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ABSTRACT
Chimeric antigen receptor (CAR) T cells have demonstrated outstanding therapeutic success in hemato-
logical malignancies. Yet, their efficacy against solid tumors remains constrained due to inadequate 
infiltration of cytotoxic T and CAR-T cells in the tumor microenvironment (TME), a factor correlated with 
poor prognosis in patients with solid tumors. To overcome this limitation, we engineered CAR-T cells to 
secrete CXCL10 and IL15 (10 × 15 CAR-T), which sustain T cell viability and enhance their recruitment, 
thereby amplifying the long-term cytotoxic capacity of CAR-T cells in vitro. In a xenograft model employ-
ing NUGC4-T21 cells, mice receiving 10 × 15 CAR-T cells showed superior tumor reduction and extended 
survival rates compared to those treated with second-generation CAR-T cells. Histopathological evalua-
tions indicated a pronounced increase in cytotoxic T cell accumulation in the TME post 10 × 15 CAR-T cell 
treatment. Therefore, the synergistic secretion of CXCL10 and IL15 in these CAR-T cells enhances T cell 
recruitment and adaptability within tumor tissues, improving tumor control. This approach may offer 
a promising strategy for advancing CAR-T therapies in the treatment of solid tumors.
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Introduction

Gastric cancer (GC) ranks fifth in global incidence and in fourth 
mortality among malignant tumors, posing a severe threat to 
human life.1 With the advancement and popularity of endo-
scopic techniques, both the diagnosis and survival rates of early- 
stage GC have significantly improved.2 However, treatment for 
advanced GC is still primarily palliative, including surgery, 
radiotherapy, chemotherapy, targeted therapy and immunother-
apy, with the five-year survival rate remains below 40%. CAR-T 
cell therapy is being explored as a therapeutic strategy for 
advanced gastric cancer,3 showing improved pharmacodynamic 
effects in animal models with targets including HER2,4,5 

CLDN18.2,6 and MSLN.7 Interim results from a phase 
I clinical trial of CLDN18.2 CAR-T cells (CT041)8 indicated 
that the objective response rate (ORR) for 28 patients with 
gastric cancer and gastroesophageal-junction adenocarcinoma 
(GC/GEJ) was 57.1%, and the six-month overall survival rate 
was 81.2%. While these findings are supportive of CAR-T cell 
therapy’s potential in solid tumors, its comparative efficacy 
remains lower than that observed in hematological malignan-
cies, where the complete response (CR) rate can reach up to 90%. 
Research identifies T-cell infiltration within the tumor micro-
environment (TME) of solid tumors as an important factor 
influencing the efficacy of CAR-T cell therapy, partly because 

the tumor microenvironment (TME) presents challenges such as 
a dense extracellular matrix, inappropriate migration signals, 
and various immunosuppressive mechanisms.9–11 These factors 
impede the effective accumulation and survival of T-cells,12 

including CAR-T cells, and are associated with a poorer prog-
nosis. Consequently, transforming the TME to support T-cell 
infiltration and persistence is a critical objective.13

The chemokine network is essential for regulating immune 
cell circulation, homing, recruitment, and retention. Chemokine 
receptors are predominantly expressed on immune cells, enable 
these cells to navigate toward concentration gradients of corre-
sponding chemokines.14 However, most TME often exhibit che-
mokine secretion patterns that promote pro-tumor immune cell 
recruitment and suppress anti-tumor responses by modulating 
chemokine levels and types.15 Notably, chemokines that recruit 
primarily anti-tumor immune cells are usually found at low 
levels, leading to weak recruitment signals. This results in insuf-
ficient infiltration and ineffective immune responses from cyto-
toxic T cells, which promotes immune escape and tumor growth. 
Therefore, enhancing the concentration of specific chemokines 
in TME is a critical strategy for increasing the accumulation of 
anti-tumor effector cells.

CXCL10, a critical chemokine located on human chro-
mosome 4 (q12–21), is secreted by monocytes and some 
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tumor cells within the TME. This chemokine attracts cir-
culating CXCR3+ T cells and NK cells to tumor sites, 
enhancing the anti-tumor immune response.16 Higher 
levels of CXCL10 in tumors are associated with better 
prognoses in non-small cell lung cancer17,18 and rectal 
cancer.19 Consequently, increasing CXCL10 secretion in 
the TME may be a pivotal strategy to potentially boost 
the recruitment of CXCR3+ immune cells (T and NK 
cells). Studies have demonstrated that methods such as 
induced tumor cell secretion,20 fusion proteins,21 and 
small-molecule RORγt agonists22 can effectively elevate 
CXCL10 levels, thereby enhancing recruitment signals and 
promoting the aggregation of immune cells. Additionally, 
chemokine-modified CAR-T cells have been employed to 
strengthen recruitment signals in the TME, leading to 
increased T cell infiltration. However, research into CAR- 
T cell modifications involving CXCL10 remains relatively 
rare.

