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A B S T R A C T   

Chimeric antigen receptor (CAR) T cell is a T lymphocyte-based immunotherapy, which achieves great successes 
in treating blood malignancies and provides new hope to cue advanced cancer patients. Invariant natural killer T 
(iNKT) cells are a kind of special T lymphocytes characterized by expressing invariant TCR of Vα24Vβ11 to 
recognize CD1d-presented glycolipid antigens, which bridge innate and adaptive immune responses. iNKT cells 
themselves show strong anti-tumor effect in tumor models via CD1d-mediated killing of CD1d-positive tumor 
cells and immunosuppressive TAMs and MDSCs, and are closely related to the prognosis of cancer patients. iNKT 
cells are not restricted to polymorphic human leukocyte antigen (HLA) and can prevent Graft versus Host Disease 
(GvHD), which makes it to be an ideal CAR vector for allogeneic therapy. Although CAR-iNKT was developed and 
verified by several different teams and attracts more and more attentions, many obstacles are still needed to be 
resolved before obtaining CAR-iNKT therapeutics. In this review, we summarized the current status of clinical 
application of iNKT cells and the latest achievements of CAR-iNKT cells, which provides new insight in CAR-iNKT 
development and usages.   

Introduction 

In recent years, chimeric antigen receptor T cells (CAR-T) had ach
ieved remarkable achievements in the treatment of hematologic ma
lignancies, especially in patients with CD19-positive refractory or 
relapsed B-ALL with the complete remission (CR) rate of 90% [1–6]. In 
contrast, treatment of solid tumors by CAR-T are not optimistic [7]. Even 
though hundreds of experimental researches are exploring to make a 
breakthrough for solid tumors, no one can prevail over the therapeutic 
efficiency of CAR-T for CD19-positive B cell acute lymphoblastic leu
kemia. Various barriers restrict the efficacy of CAR-T cell therapy in 
solid tumors. Firstly, immunosuppressive tumor microenvironment in 
solid tumor brings tremendous challenges for CAR-T therapy, such as 
physical barriers, poor nutrients, metabolic products, immunosuppres
sive cells and checkpoint inhibitions, etc. [8]. In addition, inefficient T 
cell trafficking is also an obstacle for CAR-T therapy in solid tumor. 
Therefore, there is an urgent need to adopt alternative strategies to 
overcome those limitations and improve the safety, efficacy and appli
cability of CAR-mediated immunotherapy against a wider range of 
cancers. 

Natural killer T (NKT) cells are kind of non-MHC-restricted T lineage 
cells that share morphological and functional characteristics with both T 
cells and NK cells [9]. Invariant nature killer T (iNKT) cells are the main 
subtype of human NKT cells, expressing Vα− 24 and Jα− 18 chains in 
human, which can transform into mature iNKT cells via recognizing 
glycolipid antigens presented by CD1d molecules [10]. α-GalCer is one 
of the classic ligands of iNKT cells, which helps to activate iNKT cells to 
produce a large amount of immunomodulatory factors and tumor killing 
cytokines, such as perforin and granzymes [11]. In addition, many of the 
cytokines secreted by iNKT cells have powerful effects on DC maturation 
and αβT differentiation, linking iNKT cells to adaptive defense [12]. 
Hence, iNKT cells are considered as a bridge between innate immune 
system and adaptive immune system (Fig. 1). Most importantly, iNKT 
cells can kill tumor associated macrophages(TAMs) and abolish the 
immunosuppressive activity of myeloid derived suppressor cells 
(MDSCs) in a CD1d-dependent manner [13]. As compared to T cells, 
iNKT cells express more chemokine receptors CCR1, CCR2, CCR4, CCR5, 
CCR6 and CXCR3, which may facilitate iNKT cells infiltration into tumor 
and then recruit other immune effector cells [14]. Recently, more and 
more researches focused on the application of iNKT cells against cancer. 

* Corresponding authors. 
E-mail addresses: jnzheng@xzhmu.edu.cn (J. Zheng), lhz@xzhmu.edu.cn (H. Li).  

