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IL-21-armored B7H3 CAR-iNKT
cells exert potent antitumor effects

Yilin Liu,1 Yuanyuan Dang,1 Chuhan Zhang,1 Liu Liu,1 Wenhui Cai,1 Liantao Li,1,2,3 Lin Fang,1,2,3 Meng Wang,1,2,3

Shunzhe Xu,1 Gang Wang,1,2,3,* Junnian Zheng,2,3,* and Huizhong Li1,2,3,4,*

SUMMARY

CD1d-restricted invariant NKT (iNKT) cells play a critical role in tumor immunity. However, the scarcity
and limited persistence restricts their development and clinical application. Here, we demonstrated
that iNKT cells could be efficiently expanded usingmodified cytokines combination from peripheral blood
mononuclear cells. Introduction of IL-21 significantly increased the frequency of CD62L-positive memory-
like iNKT cells. iNKT cells armoring with B7H3-targeting second generation CAR and IL-21 showed potent
tumor cell killing activity.Moreover, co-expression of IL-21 promoted the activation of Stat3 signaling and
reduced the expression of exhaustion markers in CAR-iNKT cells in vitro. Most importantly, IL-21-arming
significantly prolonged B7H3 CAR-iNKT cell proliferation and survival in vivo, thus improving their thera-
peutic efficacy in mouse renal cancer xerograph models without observed cytokine-related adverse
events. In summary, these results suggest that B7H3 CAR-iNKT armored with IL-21 is a promising thera-
peutic strategy for cancer treatment.

INTRODUCTION

Chimeric antigen receptor (CAR)-mediated anti-tumor strategy is a novel immunotherapy approach that currently focuses on the expression

of receptors for specific tumor antigens.1 Despite the breakthroughs CAR-T cell therapy have achieved in malignant hematological diseases,2

there are still some barriers restrict its universal application, including the limited infiltration in solid tumor tissues,3 suppressive tumor

microenvironment,4 and immunological challenges of allogeneic application.5 Since the approved CAR-T therapeutics are produced by

autologous T cells, which are time-consuming and cost-unfriendly, it is difficult to implement for patients with insufficient or incompetent lym-

phocytes.6,7 The application of universal CAR-T cells could greatly reduce the costs and waiting time, however, their therapeutic efficacy in

clinical trials is still unsatisfactory. Moreover, multiple gene editing to generate universal CAR-T might raise safety issues.8–10 Therefore, using

non-MHC-restricted innate lymphocytes to develop universal CAR-T products has become an attractive strategy.

Invariant NKT (iNKT) cells comprise a specialized subpopulation of T cells that express the semi-invariant T cell receptor (TCR) and recog-

nize glycolipids presented on non-polymorphic CD1dmolecules.11 Contrary toMHC-restricted T cells, in autologous or allogeneic therapeu-

tic applications, the potential GvHD of iNKT cells is constrained by the limited expression of the non-peptide glycosylation presenting CD1d

protein.12,13 iNKT cells are involved in innate immunity and rapidly produce a large array of cytokines/chemokines that influence adaptive

immune in the treatment of inflammation and tumors.14,15 The infiltration of iNKT cells into tumors is positively correlated with patients’ prog-

nosis in multiple tumors, and they may serve as a highly effective cellular platform for CAR-mediated immunotherapy.16 CD19-specific CAR-

iNKT cells had shown a stronger antitumor effect for B-cell malignancy in a preclinical study as compare to CD19CAR-T cells due to their CAR-

and CD1d-dependent double-killing mechanism.17 Moreover, CAR-iNKT against solid tumor antigens, such as GD218 and CSPG4,19 had also

shown encouraging results20 in several preclinical studies and clinical trials.

Due to the low frequency of iNKT cells in humans, a method was developed herein for the production of iNKT cells through cytokine cock-

tail and glycolipid antigen activation ex vivo from peripheral or cord blood-derived mononuclear cells. For preclinical and clinical testing, the

iNKT cells obtained through the induction maintained a robust expansion. Although the memory phenotype of iNKT cell is still unknown,21

CD62L is thought to maintain the memory-like characteristics of iNKT cells,22 which has a potent anti-tumor reaction.23 However, the fre-

quency of CD62L-positive iNKT cells was not significantly increased under the initial induction protocol.

The cytokine receptor g chain (gc) family is one of the most widely studied cytokines, including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21,

which jointly promote the development of various immune cell populations and regulate cell differentiation.24 CD62L+ iNKT cell has high

levels of IL-7R and IL-21R mRNA expression according to immunogenetic analyses of iNKT cell subpopulations.22 IL-21 plays a significant

role in the regulation of both innate and adaptive immunity by encouraging the T cell synthesis of Th1-type cytokines23,25 and maintaining
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CD8+ memory T cell production.26 Similarly, IL-7 can promote the survival of CD4+ T cell and enhance anti-tumor immunity.27,28 Accordingly,

in the present study, the initial induction system was optimized by including additional gc family cytokines. Our results showed that the addi-

tion of IL-21, but not IL-7 or IL-15, significantly enhanced the frequency of CD62L+ iNKT cell during induction. Then, the ability of IL-21-

armored B7H3.CAR construct to enhance the anti-tumor activity of iNKT cells was determined. Upon antigen stimulation, we found that

ectopic IL-21 expression led to an increase of Stat3 phosphorylation and a decrease of exhaustion markers in CAR-iNKT cells. In addition,

co-expression of IL-21 prolonged the persistence of CAR-iNKT cells and improved their therapeutic efficacy without obvious toxicity accord-

ing to the results in multiple preclinical tumor models. Overall, an optimization preparation strategy for clinical CAR-iNKT cells was explored,

and an alternative cellular immune platform was provided for the clinical exploration of solid tumors.

RESULT

Presence of IL-21 increases the frequency of CD62L-positive naive iNKT cells

Adoptive cell therapy by using ex vivo expanded iNKT cells is an attractive approach for the treatment of patients with cancer. However, ob-

taining clinical-scale homogeneous Th1-polarized iNKT cells with prolonged persistence remains a great challenge. The optimal conditions

for the generation of high-purity iNKT cells were determined, and a memory-like phenotype of iNKT cells was ensured by examining the fre-

quency of iNKT cells using various combinations of gc family factors and the iNKT cell agonist alpha-galactosylceramide (aGC) in different

protocols. First, the induction efficiency of iNKT was compared by single cytokines, and the results showed that exposure of IL-2 elevated

the percentage of iNKT cells in aGC-pulsed peripheral blood mononuclear cell (PBMC) (Figures 1A and 1B). Then, different combinations

of cytokines were screened, and no significant differencewas observed in the percentage of iNKT cells between different combination groups

(Figures 1C and 1D). However, the number of iNKT cells induced by combined usage of cytokines indeed increased as compared with single

cytokine treated groups (Figure 1E). The frequency of iNKT cells with a central memory phenotype was preserved during expansion, and the

results show that IL-21 upregulated the expression of CD62L on iNKT cells, but not IL-2, IL-7, and IL-15 (Figures 1F and 1G). Through prelim-

inary comparison, the basic conditions for iNKT cell frequency and memory phenotype, including aGc, IL-2, and IL-21, were determined.