Interleukin-15 (IL-15) is a cytokine in γc family and is 
located on human chromosome 4q31. The IL-15 receptor 
comprises three subunits: α, β, and γc. β and γc subunits 
are also components of the IL-2 receptor and are expressed 
in T cells. IL-15 interaction with its receptor activates 
kinase classes – JAK, Shc, and PI3K – and their down-
stream pathways, supporting T cell proliferation and survi-
val. Compared to IL-2, CAR-T cells cultured with IL-15 
retain a less differentiated stem cell memory (TSCM) 
phenotype.23 Additionally, IL-15 has been employed to 
arm VEGFR2 CAR-T cells, improving their anti-apoptotic 
properties and tumor suppression in B16 melanoma 
models.24 IL15-modified GD2 CAR-T cells have demon-
strated effective tumor control in glioblastoma xenograft 
model.25

Recent studies have explored enhancing CAR-T cells with 
interleukins and chemokines, which have demonstrated an 
improved anti-tumor effect. A study by Adachi et al. showed 
that 7 × 19 CAR-T cells, co-expressing IL-7 and CCL19, not 
only increased the infiltration of dendritic cells and T cells 
but also notably extended survival rates.26 In a Phase 
I clinical trial,27 this treatment led to complete remission in 
one pancreatic cancer patient (1/6, 16.7%) and partial remis-
sion in one hepatocellular carcinoma patient (1/6, 16.7%), 
with two other patients (2/6, 33.3%) achieving stable disease, 
indicating the potential of these cells in treating advanced 
solid tumors. Furthermore, CAR-T cells enhanced with IL-7 
and CCL21 have been shown to increase efficacy and sustain 
T-cell persistence in mouse tumor models, supporting the 
benefits of interleukin and chemokine co-modification.28 IL- 
15-CCL19 NKG2D-CAR-T cells were also effective in 
expanding T-cell populations and enhancing anti-tumor 
responses in a zebrafish tumor model.29 To date, CAR-T 
cells co-modified with CXCL10 and IL-15 have not yet 
been reported.

Here we selected CLDN18.2, a key antigenic target in gastric 
tumors, to construct CAR-T cells that secrete both CXCL10 
and IL15 (10 × 15 CAR), and assessed their effects both in vitro 
and in vivo. CXCL10 and IL15 secretion from these CAR-T 
cells promoted antitumor activity by enhancing cytotoxic T cell 
accumulation and viability at the tumor site.

Materials and methods

Mice and cell lines

Female NOG mice (6–8 weeks old) were purchased from 
Charles River (Beijing, China), and male NCG mice (6–8  
weeks old) were purchased from Gempharmatech (Jiangsu, 
China). 293T cells were obtained from ATCC. NUGC4-T21 
monoclonal cells stably expressing CLDN18.2, GFP, and 
Luciferase were established and maintained in our laboratory. 
293T and NUGC4-T21 cells were respectively grown in 
DMEM (Gibco) or RPMI-1640 (Gibco) with 10% FBS (Gibco).

Vectors and constructs

A two-generation anti-CLDN18.2 CAR construct (28z CAR) 
comprises a CD8 signal peptide, an anti-CLDN18.2 single- 
chain fragment variable (scFv), a CD8 transmembrane region, 
a CD28 co-stimulatory domain, and a CD3ζ intracellular acti-
vation region. To construct CAR-T cells that secrete CXCL10 
and IL15, human CXCL10 and IL15 sequences synthesized by 
Genewiz (Suzhou, China) were linked by T2A after 28z CAR. 
The lentiviral vector pCDH was the backbone for all CAR 
constructs.

In vivo anti-tumor models

Animal experiments were reviewed and approved by the 
Institutional Animal Care and Use Committee (IACUC) at 
Yicon Beijing Biomedical Technology Inc. (YK-IACUC-2023- 
006) and Beijing Vitalstar Biotechnology Co. (VST-SY 
-20230712). The NOG and NCG mice were subcutaneously 
incubated with 5 × 106 NUGC-T21 cells in 100 μl PBS in the 
right flank. Twelve days later, CAR-T cells in 200 μl PBS were 
intravenously via the tail vein. Tumor volumes were measured 
with Vernier calipers and calculated according to the formula: 
Tumor volume = length×width2 ×0.5.

Statistical analysis

GraphPad Prism 9.5 software was used for statistical analysis. 
An unpaired two-tailed Student’s t-test was used to analyze the 
differences between two groups. For comparisons between 
more than two groups, one-way ANOVA and two-way 
ANOVA were performed to compare statistical differences. 
The Kruskal-Wallis test compares data across three or more 
non-normally distributed groups. Log-rank test was applied to 
assess survival curves. All experiments were conducted in at 
least duplicate. The statistical differences are presented in the 
figures (*p < 0.05, **p < .01, ***p < .001, ****p < .0001).

