adipose tissue and the intestinal

compartment, though whether they are present in peripheral

blood remains unclear (25–28). Although data is lacking, it

might be worth investigating the potential ability of NKT10 cells

to block GVHD and also the negative effect NKT10 cells may have

on the anti-tumor function of chimeric antigen receptor (CAR-

iNKT) or iNKT cells. Many current research efforts remain

focused on better understanding the relationship between

immunophenotype and function of iNKT cells, particularly in

the context of anti-GVHD and cytotoxic activity against

malignant cells (whether unedited or engineered to express a

CAR). Given their multifunctionality, there is significant interest

in the potential of iNKT cells as cellular therapies. This review will

focus on the progress in harnessing iNKT cells for GVHD

suppression and targeting malignant disease.
Frontiers in Immunology 02
iNKT cells for GVHD suppression

Murine iNKT cells suppress GVHD

Substantial preclinical data demonstrates an ability of iNKT cells

to suppress GVHD in the context of hematopoietic stem cell

transplantation (HSCT) as we previously reviewed (29). Use of a

total lymphoid irradiation (TLI) and antithymocyte globulin (ATG)

conditioning regimen for HSCT led to relative preservation of host

iNKT cells and was associated with protection from GVHD in

murine models (30–32). In vivo activation of iNKT cells using

aGalCer, a glycolipid antigen known to activate the semi-invariant

TCR (4), also led to prevention of murine GVHD that was dependent

on CD1d, regulatory T cells (Tregs), IL-4, and STAT6 (33–37). This

approach was also shown to potentiate the effects of other GVHD-

prevention approaches, such as post-transplant cyclophosphamide in

a murine haploidentical model of HSCT (38). The adoptive transfer

of even very low numbers of murine iNKT cells, whether donor or

third-party derived, prevented acute GVHD in anMHC-mismatched

setting without other chemoprophylaxis (and without loss of the

graft-versus-leukemia (GVL) effect) through in vivo expansion of

Tregs (10, 12–14). Importantly, this function was restricted to CD4+

iNKT cells or to iNKT2 and iNKT17 cells (11, 13). The adoptive

transfer of murine iNKT cells has also been shown to suppress active

chronic GVHD (33).
Human iNKT cells suppress GVHD in pre-
clinical studies

The aforementioned studies naturally led to efforts to

demonstrate that human iNKT cells could suppress GVHD. This

is first supported by data demonstrating that increased iNKT cell

number in HSCT grafts correlated with reduced GVHD in patients

(39, 40). Further, multiple studies show GVHD protective function

of human iNKT cells in a xenogeneic mouse model whereby

infusion of human peripheral blood mononuclear cells (PBMC)

elicits GVHD in immunocompromised NSG mice (41–43). Bulk

human iNKT cells adoptively transferred into the xenogeneic

GVHD model led to improvement in survival, weight loss,

and histopathologic evidence of disease (43). To elucidate

immunophenotypically defined iNKT subsets that play a role in

GVHD, CD4+ and CD4- human iNKT cells were sorted and

adoptively transferred separately into the xenogeneic GVHD

model (41). Only CD4- iNKT cells could suppress xenogeneic

GVHD, with an in vivo reduction in both the percent of murine

CD11c+ splenic dendritic cells (DC) and the activation of human T

cells. In another study, human cord blood (CB)-derived

hematopoietic stem cells (HSC), of interest due to their massive

expansion capacity, were engineered to express the invariant TCR,

differentiated ex vivo, and shown to suppress xenogeneic GVHD

without loss of the GVL effect (42). The engineered iNKTs were all

CD4-CD8-/+, consistent with the data above that CD4- iNKT cells
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block GVHD. The exact mechanism(s) by which human iNKT cells

suppress xenogeneic GVHD remains to be determined. Bulk iNKT

cells, as well as individual CD4+ and CD4- populations were shown

to directly reduce T cell activation by CD3/28 beads in vitro (43, 44),

while both CD4- and, to a lesser extent, CD4+ iNKT cells had

cytotoxic function towards murine and human DC in vitro (41).

HSC-engineered iNKT cells were also shown to kill human CD14+

cells (42). Of interest, human iNKT cells were also shown to

preferentially induce apoptosis of conventional DC in vitro,

reducing their ability to activate T cells in an MLR and skewing

the DC population towards more tolerogenic plasmacytoid DC

(45). Together, multiple mechanisms likely contribute to inhibition

of GVHD by iNKT cells, however, due to the discrepancies in

murine and xenogeneic studies, there is not yet consensus on

whether CD4 is a reliable marker for the GVHD suppressive

function of iNKT cells.
Clinical trials harnessing iNKT cells for
GVHD suppression

These impressive preclinical results led to clinical trials assessing

the power of iNKT cells to prevent GVHD. The aforementioned TLI/

ATG conditioning has proven effective in clinical trials and is now in

use for some patients (46–49). In vivo administration of aGalCer to
activate iNKT cells is being tested in clinical trials, with initial results

demonstrating safety (50). Recent Phase 2 results showed a significant

reduction in acute GVHD and improvement in survival when six

weekly infusions were combined with calcineurin inhibitor/

methotrexate-based GVHD prophylaxis (NCT04014790) (51);.

Another intriguing approach is graft manipulation. Building on the

success of Orca-T, a graft engineering approach which optimizes the

T:Treg cell ratio and timing of administration in the HSCT process

(52), the newest Orca product, Orca-Q, additionally adds back

unmanipulated donor iNKT cells with the goal of further

enhancing GVHD prevention in patients undergoing haploidentical

stem cell transplantation and is now enrolling (NCT03802695) (53,

54). However, to date no trials employing the selective adoptive

transfer of human iNKT cells have been registered, though one listed

trial purports to identify the ideal GMP-compliant expansion

methods to facilitate this (NCT03605953).
Challenges in clinical development of iNKT
cell-based approaches to
GVHD suppression

One challenge with translating the adoptive transfer (or in vivo

activation) of iNKT cells for GVHD prevention or treatment into

clinical use is the conflicting murine and human/xenograft

preclinical data. It remains unclear whether CD4+ iNKT cells/

iNKT2 cells or CD4- cells are best at this function. Additionally,

multiple mechanisms are proposed including direct suppression of

donor T cell activation and killing of antigen presenting cells (APC)

of host or donor origin that could present host antigen to donor T

cells. The possibility remains that both populations have GVHD-
Frontiers in Immunology 03
suppressive capacity through different mechanisms of action and

could potentially have an additive or synergistic effect if bulk iNKT

cells are used. Given the drawbacks of the xenogeneic model, such

as the influence of murine APC, murine glycolipid and peptide

antigens, and murine cytokines and chemokines on adoptively

transferred human iNKT cells, one could suggest that the purely

murine model results are more reliable. Yet, given clear inherent

differences between murine and human iNKT cells, as well as the

correlative human studies suggesting that donor graft CD4- iNKT

cells are most protective against GVHD, one might weigh the

xenograft results heavier. Further, the data does not yet fully

address the impact of specific iNKT subsets on relapse rates, as

murine studies show that CD4+ iNKT cell-mediated GVHD

suppression does not result in loss of GVL, while both murine

and human preclinical studies suggest malignant cell killing

function lies with CD4-/iNKT1 which could potentially allow for

synergy with T cell-mediated malignant cell killing (11, 44). These

challenges highlight the need for carefully designed clinical trials to

provide answers.
iNKT cells for targeting
malignant disease

Anti-tumor effects of unedited iNKT cells in
mice and humans

Many in vivo murine tumor models demonstrated anti-tumor

activity of iNKT cells by in vivo treatment with IL-12, aGalCer,
aGalCer+ IL-12, aGalCer pulsed dendritic cells, or adoptive

transfer of iNKT cells and others (mouse studies extensively

reviewed in (55)). Data showing that human cancer patients with

higher iNKT cell numbers at tumor (56, 57) and/or in PB (58) have

better outcomes support an anti-tumor role for human iNKT cells.

Accordingly, reduced iNKT cell numbers and detection of

functionally impaired iNKT cells associate with worse outcomes

(59, 60). iNKT cells induce tumor cytolysis via multiple

mechanisms (55). Activated iNKT cells can directly kill CD1d+

tumor cells via their semi-invariant TCR through Fas/FasL

interactions and secretion of cytotoxic granules (61–64). They can

also recruit other immune cells to facilitate tumor cell lysis.

Interaction of iNKT with immature DC’s leads to DC CD40 and

iNKT CD40L engagement, DC maturation, and secretion of IL-12.

IL-12 further activates iNKT to secrete IFNg which can activate

multiple cell types such as NK (65) and CD8+ T-cells to mediate

tumor killing (61, 66, 67). They can also affect the tumor

suppressive microenvironment by directly killing CD1d+ tumor

associated macrophages (TAM) (68, 69).
Clinical trials testing human iNKT cells for
anti-tumor function

Several clinical trials tested whether treatment with aGalCer
alone, aGalCer pulsed CD1d+ APC, or other CD1d+ cell types
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(monocyte derived DC (moDC), mature DC, immature DC rich

APCs) would activate and expand iNKT cells in vivo in patients in a

variety of cancer types (reviewed in (55, 70, 71)). Most of these early

phase studies demonstrated safety including in patients who

received four doses of 1x109 moDC (72). An ongoing study is

testing co-delivery of nanoparticle encapsulated IMM60 (iNKT

activator) and NY-ESO-1 peptides (NCT04751786). In many

studies, increases in iNKT cell numbers and IFNg levels were

observed but unfortunately, unlike many pre-clinical mouse

studies, limited anti-tumor efficacy was seen and ranged from no

response up to a partial response (PR).