CD1d molecules can be expressed on antigen-presenting cells, especially dendritic cells (DCs).29 IL-4 and GM-CSF were added to the

basal protocol, which still increased the iNKT cell frequency without affecting CD62L expression (Figures 1H, 1K, S1A, and S1B) and dramatically

promoted iNKT cell proliferation in the late inductionperiod (Figures 1L and1M).Basedon the resultsofpaired comparisons, IL-21 alsopreserved

the Th1-type chemokine receptors CCR5 andCXCR3 (Figures S1C and S1F) and the initial CD4/8 ratio of iNKT cells (Figures S1G and S1H), which

were represent potentially increased cytotoxic effects and excellent tissue infiltration ability.30Next, iNKT cells were purified using flowcytometry

sorter and over 97% purity of iNKT were obtained and activated by CD3/28 antibodies to their expansion (Figures S2A and S2B). Thereafter, the

amplified iNKT cellswere frozen for conservation and thawed for re-activation and -expansion. In thepresenceof IL-7 and IL-15 in culturemedium

after CD3/28 antibodies-dependent activation preserved their viability and proliferation ability of iNKT cells (Figures S2C and S2D).

Ectopic expression of IL-21 in CAR-iNKT cells improves the percentage of CD62L-positive cells

Retroviral constructs were generated, including a B7H3-specific scFv, human CD8a-derived hinge and transmembrane domains, a human

CD28 costimulatory endodomain, and a human CD3z signaling domain (Figure 2A). The human IL-21 sequence was inserted into the

B7H3.CAR construct following a 2A peptide sequence. Flow cytometry assay demonstrated that ectopic expression of IL-21 did not affect

CAR transducing efficacy (Figures 2B and 2C). Then, kidney cancer cell line 786-O was confirmed to high express B7H3 antigen (Figure 2D).

Upon antigen exposure, IL-21 secretion was increased in both B7H3.CAR-iNKT and B7H3-IL21.CAR-iNKT cells, and higher IL-21 expression

level was found in B7H3-IL21.CAR-iNKT cells (Figure 2E). Notably, CAR-iNKT cells co-expressing IL-21 could effectively maintain CD62L+

naive phenotype during their expansion, suggesting that IL-21 is benefit to sustain the naive phenotype during the iNKT induction and expan-

sion processes (Figures 2F and 2G).

Figure 1. Screening for the optimal conditions to obtain CD62L+iNKT cells

(A and B) Frequency of iNKT cells on day 8 in the presence of a-GalCer (a-Gc) andmultiple cytokines (IL-2, IL-7, IL-15, and IL-21), as determined by flow cytometry

analysis and based on the statistical chart (a-Gc+IL-2 vs. a-Gc+IL-7: p = 0.0114, a-Gc+IL-2 vs. a-Gc+IL-15: p = 0.0084, a-Gc+IL-2 vs. a-Gc+IL-21: p = 0.0060,

Student’s paired t-test. Data are presented as the mean G SD, n = 4).

(C andD) Flow cytometry analysis and statistical charts of a-Gc+IL-2/7, a-Gc+IL-2/15 and a-Gc+IL-2/21 induced iNKT cells on days 8 (NS: not significant, Student’s

paired t-test. Data are presented as the mean G SD, n = 4).

(E) The number of iNKT cells induced by the combined use of cytokines compared to the single cytokine treated group (a-Gc+IL-2 vs. a-Gc+IL-2/7: p = 0.033,

a-Gc+IL-2 vs. a-Gc+IL-2/15: p = 0.0491, a-Gc+IL-2 vs. a-Gc+IL-2/21: p = 0.0384, Student’s paired t-test. Data are presented as the mean G SD, n = 4).

(F and G) CD62L expression of iNKT cells was examined using flow cytometry on induction days 8 (a-Gc+IL-2 vs. a-Gc+IL-2/21: p = 0.0029, a-Gc+IL-2/7 vs.

a-Gc+IL-2/21: p = 0.0025, a-Gc+IL-2/15 vs. a-Gc+IL-2/21: p = 0.0346, Student’s paired t-test. Data are presented as the mean G SD, n = 4).

(H and I) Flow cytometry analysis and statistical charts of a-Gc+IL-2/21 and a-Gc+IL-2/4/21+GM-CSF induced the frequency of iNKT cells on day 8 (a-Gc+IL-2/21

vs. a-Gc+IL-2/4/21+GM-CSF: p = 0.0013, Student’s paired t-test. Data are presented as the mean G SD, n = 4).

(J and K) The proportion of CD62L+iNKT cells by a-Gc+IL-2/21 and a-Gc+IL-2/4/21+GM-CSF as determined using flow cytometry analysis and statistical charts on

day 8 (NS: not significant, Student’s paired t-test. Data are presented as the mean G SD, n = 4).

(L and M) Counting statistics of iNKT cells expansion absolute numbers under the settings of a-Gc+IL-2/21 and a-Gc+IL-2/4/21+GM-CSF. (Day10: a-Gc+IL-2/21

vs. a-Gc+IL-2/4/21+GM-CSF, p = 0.0153, Fold change: a-Gc+IL-2/21 vs. a-Gc+IL-2/4/21+GM-CSF, p = 0.0130, Student’s paired t-test. Data are presented as the

mean G SD, n = 4).
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Next, whether the expansion conditions and presence of CAR affected the killing ability of iNKT cells was determined through intrinsic

CD1d-iTCR-mediated killing assay. In this process, wild-type CD1d�B7H3+ DU145 cells were synthesized to express CD1d and B7H3 singly

or double-positive or double-negative (Figure S3A). One of themost well-researched iNKT cell ligands, a-GalCer, can be presented by CD1d

molecules to activate iNKT cells.31 In comparison with the control group, the presence of a-GalCer contributed to the cytotoxic effect of iNKT

and CAR-iNKT cells on CD1d+ DU145 cells, suggesting that IL-21 did not alter the activating process of CAR-iNKT cells by CD1d-dependent

pathway. However, tumor killing of CAR-iNKT cells was hardly seen in CD1d and B7H3 double-negative tumor cells, emphasizing the spec-

ificity of B7H3 target (Figures S3B and S3E). These findings demonstrated that IL-21 co-expressing and CAR-iNKT preparation system was

successfully established.