Results

Building a CLDN18.2 CAR-T cell secreting IL15 and CXCL10

We constructed 10, 15, and 10 × 15 CAR-T cells to assess the 
multiple effects of CXCL10 and IL15 (Figure 1a). CXCL10 and 
IL15 were linked via a T2A peptide following the CLDN18.2 
CAR structure, creating human-derived 10/15/10 × 15 CAR 
structures (Figure 1b).
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Lentiviruses carrying these CAR constructs, produced in 
293T cells, were used to transduce activated human T cells. 
Five days after transduction, we evaluated cell surface CAR 
expression using flow cytometry and found no significant 
differences in the expression of the 10 × 15 CAR compared to 
the other groups (Figure 1c,d). Additionally, the secretion of 
CXCL10 and IL15 by the 10 × 15 CAR-T cells was significantly 
higher than that by the 28z CAR cells (Figures 1e,f), confirming 
the successful creation of 10 × 15 CAR-T cells that simulta-
neously express CAR, CXCL10, and IL15.

IL15 and CXCL10 provided long-lasting cytotoxic effect to 
CAR-T cells

To evaluate the possible impacts of CXCL10 and IL15 on the 
malignant behaviors of NUGC4-T21 and 293T cells, we first 
measured the expression of CXCR3 (the CXCL10 receptor) 
and IL-15 Rβ and γc subunits (components of the IL15 recep-
tor) in these cells. Neither CXCR3 nor the IL15β and γc sub-
units showed significant expression on either cell type (Figure 
S3). Furthermore, we explored the influence of CXCL10 and 
IL15 on the epithelial-mesenchymal transition (EMT) pheno-
type by measuring E-cadherin and N-cadherin expression in 

both cell lines (Figure S4). N-cadherin levels remained low and 
unchanged under the treatment conditions. Conversely, 
E-cadherin levels was higher in the absence of CXCL10 and 
IL15, with 293T cells showing 98.4% and NUGC4-T21 cells 
80.9% expression. There was no significant reduction after 
exposure to 10 ng/ml of either cytokine (Figure S4b and d). 
Additionally, we assessed the effect of various concentrations 
of CXCL10 and IL15 on cell proliferation and observed no 
notable changes across different cytokine doses (10 ng/ml, 5  
ng/ml, 2.5 ng/ml, 1.25 ng/ml, and 0 ng/ml) in both cell types 
(Figure S5). These results indicate that CXCL10 and IL15 did 
not significantly influence the proliferation or EMT phenotype 
of NUGC4-T21 and 293T cells, providing a foundation for 
further comparative studies involving various CAR-T cells co- 
cultured with target cells or used in in vivo anti-tumor assays.

Four groups of CAR-T cells were co-cultured with 
NUGC4-T21 cells at effector-to-target (E/T) ratios of 5:1, 
2.5:1, and 1.25:1. Nine hours post-incubation, no significant 
differences were observed in the cytotoxic efficacy of the 
CAR-T cells at these respective E/T ratios (Figure 2a). 
Additionally, CAR-T cells were co-cultured with NUGC4- 
T21 cells at a 1:1 E/T ratio, and IFN-γ and CD107a expres-
sions were assessed. The expression levels of IFN-γ and 

Figure 1. 10×15 CAR-T construction. (a) Schematic representation of 10 × 15 CAR-T antitumor function. (b) Constructs of 28z CAR and cytokine expressing-CARs. (c) 
Representative flow cytometry data of CAR expression after 5 days transduction. (d) CAR-T cells ratios in T cells after 5 days of transduction (n = 3). (e) and (f) 1 × 106 

CAR-T cells were incubated for 24 h and then ELISA was performed to detect the secretion of CXCL10 and IL15 (n = 3). Each experiment was repeated at least three times 
independently, results are exhibited as mean± SD. Statistical analysis was performed using one-way ANOVA. UTD means untransduced T cells. Mock T indicates 
transfected lentivirus vector. ****p < .0001.
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Figure 2. In vitro cytotoxicity function of 10 × 15 CAR-T cells. (a) Luciferase-expressing NUGC4-T21 cells were incubated with CAR-T cells at three effector-to-target (E/T) 
ratios for 9 h. The cytotoxicity was evaluated using a luciferase-based assay (n = 3). Following stimulation at a 1:1 E/T ratio for 24 hours, IFN-γ mean fluorescence 
intensity (MFI) (b) and the percentage of CD107a+ CAR-T cells (c) were quantified using flow cytometry (n = 3). (d) Overview of the rechallenge experiment: CAR-T cells 
and NUGC4-T21 cells were co-cultured at a 1:5 E/T ratio on Day 0 across four groups. An additional 5 × 105 NUGC4-T21 cells were added on Day 3 (Groups 2, 3 and 4), 
Day 6 (Group 3 and 4), and Day9 (Group 4) per well. Absolute cell counts for both CAR-T and NUGC4-T21 cells were determined using flow cytometry (e)-(f) (n = 3). The 
proportions of CD8+ and PD-1+ CAR-T cells were also analyzed (g)-(h) (n = 5). Each experiment was conducted independently at least three times. Data are presented as 
mean ± SD (a, b, c, e, and f) or mean ± SEM (g and h). Statistical analysis was performed using one-way ANOVA (b, c, and f) and two-way ANOVA (a, e, g, and h). *p < .05, 
**p < .01, ****p < .0001.
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CD107a were not significantly different among the four 
groups (Figure 2b,c). This indicated that the cytokines IL15 
and CXCL10, secreted by CAR-T cells, did not significantly 
influence the cytotoxic function of CAR-T cells on NUGC4- 
T21 during the brief co-incubation period.