A number of clinical trials have tested the safety and efficacy of the

adoptive transfer of ex vivo expanded iNKT cells in patients with

various cancer types. Although there were differences across studies

including ex vivo production protocols, purity, and dose, infusion of

autologous unmodified iNKT cells alone (73) or combined with DC

and CD8+T cells (74), IL-2 (75), GM-CSF (76), or an immune

checkpoint inhibitor (77) were all importantly, found to be safe

(doses up to 1x1010/m2). Unfortunately, the efficacy in these studies

was mostly limited. However, in a Phase 2 randomized clinical trial,

HCC patients treated with ex vivo expanded iNKT cells and trans

arterial embolization (TAE) had longer progression free survival (PFS)

and overall survival (OS) than patients treated with TAE alone. Five

TAE-iNKT patients and one TAE patient had complete responses (CR)

(78). Ongoing trials are testing efficacy of autologous iNKT cell

infusions (NCT02562963) or an allogeneic ‘off the shelf’ iNKT cell

product (agenT-797; MiNK Therapeutics) without lymphodepleting

chemotherapy plus a multi-drug combination (NCT06251973). The

safety and efficacy outcomes from these and subsequent trials testing

new approaches to enhance iNKT anti-tumor responses will be of

clinical interest to the iNKT field.
Advantages of iNKT cells as a platform for
CAR therapy

To date, unmodified iNKT cell therapy has not generated

sustained complete responses (CR) in human cancer patients.

Genetic modification of iNKT cells to express chimeric antigen

receptor (CAR) proteins (CAR-iNKT) may maximize the anti-

tumor function of iNKT cells. Further, as discussed above, iNKT

cells do not cause, and in fact, prevent GVHD, making them a

natural “off-the-shelf” cell source. This is in direct contrast to T

cells, which require genetic deletion of the TCR to prevent GVHD,

which may negatively impact the product in vivo (79). Allogeneic

CAR-iNKT therapy addresses multiple limitations of autologous

CAR-T cell therapy including production failures, limited in vivo

expansion and durability of CAR-T response likely due to poor

health and/or immunophenotype of T cells in heavily pre-treated

patients, high cost, complicated logistics, and lengthy time to

treatment. Potentially fatal cytokine release syndrome (CRS) and

immune effector cell-associated neurotoxicity also occur with CAR-

T cell therapy (80). Using an in vitro CRS model, we found CAR-

iNKT cell therapy may have a lower propensity for, or reduced

intensity, of CRS (62). In two ongoing clinical trials, only grade 1 or

2 CRS has been observed to date (discussed below) (81, 82); further
Frontiers in Immunology 04
preclinical studies and clinical trials will elucidate this aspect of

CAR-iNKT cell safety.
Preclinical studies of CAR-iNKT cells

CAR-iNKT cell therapy is a promising, but relatively young

field, with the first publication in 2014 (83). In vitro and in vivo anti-

tumor efficacy of CAR-iNKT cells has been demonstrated across

many malignancies, with targets including CD19 for B-cell

malignancies (62, 64, 84–86), BCMA (62, 63) or CD38 (63) for

multiple myeloma, GD2 for neuroblastoma (87), TCRVb for T-cell

lymphoma (88), and B7H3 for multiple solid tumors (89). Unlike

CAR-T cell therapy, where tumor cell killing is mediated solely by

the CAR, an advantage of CAR-iNKT cells is they can kill via the

CAR and their TCR. Engagement of the endogenous invariant TCR

on iNKT cells can lead to killing of CD1d expressing tumor cells in

the presence of aGalCer with or without co-expression of CAR

target (61–64, 87), which could be relevant for CD1d expressing

tumors including early stage myeloma (90), some B cell

malignancies, marginal zone leukemia, mantle cell leukemia (64)

and glioblastomas (91). Although these in vitro studies included

addition of aGalCer, the iNKT cell TCR likely also interacts with

CD1d loaded with endogenous tumor lipids (92). This dual

targeting may improve efficacy of CAR-iNKT cells and potentially

prevent antigen escape, which occurs in single targeted CAR-T cell

therapy targeting CD19, BCMA and GPRC5D (93, 94).

A small set of preclinical studies compared in vivo efficacy of

CAR-T cell and CAR-iNKT cell therapies. Of note, the therapeutic

dose of CAR-iNKT cells in most preclinical studies is typically

higher (5-10x106/mouse) than CAR-T cell doses (0.5-2x106/

mouse), suggesting that higher doses or multiple dosing may be

needed for clinical use. However, two studies directly comparing the

efficacy of CAR-T cells and CAR-iNKT cells using tumor co-

expressing CAR target and CD1d suggests this may not be the

case. Dosed matched CD19 CAR-iNKT cells had superior efficacy to

CD19 CAR-T cells in an NSG/CD19+CD1d+ Ramos mouse model

(64). Dose matched BCMA CAR-iNKT cells also had better anti-

myeloma efficacy than BCMA CAR-T cells in an NSG/

BCMA+CD1d+MM.1S mouse model (95). In our study, however,

dose-matched BCMA CAR-iNKT cells were inferior to CAR-T cells

in an NSG MM.1S myeloma mouse model with CD1d- tumor cells

(62). This suggests that CAR-iNKT cells may be better suited than

CAR-T for tumor cell types proven to express CD1d and provide

rationale for treating patients with tumors positive for both the

CAR target and CD1d with CAR-iNKT cells. To further address this

pre-clinically, side by side efficacy studies comparing outcome of

tumor bearing mice with either CD1d+ or CD1d- tumor cells and

treated with CAR-iNKT or CAR-T cells are needed. In separate

studies, it was shown that GD2 CAR-iNKT cells demonstrated

better tumor trafficking than GD2 CAR-T cells (83); these results

and poor efficacy of GD2 CAR-T cells in human trials provided key

rationale for an ongoing trial testing GD2 CAR iNKT cells in

neuroblastoma patients discussed below.

It is important to note that the above studies used human

effector and tumor cells in NSG immunodeficient mouse xenograft
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models. Using allogeneic fully murine mouse models, Simonetta

et al. (67) demonstrated superior dose-matched CD19 CAR-iNKT

cell efficacy compared to CAR-T cells in the presence of recipient

immune cells using an allogeneic tumor mouse model. This was

shown to be due to cross priming of host CD8+ T cells which led to

long lasting anti-tumor immunity. This study highlights the

importance of careful consideration of preparatory regimens prior

to CAR-iNKT cell infusions in clinical trials and requires further

preclinical study.

T cells engineered to express a CAR construct with a CD28

costimulatory domain have been clearly shown to demonstrate

quick cytotoxicity kinetics, which could be good for aggressive

disease, yet are less durable than 4-1BB containing CAR-T cells

which have slower killing kinetics and longer persistence, thought to

be appropriate for less aggressive disease (96, 97). However, co-

stimulatory domains are less well studied and optimized for CAR-

iNKT cells. In vitro studies of CD28, 4-1BB or CD28/4-1BB

containing CAR-iNKT cells showed similar killing activity, and of

those, higher Th1 cytokine secretion was seen in CAR-iNKT cells

containing a 4-1BB co-stimulatory domain (63, 83). Heczey et al.

(83) also showed similar survival of tumor engrafted mice treated

with CD28, 4-1BB, or CD28/4-1BB containing CAR-iNKT cells,

and best in vivo persistence of CD28/4-1BB CAR-iNKT cells. Future

studies will continue to discover best CAR designs for iNKT cells.

As discussed above, there is data suggesting that CD4+ and CD4-

iNKT cells have some distinct phenotypes and functions (7–9). A

2011 study (98) characterized expanded and activated iNKT cells

from PBMC and showed the CD4+ and DN phenotypes and function

were generally consistent with the prior studies, while CD8a+ iNKT

cells had the highest cytotoxicity towards CD1d+ target cells and the

highest IFNg/IL-4 ratio. Future studies further assessing the anti-

tumor function of CD8a iNKT cells would be of interest. We found

similar in vitro killing of NALM cells by purified CD4+, CD4-, and

bulk CD19 CAR-iNKT cells (unpublished study). In vivo, we

observed similar anti-myeloma efficacy of BCMA CAR-iNKT cells

that were either 41% CD4+ or 100% CD4+ (62) suggesting that CAR-

iNKT function can occur across a range of CD4 expressing cells,

though side by side comparisons of sorted cells in vivo could confirm

this. Of high interest to the field is the discovery that CD62L, a

memory marker, may be key to improved CAR-iNKT function. Tian

et al. (85) showed that CD62L+ CD19 CAR-iNKT cells had prolonged

persistence and efficacy in vivo compared to CD62L- CD19 CAR-

iNKT cells and that expansion in media containing both IL-2 and IL-

21 preserved the CD62L+ population (84). Incorporation of IL-21

into the CAR construct also improved retention of CD62L expression

and CAR-iNKT cell persistence and efficacy, although whether this

was due to having IL-21 in culture, in vivo or both is not clear (89).