IL-21 enhances the reactivity of CAR-iNKT cells in vitro

The effectiveness of CAR-mediated iNKT cells against tumor cells in vitro was examined using luciferase (Ffluc)-expressing B7H3+ 786-O as

target cell. Ectopic expression of IL-21 did not affect the expansion and anti-tumor ability of CAR-iNKT cells, as determined using Real-time

Cellular Analysis (RTCA) at the effector-to-target ratios of 5/1, 1/1, and 1/5 (Figures 2H, 2I, and S4A). Although all the target tumor cells were

eliminated, OSRC-2 cells were less sensitive to CAR-iNKT cells than 786-O cells (Figures S4B and S4C). Moreover, B7H3-IL21.CAR-iNKT was

prone to generate Th1-type cytokines in response to B7H3-positive tumor cells. The lack of notable cytokine release from untransduced iNKT

cells when co-cultured with B7H3-positive tumor cells indicates the process thatmediatedweak antitumor activity. Notably, the co-expression

of IL-21 facilitated the increased production of anti-tumor factors, including TNF-a and IFN-g (Figure 2J).

Then, the critical components of the IL-21-mediated pro-survival signaling pathway were assessed to further confirm whether IL-21 plays a

significant role in maintaining cell proliferation. The phosphorylation of Stat3 in CAR-iNKT cells co-expressing IL-21 was significantly

increased, which is consistent with the IL-21-mediated T cell signaling pathway.32 Additionally, the CAR-iNKT cells co-expressing IL-21 but

not CAR-iNKT cells showed slightly activation of Stat5, indicating that IL-21might exert a pro-survival role in the CAR-iNKT system (Figure 3A).

In the absence of cytokines, CAR-iNKT cells were more prone to apoptosis than cells co-expressing IL-21, which may be the difference medi-

ated by IL-21 (Figures 3B and 3C). In a four-round tumor cells challenge assay, we found that co-expression of IL-21 successfully delayed the

exhaustion of CAR-iNKT cells after the second-round tumor cells challenge by inhibiting the expression of exhaustionmarkers such as LAG-3,

Tim-3, and PD-1 (Figure 3D). More importantly, the results showed that IL-21 mediated more robust CAR-iNKT cell expansion (Figure 3E).

Therefore, co-expression of IL-21 decreased the frequency of exhausted CAR-iNKT cells and might be attributed to the survival of effector

cells in the suppressive tumor environment.

CAR-iNKT cells co-expressing IL-21 have superior persistence in vivo

To evaluate their persistence in vivo, iNKT cells were engineered with luciferase and then adoptively transferred into NCGmice bearing 786-

O-established lung metastatic tumor (Figure 4A). The results showed that co-expression of IL-21 greatly increased the persistence of iNKT

cells (Figures 4B and 4C). The frequency of iNKT cells in mouse peripheral blood was detected, and the result was consistent with that of

the in vivo imaging system (IVIS, Figure 4D). Then, the residual iNKT cells and tumor cells in the lungs were determined. IL-21 maintained

a significantly higher number of iNKT cells than the other groups (Figure 4E), while the frequency of tumor cells in the lungs of the iNKT cells

treated groupwas approximately 10 times higher than that in IL-21 co-expressing group (Figure 4F). In addition,mice treatedwith B7H3-IL21.-

CAR-iNKT cells hadmore iNKT cells in the spleens (Figure 4G). Therefore, IL-21-mediatedmaintenance of CAR-iNKT cells in vivo is consistent

with in vitro experiments.

CAR-iNKT cells co-expressing IL-21 have superior therapeutic activity in mice

The in vivoCAR-iNKT cells with or without IL-21 were examined against kidney cancer. Briefly, twelves-days later after subcutaneous injection of

786-O cells, the tumor volumewas approximately 80–100mm3. Subsequently, CAR-iNKT cells with or without IL-21 were injected through the tail

Figure 2. Functional assay of CAR-iNKT cells generated by the induction system

(A) Schematic of retroviral constructs encoding B7H3.CAR with and without IL21.

(B and C) CAR expression in iNKT cells transduced (on day 3 after stimulation with CD3/28 antibody) as determined using retroviral vectors containing the

indicated B7H3.CAR constructs as measured by flow cytometry (NS: not significant, Student’s paired t-test. Data are presented as the mean G SD, n = 5).

(D) Representative flow cytometric analysis of B7H3 on 786-O cell.

(E) ELISA assessment of IL-21 releases from B7H3.CAR-iNKT and B7H3-IL21.CAR-iNKT cells cultured alone or at a 1:1 E:T ratio with B7H3-positive 786-O cells

stimulated for 24h (B7H3.CAR-iNKT without 786-O vs. B7H3-IL21.CAR-iNKT without 786-O: p < 0.001, B7H3.CAR-iNKT with 786-O vs. B7H3-IL21.CAR-iNKT

with 786-O: p < 0.001, B7H3-IL21.CAR-iNKT without 786-O vs. B7H3-IL21.CAR-iNKT with 786-O: p < 0.001, Student’s paired t-test. Data are presented as the

mean G SD, n = 3).

(F and G) Representative flow cytometry analysis of CD62L expression on CAR-iNKT cells with or without IL-21 on day 7 after transduction (B7H3.CAR-iNKT vs.

B7H3-IL21.CAR-iNKT: p = 0.0298, Student’s paired t-test. Data are presented as the mean G SD, n = 3).

(H and I) Graph of the real-time cell analysis results that show the cytotoxic effect of B7H3.CAR-iNKT cells with or without IL-21 against renal cells 786-O after co-

culture for 50 h at E:T ratios of 5:1, 1:1, and 1:5 (NS: not significant, Student’s paired t-test. Data are presented as the mean G SD, n = 3).

(J) iNKT and B7H3.CAR-iNKT cells with or without IL-21 were stimulated by 786-O cell, supernatants were collected after 24 h, and concentrations of the indicated

cytokines were quantified using amulti-analyte flow assay kit (NS: not significant, TNF-a: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0091, IFN-g: B7H3.CAR-

iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0128, Student’s unpaired t-test. Data are presented as the mean G SD, n = 3).
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vein on day 12 and 18, respectively (Figure 5A). The mice receiving saline served as the control group. In comparison with control group or

B7H3.CAR-iNKT cells treated group, B7H3-IL21.CAR-iNKT cells could consistently suppress tumor growth (Figure 5B). Three weeks following

therapy, peripheral blood from mice in each group were analyzed to determine whether IL-21 was successful in preserving CAR-iNKT cells

viability in vivo (Figure 5C). B7H3-IL21.CAR-iNKT cells exhibited a similar expansion period without IL-21 treatment group, but IL-21 supported

CAR-iNKT cells with a greater proliferation. Considering the rapid progression and invasiveness of the tumor models during the observation

period, differences were not observed in the survival between the groups, while weight loss was more obvious in the control group (Figure 5D).