To assess recursive killing, we established four experimental 
groups (G1, G2, G3, and G4), each containing four subgroups 
involving the CAR-T cell types 28z, 10, 15, and 10 × 15. 
Initially, each subgroup co-cultured 1 × 105 CAR-T cells with 
5 × 105 NUGC-T21 cells on Day 0. Additional NUGC-T21 cells 
(5 × 105 per well) were added to G2 on Day 3, to G3 on Days 3 
and 6, and to G4 on Days 3, 6, and 9. Absolute CAR-T cell 
counts for G1, G2, G3, and G4 were measured on Days 3, 6, 9, 
and 12, respectively, as shown in Figure 2d; the flow cytometry 
strategy is detailed in Figure S2. By Day 9, the counts for the 15 
and 10 × 15 CAR-T cells surpassed those of the 28z and 10 
CAR-T cells, as shown in Figure 2e. On Day 12, the groups 
with 15 and 10 × 15 CAR-T cells exhibited significantly fewer 
remaining live NUGC-T21 cells compared to the 28z and 10 
CAR groups, as detailed in Figure 2f.

The phenotypes of CD8+ and PD-1+ CAR-T cells were 
analyzed with the flow cytometry strategy shown in Figure 
S1. Results demonstrated a gradual increase in the proportion 
of CD8+ cells in the 15 and 10 × 15 CAR-T cell groups from 
Day 3 to Day 12, whereas changes in the 28z and 10 CAR 
groups were minimal. As a result, the percentage of CD8+ 
CAR-T cells was significantly higher in the 15 and 10 × 15 
CAR groups than in the 28z and 10 CAR groups (Figure 2g). 
Additionally, the initial percentage of PD-1+ CAR-T cells was 
high in all groups on Day 3. Importantly, the proportion of PD- 
1+ CAR-T cells was significantly lower in the IL15-secreting 
CAR-T groups (15 CAR and 10 × 15CAR) compared to the 28z 
and 10 CAR groups during repeated challenges with NUGC4- 
T21 cells (Figure 2h). Moreover, no notable statistical differ-
ence was observed between the 28z and 10 CAR groups. These 
findings suggest that IL15 secretion might decrease the propor-
tion of PD-1+ CAR-T cells, while CXCL10 secretion does not 
significantly affect this proportion. Therefore, the results of this 
section suggested that in short-term co-cultures with NUGC4- 
T21, the secretion of IL15 and CXCL10 did not significantly 
influence the cytotoxic activity of CAR-T cells. Interestingly, in 
prolonged co-cultures, IL15-modified CAR-T cells (15 CAR 
and 10 × 15 CAR) were more numerous than that of the 28z 
CAR and 10 CAR, exhibiting a higher proportion of CD8+ cells 
and a lower proportion of PD-1+ exhausted cells. This is 
consistent with results of most studies23−24 that IL15 secretion 
may have been primarily responsible for promoting the pro-
liferation of CAR-T cells. This cytokine secretion was also 
instrumental in the expansion of CD8+ CAR-T cells and in 
reducing the proportion of exhausted CAR-T cells.

IL15 improved 10 × 15 CAR-T cell expansion, survival, and 
fitness

Given that many studies have demonstrated that IL15 modifi-
cation enhances CAR-T cell expansion, we analyzed the pro-
liferation, amplification, and viability of 10 × 15 CAR-T cells in 
an IL-free medium. By day 4, the numbers of 15 CAR and 10 ×  
15 CAR-T cells were marginally higher. By day 6, the 

proliferation rates of these groups significantly exceeded 
those of their non-IL15-modified counterparts, the 28z CAR 
and 10 CAR-T cells (Figure 3a,b). Moreover, cell viability 
under IL-free conditions showed marked differences; the via-
bility of 28z CAR and 10 CAR-T cells did not exceed 50% 
by day 4 and declined further by day 6. In contrast, 15 CAR 
and 10 × 15 CAR-T cells consistently maintained high survival 
rates (Figure 3c). Additionally, we examined the degree of cell 
division in 10 × 15 CAR-T cells and observed that, similar to 15 
CAR-T cells, they divided more than the 28z CAR and 10 CAR 
cells under interleukin-free culture conditions (Figure 3d). 
This suggests that 10 × 15 CAR-T cells can effectively promote 
cell proliferation and maintain viability even in the absence of 
exogenous interleukin-15.

We further analyzed the essential phenotypes of 10 × 15 
CAR-T cells. After culturing CAR-T cells in an IL-free med-
ium for two days, the proportion of CD8+T cells was signifi-
cantly higher in the 15 CAR and 10 × 15 CAR groups than in 
the remaining two groups (Figure 3e). Given the role of IL15 
in the maintenance of T-cell stemness phenotype,30 we ana-
lyzed the TSCM phenotype across four CAR-T cell groups. 
Our findings indicated that the proportion of TSCM pheno-
type was substantially elevated in the CAR-T groups secreting 
IL15 compared to the other two groups (Figure 3f). This 
suggests that IL15 secretion by 10 × 15 CAR-T cells is crucial 
for maintaining memory stem cells and enhancing their dif-
ferentiation potential.