This result stems from their original observation that ex vivo

expanded CD62L+ NKT cells expressed higher IL-21 Receptor (IL-

21R) mRNA compared to CD62L- NKT cells suggesting this subset

may be uniquely sensitive to IL-21. IL-2/IL-21 provided a survival

effect via downregulation of the pro-apoptotic protein, BIM, which

they posit contributes to improved anti-tumor function through a

survival benefit to iNKT cells. Additionally, a recent study by a

separate group demonstrated that when iNKT cells are transduced

with a lentivirus expressing both B7H3-CAR and IL-21 (“armored
Frontiers in Immunology 05
iNKT”) tumor killing and in vivo persistence were increased while

expression of exhaustion markers was decreased compared to iNKT

cells transduced without IL-21 (89). However, IL-21 is known to

facilitate interactions between CD1d+ B-cells presenting lipid

antigens and iNKT cells in natural immune settings suggesting this

might be a contributing factor. This may be independent of the

CD1d-iNKT TCR interaction however, since Daudi cells are reported

to be resistant to killing by the iNKT TCR (99, 100). One study

reports Daudi cells are CD1d positive but not bound to B2

microglobulin (99) and in another study they are reported to be

CD1d negative (100).

Building on the above studies, cytokines have also been

employed to enhance CAR-iNKT cell expansion and function.

Our group showed that BCMA CAR-iNKT cell expansion,

persistence and anti-myeloma efficacy was enhanced when mice

were treated with a long-acting IL-7 molecule (62). Similar results

were shown for CAR-T cells due to decreased apoptosis and

increased cell division (101), and our group is testing long acting

IL-7 in relapsed/refractory large B cell lymphoma patients treated

with CD19 CAR-T cells (NCT05075603). Results from this trial

may support IL-7 treatment in patients receiving CAR-iNKT cells.

Addition of human IL-15 cytokine to a GD2 CAR construct

enhanced survival, efficacy, and trafficking of CAR-iNKT cells to

tumor sites compared to a GD2 CAR without IL-15 (87). The GD2-

IL-15 CAR construct is used in the only CAR-iNKT cell clinical trial

with published results (82, 102) discussed further below. It remains

to be seen which cytokine and delivery approach is safest and most

effective. Addition of a cytokine to the CAR construct delivers local

cytokine, although there is less control of cytokine levels as CAR-

iNKT cells expand. Systemic treatment provides more control (i.e.

treatment can be stopped) but with potential risk of unwanted

systemic effects. Since IL-15 and IL-7 improve immune

reconstitution after lymphodepletion, they may induce unwanted

rejection of donor cells, as was shown in a trial employing memory-

like natural killer cell therapy and IL-15 (103). Additional allogeneic

pre-clinical studies along with current and future clinical trials are

needed to clarify this.
CAR-iNKT cells in the clinic

Currently, allogeneic CD19 CAR-iNKT cell therapy with a

CD28 costimulatory domain, expressing secreted IL-15 and small

hairpin RNAs targeting b2M and CD74 to downregulate HLA class

I and II, respectively, are being tested in patients with B cell

malignancies (ANCHOR/NCT03774654 and ANCHOR2/

NCT05487651). Data from this trial presented at the

Transplantation and Cellular Therapy Meeting on nine patients

(81) showed one patient had a grade 1 CRS and three CRs and a PR

were attained. Other ongoing trials include testing of CD19-IL15

CAR-iNKT cells (autologous) in patients with acute lymphoblastic

leukemia, B-cell lymphoma, or chronic lymphocytic leukemia

(NCT04814004) and a CD70 CAR-NKT cell clinical is enrolling

patients with renal cell carcinoma (NCT06182735).

The only CAR-iNKT cell clinical trial to date with published data

is the ongoing study (NCT03294954) testing autologous GD2-IL-15
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CAR-iNKT cells in pediatric patients with relapsed or refractory

neuroblastoma (82, 102). Twelve patients were treated with GD2-IL-

15 CAR-iNKT cells, with an overall response rate of 25% and one

case of grade 2 CRS (82). Five patients had PD, four SD, and three PR

after one dose. Four patients received a second dose of GD2-IL-15

CAR-iNKT cells. The clinical status stayed the same for one patient

(PR-PR), one converted from a PR to a CR (PR-CR), and two had

progression (SD-PD and PR-PD). Of note, the responders had a

higher percentage of CD62L expressing CAR-iNKT cells in the

infused product than non-responders, corresponding with earlier

pre-clinical data. Comparisons of pre-injected CAR-iNKT cells

versus in vivo expanded CAR-iNKT cells in preclinical models and

in clinical trials will further clarify which subset(s) of iNKT cells have

the highest persistence and function. Although this trial

demonstrated safety, further study is needed to support efficacy,

clarification of the optimal dosing regimen, and the best timing for

this intervention in the course of disease treatment.

Finally, of interest to the CAR-iNKT field, the presence of

certain bacteria within the gut microbiome prior to autologous T

cell harvest for CAR-T cell production predicted positive patient

clinical responses by CAR-T cell therapy (104). Further, this also

predicted higher abundance of peripheral T cells (104). Given that

iNKT cells recognize microbial derived lipid antigens, and that

iNKT phenotype and function are affected by the microbiome (105,

106), similar results might be predicted with iNKT cells and warrant

future investigation. Together, although there is relatively little

clinical CAR-iNKT cell data to date, these cells hold high promise

for future therapeutic use.
Discussion

There are a number of challenges for clinical translation of

iNKT cell therapies. One major challenge for adoptive transfer of
Frontiers in Immunology 06
iNKT cells, whether for GVHD suppression or targeting malignant

disease, is the rarity of iNKT cells and the ability to acquire clinically

significant numbers for adoptive transfer. Further, donor variability

is also an issue for autologous productions (107). This is not

insurmountable, however, as multiple studies have shown the ease

of expanding iNKT cells ex vivo (40, 41, 43, 62, 82, 85), and

alternative approaches such as the engineering of iNKT cells from

HSCs provide further possible methods (42, 86, 108, 109). In one

study, Li et al. (86) reported a 10-11 week production starting with

human CD34+ cells collected from either CB or G-CSF mobilized

human peripheral blood stem cells, using an artificial organoid/

aGalCer culture system. Remarkably, one CB could yield 5x1011

iNKT cells (mostly CD4-), highlighting the maximal potential for

allogeneic “off-the-shelf” iNKT cell production.

Another concern inherent to any cellular therapy is the possibility

of rejection. For use as an acute GVHD-suppressive therapy, rejection

is unlikely in the early post-transplant severely immunocompromised

environment. Further, the initial immunological steps required to

elicit acute GVHD occur very early post-transplant (38, 39), so long-

term persistence may not be required. Preventing rejection of CAR-

iNKT cells may also be at least temporarily addressed via

lymphodepleting chemotherapy as is used for current CAR-T

therapies. Alternatively, genetic modification to delete HLA I and II

in iNKT cells is feasible (82, 86, 102). Deletion of HLA I/II removes

the “self” signal, which could lead to NK mediated killing, and

potentially require strategies to prevent this such as addition of NK

inhibitory ligands to iNKT cells (ie. HLA-C, HLA-E or CD47) (60,

110). Although somewhat surprising, there remains the possibility

that deletion of HLA I and II in iNKT cells may not be necessary.

Two separate studies show that the expression levels of HLAI and

HLAII molecules are lower in expanded iNKT cells compared to T

cells (86, 111). An interesting hypothesis from Rotolo et al. suggests

that given the iNKT cell capacity to suppress T cell proliferation and

activation in allogeneic GVHD responses, iNKT cells may also
FIGURE 1

Increasing Number of iNKT Cell Publications Over Time. Number of publications (excluding reviews) by year using the search criteria “iNKT”
and “NKT”.
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suppress the T cell proliferation and activation required for their own

rejection (111). In their canine model, when a “good donor” was used

(gene expression patterns suggesting a central/effector memory

profile, low expression of exhaustion genes, and high telomerase,

correlating with increased proliferation and function in vitro), they

showed unmodified donor iNKT cell persistence up to 78 days in

immune competent MHC mismatched recipients, though expansion

of iNKT cells from peripheral blood was required to detect donor

cells (40). Importantly, this study demonstrated a lack of rejection

even in the presence of an intact immune system. Further studies

directly comparing HLAI/II edited vs unedited iNKT cells and testing

different (or no) lymphodepletion strategies for CAR-iNKT therapy

will elucidate the rejection potential.

There is significant promise for iNKT cell therapies, however,

the field is still relatively young and there is much to learn about the

biology, cellular subsets, production protocols, pre-treatment

conditioning, and best strategies for editing iNKT cells when

necessary (ie. to express CAR, delete HLA etc.). While it may

appear as though the substantial preclinical promise of iNKT cell

therapies is not resulting in tangible clinical translation, the

significant time required from initial discovery to biologic

understanding, to clinical trials, and finally to approved therapies

is well known. The discovery of iNKT cells was well reviewed by

Godfrey et al. (66), with the term Natural Killer T cells first used in

1995 (112) and an understanding of their CD1d restriction (2) and

invariant TCR expression (1) around the same time. Further

research into their activation, function, and other biologic

features led to their first use as a therapeutic in preclinical models

as early as 1999 (113). The first clinical trial to boost iNKT cell

activation through aGalCer administration was in 2002 (114),

followed by the first clinical trial of adoptive transfer in 2006

(73), and the first CAR-iNKT trial opening in 2018 (82, 102).