For the visualization of the efficiency of CAR-iNKT cells against tumors in vivo, metastatic kidney tumor models were developed using

luciferase-expressing 786-O cells. The tumor-bearing mice were divided into three groups at day 14 and treated with CAR-iNKT or

Figure 3. Functional assessment of B7H3.CAR-iNKT cells co-expressing IL21 in vitro

(A) Western blot analysis of the level of STAT1, STAT3, and STAT5 and the expression of phosphorylated STAT1 (pSTAT1), phosphorylated STAT3 (pSTAT3), and

phosphorylated STAT5 (pSTAT5) in B7H3.CAR-iNKT and B7H3-IL21.CAR-iNKT cells co-cultured with or without 786-O cell.

(B and C) B7H3.CAR-iNKT and B7H3-IL21.CAR-iNKT cells were stained with annexin-V and PI and cultured alone in completemediumwithout cytokine for 2 days.

PI-positive/Annexin-V-positive cells were considered as necrotic cells, PI-negative/Annexin-V-positive cells were considered as apoptosis cells, and PI-negative/

Annexin-V-negative cells were considered as viable cells, which were assessed by flow cytometry and represented as histograms (Necrotic cell: B7H3.CAR-iNKT

vs. B7H3-IL21.CAR-iNKT, p = 0.0084, Apoptosis cell: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0025, Viable cell: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT,

p = 0.0271, Student’s paired t-test. Data are presented as the mean G SD, n = 3).

(D and E) B7H3.CAR-iNKT and B7H3-IL21.CAR-iNKT cells were counted and evaluated for the expression of the exhaustion markers after each round of tumor

stimulation (NS: not significant, % of LAG-3+: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (III), p = 0.0311, B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (IV), p = 0.0022,

% of PD-1+: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (II), p = 0.0317, B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (III), p = 0.0068, B7H3.CAR-iNKT vs. B7H3-

IL21.CAR-iNKT (IV), p = 0.041, % of Tim-3+: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (IV), p = 0.017, iNKT cells fold expansion: B7H3.CAR-iNKT vs. B7H3-

IL21.CAR-iNKT (I), p = 0.0252, B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (II), p = 0.0056, B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT (III), p = 0.0037, B7H3.CAR-

iNKT vs. B7H3-IL21.CAR-iNKT (IV), p = 0.004, Student’s unpaired t-test. Data are presented as the mean G SD, n = 3).

ll
OPEN ACCESS

6 iScience 27, 108597, January 19, 2024

iScience
Article



ll
OPEN ACCESS

iScience 27, 108597, January 19, 2024 7

iScience
Article



B7H3-IL21.CAR-iNKT cells (Figure 6A). The co-expression of IL-21 group consistently controlled tumor recurrence compared with the

other groups (Figures 6B and 6C). After the experiment time point, the co-expressing IL-21-treated mice achieve prolonged survival in the

disease-free state (Figure 6D). Meanwhile, low-frequency iNKT cells were retained in the spleen of the co-expressing IL-21 treatment group

(Figure 6E). Bonemarrow analysis of the treatedmice revealed a limited frequency of iNKT cells, whichmay be necessary to protect tumor-free

mice (Figure 6F). Importantly, IL-21 did not promote the unrestrained proliferation of CAR-iNKT cells in vivo.

To further estimate the therapeutic efficacy of CAR-iNKT, an orthotopic kidney cancer model was established by subcapsular injection of

tumor cells (Figure 7A). The saline-treatedmice served as control group. Themice in theCAR-iNKT cell treatment group successively relapsed

from the eighth week, while the co-expression of IL-21 could maintain a long-term tumor-free status (Figures 7B and 7C). Similarly, IL-21 did

not consistently promote the presence of CAR-iNKT cells in vivo when the tumor cells were eliminated, and a declining trend was observed,

resembling that of the non-IL-21 expressing group (Figure 7D). In comparison with the control group, mice treated in B7H3-IL21.CAR-iNKT

cells effectively prolonged tumor-free survival at the time of sacrifice after 10 weeks (Figure 7E). In addition, the frequency of CAR-iNKT cells

detectable in peripheral blood and spleen was low (Figures 7F and 7G). Therefore, the CAR-iNKT cell treatment group co-expressing IL-21

remarkably showed potent antitumor effects in both primary and metastatic tumors.

Moreover, the effect of the co-expression of IL-21 treatment group on the safety of the mice was evaluated. The concentration of IL-21 in

mice treated with B7H3-IL21.CAR-iNKT cells was undetectable at the peak of growth in mice, which is consistent with the control and

CAR-iNKT treatment group. An inflammatory response was caused by CAR-iNKT cells in the lungs of mice possibly due to the vigorous

proliferation of CAR-iNKT cells, whereas was no obvious cytotoxic effect was observed in other organs (Figure S5A). Therefore, CAR-iNKT

cell immunotherapy may be safe in a homogeneous setting, because unlike CAR-T cells, CAR-iNKT cells do not induce GvHD.33

DISCUSSION

iNKT cell is considered as a promising cellular platform for CAR-mediated tumor immunotherapy as a bridge to regulate innate and adaptive

immunity. Considering that the frequency of human peripheral blood iNKT cell is too low to satisfy clinical scale application, previous studies

have shown that ex vivo expanded iNKT cell can be engineered to express tumor-specific CAR and exhibit CAR-mediated immunothera-

peutic potential.17 In the present study, the properties of iNKT cells were explored to develop an ex vivo expansion strategy to acquire

and enhance the therapeutic efficacy of CAR-iNKT cells by co-expressing IL-21.

An approach was established for the induction of iNKT cells by aGC combined with cytokines cocktail, which can obtain high-purity and

clinical-scale products from the peripheral blood of healthy donors within 3 weeks. In comparison with other iNKT cell acquiring approaches,

our strategy requires only a small amount of peripheral blood and myonuclear cells. This ex vivo iNKT preparation strategy remarkably in-

creases the access to iNKT cells and reduces the cost and improves the safety of CAR-iNKT cells. We found that iNKT cells prepared with

our strategy could expand on average by more than 1000-fold ex vivo. More interestingly, we found that expanded iNKT cells could be cry-

opreserved and thawed to expand hundreds of times after reactivation with CD3/28 antibody, which is different fromT cells and shows amuch

stronger expansion capacity. At present, the causes of this phenomenon remain unclear, and future studies aim to compare and analyze the

characteristics of iNKT cells reactivated by different rounds. However, it is certain that iNKT cells obtained under the optimized expansion

protocol after multiple-time activations still have considerable antitumor responses.