10 × 15 CAR-T cells promoted long-term T-cell recruitment

To evaluate CAR-T cells recruitment, we initially assessed the 
expression of CXCR3, a receptor for CXCL10, in T cells. CXCR3 
expression in naïve T cells was only 27.4% but increased to 95% 
after six days of activation (Figure 4a,b). CXCR3 expression 
remained high in four CAR-T cell groups without significant 
differences (Figure 4c,d). In both the 10 CAR and 10 × 15 CAR- 
T cell groups, CXCR3 expression was not significantly down-
regulated, indicating that CXCL10-secreting CAR-T cells might 
possess recruitment capabilities for both T cells and other CAR- 
T cells. Subsequently, we confirmed the effect of CXCL10 on 
T-cell migration using transwell assays (Figure 4e). T-cell migra-
tion rates increased with higher concentrations of CXCL10 
(Figure 4f), which was consistent with many studies.

We assessed CXCL10 concentrations in supernatants from 
four CAR-T cell groups after culturing in IL-free medium for 
three days. CXCL10 levels were measured using ELISA 
(Figure 4g). The 10 CAR and 10 × 15 CAR groups showed 
significantly higher CXCL10 concentrations compared to the 
CXCL10-unmodified groups (28z CAR and 15 CAR-T cells). 
Notably, the 10 × 15 CAR group had elevated CXCL10 secretion 
levels relative to the 10 CAR group during IL-free incubation, 
potentially due to IL15 enhancing proliferation. Additionally, 
T-cell recruitment was evaluated using a transwell assay with 
these supernatants (Figure 4h). We found that migration rates 
correlated with CXCL10 concentrations. Enhanced T-cell 
recruitment was observed in the CXCL10-modified groups, par-
ticularly the 10 × 15 CAR group, which demonstrated superior 
T-cell recruitment compared to the 10 CAR group.
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We also collected supernatants from co-cultures of NUGC4- 
T21 and CAR-T cells after 72 hours and analyzed their effects on 
T-cell migration (Figure 4i). The CXCL10-modified groups 
recruited significantly more T cells than the non-CXCL10 mod-
ified groups. Interestingly, no significant difference in T-cell 
migration rates between the 10 CAR and 10 × 15 CAR groups. 
After seven days of co-culture, we assessed long-term recruit-
ment effects from collected supernatants (Figure 4j). The 10 × 15 
CAR group showed significantly greater T-cell recruitment than 
the 10 CAR group, likely due to IL15 secreted by the 10 × 15 
CAR-T cells promoting both CAR-T cell proliferation and 
CXCL10 secretion, resulting in a stronger recruitment effect.

10 × 15 CAR-T cells demonstrated better anti-tumor effects

We established NUGC4-CLDN18.2 xenograft models to evalu-
ate the antitumor efficacy of 10 × 15 CAR-T cells. NOG mice 

were subcutaneously injected with 5 × 106 NUGC4-T21 cells 
on day 0 and treated with 1 × 106 CAR-T cells of varying types 
on day 12. T cell infiltration in tumor and normal tissues was 
assessed on day 30 (Figure 5a). We compared tumor growth 
volumes from day 12 to day 30 across different treatment groups 
and found that all four CAR-T cell groups demonstrated higher 
tumor suppression rates than those treated with PBS and Mock 
T cells (Figure 5b,c). Notably, the 10 CAR group exhibited 
marked tumor inhibition compared to the 28z CAR group, 
though both groups experienced progressive tumor growth. 
Furthermore, tumors treated with IL15-secreting CAR-T cells 
demonstrated more significant regression compared to those in 
the other two groups. Moreover, the regression was notably 
more pronounced in the 10 × 15 group than in the 15 group.

IL-15 levels in peripheral blood were measured on days 13, 
21, and 28 using ELISA (Figure 5d). By day 13, IL-15 concentra-
tions were notably elevated in the 15 CAR and 10 × 15 CAR 

Figure 3. IL15 enhances the expansion, viability, and stemness of CAR-T cells. Expansion number (a), expansion fold (b), and cell viability (c) of CAR-T groups at different 
culture times without additional ILs (n = 3). (d) Different CAR-T cells cultured in ILs-free medium were measured by CellTrace Violet at day 4. The numbers 0 to 6 indicate 
increasing degrees of cell division, with higher numbers reflecting more extensive cell division. The graph depicts the percentage of cells at each degree of division, 
represented as follows: no division (0, blue), minimal division (1, green), moderate division (2, orange), substantial division (3, red), and extensive division (>4, dark red). 
(e) CD8 ratios in CAR-T cells cultured without additional ILs (n = 3). (f) The TSCM ratio in CAR-T cells was determined by CD45RA and CCR7 expression (n = 3). Each 
experiment is performed at least three times with independent replicates. Results are showed as mean± SD. Statistical analysis was performed using one-way ANOVA (e 
and f) and two-way ANOVA (a, b, and c). **p < .01, ****p < .0001.
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groups compared to the other two groups, verifying successful 
in vivo secretion of IL-15. This secretion increased substantially 
by day 28, with IL-15-modified CAR-T cells sustaining appreci-
ably higher levels than the non-IL15-modified groups, and the 
15 CAR group surpassing the 10 × 15 CAR group. Additionally, 
these enhanced levels were likely correlated with increased pro-
portions of CD3+ T cells and CAR-T cells in peripheral blood 
(Figure 5f,g). No substantial differences were observed among 
the four groups on days 13 and 21; however, the proportion of 
T cells on day 21 was markedly lower than on day 13. By day 28, 
the proportions of CD3 and CAR-T cells in the 15 CAR and 
10 × 15 CAR groups were considerably higher than those in the 