Contents lists available at ScienceDirect 

Translational Oncology 

journal homepage: www.elsevier.com/locate/tranon 

https://doi.org/10.1016/j.tranon.2022.101342 
Received 7 January 2022; Accepted 7 January 2022   

mailto:jnzheng@xzhmu.edu.cn
mailto:lhz@xzhmu.edu.cn
www.sciencedirect.com/science/journal/19365233
https://www.elsevier.com/locate/tranon
https://doi.org/10.1016/j.tranon.2022.101342
https://doi.org/10.1016/j.tranon.2022.101342
https://doi.org/10.1016/j.tranon.2022.101342
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2022.101342&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Translational Oncology 17 (2022) 101342

2

Clinical studies have found that the number and proportion of iNKT cells 
infiltrating in tumors are positively correlated with the overall survival 
rate of patients [15]. This review mainly focuses on the progress of iNKT 
and CAR-iNKT in pre-clinical and clinical researches, uncovers their 
advantages and potential usage in cancer immunotherapy. 

Development of iNKT cells 

NKT cells develop in the thymus from precursor cells that produce αβ 
T and γδ T cells [16]. NKT cells follow the growth path of traditional T 
cells until the positive selection stage is selected by CD1d molecules on 
the surface of CD4+CD8+ cortical thymocytes [17]. NKT cells are 
essentially T cells that differentiate in the thymus and rearrange and 
express T cell receptor (TCR) gene [18]. For classical NKT cells in mice, 
Vα14 gene fragment and Jα18 gene fragment was recombined to form 
NKT cell TCRα chain, and Vβ8.2, Vβ7, Vβ2 co-expression leads to CD1d 
dependent selection of NKT cells [19]. As NKT cells leave the thymus, 
majority are non-circulating residents in several tissues for a long time, 
including the liver, spleen, lungs and lymph nodes [20]. Interestingly, 
when comparing the content of NKT cells in different mouse tissues, 
Huh.JY found that the proportion of NKT cells in lymphocytes in adipose 
tissue was higher, which may be explained that adipocytes regulate the 
activity of NKT cells through CD1d mediated indirect contact [21]. In 
humans, NKT cells expressing “invariant” TCRα chain has been widely 
studied, which are also known as iNKT cells [19]. Recently, Zhu.Y et al. 
engineered hematopoietic stem cell (HSC) with iNKT TCR to generate 
HSC-iNKT, which resembles endogenous human iNKT cells, effectively 
suppressed tumor in vivo and provide the therapeutic potential for 
future clinical therapy [22]. 

Antitumoral role of iNKT cells 

iNKT cells are restricted by CD1d, a non-polymorphic glycolipid- 

presenting molecule, expressed on professional APCs and some hepa
tocyte or endothelial cells. At the same time, there is no obvious upre
gulation during the maturation of antigen presenting cells, which limits 
the potential toxicity of iNKT cells in autologous or allogeneic settings 
[23–25]. Motohashi.S et al. conducted relevant clinical trials on the 
feasibility and cytotoxicity of patients with advanced or recurrent 
non-small cell lung cancer after in vitro activation of iNKT cells [26]. 
Due to the low content of NKT cells in human peripheral blood mono
nuclear cells, the frequency of NKT cells expanded and in vitro is still 
low, which requires the development of new methods to meet the 
number of clinical scale NKT cells [27]. 

A dose escalation study of α-Galcer proved that there is no dose- 
limiting toxicity for cancer patients [28]. Given α-Galcer-pulsed den
dritic cells (DCs) effectively inhibit mouse liver and lung metastasis by 
specific activation of NKT [29], Chang.D.H et al. demonstrated that 
treatment with α-Galcer loaded DCs significantly increased the number 
of circulating iNKT cells and memory CD8+ T cells in advanced cancer 
patients without serious adverse events. Preclinical studies have shown 
that combining α-Galcer with DCs improves the survival rate of iNKT 
cells in the body [30]. Several phase I clinical trials have used α-GalCer 
loaded monocyte derived APCs to activate iNKT cells in different types 
of cancer patients. Nevertheless, iNKT cell mediated cancer immuno
therapy has remained challenging that a single dose can produce 
short-term effects, repeated infusion of iNKT cells may be required 
before the content is detected in the blood sample [27,31–33]. 