Given the lack of knowledge on how to increase the frequency of central memory-like iNKT cells in the expansion system. CD62L is thought

to be a keymarker for preserving the long-term survival of iNKT and T cells in vitro.34 IL-2, IL-7, IL-15, and IL-21 are particularly important mem-

bers of the gc-chain coreceptor family of cytokines for T cell proliferation, differentiation, and internal environment homeostasis.35–37 In vitro

expansionmay benefit from the addition of IL-7 or IL-15 for the continuous production of CD62L+ centralmemory iNKT cells.18,38 Based on the

induction strategies of different cytokine combinations, the frequency of single cytokine induction of iNKT cell was significantly lower than that

of multi-cytokine induction protocols. Consistent with previous studies,23 the addition of IL-21 produced a noticeably greater percentage of

CD62L+ iNKT cell subpopulation. In addition, the frequency of CD62L+ iNKT cells is not affected following TCR activation. Meanwhile,

Figure 4. IL-21 significantly prolonged the survival of CAR-iNKT cells in solid tumor-bearing mice

(A) Overview of in vivo evaluation scheme for B7H3-IL-21.CAR-iNKT cells persistence. NSG mice were injected intravenously with 13106 786-O renal tumor cell

and then with 1 3 107 B7H3.CAR-iNKT cells with or without IL-21. iNKT cells were tracked by bioluminescence imaging every 3 days after treatment.

(B) Bioluminescent monitoring of iNKT, B7H3.CAR-iNKT, and B7H3-IL21.CAR-iNKT cells injected into mice xenografts models of 786-O renal tumor cell (n = 5

mice).

(C) Quantification of bioluminescence images in B (B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0394, Student’s unpaired t-test. Data are presented as the

mean G SD, n = 5 mice).

(D) At days 6 and 12 following CAR-iNKT cell treatment, CAR-iNKT cells were identified by flow cytometry in the peripheral blood (Day6: B7H3.CAR-iNKT vs.

B7H3-IL21.CAR-iNKT, p = 0.0287, Day12: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0462. one-way ANOVA. Data are presented as the mean G SD, n =

5 mice).

(E) Quantification of iNKT (human CD45+/iNKT+) in lung total cells as determined by flow cytometry. (iNKT vs. B7H3-IL21.CAR-iNKT: p = 0.0253, B7H3.CAR-iNKT

vs. B7H3-IL21.CAR-iNKT, p = 0.0269, one-way ANOVA. Data are presented as the mean G SD, n = 3 mice).

(F) Quantification of tumor cells (human CD45-/B7H3+) in lung total cells as determined by flow cytometry. (iNKT vs. B7H3-IL21.CAR-iNKT: p = 0.0012, B7H3.CAR-

iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0021, one-way ANOVA. Data are presented as the mean G SD, n = 3 mice).

(G) Quantification of human iNKT cells in spleen total cells as determined by flow cytometry (iNKT vs. B7H3-IL21.CAR-iNKT: p = 0.0132, B7H3.CAR-iNKT vs. B7H3-

IL21.CAR-iNKT, p = 0.0177, one-way ANOVA. Data are presented as the mean G SD, n = 3 mice).
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presence of IL-21 is benefit for iNKT cell proliferation.39 Although IL-21 induces apoptosis of DC cells, this phenomenon was prevented by

addingGM-CSFwithout affecting the frequency of iNKT cells.40 Previous studies inmurinemodels have demonstrated that CD4� iNKT subset

exerts more potent antitumor activity,41 but the significant bias in the ratio of CD4+ and CD4� subpopulations was not observed using our

current protocol. The results indicated that the ratio of CD4+ and CD4� iNKT subpopulations is closely related to the original differences

among donors.

IL-21 was identified as an important cytokine in iNKT-cell-mediated immune regulation.39 Singh. H et al. found that CAR-T cells preferen-

tially proliferate and develop an early memory phenotype known as CD62L in the presence of IL-21,42 which is consistent with our findings.

Therefore, we sought to explore whether the combination of IL-21 and B7H3.CAR-iNKT cell could enhance the survival of CAR-iNKT and

improve tumor killing efficiency. CAR-iNKT cells co-expressing IL-21 promoted the release of TNF-a and IFN-g, but the difference in the cyto-

toxicity in vitro was not significant.

In the lung metastasis model of renal cancer in NCGmice, B7H3-IL21.CAR-iNKT treatment group significant prolonged iNKT cells persis-

tence, especially at the site of tumorigenesis, suggesting that CAR-iNKT cells have a superior migratory capacity. Indeed, higher levels of

chemokine receptors, such as CCR5 and CXCR3, were found in iNKT cells than memory T cells.43 In addition, IL-21 promoted CAR iNKT

cell survival and sustained tumor suppression in tumor-bearing mice. In the present study, IL-21 is found to improve the function of CAR-

iNKT cells in tumor-bearing mice without triggering the over-expansion of CAR-iNKT cells after tumor clearance. Given the limitations of

immunodeficient mice, the study was unable to authentically assess the effect of CAR-iNKT cells co-expressing IL-21 on the allogeneic im-

mune system.

The results confirmed that IL-21 promoted the activation of CAR-iNKT cells via STAT-dependent signaling pathways. IL-21

prefers to activate Stat3-mediated cell proliferation over other cytokines of the gc-chain family.44 Further research is currently being

done on the mechanism of IL-21-driven Stat3 activation in iNKT cell. Interestingly, IL-21-mediated a slightly stronger phosphorylation of

Stat5, which supports the anti-apoptotic effect of CAR-iNKT cells to some extent. Additionally, in a repeated antigen stimulation assay,

CAR-iNKT cells expressing IL-21 eliminated tumor cells quickly and considerably lowered the expression of exhaustion markers. IL-21

may prevent the exhaustion of iNKT cells from terminal differentiation upon multiple antigen stimulation or T cell dysfunction in the

same way.40

Central memory-like iNKT cell subpopulations were effectively and reliably acquired by optimizing highly reproducible strategies. The

maintenance of the memory and low level of exhaustion of CAR-iNKT cells largely depend on the existence of IL-21. Moreover, the

Figure 5. IL-21 promotes CAR-iNKT cells to inhibit subcutaneous tumors

(A) Schematic of in vivo evaluation scheme for the effectiveness of B7H3.CAR iNKT cells. NSGmice were injected subcutaneously with 43 106 786-O renal tumor

cells, which was recorded as day 0. CAR-iNKT cells were administered via tail vein injection starting from the 12th day, and the body weight and tumor volume

weremeasured every 3–4 days. For three continuous weeks following treatment, the frequency of B7H3.CAR-iNKT cells was found in the peripheral blood of NCG

mice (n = 5 mice).