Therefore, the field seems to be progressing on par with the

development of other cell therapies. Accordingly, there has been a

remarkable increase in the number of papers published on iNKT

cells in the last 29 years (Figure 1). With time, there is no doubt the

biology of these unique and powerful cells will be better understood,

and their full translational potential realized.
Frontiers in Immunology 07
Author contributions

JO: Conceptualization, Writing – original draft, Writing –

review & editing. MM: Conceptualization, Writing – original

draft, Writing – review & editing. RJ: Data curation, Writing –

original draft, Writing – review & editing. JD: Conceptualization,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by a generous gift from the Riney Initiative for Blood

Cancer Research in addition to other sources of funding: NIH/NCI:

R35 CA210084 NCI Outstanding Investigator Award (JD); K08

HL151809 (MM); Cancer Research Foundation Young Investigator

Award (MM); Pedal the Cause Research Grant (MM).
Conflict of interest

Research Support- NeoImmune Tech JFD Royalties-

NeoImmuneTech JO.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Lantz O, Bendelac A. An invariant T cell receptor alpha chain is used by a unique
subset of major histocompatibility complex class I-specific CD4+ and CD4-8- T cells in
mice and humans. J Exp Med. (1994) 180:1097–106. doi: 10.1084/jem.180.3.1097

2. Bendelac A, Lantz O, QuimbyME, Yewdell JW, Bennink JR, Brutkiewicz RR. CD1
recognition by mouse NK1+ T lymphocytes. Science. (1995) 268:863–5. doi: 10.1126/
science.7538697

3. Beckman EM, Porcelli SA, Morita CT, Behar SM, Furlong ST, Brenner MB.
Recognition of a lipid antigen by CD1-restricted alpha beta+ T cells. Nature. (1994)
372:691–4. doi: 10.1038/372691a0

4. Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, Motoki K, et al. CD1d-restricted
and TCR-mediated activation of valpha14 NKT cells by glycosylceramides. Science.
(1997) 278:1626–9. doi: 10.1126/science.278.5343.1626
5. Benlagha K, Weiss A, Beavis A, Teyton L, Bendelac A. In vivo identification of

glycolipid antigen-specific T cells using fluorescent CD1d tetramers. J Exp Med. (2000)
191:1895–903. doi: 10.1084/jem.191.11.1895

6. Matsuda JL, Naidenko OV, Gapin L, Nakayama T, Taniguchi M, Wang CR, et al.
Tracking the response of natural killer T cells to a glycolipid antigen using CD1d
tetramers. J Exp Med. (2000) 192:741–54. doi: 10.1084/jem.192.5.741
7. Montoya CJ, Pollard D, Martinson J, Kumari K, Wasserfall C, Mulder CB, et al.
Characterization of human invariant natural killer T subsets in health and disease using
a novel invariant natural killer T cell-clonotypic monoclonal antibody, 6B11.
Immunology. (2007) 122:1–14. doi: 10.1111/j.1365-2567.2007.02647.x

8. Gumperz JE, Miyake S, Yamamura T, Brenner MB. Functionally distinct subsets
of CD1d-restricted natural killer T cells revealed by CD1d tetramer staining. J Exp Med.
(2002) 195:625–36. doi: 10.1084/jem.20011786

9. Lee PT, Benlagha K, Teyton L, Bendelac A. Distinct functional lineages of human
V(alpha)24 natural killer T cells. J Exp Med. (2002) 195:637–41. doi: 10.1084/
jem.20011908

10. Leveson-Gower DB, Olson JA, Sega EI, Luong RH, Baker J, Zeiser R, et al. Low
doses of natural killer T cells provide protection from acute graft-versus-host disease
via an IL-4-dependent mechanism. Blood. (2011) 117:3220–9. doi: 10.1182/blood-
2010-08-303008

11. Maas-Bauer K, Lohmeyer JK, Hirai T, Ramos TL, Fazal FM, Litzenburger UM,
et al. Invariant natural killer T-cell subsets have diverse graft-versus-host-disease-
preventing and antitumor effects. Blood. (2021) 138:858–70. doi: 10.1182/
blood.2021010887
frontiersin.org

https://doi.org/10.1084/jem.180.3.1097
https://doi.org/10.1126/science.7538697
https://doi.org/10.1126/science.7538697
https://doi.org/10.1038/372691a0
https://doi.org/10.1126/science.278.5343.1626
https://doi.org/10.1084/jem.191.11.1895
https://doi.org/10.1084/jem.192.5.741
https://doi.org/10.1111/j.1365-2567.2007.02647.x
https://doi.org/10.1084/jem.20011786
https://doi.org/10.1084/jem.20011908
https://doi.org/10.1084/jem.20011908
https://doi.org/10.1182/blood-2010-08-303008
https://doi.org/10.1182/blood-2010-08-303008
https://doi.org/10.1182/blood.2021010887
https://doi.org/10.1182/blood.2021010887
https://doi.org/10.3389/fimmu.2024.1436968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


O’Neal et al. 10.3389/fimmu.2024.1436968
12. Schneidawind D, Baker J, Pierini A, Buechele C, Luong RH, Meyer EH, et al.
Third-party CD4+ invariant natural killer T cells protect from murine GVHD lethality.
Blood. (2015) 125:3491–500. doi: 10.1182/blood-2014-11-612762

13. Schneidawind D, Pierini A, Alvarez M, Pan Y, Baker J, Buechele C, et al. CD4+
invariant natural killer T cells protect from murine GVHD lethality through expansion
of donor CD4+CD25+FoxP3+ regulatory T cells. Blood. (2014) 124:3320–8.
doi: 10.1182/blood-2014-05-576017

14. Yang J, Gao L, Liu Y, Ren Y, Xie R, Fan H, et al. Adoptive therapy by transfusing
expanded donor murine natural killer T cells can suppress acute graft-versus-host
disease in allogeneic bone marrow transplantation. Transfusion. (2010) 50:407–17.
doi: 10.1111/j.1537-2995.2009.02395.x

15. Doisne JM, Becourt C, Amniai L, Duarte N, Le Luduec JB, Eberl G, et al. Skin and
peripheral lymph node invariant NKT cells are mainly retinoic acid receptor-related
orphan receptor (gamma)t+ and respond preferentially under inflammatory
conditions. J Immunol. (2009) 183:2142–9. doi: 10.4049/jimmunol.0901059

16. Kim PJ, Pai SY, Brigl M, Besra GS, Gumperz J, Ho IC. GATA-3 regulates the
development and function of invariant NKT cells. J Immunol. (2006) 177:6650–9.
doi: 10.4049/jimmunol.177.10.6650

17. Michel ML, Keller AC, Paget C, Fujio M, Trottein F, Savage PB, et al.
Identification of an IL-17-producing NK1.1(neg) iNKT cell population involved
in airway neutrophilia. J Exp Med . (2007) 204:995–1001. doi: 10.1084/
jem.20061551

18. Michel ML, Mendes-da-Cruz D, Keller AC, Lochner M, Schneider E, DyM, et al.
Critical role of ROR-gammat in a new thymic pathway leading to IL-17-producing
invariant NKT cell differentiation. Proc Natl Acad Sci U S A. (2008) 105:19845–50.
doi: 10.1073/pnas.0806472105

19. Rachitskaya AV, Hansen AM, Horai R, Li Z, Villasmil R, Luger D, et al. Cutting
edge: NKT cells constitutively express IL-23 receptor and RORgammat and rapidly
produce IL-17 upon receptor ligation in an IL-6-independent fashion. J Immunol.
(2008) 180:5167–71. doi: 10.4049/jimmunol.180.8.5167

20. Terashima A, Watarai H, Inoue S, Sekine E, Nakagawa R, Hase K, et al. A novel
subset of mouse NKT cells bearing the IL-17 receptor B responds to IL-25 and
contributes to airway hyperreactivity. J Exp Med. (2008) 205:2727–33. doi: 10.1084/
jem.20080698

21. Watarai H, Sekine-Kondo E, Shigeura T, Motomura Y, Yasuda T, Satoh R, et al.
Development and function of invariant natural killer T cells producing T(h)2- and T(h)
17-cytokines. PloS Biol. (2012) 10:e1001255. doi: 10.1371/journal.pbio.1001255

22. Brennan PJ, Brigl M, Brenner MB. Invariant natural killer T cells: an innate
activation scheme linked to diverse effector functions. Nat Rev Immunol. (2013)
13:101–17. doi: 10.1038/nri3369

23. Buechel HM, Stradner MH, D’Cruz LM. Stages versus subsets: Invariant Natural
Killer T cell lineage differentiation. Cytokine. (2015) 72:204–9. doi: 10.1016/
j.cyto.2014.12.005

24. Burrello C, Garavaglia F, Cribiu FM, Ercoli G, Lopez G, Troisi J, et al.
Therapeutic faecal microbiota transplantation controls intestinal inflammation
through IL10 secretion by immune cells. Nat Commun. (2018) 9:5184. doi: 10.1038/
s41467-018-07359-8

25. Burrello C, Strati F, Lattanzi G, Diaz-Basabe A, Mileti E, Giuffre MR, et al. IL10
secretion endows intestinal human iNKT cells with regulatory functions towards pathogenic
T lymphocytes. J Crohns Colitis. (2022) 16:1461–74. doi: 10.1093/ecco-jcc/jjac049