28z CAR and 10 CAR groups. The IL-15 modified groups also 
exhibited a noticeable increase in CAR-T cell proportions on day 
28 compared to day 21, likely owing to the IL-15‘s role in 
promoting CAR-T cell proliferation.

Additionally, we analyzed serum levels of CXCL10 
(Figure 5e). On day 13, the CXCL10-modified CAR-T cells 
demonstrated elevated serum concentrations compared to the 
other groups, with the 10 CAR group displaying a slight but not 
statistically meaningful trend toward higher levels than the 
10 × 15 CAR group. From day 21 onward, the CXCL10 levels 
in the 10 × 15 CAR group surpassed those in the 10 CAR 
group, likely because IL-15 within the 10 × 15 CAR group 

Figure 4. 10 × 15 CAR-T cells promoted long-term T-cell recruitment. (a)-(b) Comparison of CXCR3 expression in T cells at inactivation (Day 0) versus activation state 
after 6 days (Day 6) (n = 3). (c)-(d) CXCR3 expression in four groups of CAR-T cells following a 6-day activation (n = 3). (e) Schematic diagram of Transwell assay. CXCL10 
recombinant protein or CAR-T supernatant in the lower chamber and activated T cells (2 × 105) in the upper chamber. Cells in the lower chamber were counted after 
incubation. (f) Activated CD3+ T cells in the upper chamber were exposed to varying concentrations of CXCL10 recombinant protein in the lower chamber for 5 hours. 
Cells migrated to the lower chamber were quantified, using 0 ng/mL as the control to calculate the migration index (n = 3). (g) and (h). CAR-T cells (1 × 106) cultured for 
3 days, and CXCL10 concentration in supernatants (g) were measured (n = 3). T cell migration rates from these supernatants (h) were tested (n = 6). (i)-(j). CAR-T cells 
(1 × 105) co-cultured with NUGC4-T21 for 3 days (E: T = 1:3) (i) and 7 days (E: T = 1:5) (j). T cell migration rates of these supernatants were assayed (n = 6). 28z CAR group 
served as the control for migration rate calculations. Experiments were conducted at least three times with consistent results. Data are presented as mean±SD. Statistical 
analysis was performed using unpaired two-tailed Student’s t-test (b) or one-way ANOVA (d, f, g, h, i, and j). *p < .05, **p < .01, ***p < .001, ****p < .0001.

ONCOIMMUNOLOGY 7



supported the viability of CAR-T cells and promoted their 
CXCL10 secretion. These results indicated the three compo-
nents of 10 × 15 CAR-T cells – CAR, CXCL10, and IL-15— 
were successfully expressed in vivo and demonstrated signifi-
cant tumor regression in the NUGC4-CLDN18.2 ×enograft 
models.

10 × 15 CAR-T cells increased T-cell accumulation within 
tumors and extended survival times in vivo

To evaluate T-cell infiltration, we conducted immunohistochem-
ical analysis using CD3 antibodies on tumors extracted from mice 
on day 30. Results showed that the 10 × 15 CAR group exhibited 
significantly higher levels of T-cell accumulation compared to the 
three groups (Figure 6a,b). Additionally, this group displayed 
a marked increase in CD8+ T cells and CD8+ Granzyme B+ 
T cells relative to their counterparts (Figure 6c-e). These findings 
suggest that the augmented recruitment of cytotoxic T cells, 

mediated by CXCL10 and IL15, likely enhances tumor suppres-
sion with the 10 × 15 CAR-T treatment.

Further flow cytometry analysis of normal tissues (liver, 
kidney, and spleen) revealed no notable differences in CD3+ 
and CD8+ T cell proportions between the 10 × 15 CAR and the 
28z CAR groups, although the former showed slightly elevated 
levels in spleen. Conversely, the 15 CAR group showed signifi-
cantly higher infiltration levels of CD3+ T cells in the spleen 
and kidney compared to the second-generation CAR groups, as 
well as elevated levels of CD8+ T cells in the liver, spleen, and 
kidney (Figure S6). This indicates that T cell proliferation in 
liver, kidney, and spleen with the 10 × 15 CAR treatment is 
comparable to that with second-generation CAR-T cells. 
Survival time assessments of mice treated with 15 CAR and 
10 × 15 CAR (Figure 6f) indicated that the latter group experi-
enced significantly longer survival times (Figure 6g) and more 
stable body weights (Figure 6h). These results confirm that the 
10 × 15 CAR-T treatment offers enhanced anti-tumor effects 
and improved survival.