In order to enhance the activation ability of iNKT, α-GalCer com
bined with TLR9 stimulation showed enhanced cross-talk between DC 
and iNKT cells [34]. In addition, Corgnac.S et al. proved that the re
combinant CD1d protein has the ability to maintain the response of iNKT 
cells through multiple stimulation, and the fusion of cancer cells tar
geting CD1d molecules with anti-tumor scFv can more effectively locate 
iNKT cells to tumor site [35]. iNKT cells can activate and recruit a va
riety of anti-tumor effector cells into the tumor microenvironment to 
enhance the anti-tumor immune responses. A new clinical study devel
oped intranasal administration more effectively activate iNKT cells in 
the tumor microenvironment [36]. For patients with advanced or 
recurrent non-small cell lung cancer (NSCLC), 8 of 19 subjects were 
reaching disease stable [37]. The patients with head and neck squamous 
cell carcinoma were treated with intranasal injection of iNKT cells 
combined with α-GalCer pulsed DCs observed that infiltration of iNKT 
cells into tumor site, which is necessary for anti-tumor immune response 
[38]. In another phase I/II clinical trial, it has been proved that the in
jection of iNKT cells could increase IFN-γ-producing cells [39]. Ac
cording to the different expression of CD4 and CD8, iNKT cells are 
divided into three subsets, and both secrete Th1 and Th2 cytokines. 
CD8α+iNKT cells are dominant in Th1 cytolytic activity, while CD4+

iNKT cells release the most Th2 cytokines [40]. Furthermore it is still 
unclear that how these opposing functional activities are regulated [41]. 
Relevant reports pointed out that producing more CD4− iNKT cells is the 
direction of future iNKT immunotherapy [42], this undoubtedly pre
sents a new challenge to iNKT cell immunotherapy. 

iNKT protect from graft-versus-host-disease (GvHD) 

In mice, iNKT cell groups include iNKT1, iNKT2, iNKT17 [18,43]. In 
order to observe the proliferation and migration of iNKT cells after 
allogeneic gene transplantation, the highly purified CD4+ iNKT cells 
from C57 mice were injected into BALB/c mice, which were first 
expanded in lymphoid organs, and then migrated to GvHD target organs, 
but did not cause dramatic changes in body weight and significant 
mortality [44]. In addition, Schneidawind.D et al. verified the ability of 
purified CD4+ iNKT cells to maintain graft-versus-tumor (GvT) effect by 
constructing two kinds of allogeneic hematopoietic cell transplantation 
(HCT) models in mice [45]. It has been reported that iNKT1 can down 
regulate the oxidative phosphorylation of traditional T cells, accelerate 
the transformation of glycolysis, and cause pro-inflammatory metabolic 

Fig. 1. iNKT cells act as a key player linking innate and adaptive immune re
sponses through direct killing and adjuvant effects. 
iNKT cells recognized endogenous and/or exogenous glycolipid antigen in the 
complex of CD1d molecule, which can immediately release both Th1 and Th2 
types of cytokines upon activation. Meanwhile the activated iNKT cells mediate 
adjuvant effects, which leads to NK cells expansion, DCs maturation, involves 
cell-cell contacts and soluble factors. IL-12 secreted by DCs conversely stimulate 
more IFN-γ-producing iNKT cells. Furthermore, iNKT cells can mediate 
powerful antitumor response through cytolysis or directly kill tumor cells via 
Fas/FasL pathway. 
CD40L, CD40 ligand; GM-CSF, granulocyte-macrophage colony-stimulating- 
factor; IFN-γ, interferon-γ; IL-12R, IL-12 receptor; IL-21R, IL-21 receptor; 
iTCR, invariant T cell receptor; TNF, tumor necrosis factor. 
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state, which may lead to the risk of GvHD [46,47]. However, iNKT cells 
can modulate GvHD through IL-4 production, and iNKT2 and iNKT17 
are potential IL-4 producers. Maas-Bauer.K et al. proved that iNKT2 and 
iNKT17 have immunomodulatory properties, which can effectively 
prevent the activation of T cells in vitro and alleviate acute GvHD in 
mice [48]. 