26. Sag D, Krause P, Hedrick CC, Kronenberg M, Wingender G. IL-10-producing
NKT10 cells are a distinct regulatory invariant NKT cell subset. J Clin Invest. (2014)
124:3725–40. doi: 10.1172/JCI72308

27. Lynch L, Michelet X, Zhang S, Brennan PJ, Moseman A, Lester C, et al.
Regulatory iNKT cells lack expression of the transcription factor PLZF and control
the homeostasis of T(reg) cells and macrophages in adipose tissue. Nat Immunol.
(2015) 16:85–95. doi: 10.1038/ni.3047

28. Lynch L, O’Shea D, Winter DC, Geoghegan J, Doherty DG, O’Farrelly C.
Invariant NKT cells and CD1d(+) cells amass in human omentum and are depleted
in patients with cancer and obesity. Eur J Immunol. (2009) 39:1893–901. doi: 10.1002/
eji.200939349

29. Mavers M, Maas-Bauer K, Negrin RS. Invariant natural killer T cells as
suppressors of graft-versus-host disease in allogeneic hematopoietic stem cell
transplantation. Front Immunol. (2017) 8:900. doi: 10.3389/fimmu.2017.00900

30. Lan F, Zeng D, Higuchi M, Higgins JP, Strober S. Host conditioning with total
lymphoid irradiation and antithymocyte globulin prevents graft-versus-host disease:
the role of CD1-reactive natural killer T cells. Biol Blood Marrow Transplant. (2003)
9:355–63. doi: 10.1016/S1083-8791(03)00108-3

31. Pillai AB, George TI, Dutt S, Strober S. Host natural killer T cells induce an
interleukin-4-dependent expansion of donor CD4+CD25+Foxp3+ T regulatory cells
that protects against graft-versus-host disease. Blood. (2009) 113:4458–67. doi: 10.1182/
blood-2008-06-165506

32. Pillai AB, George TI, Dutt S, Teo P, Strober S. Host NKT cells can prevent graft-
versus-host disease and permit graft antitumor activity after bone marrow
transplantation. J Immunol. (2007) 178:6242–51. doi: 10.4049/jimmunol.178.10.6242

33. Du J, Paz K, Thangavelu G, Schneidawind D, Baker J, Flynn R, et al. Invariant
natural killer T cells ameliorate murine chronic GVHD by expanding donor regulatory
T cells. Blood. (2017) 129:3121–5. doi: 10.1182/blood-2016-11-752444
Frontiers in Immunology 08
34. Duramad O, Laysang A, Li J, Ishii Y, Namikawa R. Pharmacologic expansion of
donor-derived, naturally occurring CD4(+)Foxp3(+) regulatory T cells reduces acute
graft-versus-host disease lethality without abrogating the graft-versus-leukemia effect
in murine models. Biol Blood Marrow Transplant. (2011) 17:1154–68. doi: 10.1016/
j.bbmt.2010.11.022

35. Hashimoto D, Asakura S, Miyake S, Yamamura T, Van Kaer L, Liu C, et al.
Stimulation of host NKT cells by synthetic glycolipid regulates acute graft-versus-host
disease by inducing Th2 polarization of donor T cells. J Immunol. (2005) 174:551–6.
doi: 10.4049/jimmunol.174.1.551

36. Hirai T, Ishii Y, Ikemiyagi M, Fukuda E, Omoto K, Namiki M, et al. A novel
approach inducing transplant tolerance by activated invariant natural killer T cells with
costimulatory blockade. Am J Transplant. (2014) 14:554–67. doi: 10.1111/ajt.12606

37. Morecki S, Panigrahi S, Pizov G, Yacovlev E, Gelfand Y, Eizik O, et al. Effect of
KRN7000 on induced graft-vs-host disease. Exp Hematol. (2004) 32:630–7.
doi: 10.1016/j.exphem.2004.04.005

38. Nakamura M, Meguri Y, Ikegawa S, Kondo T, Sumii Y, Fukumi T, et al. Reduced
dose of PTCy followed by adjuvant alpha-galactosylceramide enhances GVL effect
without sacrificing GVHD suppression. Sci Rep. (2021) 11:13125. doi: 10.1038/s41598-
021-92526-z

39. Chaidos A, Patterson S, Szydlo R, Chaudhry MS, Dazzi F, Kanfer E, et al. Graft
invariant natural killer T-cell dose predicts risk of acute graft-versus-host disease in
allogeneic hematopoietic stem cell transplantation. Blood. (2012) 119:5030–6.
doi: 10.1182/blood-2011-11-389304

40. Rubio MT, Bouillie M, Bouazza N, Coman T, Trebeden-Negre H, Gomez A, et al.
Pre-transplant donor CD4(-) invariant NKT cell expansion capacity predicts the
occurrence of acute graft-versus-host disease. Leukemia. (2017) 31:903–12.
doi: 10.1038/leu.2016.281

41. Coman T, Rossignol J, D’Aveni M, Fabiani B, Dussiot M, Rignault R, et al.
Human CD4- invariant NKT lymphocytes regulate graft versus host disease.
Oncoimmunology. (2018) 7:e1470735. doi: 10.1080/2162402X.2018.1470735

42. Li YR, Zeng S, Dunn ZS, Zhou Y, Li Z, Yu J, et al. Off-the-shelf third-party HSC-
engineered iNKT cells for ameliorating GvHD while preserving GvL effect in the
treatment of blood cancers. iScience. (2022) 25:104859. doi: 10.1016/j.isci.2022.104859

43. Trujillo-Ocampo A, Cho HW, Herrmann AC, Ruiz-Vazquez W, Thornton AB,
He H, et al. Rapid ex vivo expansion of highly enriched human invariant natural killer
T cells via single antigenic stimulation for cell therapy to prevent graft-versus-host
disease. Cytotherapy. (2018) 20:1089–101. doi: 10.1016/j.jcyt.2018.05.007

44. Schmid H, Schneidawind C, Jahnke S, Kettemann F, Secker KA, Duerr-Stoerzer
S, et al. Culture-expanded human invariant natural killer T cells suppress T-cell
alloreactivity and eradicate leukemia. Front Immunol. (2018) 9:1817. doi: 10.3389/
fimmu.2018.01817

45. Schmid H, Ribeiro EM, Secker KA, Duerr-Stoerzer S, Keppeler H, Dong R, et al.
Human invariant natural killer T cells promote tolerance by preferential apoptosis
induction of conventional dendritic cells. Haematologica. (2022) 107:427–36.
doi: 10.3324/haematol.2020.267583

46. Baron F, Zachee P, Maertens J, Kerre T, Ory A, Seidel L, et al. Non-myeloablative
allogeneic hematopoietic cell transplantation following fludarabine plus 2 Gy TBI or
ATG plus 8 Gy TLI: a phase II randomized study from the Belgian Hematological
Society. J Hematol Oncol. (2015) 8:4. doi: 10.1186/s13045-014-0098-9

47. Kohrt HE, Turnbull BB, Heydari K, Shizuru JA, Laport GG, Miklos DB, et al. TLI
and ATG conditioning with low risk of graft-versus-host disease retains antitumor
reactions after allogeneic hematopoietic cell transplantation from related and unrelated
donors. Blood. (2009) 114:1099–109. doi: 10.1182/blood-2009-03-211441

48. Lowsky R, Takahashi T, Liu YP, Dejbakhsh-Jones S, Grumet FC, Shizuru JA,
et al. Protective conditioning for acute graft-versus-host disease. N Engl J Med. (2005)
353:1321–31. doi: 10.1056/NEJMoa050642

49. Messina G, Giaccone L, Festuccia M, Irrera G, Scortechini I, Sorasio R, et al.
Multicenter experience using total lymphoid irradiation and antithymocyte globulin as
conditioning for allografting in hematological Malignancies. Biol Blood Marrow
Transplant. (2012) 18:1600–7. doi: 10.1016/j.bbmt.2012.03.012

50. Chen YB, Efebera YA, Johnston L, Ball ED, Avigan D, Lekakis LJ, et al. Increased
foxp3(+)Helios(+) regulatory T cells and decreased acute graft-versus-host disease after
allogeneic bone marrow transplantation in patients receiving sirolimus and RGI-2001,
an activator of invariant natural killer T cells. Biol Blood Marrow Transplant. (2017)
23:625–34. doi: 10.1016/j.bbmt.2017.01.069

51. Chen y-B FS, Lekakis LJ, SChiller GJ, Yared JA, Mapara MY, Assal A, et al. RGI-
2001 with CNI-based prophylaxis demonstrates better acute gvhd-free survival
following myeloablative allohct without increased relapse: comparison of a multi-
center phase 2b study with a contemporaneous CIBMTRCohort. Tandem Meetings Am
Soc Transplant Cell Ther Center Int Blood Marrow Transplant Res: Transplant Cell
Ther. (2024) 30:S29. doi: 10.1016/j.jtct.2023.12.058

52. Hoeg RT MA, Gandhi A, Muffly L, Shiraz P, Oliai C, Mehta RS, et al. Orca-T
results in high gvhd-free and relapse-free survival following myeloablative conditioning
for hematological Malignancies: results of a single center phase 2 and a multicenter
phase 1b study. Am Soc Hematol AnnuMeeting Blood. (2021) 138:98–100. doi: 10.1182/
blood-2021-154191