Figure 5. Enhanced Anti-Tumor Efficacy of 10 × 15 CAR-T cells in an NUGC4-T21 xenograft model. (a) Experimental setup for the in vivo anti-tumor assay: NOG mice 
were subcutaneously injected with 5 × 106 NUGC4-T21 cells, followed by an intravenous injection of 1 × 106 CAR-T cells into the tail vein on day 12. The experiment 
concluded on day 30, with tumor tissues preserved for paraffin embedding and liver, spleen, and kidney samples analyzed by flow cytometry (FACS) (n = 5 mice per 
group). (b) Tumor volumes were measured biweekly using vernier calipers. (c) The tumor growth inhibition rates for four CAR-T cell groups on day 30 were calculated, 
using the PBS group as a control. (d)-(e) Serum concentrations of IL15 (d) and CXCL10 (e) were measured using ELISA on days 13, 21, and 28. (f)-(g) The Frequencies of 
CD3+ T cells (f) and CAR-T cells (g) in peripheral blood were analyzed by flow cytometry on days 13, 21, and 28. Each experiment was replicated at least three times. 
Results are presented as mean ± SD (d, e, f, and g) or mean ± SEM (b). Data were analyzed statistically through two-way ANOVA. *p < .05, **p < .01, ***p < .001, ****p  
< .0001.

8 S. NIE ET AL.



Discussion

Although CAR-T-cell therapy for neoplasms shows promise, its 
effectiveness in solid tumors remains constrained primarily due to 
the inadequate infiltration of anti-tumor immune cells.31 This 
limitation is exacerbated by a mismatch or absence of chemokine 

migration signals at the tumor sites, hindering the aggregation of 
anti-tumor immune cells, especially cytotoxic T cells. 
Consequently, the scarcity of cytotoxic T cells contributes directly 
to a compromised anti-tumor immune response. To overcome 
this, we engineered CLDN18.2 CAR-T cells that overexpress 

Figure 6. Treatment with 10 × 15 CAR-T cells increased T-cell infiltration within tumors and extended survival times in the NUGC4-T21 Xenograft model. Twelve days 
post-inoculation with 5 × 106 NUGC4-T21 cells, mice were divided into six groups to receive various CAR-T cell treatments, as depicted in Figure 5(a). On day 30, the 
tumors were excised, paraffin-embedded, and prepared for immunohistochemical (IHC) analysis. (a) Representative images show immunohistochemical staining for 
human CD3+ T cells in tumor tissues on day 30, at 200× magnification. (b) Quantitative analysis of the percentages of CD3+ T cells is provided. (c) Multiplex 
immunohistochemistry images depict tumor tissues stained for CD3+ (green), CD8+ (yellow), Granzyme B+ (red), and nuclei counterstained with DAPI (blue) at 200× 
magnification. (d)-(e) Statistical analyses of CD8+ T cells (d) and CD3+ CD8+ Granzyme B+ T cells (e) are presented. (f) Long-term treatment protocol: NCG mice were 
subcutaneously inoculated with 5 × 106 NUGC4-T21 cells. After 12 days, mices were treated with 1 × 106 Mock T, 15 CAR-T or 10 × 15 CAR-T cells (n = 5 mice per group). 
(g)-(h) Survival times (g) and body weights (h) of the various treatment groups were evaluated. Results are expressed as mean ± SD (b, d, e) and mean ± SEM (h). Results 
were analyzed using one-way ANOVA (b, d, and e) and Log-rank test (g). *p < .05, **p < .01, ***p < .001.
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CXCL10 and IL15 (10 × 15 CAR). These 10 × 15 CAR-T cells 
enhanced the accumulation of CD8+ T cells at the tumor site 
and improved tumor control.

IL15 is essential in innate and adaptive immune cells.30 The 
complex of IL15 and IL15Rα activates cells expressing IL2R/ 
IL15Rβγ,32 initiating downstream signaling pathways such as 
JAK1/JAK3 and STAT3/STAT5. These pathways promote 
T-cell proliferation,33 inhibit IL2-induced apoptosis, and are 
crucial for CD8+ T cell proliferation.34 Furthermore, CAR-T 
cells engineered with IL15 demonstrated superior anti-tumor 
efficacy and a higher stemness ratio compared to second- 
generation CAR-T cells.24 Building on these findings, our 
study showed that the viability, proliferation, and division 
capabilities of 10 × 15 CAR were superior to those of 28z 
CAR. Similarly, like 15 CAR, 10 × 15 CAR-T cells secreting 
IL15 increased the proportion of CD8+ T cells and enhanced 
the stemness phenotype. Consequently, IL15-secreting CAR-T 
cells (15 CAR and 10 × 15 CAR) exhibited improved survival 
and immune responsiveness. Additionally, the 10 × 15 CAR-T 
cells showed enhanced CXCL10 secretion, further boosting 
their effectiveness.