(B) Administration of B7H3.CAR-iNKT cells and B7H3-IL21.CAR-iNKT cells decreased the tumor volume. Data are represented as meanG SD of five mice in each

group, and statistical significance was calculated with ANOVA multiple comparison. (Saline vs. B7H3-IL21.CAR-iNKT: p = 0.0008, B7H3.CAR-iNKT vs. B7H3-

IL21.CAR-iNK: p = 0.0425, one-way ANOVA. Data are presented as the mean G SD, n = 5 mice).

(C) At days 7, 14, and 21 following treatment, CAR-iNKT cells was found by flow cytometry in the peripheral blood. (NS: not significant, Day14: B7H3.CAR-iNKT vs.

B7H3-IL21.CAR-iNKT, p = 0.0046, Day21: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p < 0.001, Student’s unpaired t-test. Data are presented as the meanG SD,

n = 5 mice).

(D) Percentage change in body weight in tumor-bearing mice. Percentage weight change was calculated as: (weight at time X – weight at time 0)/(weight at time

0). (Saline vs. B7H3-IL21.CAR-iNKT: p < 0.001, Student’s unpaired t-test. Data are presented as the mean G SD, n = 5 mice).
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co-expression of IL-21 successfully preserves effector cell survival in vivo to assist in tumor suppression by directly promoting the adaptability

of CAR-iNKT cells and offer a preclinical experimental platform for CAR-mediated iNKT cell immunotherapy.

Limitations of the study

Althoughwe have optimized the strategy for inducing iNKT cells to ensure the availability for clinical-level applications, notably, not all PBMC-

derived cells have the potential to be induced into iNKT cells, which may depend on the factors of the donor themselves or the frequency of

the initial iNKT cells and remains to be further studied. In the present study, antitumor activity of CAR-modified iNKT armoring with or without

IL-21 was tested. Considering the experiments were performed in an immunodeficient mouse model, the metabolic profile of iNKT cells with

high expressed IL-21 and their influences on tumor immune microenvironment should be further explored.
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Figure 7. Co-expression of IL-21 in CAR-iNKT treatment group effectively controlled tumor recurrence

(A) Schematic illustration of treatment process in situ tumor model. In total, 23 105 luciferase-labeled 786-O renal tumor cells were injected in the renal capsule,

followed by 8 3 106 B7H3.CAR-iNKT with or without IL-21. Tumor measurement was assessed weekly by bioluminescence imaging (n = 4 mice).

(B) Bioluminescent monitoring of saline, B7H3.CAR, and B7H3-IL21.CAR-iNKT cells injected into the tumor mice models.

(C) Quantification of bioluminescence images in B (B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT: p = 0.0471, Student’s unpaired t-test. n = 4).

(D) Assay of CAR iNKT cells in peripheral blood by flow cytometry (Week2: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0399, Week3: B7H3.CAR-iNKT vs.

B7H3-IL21.CAR-iNKT, p = 0.0045, Week4: B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT, p = 0.0189, Student’s unpaired t-test. Data are presented as the

mean G SD, n = 4 mice).

(E) Kaplan–Meier curve generated from survival of animals in B (NS: not significant. Saline vs. B7H3-IL21.CAR-iNKT: p = 0.0084, Log rank (Mantel-Cox). n = 4mice).

(F) The quantification of human iNKT cells (human CD45+/iNKT+) collected from peripheral blood mononuclear cells (PBMNC) by flow cytometry (B7H3.CAR-

iNKT vs. B7H3-IL21.CAR-iNKT: p = 0.0218, Student’s unpaired t-test. Data are presented as the mean G SD, n = 3 mice).

(G) The quantification of human iNKT cells (human CD45+/iNKT+) collected from spleen by flow cytometry (B7H3.CAR-iNKT vs. B7H3-IL21.CAR-iNKT: p = 0.0119,

Student’s unpaired t-test. Data are presented as the mean G SD, n = 3 mice).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human TCR Va24-Ja18(iNKT cell) APC BioLegend catalog number 342908; RRID:AB_1731848

anti-human TCR Va24-Ja18(iNKT cell) PE BioLegend catalog number 342904; RRID:AB_2078494

anti-human CD3 APC BioLegend catalog number 317318; RRID:AB_1937212

anti-human CD3 PerCP/Cyanine5.5 BioLegend catalog number 317336; RRID:AB_2561628

anti-human CD4 FITC BioLegend catalog number 300506; RRID:AB_314074

anti-human CD4 APC BioLegend catalog number 300514; RRID:AB_314082

anti-human CD8 PE/Cyanine7 BioLegend catalog number 344712; RRID:AB_2044008

anti-human CD8 PE BioLegend catalog number 344706; RRID:AB_1953244

anti-human CD45 FITC BioLegend catalog number 304006; RRID:AB_314394

anti-human CD45 APC BioLegend catalog number 304012; RRID:AB_314400

anti-human CD62L FITC BioLegend catalog number 304804; RRID:AB_314464

anti-human CD195 (CCR5) PerCP/Cyanine5.5 BioLegend catalog number 359112; RRID:AB_2562964

anti-human CD195 (CCR5) APC BioLegend catalog number 359122; RRID:AB_2564073

anti-human CD183 (CXCR3) FITC BioLegend catalog number 353704; RRID:AB_10983066

anti-human CD45RA PE/Cyanine7 BioLegend catalog number 304126; RRID:AB_10708879

anti-human CD366 (Tim-3) PE/Cyanine7 BioLegend catalog number 345014; RRID:AB_2561720

anti-human CD366 (Tim-3) PE BioLegend catalog number 345006; RRID:AB_2116576

anti-human CD279 (PD-1) PE/Cyanine7 BioLegend catalog number 367414; RRID:AB_2572165

anti-human CD223(LAG-3) PerCP/Cyanine5.5 BioLegend catalog number 369312; RRID:AB_2629755

anti-human CD223(LAG-3) Alexa Fluor�647 BioLegend catalog number 369304; RRID:AB_2566480

BD Pharmingen� Mouse Anti-Human CD1d

APC

BD Biosciences catalog number 563505; RRID:AB_2738246

anti-human CD276 (B7-H3) PE BioLegend catalog number 331606; RRID:AB_1279197

Stat1 (D1K9Y) Rabbit mAb Cell Signaling Technology catalog number 14994T; RRID:AB_2737027

Stat5 (D2O6Y) Rabbit mAb Cell Signaling Technology catalog number 94205T; RRID:AB_2737403

Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb Cell Signaling Technology catalog number 9167T; RRID:AB_561284

Phospho-Stat3 (Tyr705) (D3A7) XP� Rabbit

mAb

Cell Signaling Technology catalog number 9145T; RRID:AB_2491009

Phospho-Stat5 (Tyr694) (C11C5) Rabbit mAb Cell Signaling Technology catalog number 9359T; RRID:AB_823649

STAT1 Polyclonal antibody Proteintech catalog number 10144-2-AP;

RRID:AB_2286875

STAT1 Monoclonal antibody Proteintech catalog number 66545-1-Ig;

RRID:AB_2881907

GAPDH Polyclonal antibody Proteintech catalog number 10494-1-AP;

RRID:AB_2263076

GAPDH Monoclonal antibody Proteintech catalog number 60004-1-Ig;

RRID:AB_2107436

anti-human TCRVa24 PE Beckman Coulter catalog number IM2283; RRID:AB_131321

anti-human TCRVb11 APC Beckman Coulter catalog number A66905

InVivoMAb anti-human/monkey CD28 Bioxcell catalog number BE0291; RRID: AB_2687814

InVivoMab anti-human CD3 Bioxcell catalog number BE0001-2; RRID: AB_1107632

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals peptides and recombinant proteins

Dulbecco’s Modified Eagle Medium(DMEM) KeyGEN BioTECH catalog number KGM12800N-500

Fetal Bovine Serum(Superfine) Biochannel catalog number BC-SE-FBS01

Gibco�Penicillin-Streptomycin Gibco catalog number 15140122

RPMI-1640 KeyGEN BioTECH catalog number KGM31800-500

Iscove’s Modified Dulbecco Medium(IMDM) KeyGEN BioTECH catalog number KGM12200-500

Gibco�GlutaMAX� Supplement Thermo Fisher Scientific catalog number 35050061

Recombinant Human Interleukin-21(rHuIL-21) PrimeGene catalog number 101-21

a-Galactosylceramide Funakoshi catalog number KRN7000

Recombinant Human Interleukin-7(rHuIL-7) PrimeGene catalog number 101-07

Recombinant Human Interleukin-15(rHuIL-15) PrimeGene catalog number 101-15

Recombinant Human Interleukin-2(rHuIL-2) PrimeGene catalog number 101-02

Recombinant Human Interleukin-4(rHuIL-4) PeproTech catalog number 101-04

Recombinant Human Granulocyte-

Macrophage Colony Stimulating

Factor(rHuGM-CSF)

PeproTech catalog number 102-03

X-VIVOTM 15 Serum-free Hematopoietic Cell

Medium

LONZA catalog number 04-418Q

RetroNectin-Recombinant Human Fibronectin

Fragment

TAKARA catalog number T100B

7-AAD Viability Staining Solution BioLegend catalog number 420404

Recombinant Human B7-H3 Fc Chimera

protein

R&D System catalog number 1027-B3-100

Alexa Fluor� 647 AffiniPure F(ab’)₂ Fragment

Goat Anti-Human IgG, F(ab’)₂ fragment

specific

Jackson ImmunoResearch Inc. catalog number 109-606-097,

RRID:AB_2337898

trypan-blue Sigma-aldrich catalog number T8154

RIPA lysis buffer Beyotime catalog number P0013C

Phosphate Buffered Saline(PBS,Powder) Servicebio catalog number G0002-2L

Critical commercial assays

LEGENDplex� Human CD8/NK Panel (13-

plex) w/VbP V02

BioLegend catalog number 741187

BCA protein assay kit Thermo Fisher Scientific catalog number A55864

Human IL-21 Precoated ELISA Kit 达优 catalog number 1112102

Annexin V-FITC/PI KeyGEN BioTECH catalog number KGA108

Experimental models: Cell lines

786-O ATCC N/A

786-O-Luc This paper N/A

OSRC-2 ATCC N/A

OSRC-2-Luc This paper N/A

DU145 ATCC N/A

DU145-CD1d This paper N/A

293T ATCC N/A

Experimental models: Organisms/strains

NCG mice male https://cn.gempharmatech.com

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information on resources and reagents should be directed to the lead contact, Huizhong Li (lhz@xzhmu.edu.cn).

Materials availability

Materials generated in this study are available from the lead contact, Huizhong Li (lhz@xzhmu.edu.cn).

Data and code availability

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
� All data presented in this study will be shared upon reasonable request by the lead contact.
� This paper does not report any original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The renal cancer cell lines 786-O, 786-OLuc, OSRC-2, and OSRC-2Luc, prostate cancer cell lines DU145 and CD1d-positive DU145, and human

embryonic kidney cell line 293T were purchased from American Type Culture Collection. OSRC-2 was cultured in Dulbecco’s Modified Eagle

Medium (DMEM) containing 10% FBS and 100 mg/mL penicillin/streptomycin. The renal cancer cell lines 786-O and prostate cancer cell line

DU145 cell were cultured in RPMI1640 medium supplemented with 10% FBS and 100 mg/mL penicillin/streptomycin. 293T cells were main-

tained in IMDM supplemented with 10% FBS and 1%GlutaMAX. All cell lines were incubated at 37�Cwith 5%CO2. Themediumwas changed

every 2–3 days. Cells were kept in culture for less than 2 weeks for any given experiment.

Experimental models

Male NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice were purchased from GemPharmatech (Nanjing, China), and all animal

procedures and protocols (IACUC No.202009A055) were approved by the Laboratory Animal Ethical Committee of Xuzhou Medical Univer-

sity. The distribution of CAR-iNKT cells in vivowas observedby subjecting the five-week-oldNCGmalemice received 13106 786-O cells to tail

vein injection. At 21 days post tumor cell inoculation, B7H3.CAR-iNKT-Luc and B7H3-IL21.CAR-iNKT-Luc cells were injected intravenously via

the tail vein (13107 cells/mouse), and the cells were generated from the same donor. Thereafter, bioluminescent imaging (BLI) was performed

every 3 days. The therapeutic effect of B7H3.CAR-iNKT cells was verified with and without IL-21 against renal cancer by constructing a lung

metastasismodel by tail vein injection of 13106 firefly luciferase-labeled 786-O cells. On day 14, mice were treatedwith 83106 CAR iNKT cells.

In addition, theNCGmice kidney cancer orthotopicmodel was developed via subcapsule injectionwith 23105 firefly luciferase-labeled 786-O

cells. On day 14,micewere treatedwith 83106 CAR iNKT cells. Tumor growthwas assessedweekly by BLI. At the time of euthanasia, the heart,

liver, spleen, lung, and kidney samples were collected and subjected to hematoxylin-eosin staining.