Human iNKT cells have not been studied to the same extent as mouse 
iNKT cells, most of which are differentiated by the expression of CD4 
and CD8 [49]. In addition, activated iNKT cells are more likely to be 
described as T-cell-like through different cytokine secretion character
istics. In view of the effectiveness of donor iNKT cells in controlling 
aGVHD in immunodeficient mice, iNKT cells may also have similar 
protective effect in clinical trials. However, Coman.T et al. found that 
the dosage of CD4− iNKT cells is an important determinant of the 
severity of GvHD in the process of HLA-specific allogeneic hematopoi
etic stem cell transplantation (HSCT) [50]. Some clinical aHSCT ex
periments have proved that the release of cytokines can accelerate the 
occurrence of GvHD, including tumor necrosis factor (TNF-α) and IL-1 
[51]. CD4− iNKT cells are different from CD4+ iNKT cells in cytokines 
and cytotoxicity, the former contains IFN-γ and the preferential release 
of perforin has the characteristics of Th1 type cytokines [41]. Erkers.T 
et al. believe that in human iNKT cells, CD4+ iNKT cells are more closely 
related to the production of IL-4, and the expression of KLRG1 and CD94 
better defines the Th1 iNKT and cytotoxic subsets, especially the 
expression of CD94 is only on CD4 iNKT and will reduce the production 
of IL-4 [52]. Andrews.K et al. found that CD2/3/28 activated iNKT cells 
can change the ratio of Th1/Th2 cytokines released by iNKT cells and 
enhance the cytotoxicity of iNKT cells. In vitro expansion of iNKT cells 
through IL2 and IL-7 can be preferred expansion of CD4+ iNKT cell 
subsets [53]. However, what exactly affects and maintains the ratio of 
CD4+ and CD4− iNKT cells is currently unclear. 

GvHD is the main source of the morbidity and mortality of hetero
geneous HSCT, which is also one of the major obstacles restricting 
allogenic CAR-T for off-the-shelf use. Compared with T cells, iNKT cells 
are not restricted by MHC but presented by CD1d molecules. INKT cell 
immunotherapy has been shown to have the ability to prevent GvHD in 
mouse models. The latest experiments have found that iNKT cells can 
inhibit allogeneic conventional dendritic cells (cDCs) cells without 
affecting the presentation of plasmacytoid dendritic cells (pDCs) to 
microorganisms and viruses [54]. In the process of allogeneic therapy, it 
can reduce the activation of autologous T cells and the possibility of 
GvHD. However, this does not mean that immune rejection will be 
completely avoided. Allogeneic iNKT cells induce autologous T cells to 
recognize non-self pMHC and produce direct homologous recognition 
attack. At the same time, the release of non-self peptide after donor cell 
death is recognized by DCs and may be presented to naive T cells on their 
own MHC. After recognition stimulation, Cytotoxic T Lymphocyte (CTL) 
is generated to attack allogeneic cells and produce indirect rejection. To 
date, extensive pre-clinical and clinical evidence demonstrate an 
attractive role of iNKT in protecting from GvHD, which supports that 
iNKT-based immunotherapy could be derived from healthy donor 
without risk of GvHD. For the allogeneic application, GvHD should be 
preferred instead of producing stronger cytotoxicity, which is important 
for the transformation of iNKT cell therapy into anti-tumor immuno
therapy and the prevention of GvHD significance. 

CAR-modified iNKT cells show potent antitumor efficiency 

Clinical trials related to iNKT cells still have problems such as low 
frequency of iNKT cells and insufficient infiltration in tumor cells [27, 
42]. At the same time, the majority of tumor cells are CD1d negative or 
CD1d expression is down regulated in the process of tumor develop
ment, which makes iNKT cells unable to directly recognize [55,56]. In 
fact, due to the lack of direct anti-tumor targets for the entry of iNKT 
cells into the body, CD1d mediated iNKT cell activation is not enough to 
maintain its function, and additional stimulation signals are required 

[57]. Therefore, it is necessary to develop new methods to improve the 
anti-tumor ability of iNKT cells. 

Given the powerful antitumor responses through direct tumor lysis, 
cytokines modulation of other immune effector cells, tumor infiltration 
via a variety of chemokines, and inhibition of immunosuppressive cells, 
iNKT cell is considered as an ideal alternative for CAR strategies (Fig. 2). 
Autologous CAR-T cells have achieved tremendous advances in treating 
hematological malignancies [58–60]. Nevertheless, the personalized 
CAR-T therapy means labor-intensive work and increased production 
time as well as expensive treatment price [61]. Multiple facilities 
committed to develop next-generation universal or off-the-shelf CAR cell 
products, which can be uniformly manufactured from healthy donor and 
more readily available for patients [62–64]. The critical step toward the 
generation of universal CAR-T would be deletion endogenous TCR by 
gene editing. Considering allogenic iNKT cells don’t cause GvHD, they 
provide a promising option in future universal CAR clinical studies. 