53. Srour SA SA, Lowsky R, Hoeg RT, Saad A, Pavlova A, Waller EK, et al. Orca-Q
demonstrates favorable gvHD-and-relapse-free survival with haploidentical donors
without post-transplant cyclophosphamide. Tandem Meeting Am Soc Transplant Cell
frontiersin.org

https://doi.org/10.1182/blood-2014-11-612762
https://doi.org/10.1182/blood-2014-05-576017
https://doi.org/10.1111/j.1537-2995.2009.02395.x
https://doi.org/10.4049/jimmunol.0901059
https://doi.org/10.4049/jimmunol.177.10.6650
https://doi.org/10.1084/jem.20061551
https://doi.org/10.1084/jem.20061551
https://doi.org/10.1073/pnas.0806472105
https://doi.org/10.4049/jimmunol.180.8.5167
https://doi.org/10.1084/jem.20080698
https://doi.org/10.1084/jem.20080698
https://doi.org/10.1371/journal.pbio.1001255
https://doi.org/10.1038/nri3369
https://doi.org/10.1016/j.cyto.2014.12.005
https://doi.org/10.1016/j.cyto.2014.12.005
https://doi.org/10.1038/s41467-018-07359-8
https://doi.org/10.1038/s41467-018-07359-8
https://doi.org/10.1093/ecco-jcc/jjac049
https://doi.org/10.1172/JCI72308
https://doi.org/10.1038/ni.3047
https://doi.org/10.1002/eji.200939349
https://doi.org/10.1002/eji.200939349
https://doi.org/10.3389/fimmu.2017.00900
https://doi.org/10.1016/S1083-8791(03)00108-3
https://doi.org/10.1182/blood-2008-06-165506
https://doi.org/10.1182/blood-2008-06-165506
https://doi.org/10.4049/jimmunol.178.10.6242
https://doi.org/10.1182/blood-2016-11-752444
https://doi.org/10.1016/j.bbmt.2010.11.022
https://doi.org/10.1016/j.bbmt.2010.11.022
https://doi.org/10.4049/jimmunol.174.1.551
https://doi.org/10.1111/ajt.12606
https://doi.org/10.1016/j.exphem.2004.04.005
https://doi.org/10.1038/s41598-021-92526-z
https://doi.org/10.1038/s41598-021-92526-z
https://doi.org/10.1182/blood-2011-11-389304
https://doi.org/10.1038/leu.2016.281
https://doi.org/10.1080/2162402X.2018.1470735
https://doi.org/10.1016/j.isci.2022.104859
https://doi.org/10.1016/j.jcyt.2018.05.007
https://doi.org/10.3389/fimmu.2018.01817
https://doi.org/10.3389/fimmu.2018.01817
https://doi.org/10.3324/haematol.2020.267583
https://doi.org/10.1186/s13045-014-0098-9
https://doi.org/10.1182/blood-2009-03-211441
https://doi.org/10.1056/NEJMoa050642
https://doi.org/10.1016/j.bbmt.2012.03.012
https://doi.org/10.1016/j.bbmt.2017.01.069
https://doi.org/10.1016/j.jtct.2023.12.058
https://doi.org/10.1182/blood-2021-154191
https://doi.org/10.1182/blood-2021-154191
https://doi.org/10.3389/fimmu.2024.1436968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


O’Neal et al. 10.3389/fimmu.2024.1436968
Ther Center Int Blood Marrow Transplant Res: Transplant Celular Ther. (2023) 23:
S537. doi: 10.1016/S2666-6367(23)00102-1

54. Srour SA SA, Lowsky R, Hoeg RT, Waller EK, Pavlova A, McClellan JS, et al.
Safety and efficacy of orca-Q with haploidentical donors for the treatment of advanced
hematologic Malignancies without the use of post-transplant cyclophosphamide. Am
Soc Hematol Annu Meeting: Blood. (2023) 142:773. doi: 10.1182/blood-2023-189534

55. Nair S, Dhodapkar MV. Natural killer T cells in cancer immunotherapy. Front
Immunol. (2017) 8:1178. doi: 10.3389/fimmu.2017.01178

56. Metelitsa LS, Wu HW, Wang H, Yang Y, Warsi Z, Asgharzadeh S, et al. Natural
killer T cells infiltrate neuroblastomas expressing the chemokine CCL2. J Exp Med.
(2004) 199:1213–21. doi: 10.1084/jem.20031462

57. Tachibana T, Onodera H, Tsuruyama T,Mori A, Nagayama S, Hiai H, et al. Increased
intratumor Valpha24-positive natural killer T cells: a prognostic factor for primary colorectal
carcinomas. Clin Cancer Res. (2005) 11:7322–7. doi: 10.1158/1078-0432.CCR-05-0877

58. Molling JW, Langius JA, Langendijk JA, Leemans CR, Bontkes HJ, van der Vliet
HJ, et al. Low levels of circulating invariant natural killer T cells predict poor clinical
outcome in patients with head and neck squamous cell carcinoma. J Clin Oncol. (2007)
25:862–8. doi: 10.1200/JCO.2006.08.5787

59. Ascui G, Galvez-Jiron F, Kramm K, Schafer C, Sina J, Pola V, et al. Decreased
invariant natural killer T-cell-mediated antitumor immune response in patients with
gastric cancer. Immunol Cell Biol. (2020) 98:500–13. doi: 10.1111/imcb.12331

60. Delfanti G, Dellabona P, Casorati G, Fedeli M. Adoptive immunotherapy with
engineered iNKT cells to target cancer cells and the suppressive microenvironment.
Front Med (Lausanne). (2022) 9:897750. doi: 10.3389/fmed.2022.897750

61. Metelitsa LS, Naidenko OV, Kant A, Wu HW, Loza MJ, PeRussia B, et al.
Human NKT cells mediate antitumor cytotoxicity directly by recognizing target cell
CD1d with bound ligand or indirectly by producing IL-2 to activate NK cells. J
Immunol. (2001) 167:3114–22. doi: 10.4049/jimmunol.167.6.3114

62. O’Neal J, Cooper ML, Ritchey JK, Gladney S, Niswonger J, Gonzalez LS, et al.
Anti-myeloma efficacy of CAR-iNKT is enhanced with a long-acting IL-7, rhIL-7-hyFc.
Blood Adv. (2023) 7:6009–22. doi: 10.1182/bloodadvances.2023010032

63. Poels R, Drent E, Lameris R, Katsarou A, Themeli M, van der Vliet HJ, et al.
Preclinical evaluation of invariant natural killer T cells modified with CD38 or BCMA
chimeric antigen receptors for multiple myeloma. Int J Mol Sci. (2021) 22(3):1096.
doi: 10.3390/ijms22031096

64. Rotolo A, Caputo VS, Holubova M, Baxan N, Dubois O, Chaudhry MS, et al.
Enhanced anti-lymphoma activity of CAR19-iNKT cells underpinned by dual CD19
and CD1d targeting. Cancer Cell. (2018) 34:596–610 e11. doi: 10.1016/
j.ccell.2018.08.017

65. Carnaud C, Lee D, Donnars O, Park SH, Beavis A, Koezuka Y, et al. Cutting edge:
Cross-talk between cells of the innate immune system: NKT cells rapidly activate NK
cells. J Immunol. (1999) 163:4647–50. doi: 10.4049/jimmunol.163.9.4647

66. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L. NKT cells:
what’s in a name? Nat Rev Immunol. (2004) 4:231–7. doi: 10.1038/nri1309

67. Simonetta F, Lohmeyer JK, Hirai T, Maas-Bauer K, Alvarez M, Wenokur AS,
et al. Allogeneic CAR invariant natural killer T cells exert potent antitumor effects
through host CD8 T-cell cross-priming. Clin Cancer Res. (2021) 27:6054–64.
doi: 10.1158/1078-0432.CCR-21-1329

68. Cortesi F, Delfanti G, Grilli A, Calcinotto A, Gorini F, Pucci F, et al. Bimodal
CD40/fas-dependent crosstalk between iNKT cells and tumor-associated macrophages
impairs prostate cancer progression. Cell Rep. (2018) 22:3006–20. doi: 10.1016/
j.celrep.2018.02.058

69. Song L, Asgharzadeh S, Salo J, Engell K, Wu HW, Sposto R, et al. Valpha24-
invariant NKT cells mediate antitumor activity via killing of tumor-associated
macrophages. J Clin Invest. (2009) 119:1524–36. doi: 10.1172/JCI37869

70. Look A, Burns D, Tews I, Roghanian A, Mansour S. Towards a better
understanding of human iNKT cell subpopulations for improved clinical outcomes.
Front Immunol. (2023) 14:1176724. doi: 10.3389/fimmu.2023.1176724

71. Motohashi S, Okamoto Y, Yoshino I, Nakayama T. Anti-tumor immune
responses induced by iNKT cell-based immunotherapy for lung cancer and head and
neck cancer. Clin Immunol. (2011) 140:167–76. doi: 10.1016/j.clim.2011.01.009

72. Motohashi S, Nagato K, Kunii N, Yamamoto H, Yamasaki K, Okita K, et al. A
phase I-II study of alpha-galactosylceramide-pulsed IL-2/GM-CSF-cultured peripheral
blood mononuclear cells in patients with advanced and recurrent non-small cell lung
cancer. J Immunol. (2009) 182:2492–501. doi: 10.4049/jimmunol.0800126