METHOD DETAILS

CAR constructs and retrovirus production

The vector encoding the B7H3 specific scFv, CD8a transmembrane region, CD28, andCD3z intracellular signal domains was used to construct

B7-H3 CAR. Then, the plasmid vector that encodes the CAR in combination with the IL-21 was generated using a 2A-sequence peptide. Tran-

sient transfection of 293T cells was carried out with a CAR-containing plasmid, the RDF plasmid, and the PeqPam3 plasmid as previously

described.45 Viral supernatants were collected at 48 and 72 h post-transfection, centrifuged at 2,000 3g for 10 min, and frozen at �80�C
for future use.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

SFG.B7H3.CAR-28z This paper N/A

SFG.B7H3-IL21.CAR-28z This paper N/A

Software and algorithms

FlowJo software FlowJo https://www.flowjo.com/

GraphPad Prism Version 8 GraphPad Prism https://www.graphpad.com/

Real Time Cell Analysis RTCA https://www.agilent.com/en/product/cell-

analysis/real-time-cell-analysis

Indigo Indigo https://www.berthold.com/en/
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iNKT cell isolation, sorting, activation and transduction

Cord blood and PBMC of healthy donors were isolated by density gradient centrifugation. iNKT cells were induced by IL-2 (50 U/ml) and

a-Galcer (500 ng/mL; KRN7000) with or without IL-7 (10 ng/mL; PrimeGene), IL-15 (5 ng/mL; PrimeGene), IL-21 (10 ng/mL; PrimeGene),

IL-4 (500 U/ml; PeproTech), and GM-CSF (500 U/ml; PeproTech). iNKT cells were stained with anti-iNKT (6B11) and CD3 (OKT3) antibodies

and purified by FACS Aria III. The culture was supplemented every other day with IL-7 (10 ng/mL; PrimeGene) and IL-15 (5 ng/mL;

PrimeGene) in complete X-VIVO (X-VIVO, 5% FBS; Gibco, 2 mM GlutaMAX; Thermo Fisher Scientific). On day 3 after stimulation with

CD3/28 antibodies, 24 well non-treated culture plates were coated overnight with retronectin (TAKARA) in advance. Approximately 1 mL

of retroviral supernatant was added, and the mixture was centrifuged at 2,000 3g for 90 min and then removed. Then, 53105 activated

iNKT cells were seeded and centrifuged for 10 min at 1,000 3g. iNKT cells were collected after 48 h for transduction efficiency assay and

continued expansion for in vitro and in vivo experiments.

Flow cytometry

iNKT cells were subjected to phenotype analysis by flow cytometry using Abs specific to human TCR Va24-Ja18 (6B11), CD3 (OKT3), CD4

(RPA-T4), CD8 (SK1), CD45 (HI30), CD62L (DREG-56), CCR5 (J418F1), CXCR3 (G025H7), CD45RA (HI100), Tim-3 (F38-2E2), PD-1 (NAT105),

LAG-3 (11C3C65), and CD1d (CD1d42; BD Biosciences). 7-AAD viability staining solution (BioLegend) was used to distinguish between

dead and living cells. Human iNKT cells were stained using PerCP/Cy5.5 mouse anti-human CD3 and PE mouse anti-human TCR Va24-

Ja18 or the combination of mouse anti-human PE-TCRVa24 (C15, Beckman Coulter) and APC-TCRVb11 (C21, Beckman Coulter). The expres-

sion of CAR was identified using recombinant human B7-H3 Fc protein (R&D system) and goat anti-human Alexa Fluor647-F(ab’)2 fragment

(Jackson ImmunoResearch Inc.). The expression of human B7H3 on tumor cell lines was detected using anti-CD276 (DCN.70). The data were

analyzed using FlowJo software (Flow V10).

Cytotoxicity assays

The cytotoxicity of effector cells was detected using real-time xCELLigence analysis (RTCA). Briefly, 50 mL of fresh completemedium (1640 and

DMEM supplemented with 10% FBS) was placed in each well of the E-plate 16 (ACEA Bioscience) to obtain background impedance readings.

Then, 13104 786-O or OSRC-2 cells suspended in 50 mL of complete medium was added to the wells. After 30 min of incubation at room

temperature, the E-plates were placed onto the RTCA SP Station located in the CO2 incubator. After the cell index (CI) reached the plateau

phase, serial dilutions of 53104, 13104, and 23 103 B7H3.CAR and B7H3-IL21.CAR-iNKT cells in 100 mL of culture mediumwere added to the

wells. CI values were continuously measured every 15 min to reflect the cytotoxicity.

Multiplex cytokine quantification assay and ELISA

Supernatants from the co-cultures of CAR-iNKT cells with and without 786-O cells were collected after 24 h and analyzed for the secretion of

IFN-g, TNF-a, granzyme B, Perforin, IL-2, and IL-10 by using the LEGENDplex multi-analyte flow assay kit (BioLegend).

Serial tumor challenge assay

B7H3.CAR-iNKT, B7H3-IL21.CAR-iNKT cells (23105) and 786-O cells (23105) were co-cultured in a 24-well plate by using fresh culturemedium

with 50 U/ml IL-2. After 2–3 days, iNKT cells were collected and counted using trypan-blue. The exhaustion markers of iNKT cells were

analyzed by flow cytometry after every cycle. Then, CAR-iNKT cells were replated at an E:T ratio of 1:1 with fresh 786-O cells to start the

next round tumor challenge.

Western blot assay

Harvested cells (CAR-iNKT co-cultured for 2h with 786-O cells) were washed two times with PBS, and protein lysates were shaken by using

RIPA lysis buffer containing protease inhibitor, extracted on ice for 10 min, and centrifuged at 12,0003g for 20 min at 4�C. The protein con-

centration of this lysate was determined using the BCA protein assay kit (Thermo Fisher Scientific). Equivalent amounts of protein samples

were separated by electrophoresis gels, and then transferred to an NC membrane. After blocking with 5% milk for 2 h, and the blots were

incubated with primary antibodies STAT1, STAT5, pSTAT1, pSTAT3, pSTAT5 (Cell Signaling Technology), STAT1 and GAPDH (Proteintech).

The membranes were washed three times and further incubated with a corresponding secondary antibody for 2 h at room temperature.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8 software. For comparisons between two groups, the two-sided unpaired or paired

Student’s t tests were used. One-way ANOVA was used for continuous variables among more than two groups. Survival was analyzed using

the Kaplan-Meiermethod and the log rank test for betweengroup comparison. All analysis and graphics show standard error of themeanbars

(SD) and p values < 0.05 were considered to be statistically significant.
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