The basic structure of CAR includes an extracellular antigen recog
nition domain, which is the single-chain Fragment variant (scFv) 
derived from an antibody, a transmembrane domain and the intracel
lular cell activation domain of CD3ζ [65]. At present, second-generation 
CAR construct incorporating costimulatory domain CD28 or 4–1BB in 
tandem with CD3ζ is most widely used [66,67]. It is expected that iNKT 
engineered with CAR can redirect them to desired antigen and further 
enhance the antitumor efficacy. Further enhancing the persistence and 
antitumor activity of iNKT can be achieved by providing the best stim
ulation signal in CAR structure, which is also crucial for the clinical 
efficacy of iNKT immunotherapy. Costimulatory domain composed of 
4–1BB increased the proliferation of iNKT cells and the ability to kill 
macrophages [68]. CD28 and 4–1BB have different effects on the dis
tribution of cytokines in iNKT cells. 4–1BB tends to release Th1 type 
cytokines such as IFN-γ and GM-CSF, while CD28 can induce NKT cells 
to produce more IL-4 and IL-10 [69]. However, there is no direct evi
dence for the association between costimulatory domain and Th1/2 
phenotype. It is worth noting that CAR-iNKT cells containing 4–1BB 
costimulatory domain did not increase the production of IL-6, which is 
one of the important cytokines associated with cytokine release syn
drome. 4–1BB may provide an effective co-stimulation for optimal 
expansion and function of iNKT cells [70]. At the same time, experi
ments have proved that 4–1BB costimulation leads to activation induced 
cell death (AICD) of CAR-iNKT cells, and found that the activity of death 
receptor dependent caspase-8 is higher than that containing CD28. In 
addition, CAR-iNKT co-stimulated by CD28 also showed advantages in 
anti-apoptotic ability [71]. 

Heczey et al. verified that CAR-iNKT cells effectively localized to the 
neuroblastoma site and showed dual antitumor activity against GD2- 
positive tumor cells and CD1d-positive TAMs. Moreover, they pro
vided the first evidence that compared to CAR-T cells, CAR.GD2-NKT 
didn’t cause GvHD disease using hu-NSG mouse model [69]. 
Compared with traditional CAR T cells, CAR iNKT cells showed similar 
cytotoxic effects on melanoma cells [72]. Multiple myeloma(MM) is a 
plasma cell carcinoma expressing CD1d, which can be recognized by 
iNKT cells. BCMA.CAR transduced iNKT cells can effectively reorient the 
killing function of iNKT cells to MM cells. Anti BCMA.CAR immuno
therapy combined with iNKT cells has shown good early clinical effi
cacy, which proved the effectiveness and feasibility of CAR-iNKT in 
tumor treatment [70,73]. Recent study found that CAR.19-iNKT cells 
show enhanced dual cytotoxicity against CD1d-expressing lymphoma 
through targeting both CD19 by CD19.CAR and CD1d by endogenous 
iTCR respectively. Notably, eradication of relapsed brain lymphoma in 
CAR.19-iNKT cells-treated mice might be related to inherent chemo
tactic properties [74]. These findings demonstrate feasibility of 
CAR-engineered iNKT cells and their potential advantages over con
ventional T cells (Table 1). Unfortunately, preclinical and clinical 
studies showed CAR-iNKT cells are required either repeated doses or 
additional cytokines administration due to their short-term persistence 
[69]. Therefore, it is critical to optimize CAR strategies to expand its 
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application and improve longer-term efficacy. 