73. Motohashi S, Ishikawa A, Ishikawa E, Otsuji M, Iizasa T, Hanaoka H, et al. A
phase I study of in vitro expanded natural killer T cells in patients with advanced and
recurrent non-small cell lung cancer. Clin Cancer Res. (2006) 12:6079–86. doi: 10.1158/
1078-0432.CCR-06-0114

74. Cheng X, Wang J, Qiu C, Jin Y, Xia B, Qin R, et al. Feasibility of iNKT cell and
PD-1+CD8+ T cell-based immunotherapy in patients with lung adenocarcinoma:
Preliminary results of a phase I/II clinical trial. Clin Immunol. (2022) 238:108992.
doi: 10.1016/j.clim.2022.108992

75. Gao Y, Guo J, Bao X, Xiong F, Ma Y, Tan B, et al. Adoptive transfer of autologous
invariant natural killer T cells as immunotherapy for advanced hepatocellular
carcinoma: A phase I clinical trial. Oncologist. (2021) 26:e1919–e30. doi: 10.1002/
onco.13899
Frontiers in Immunology 09
76. Exley MA, Friedlander P, Alatrakchi N, Vriend L, Yue S, Sasada T, et al.
Adoptive transfer of invariant NKT cells as immunotherapy for advanced melanoma: A
phase I clinical trial. Clin Cancer Res. (2017) 23:3510–9. doi: 10.1158/1078-0432.CCR-
16-0600

77. Hadfield MJ, Safran H, Purbhoo MA, Grossman JE, Buell JS, Carneiro BA.
Overcoming resistance to programmed cell death protein 1 (PD-1) blockade with
allogeneic invariant natural killer T-cells (iNKT). Oncogene. (2024) 43:758–62.
doi: 10.1038/s41388-024-02948-y

78. Guo J, Bao X, Liu F, Guo J, Wu Y, Xiong F, et al. Efficacy of invariant natural
killer T cell infusion plus transarterial embolization vs transarterial embolization alone
for hepatocellular carcinoma patients: A phase 2 randomized clinical trial. J Hepatocell
Carcinoma. (2023) 10:1379–88. doi: 10.2147/JHC.S416933

79. Stenger D, Stief TA, Kaeuferle T, Willier S, Rataj F, Schober K, et al. Endogenous
TCR promotes in vivo persistence of CD19-CAR-T cells compared to a CRISPR/Cas9-
mediated TCR knockout CAR. Blood. (2020) 136:1407–18. doi: 10.1182/
blood.2020005185

80. Siegler EL, Kenderian SS. Neurotoxicity and cytokine release syndrome after
chimeric antigen receptor T cell therapy: insights into mechanisms and novel therapies.
Front Immunol. (2020) 11:1973. doi: 10.3389/fimmu.2020.01973

81. Ramos CA, Courtney AN, Lulla PD, Hill LC, Kamble RT, Carrum G, et al. Off-
the-shelf CD19-specific CAR-NKT cells in patients with relapsed or refractory B-cell
Malignancies. Transplantation and Cellular Therapy. (2024) 30:S41–42. doi: 10.1016/
j.jtct.2023.12.072

82. Heczey A, Xu X, Courtney AN, Tian G, Barragan GA, Guo L, et al. Anti-GD2
CAR-NKT cells in relapsed or refractory neuroblastoma: updated phase 1 trial interim
results. Nat Med. (2023) 29:1379–88. doi: 10.1038/s41591-023-02363-y

83. Heczey A, Liu D, Tian G, Courtney AN, Wei J, Marinova E, et al. Invariant NKT
cells with chimeric antigen receptor provide a novel platform for safe and effective
cancer immunotherapy. Blood. (2014) 124:2824–33. doi: 10.1182/blood-2013-11-
541235

84. Ngai H, Tian G, Courtney AN, Ravari SB, Guo L, Liu B, et al. IL-21 selectively
protects CD62L(+) NKT cells and enhances their effector functions for adoptive
immunotherapy. J Immunol. (2018) 201:2141–53. doi: 10.4049/jimmunol.1800429

85. Tian G, Courtney AN, Jena B, Heczey A, Liu D, Marinova E, et al. CD62L+ NKT
cells have prolonged persistence and antitumor activity in vivo. J Clin Invest. (2016)
126:2341–55. doi: 10.1172/JCI83476

86. Li YR, Zhou Y, Kim YJ, Zhu Y, Ma F, Yu J, et al. Development of allogeneic HSC-
engineered iNKT cells for off-the-shelf cancer immunotherapy. Cell Rep Med. (2021)
2:100449. doi: 10.1016/j.xcrm.2021.100449

87. Xu X, HuangW, Heczey A, Liu D, Guo L, WoodM, et al. NKT cells coexpressing
a GD2-specific chimeric antigen receptor and IL15 show enhanced in vivo persistence
and antitumor activity against neuroblastoma. Clin Cancer Res. (2019) 25:7126–38.
doi: 10.1158/1078-0432.CCR-19-0421

88. Rowan AG, Ponnusamy K, Ren H, Taylor GP, Cook LBM, Karadimitris A. CAR-
iNKT cells targeting clonal TCRVbeta chains as a precise strategy to treat T cell
lymphoma. Front Immunol. (2023) 14:1118681. doi: 10.3389/fimmu.2023.1118681

89. Liu Y, Dang Y, Zhang C, Liu L, Cai W, Li L, et al. IL-21-armored B7H3 CAR-
iNKT cells exert potent antitumor effects. iScience. (2024) 27:108597. doi: 10.1016/
j.isci.2023.108597

90. Spanoudakis E, Hu M, Naresh K, Terpos E, Melo V, Reid A, et al. Regulation of
multiple myeloma survival and progression by CD1d. Blood. (2009) 113:2498–507.
doi: 10.1182/blood-2008-06-161281

91. Hara A, Koyama-Nasu R, Takami M, Toyoda T, Aoki T, Ihara F, et al. CD1d
expression in glioblastoma is a promising target for NKT cell-based cancer
immunotherapy. Cancer Immunol Immunother. (2021) 70:1239–54. doi: 10.1007/
s00262-020-02742-1

92. Lee MS, Webb TJ. Novel lipid antigens for NKT cells in cancer. Front Immunol.
(2023) 14:1173375. doi: 10.3389/fimmu.2023.1173375

93. Zhou X, Rasche L, Kortum KM, Mersi J, Einsele H. BCMA loss in the epoch of
novel immunotherapy for multiple myeloma: from biology to clinical practice.
Haematologica. (2023) 108:958–68. doi: 10.3324/haematol.2020.266841

94. Lee H, Ahn S, Maity R, Leblay N, Ziccheddu B, Truger M, et al. Mechanisms of
antigen escape from BCMA- or GPRC5D-targeted immunotherapies in multiple
myeloma. Nat Med. (2023) 29:2295–306. doi: 10.1038/s41591-023-02491-5

95. Crivello C, Sevim S, Graniel O, Franco C, Pane S, Puigmarti-Luis J, et al.
Advanced technologies for the fabrication of MOF thin films. Mater Horiz. (2021)
8:168–78. doi: 10.1039/D0MH00898B

96. Drent E, Poels R, Ruiter R, van de Donk N, Zweegman S, Yuan H, et al.
Combined CD28 and 4-1BB costimulation potentiates affinity-tuned chimeric antigen
receptor-engineered T cells. Clin Cancer Res. (2019) 25:4014–25. doi: 10.1158/1078-
0432.CCR-18-2559

97. Zhao Z, Condomines M, van der Stegen SJC, Perna F, Kloss CC, Gunset G, et al.
Structural design of engineered costimulation determines tumor rejection kinetics and
persistence of CAR T cells. Cancer Cell. (2015) 28:415–28. doi: 10.1016/
j.ccell.2015.09.004

98. O’Reilly V, Zeng SG, Bricard G, Atzberger A, Hogan AE, Jackson J, et al. Distinct
and overlapping effector functions of expanded human CD4+, CD8alpha+ and CD4-
frontiersin.org