The CXCL10-CXCR3 axis is a crucial chemokine signaling 
pathway for T cell migration.35 CXCR3+ T cells are drawn 
toward higher concentrations by CXCL10 gradients, guiding 
their movement. Experiments with CXCL10 recombinant pro-
tein have shown that T cell migration is contingent upon the 
concentration of CXCL10. Previous research has verified that 
elevated CXCL10 concentrations in tumor regions promote 
immune cell aggregation, achieved either through direct 
injection36 or via induction/mediation with fusion proteins or 
lysogenic adenovirus.18,37–40 We demonstrated that CXCL10- 
engineered CAR-T cells (10 and 10 × 15 CAR-T cells) attracted 
more T cells than 28z CAR-T cells. Intriguingly, after seven 
days of co-culture with target cells, no marked difference was 
noted in T cell recruitment between the supernatants of the 10 
CAR and 28z CAR groups. However, the recruitment by the 
10 × 15 CAR group was notably more robust than that by the 
10 CAR group, likely owing to the combined effects of IL15 and 
CXCL10. Considering that IL15 is vital for CAR-T cell prolif-
eration and survival,41 CXCL10 secretion by CAR-T cells is 
also enhanced by the presence of IL15. Thus, 10 × 15 CAR-T 
cells recruited significantly more T cells than 10 CAR cells 
under the influence of IL15, emphasizing the importance of 
integrating CXCL10 and IL15 in CAR-T cell designs.

The 10 × 15 CAR-T cells also exhibit beneficial effects in 
a xenograft tumor model using the gastric signet ring cell carci-
noma cell line NUGC4-T21. Initially, conventional second- 
generation CAR-T cells showed potential for inhibiting tumor 
growth. Subsequently, IL15-secreting 15 CAR and 10 × 15 CAR 
cells exerted more substantial anti-tumor effects. Notably, the 
10 × 15 CAR-T cells achieved more pronounced tumor regres-
sion compared to the 15 CAR-T cells. This enhanced efficacy 
might be attributed to the initial aggregation of T cells facilitated 
by the 10 × 15 CAR-T cells. Furthermore, the 10 × 15 CAR 
group exhibited a significantly higher accumulation of CD8+ 
T cells in tumor tissues compared to other groups. 
Consequently, the 10 × 15 CAR-T cells not only increased the 
intratumoral accumulation of CD8+ T cells but also enhanced 

tumor suppression, highlighting the critical role of these engi-
neered cells in therapeutic strategies for NUGC4-T21 ×enograft 
tumor model.

Numerous research strategies have enhanced the respon-
siveness of solid tumors to T cells and CAR-T cells by mod-
ifying these cells with chemokines or their receptors. 
Modifications with CXCR1 or CXCR2 significantly boost 
the efficacy and targeted migration of CAR-T cells toward 
solid tumors, such as breast and pancreatic cancers.42 

Furthermore, CAR-T cells engineered with CXCL9 have 
shown increased anti-tumor efficacy and improved T cell 
infiltration in solid tumors.43 However, after increasing che-
mokine concentrations within solid tumors, maintaining the 
persistence of CAR-T cells in the tumor environment emerges 
as a critical challenge. Interleukins, particularly IL2, IL7, and 
IL15, are essential for the proliferation and survival of CAR-T 
cells.44 The co-expression of these interleukins with chemo-
kine-modified CAR-T cells has made promising advance-
ments. Specifically, 7 × 19 CAR-T cells have enhanced 
dendritic and T cell infiltration and CAR-T cell survival.26 

In zebrafish models, 15 × 19 CAR-T cells have increased T cell 
infiltration and cytotoxic activity against gastric cancer,29 

substantiating the adjunctive use of chemokines and inter-
leukins in CAR-T cell therapy. We have demonstrated that 
10 × 15 CAR-T cells enhance the infiltration of CD8+ T cells 
in a gastric xenograft tumor model and promote tumor con-
trol. Additionally, the ability of CXCL10 to recruit CXCR3+ 
T and NK cells, combined with IL15’s role in boosting these 
cells’ proliferation and survival, suggests that 10 × 15 CAR-T 
cells have considerable potential for treating solid tumors, 
especially in immune-excluded or desert tumor environ-
ments. Given that the murine models used in this study 
were immunodeficient, and the T cells originated from acti-
vated T cells, our observations on the proportion and func-
tionality of inactive T cells and other immune cells within the 
TME are limited. We intend to select more representative 
animal models for further validation. Subsequently, we will 
explore the anti-tumor effects of 10 × 15 CAR-T cells in 
immunocompetent hosts and analyze the diversity and den-
sity of various immune cells within the TME.

In conclusion, we have enhanced human-derived anti- 
CLDN18.2 CAR-T cells using CXCL10 and IL15. The synergistic 
effects of these cytokines significantly improve the infiltration 
and accumulation of cytotoxic immune cells within tumors. 
Furthermore, 10 × 15 CAR-T cells facilitate the sustained pro-
liferation and persistence of these cells at tumor sites, contribut-
ing to improved tumor control. Our research on 10 × 15 CAR-T 
cells has inspired further interest in advanced studies. For 
instance, integrating control switches could allow for precise 
targeting and controlled release of cytokines, thus increasing 
the specificity of anti-tumor activity. Therefore, 10 × 15 CAR-T 
cells represent a promising approach for immune cell therapy 
strategies in gastric tumors, offering significant clinical transla-
tional potential.
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