Key cytokines augment CAR-iNKT function 

Cytokines are important promoter involved in activation, prolifera
tion, differentiation and immigration for immune effector cells including 
CAR-based immunotherapy [75,76]. Poor proliferation and short-term 
persistence of CAR-transduced effector cells leads to tumor relapse 
after transient remission. Many studies have reported the relationship 
between STAT5-related cytokines and tumor immunotherapy, such as 
IL-2, IL-15 [77,78]. Recent preclinical studies proved that STAT3 
signaling pathway enhances the efficacy of CAR-T against patients with 
chronic lymphoblastic leukemia [79,80]. IL-23 can promote the prolif
eration of memory T cells through activating STAT3 pathway [81,82] . 
Ma.X et al. found that IL-23 can also provide a strong selective prolif
eration signal for CAR-T in tumor microenvironment [82]. 

IL-21 

IL-21 is a member of the common γc cytokine family, which play a 
role in the development of innate and adaptive immune responses to 
pathogens and tumors [83–85]. IL-21 can activate a variety of immune 
cells through IL-21 receptor (IL-21R) [86]. IL-21 is mainly produced by 
CD4+ T cells and iNKT cells. Compared with conventional CD4+ T cells, 
iNKT cells can produce more IL-21, which can increase the production of 
perforin to optimize the cytotoxicity of NK cells and selectively enhance 
DCs to induce iNKT cells to release IFN-γ [87,88]. Previous studies have 
shown that IL-21 can maintain the function of activated T cells and help 
CD8+ T cells to infiltrate tumor while effectively expanding NK cells 
[89]. IL-21 can selectively proliferate Tim-3-negative T cell subsets [90] 
and inhibit Foxp3+ Treg cells, thus promote the antitumor activity of 
effector cells [91]. Recently, it has been reported that combination with 
IL-21 prolongs the efficacy of anti-CTLA-4 or anti-PD-1 therapy in the 
colon and breast cancer mouse models [92]. Li.Y et al. innovatively 
fused IL-21 to PD-1 antibody, the new fusion protein showed enhanced 
memory tumor-reactive T cells responses [93]. 

Different from T cells in peripheral blood, iNKT cells have no clear 
division of mature immature memory phenotype. CD62L expression is 
considered to be one of the indicators of memory iNKT. Preliminary 
analysis of immune related genes found that the expression level of IL- 
21R mRNA in CD62L+ iNKT subgroup was significantly higher [94]. 
IL-21 can selectively inhibit the apoptosis of CD62L+ iNKT by promoting 
the expression of Bcl-2, which is beneficial to the survival of iNKT cells. 
At the same time, IL-21 promotes the transformation of iNKT cells into 
Th1 type cells [95]. Recent studies have reported that IL-21 plays a 
prominent role in maintaining the central memory phenotype of iNKT 
and enhancing the anti-tumor function of iNKT cells. Moreover, 
IL2/IL-21 amplified CAR-iNKT significantly improves the long-term 
disease-free survival of the treated mice compared with the mice 
treated with IL-2 amplified cells [96]. IL-21 predominately induce 
STAT3 activation through binding motif YXXQ within IL-21R to promote 
memory cell formation and effector cells proliferation. A novel study 
armed CD19.CAR-T with truncated IL-2Rβ and YXXQ, characterized by 
antigen-dependent rather than constitutive activation, showed superior 
antitumor effects and less risk caused by excessive growth potential 
[79]. In view of the essential role of IL-21 in iNKT differentiation, similar 
strategy could be developed in CAR-iNKT cells, independent of antigen 

Fig. 2. The role of CAR-iNKT cells in tumor 
microenvironment. 
After engineered with chimeric antigen re
ceptors (CARs), CAR-iNKT cells show specific 
killing effect against tumor cells expressing 
specific targets. The evolutionary conserved 
potential of higher expression of chemokines 
facilitate CAR-iNKT cells migration to the 
tumor site. Most importantly, CAR-iNKT could 
recognize and inhibit CD1d-positive TAMs and 
MDSC, which promote tumor progression and 
protect tumors from the attack of immune ef
fectors through buildup immune-suppressive 
environment. The tumor microenvironment is 
characterized by hypoxia, acidic conditions and 
nutrient deficiency. CAR-iNKT cells co- 
expressing IL-15 or other cytokines have the 
ability to improve the living environment and 
prolong the survival of CAR-iNKT cells.   

Table 1 
Pros and cons of CAR-iNKT cells and CAR-T cells.   