https://doi.org/10.1016/S2666-6367(23)00102-1
https://doi.org/10.1182/blood-2023-189534
https://doi.org/10.3389/fimmu.2017.01178
https://doi.org/10.1084/jem.20031462
https://doi.org/10.1158/1078-0432.CCR-05-0877
https://doi.org/10.1200/JCO.2006.08.5787
https://doi.org/10.1111/imcb.12331
https://doi.org/10.3389/fmed.2022.897750
https://doi.org/10.4049/jimmunol.167.6.3114
https://doi.org/10.1182/bloodadvances.2023010032
https://doi.org/10.3390/ijms22031096
https://doi.org/10.1016/j.ccell.2018.08.017
https://doi.org/10.1016/j.ccell.2018.08.017
https://doi.org/10.4049/jimmunol.163.9.4647
https://doi.org/10.1038/nri1309
https://doi.org/10.1158/1078-0432.CCR-21-1329
https://doi.org/10.1016/j.celrep.2018.02.058
https://doi.org/10.1016/j.celrep.2018.02.058
https://doi.org/10.1172/JCI37869
https://doi.org/10.3389/fimmu.2023.1176724
https://doi.org/10.1016/j.clim.2011.01.009
https://doi.org/10.4049/jimmunol.0800126
https://doi.org/10.1158/1078-0432.CCR-06-0114
https://doi.org/10.1158/1078-0432.CCR-06-0114
https://doi.org/10.1016/j.clim.2022.108992
https://doi.org/10.1002/onco.13899
https://doi.org/10.1002/onco.13899
https://doi.org/10.1158/1078-0432.CCR-16-0600
https://doi.org/10.1158/1078-0432.CCR-16-0600
https://doi.org/10.1038/s41388-024-02948-y
https://doi.org/10.2147/JHC.S416933
https://doi.org/10.1182/blood.2020005185
https://doi.org/10.1182/blood.2020005185
https://doi.org/10.3389/fimmu.2020.01973
https://doi.org/10.1016/j.jtct.2023.12.072
https://doi.org/10.1016/j.jtct.2023.12.072
https://doi.org/10.1038/s41591-023-02363-y
https://doi.org/10.1182/blood-2013-11-541235
https://doi.org/10.1182/blood-2013-11-541235
https://doi.org/10.4049/jimmunol.1800429
https://doi.org/10.1172/JCI83476
https://doi.org/10.1016/j.xcrm.2021.100449
https://doi.org/10.1158/1078-0432.CCR-19-0421
https://doi.org/10.3389/fimmu.2023.1118681
https://doi.org/10.1016/j.isci.2023.108597
https://doi.org/10.1016/j.isci.2023.108597
https://doi.org/10.1182/blood-2008-06-161281
https://doi.org/10.1007/s00262-020-02742-1
https://doi.org/10.1007/s00262-020-02742-1
https://doi.org/10.3389/fimmu.2023.1173375
https://doi.org/10.3324/haematol.2020.266841
https://doi.org/10.1038/s41591-023-02491-5
https://doi.org/10.1039/D0MH00898B
https://doi.org/10.1158/1078-0432.CCR-18-2559
https://doi.org/10.1158/1078-0432.CCR-18-2559
https://doi.org/10.1016/j.ccell.2015.09.004
https://doi.org/10.1016/j.ccell.2015.09.004
https://doi.org/10.3389/fimmu.2024.1436968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


O’Neal et al. 10.3389/fimmu.2024.1436968
CD8alpha- invariant natural killer T cells. PloS One. (2011) 6:e28648. doi: 10.1371/
journal.pone.0028648

99. Nicol A, Nieda M, Koezuka Y, Porcelli S, Suzuki K, Tadokoro K, et al. Human
invariant valpha24+ natural killer T cells activated by alpha-galactosylceramide (KRN7000)
have cytotoxic anti-tumour activity through mechanisms distinct from T cells and natural
killer cells. Immunology. (2000) 99:229–34. doi: 10.1046/j.1365-2567.2000.00952.x

100. Takami M, Aoki T, Nishimura K, Tanaka H, Onodera A, Motohashi S. Anti-
valpha24Jalpha18 TCR antibody tunes iNKT cell responses to target and kill CD1d-
negative tumors in an fcgammaRII (CD32)-dependent manner. Cancer Res Commun.
(2024) 4:446–59. doi: 10.1158/2767-9764.CRC-23-0203

101. Kim MY, Jayasinghe R, Devenport JM, Ritchey JK, Rettig MP, O’Neal J, et al. A
long-acting interleukin-7, rhIL-7-hyFc, enhances CAR T cell expansion, persistence, and
anti-tumor activity. Nat Commun. (2022) 13:3296. doi: 10.1038/s41467-022-30860-0

102. Heczey A, Courtney AN, Montalbano A, Robinson S, Liu K, Li M, et al. Anti-
GD2 CAR-NKT cells in patients with relapsed or refractory neuroblastoma: an interim
analysis. Nat Med. (2020) 26:1686–90. doi: 10.1038/s41591-020-1074-2

103. Berrien-Elliott MM, Becker-Hapak M, Cashen AF, Jacobs M, Wong P, Foster M,
et al. Systemic IL-15 promotes allogeneic cell rejection in patients treated with natural
killer cell adoptive therapy. Blood. (2022) 139:1177–83. doi: 10.1182/blood.2021011532

104. Stein-Thoeringer CK, Saini NY, Zamir E, Blumenberg V, SchubertML,MorU, et al. A
non-antibiotic-disrupted gut microbiome is associated with clinical responses to CD19-CAR-T
cell cancer immunotherapy. Nat Med. (2023) 29:906–16. doi: 10.1038/s41591-023-02234-6

105. Yoo JS, Oh SF. Unconventional immune cells in the gut mucosal barrier:
regulation by symbiotic microbiota. Exp Mol Med. (2023) 55:1905–12. doi: 10.1038/
s12276-023-01088-9

106. Zeissig S, Blumberg RS. Commensal microbiota and NKT cells in the control of
inflammatory diseases at mucosal surfaces. Curr Opin Immunol. (2013) 25:690–6.
doi: 10.1016/j.coi.2013.09.012
Frontiers in Immunology 10
107. Rubio MT, Moreira-Teixeira L, Bachy E, Bouillie M, Milpied P, Coman T, et al.
Early posttransplantation donor-derived invariant natural killer T-cell recovery
predicts the occurrence of acute graft-versus-host disease and overall survival. Blood.
(2012) 120:2144–54. doi: 10.1182/blood-2012-01-404673

108. Li YR, Dunn ZS, Garcia GJr., Carmona C, Zhou Y, Lee D, et al. Development of
off-the-shelf hematopoietic stem cell-engineered invariant natural killer T cells for
COVID-19 therapeutic intervention. Stem Cell Res Ther. (2022) 13:112. doi: 10.1186/
s13287-022-02787-2

109. Zhu Y, Smith DJ, Zhou Y, Li YR, Yu J, Lee D, et al. Development of
hematopoietic stem cell-engineered invariant natural killer T cell therapy for cancer.
Cell Stem Cell. (2019) 25:542–57 e9. doi: 10.1016/j.stem.2019.08.004

110. Koga K, Wang B, Kaneko S. Current status and future perspectives of HLA-
edited induced pluripotent stem cells. Inflammation Regen. (2020) 40:23. doi: 10.1186/
s41232-020-00132-9

111. Rotolo A, Whelan EC, Atherton MJ, Kulikovskaya I, Jarocha D, Fraietta JA,
et al. Unedited allogeneic iNKT cells show extended persistence in MHC-
mismatched canine recipients. Cell Rep Med. (2023) 4:101241. doi: 10.1016/
j.xcrm.2023.101241

112. Makino Y, Kanno R, Ito T, Higashino K, Taniguchi M. Predominant expression
of invariant V alpha 14+ TCR alpha chain in NK1.1+ T cell populations. Int Immunol.
(1995) 7:1157–61. doi: 10.1093/intimm/7.7.1157

113. Toura I, Kawano T, Akutsu Y, Nakayama T, Ochiai T, Taniguchi M. Cutting
edge: inhibition of experimental tumor metastasis by dendritic cells pulsed with alpha-
galactosylceramide. J Immunol. (1999) 163:2387–91. doi: 10.4049/jimmunol.163.5.2387

114. Giaccone G, Punt CJ, Ando Y, Ruijter R, Nishi N, Peters M, et al. A phase I
study of the natural killer T-cell ligand alpha-galactosylceramide (KRN7000) in
patients with solid tumors. Clin Cancer Res. (2002) 8:3702–9.
frontiersin.org

https://doi.org/10.1371/journal.pone.0028648
https://doi.org/10.1371/journal.pone.0028648
https://doi.org/10.1046/j.1365-2567.2000.00952.x
https://doi.org/10.1158/2767-9764.CRC-23-0203
https://doi.org/10.1038/s41467-022-30860-0
https://doi.org/10.1038/s41591-020-1074-2
https://doi.org/10.1182/blood.2021011532
https://doi.org/10.1038/s41591-023-02234-6
https://doi.org/10.1038/s12276-023-01088-9
https://doi.org/10.1038/s12276-023-01088-9
https://doi.org/10.1016/j.coi.2013.09.012
https://doi.org/10.1182/blood-2012-01-404673
https://doi.org/10.1186/s13287-022-02787-2
https://doi.org/10.1186/s13287-022-02787-2
https://doi.org/10.1016/j.stem.2019.08.004
https://doi.org/10.1186/s41232-020-00132-9
https://doi.org/10.1186/s41232-020-00132-9
https://doi.org/10.1016/j.xcrm.2023.101241
https://doi.org/10.1016/j.xcrm.2023.101241
https://doi.org/10.1093/intimm/7.7.1157
https://doi.org/10.4049/jimmunol.163.5.2387
https://doi.org/10.3389/fimmu.2024.1436968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Traversing the bench to bedside journey for iNKT cell therapies
	Introduction
	iNKT cells for GVHD suppression
	Murine iNKT cells suppress GVHD
	Human iNKT cells suppress GVHD in pre-clinical studies
	Clinical trials harnessing iNKT cells for GVHD suppression
	Challenges in clinical development of iNKT cell-based approaches to GVHD suppression

	iNKT cells for targeting malignant disease
	Anti-tumor effects of unedited iNKT cells in mice and humans
	Clinical trials testing human iNKT cells for anti-tumor function
	Advantages of iNKT cells as a platform for CAR therapy
	Preclinical studies of CAR-iNKT cells
	CAR-iNKT cells in the clinic

	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