CAR-T CAR-iNKT 

Therapeutic 
target 

Almost unlimited  
A variety of hematological and 
solid tumors-related targets 

Limited  
Currently only GD2, CD19, 
CSPG4 and BCMA 

Advantages Easy access 
Good Clinical efficacy for 
hematological malignancies 

Naturally traffic to tumor 
site 
Modulate immune- 
suppressive cells  
Do not mediate GvHD 
Allogeneic therapeutic 
potential 

Challenges Long manufacturing time 
Variability between personalized 
products  
Limited success in solid tumors 
Cytokine release syndrome 

Low frequency 
Limited persistence 

Production 
cost 

Currently high Expected decrease 

CAR, Chimeric Antigen Receptor; MHC, Major Histocompatibility Complex; 
GvHD, Graft-versus-Host Disease. 
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specificity. 

IL-15 

IL-15 plays a critical role in the development and maintenance of 
memory CD8 T-cells, NK and iNKT cells [97]. Although the mechanism 
of memory differentiation of human iNKT has not been fully explored, 
the maintenance of peripheral iNKT largely depends on the steady-state 
proliferation mediated by IL-15 [98]. 

Baev.DV et al. demonstrated that CD4− iNKT cells are more 
responsive to IL-15 due to higher frequency of IL-15R expression than in 
CD4+ iNKT cells, which produced more Th1 type cytokines and less Th2 
type cytokines. In contrast, CD4+ iNKT cells predominantly respond to 
IL-7 [99]. In addition, in animal models, CD4− iNKT cells showed better 
antitumor efficacy than CD4+ iNKT cells [100]. IL-15 promotes the 
expression of granzyme, IFN-γ and other effector molecules in iNKT cells 
[101]. Liu.D et al. pointed out that TBKBP1 is an essential regulator for 
iNKT survival mediated by IL-15. The loss of TBKBP1 can reduce the 
expression of Bcl-2, Bcl-xl and other anti-apoptotic molecules. Its se
lective role in iNKT cells may be explained by a higher expression of 
TBKBP1 than in T cells [102]. The transgenic IL-15 promoted 
memory-like differentiation and protect iNKT from hypoxia [103]. Xu 
et al. reported that iNKT cells engineered with GD2-specific CAR 
co-expressing IL-15 exerted superior therapeutic efficacy in NB xeno
grafts models, with reduced exhaustion, prolonged in vivo persistence, 
and enhanced localization to primary metastatic site [71]. Subse
quently, they registered the first clinical trial (NCT03294954) to test 
safety and feasibility of autologous GD2.CAR.15-iNKT to treat children 
with neuroblastoma. Recent interim results of the first three patients 
demonstrated CAR-NKT could be expanded to clinical scale and 
well-tolerated without CRS and neurotoxicity. In addition, CAR-iNKT 
cells persist throughout 4-week evaluation and mediate bone metasta
tic lesion regression in one patient [104]. In view of systemic adminis
tration of IL-15 in cancer patients showed dose-limiting toxicities of 
hypotension, thrombocytopenia and elevated transaminase [105]. 
Therefore, the additional risk from incorporated IL-15 need to be fully 
evaluated. 

IL-7 

As above-mentioned, IL-15 show promising antitumor properties by 
promoting the long-term survival of CD8+ T cells [106]. However, IL-7 

play an adjuvant role of potentiating therapeutic efficacy by expanding 
polyfunctional CD4+ T cells [107]. Whether they have a similar effect on 
iNKT or CAR-iNKT cells deserves further study. At present, a variety of 
strategies combination α-Galcer with homeostatic growth factor are 
being developed to improve antitumor efficacy of iNKT cells. Multiple 
schemes may lead to selective expansion of differential iNKT sub
populations. Human immature iNKT cells with IL-7 can induces obvious 
effect memory phenotype and regulate the expression of cytokines 
[108]. Compared with IL-2 alone, IL-7 further promoted the selective 
expansion of CD4+ iNKT cells and enhanced Th2-type cytokines pro
duction [109]. The activation of IL-7R leads to a stronger signal cascade 
and enhances the phosphorylation of STAT-5, which may be a signal 
pathway of IL-7R/STAT5 interaction to further maintain the prolifera
tion of CAR-iNKT cells. 

Conclusion and future perspective 

So far, numerous pre-clinical studies have confirmed the antitumor 
efficacy of iNKT cells against various malignancies. Clinical trials using 
iNKT cells have demonstrated the potential for developing off-the-shelf 
therapies (Table 2). However, poor expansion obviously hinder the 
clinical application. With the development of synthetic activators of 
iNKT cells with more specific and predictable effects, including Th1 or 
Th2-biased cytokine secretion patterns, this will greatly improve the 
understanding and clinical application of iNKT cells. However, 
compared with conventional T cells, our knowledge of iNKT cell dif
ferentiation, functionally diverse subsets, cytokine-producing inclina
tion, survival time and metabolism feature still remains limited. 
Fortunately, modern high-throughput sequence techniques could pro
vide a better understanding their properties at single-cell level. 

For solid tumors, the immunosuppressive tumor microenvironment 
and insufficient expression of chemokine receptors greatly hinder the 
infiltration and weaken the efficacy of CAR-T cell therapy. iNKT cells 
can eliminate TAM, with enrichment in many solid tumor and signifi
cantly hamper CAR-T functions. These inherent characteristics render 
CAR-iNKT cells dual cytotoxicity and eliminate both tumor cells via CAR 
engagement and TAM via native invariant TCR. 

Recently, registered clinical trials using autologous or allogenic CAR- 
iNKT cells are ongoing for patients B cell lymphoma, leukemia and 
glioblastoma. Clinical experiences with CAR-iNKT cells have demon
strated preliminary clinical effect and well-tolerated, but more clinical 
data are not available yet. It is hoped that iNKT cells engineered with 

Table 2 
Preclinical study and clinical trials of CAR-iNKT cells.  

NKT cell 
source 

Activation Expansion Target CS Generation Cancer Phase Ref. or No.NCT 

Healthy 
donors 

Auto feeder cells pulsed with 
α-Galcer 

IL-2 GD2 CD28/4–1BB/ 
CD28+4–1BB 

Second/ 
third 

Neuroblastoma Preclinical [69] 

Healthy 
donors 

Irradiated auto NKT-negative 
cells pulsed with α-Galcer 

IL-2 CD19 4–1BB Second B cell lymphoma Preclinical [94] 

Healthy 
donors 

Anti-CD3 antibody IL-2 CSPG4 CD28 Second melanoma Preclinical [72] 

Healthy 
donors 

Irradiated auto NKT-negative 
cells pulsed with α-Galcer 

IL-2, IL-7 and/ 
or IL-21 

CD19 4–1BB Second B cell lymphoma Preclinical [96] 

Healthy 
donors 

Irradiated auto PBMC pulsed 
with CD3/28 at 1:1 beads-to-cell 

IL-2 and/or IL- 
15 

CD19 CD28/ 
CD28+OX40 

Second/ 
third 

B cell lymphoma Preclinical [74] 

Healthy 
donors 

Irradiated auto NKT-negative 
cells pulsed with α-Galcer 

IL-2, IL-7 and/ 
or IL-21 

GD2 CD28/4–1BB/ 
CD28/4–1BB 

Second/ 
fourth 

Neuroblastoma Preclinical [71] 

Healthy 
donors 

Irradiated auto NKT-negative 
cells pulsed with α-Galcer 

IL-2, IL-7 and 
IL-15 

CD38/ 
BCMA 

CD28/4–1BB Second Multiple 
myeloma 

Preclinical [70] 

Autologous 
iNKT   

GD2 CD28 Fourth Neuroblastoma Phase I 
Recruiting 

NCT03294954 

Allogeneic 
iNKT   

CD19 CD28 Fourth B cell lymphoma Phase I 
Recruiting 

NCT03774654 

Allogeneic 
iNKT   

CD19 4–1BB Fourth B cell lymphoma Phase I 
Recruiting 

NCT04814004 

CS, co-stimulatory domain. 
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more antigen-specific CAR would be evaluated in patients with an 
increasingly wide variety of cancers. In addition, we speculate combi
nation CAR-iNKT cells therapy with either oncolytic virus armed with 
cytokines or chemokines, as well as immune checkpoint inhibitors, 
could further improve therapeutic efficacy through promoting their 
survival and migration. In conclusion, non-conventional iNKT cells 
represent as a novel pleiotropic effectors of CAR-based cancer 
immunotherapy. 
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