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ABSTRACT 20 

CAR T-cell therapy has achieved remarkable clinical success in treating hematological 21 

malignancies. However, its clinical efficacy in solid tumors is less satisfactory, partially due 22 

to poor in vivo expansion and limited persistence of CAR-T cells. Here, we demonstrated 23 

that the overexpression of glucocorticoid-induced tumor necrosis factor receptor-related 24 

protein ligand (GITRL) enhances the anti-tumor activity of CAR-T cells. Compared to 25 

PSMA-BB-Z CAR-T, PSMA-BB-Z-GITRL CAR-T cells have much more IFN-γ, TNF-α, and 26 

IL-9 secretion, a higher proportion of central memory T (TCM) cells and Th9 cells, less 27 

expression of exhaustion markers, and robust proliferation capacity. Consequently, 28 

PSMA-BB-Z-GITRL CAR-T cells exhibited more potent anti-tumor activity against 29 

established solid tumors in vivo than PSMA-BB-Z CAR-T cells. The results of in vivo 30 

persistence experiment also indicated that PSMA-BB-Z-GITRL CAR-T cells exhibited 31 

much more retention in mouse blood, spleen, and tumor tissue than PSMA-BB-Z CAR-T 32 

cells 15 days after CAR-T cell therapy. In addition, PSMA-BB-Z-GITRL CAR-T cells 33 

produce higher levels of IFN-γ, TNF-α and IL-9 in mouse blood, exhibiting a higher 34 

proportion of TCM cells and a lower proportion of Treg cells compared to PSMA-BB-Z CAR-35 

T cells. Our results demonstrate that the overexpression of GITRL has important 36 

implications for improving CAR-T cell-based human solid tumor immunotherapy. 37 

 38 

 39 

  40 
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INTRODUCTION 41 

As an emerging adoptive T cell therapy, CAR-T cell therapy has made remarkable 42 

achievements in treating hematological malignancies1-5. However, the efficacy of CAR-T 43 

cells in solid tumors remains far from satisfactory, mainly because of limited tumor 44 

trafficking, infiltration and immunosuppressive tumor microenvironment6-8. Different 45 

approaches have been used to overcome the immunosuppressive tumor 46 

microenvironment (TME), the including remodeling of immunosuppressive cells and 47 

developing armored CAR-T cells that secrete immunostimulatory cytokines and co-48 

stimulatory molecules9. However, the outcomes of CAR-T therapy in solid tumors have not 49 

been enhanced10. 50 

Although more than 11 types of CAR-T cells have been approved for commercial 51 

applications, all are generated from the second-generation CARs (Chimeric Antigen 52 

Receptor, CAR) with co-stimulatory domains derived from CD28 or 4-1BB11. T-cell 53 

activation is a complicated and carefully regulated process involving in many additional 54 

signals from co-stimulatory molecules and cytokines. Although preclinical data have not 55 

demonstrated consistent superior anticancer activity with CARs containing either a CD28 56 

or a 4-1BB co-stimulatory domain, the persistence of T cells with CARs containing a 4-57 

1BB domain seems to be better in some mouse models12. The longer persistence of 4-58 

1BB CAR-T cells has been correlated with slower or less complete tumor clearance than 59 

CD28 CAR-T cells13. Recent studies showed that introducing a second co-stimulatory 60 

molecule, such as CD28, ICOS, or NKG2D into CAR-T cells with 4-1BB as the primary 61 
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co-stimulatory molecule yielded better therapeutic effects compared to CAR-T cells with 62 

4-1BB alone14,15. Thus, CAR-T cells may benefit from discovering new co-stimulatory 63 

pathways and exploiting known accessory molecules. 64 

The glucocorticoid-induced TNFR-related receptor (GITR) is a type I transmembrane 65 

protein with a cysteine-rich extracellular domain. Although the cytoplasmic domain of GITR 66 

shares homology with TNFR family members 4-1BB and CD28, GITR uses TRAF2 and 67 

TRAF5 for the NF-κB-dependent upregulation of Bcl-xL16-18. GITR signaling enhances the 68 

differentiation of CD4+ T helper (Th9) cells to promote the production of IL-9 in a TNFR-69 

associated factor 6 (TRAF6) and NF-κB-dependent manner, enhancing CTL-mediated 70 

anti-tumor immune responses19. GITR is not only highly expressed on activated Teff cells 71 

but also highly expressed on Treg cells. Therefore, the agonistic antibody (αGITR) 72 

alleviates Treg cell-mediated suppression of the anti-tumor immune response by 73 

facilitating the differentiation of Treg cells into Teff cells19-21. GITR agonism using the anti-74 

GITR antibody TRX518 reduced circulating and intertumoral Treg cells in patients with 75 

advanced cancer (NCT01239134) 22. However, monotherapy appears ineffective, 76 

whereas responses have been reported when combined with PD-1 blockade. 77 

Increasing evidence indicates that IL-9-producing T cells may have potent abilities to 78 

eradicate advanced tumors23. The activation of CAR-T cells by GITR was more significant 79 

than by 4-1BB or CD28, suggesting the superiority of GITR signaling in T cell-mediated 80 

anti-tumor immunity. Therefore, we co-expressed the GITR ligand (GITRL) on 4-1BB-81 

based CAR-T cells to achieve self-sustaining activation of GITR on CAR-T cells. Our data 82 
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showed that the proliferation, cytotoxicity, and granzyme expression were significantly 83 

increased in PSMA-BB-Z-GITRL CAR-T cells. The in vivo anti-tumor activity and 84 

persistence of PSMA-BB-Z cells were enhanced considerably by GITRL, suggesting that 85 

GITRL-expressing CAR-T cells have great potential for treating solid tumors. 86 

 87 

RESULTS 88 

GITRL influenced the T cell differentiation and phenotypes 89 

To determine the role of GITR signaling in regulating T cell differentiation, CD3+ T cells 90 

were sorted from healthy donor-derived PBMC and stimulated with anti-CD3/CD28 in the 91 

presence of IL-2. These cells were treated with the GITR ligand fusion protein (GITR-L) 92 

for 3 days. The proportion of TCM cells was significantly increased by GITR-L (Figure 1A), 93 

whereas the percentage of Treg cells was reduced considerably by GITR-L (Figure 1B), 94 

consistent with previous reports19,24. Adding GITR-L increased the expression level of IL-95 

9 mRNA in T cells, and the protein expression level of IL-9 in T cells was GITR-L (Figures 96 

1C and 1D). The ratio of CD4 and CD8 cells was slightly altered by GITR-L (Figure 1E). 97 

Given that GITR-L can decrease the ratio of Treg cells and increase the ratio of TCM cells 98 

and Th9 cells in T cells, we co-expressed GITRL with CAR-T cells to facilitate the potential 99 

of CAR-T cells to eliminate cancer cells. We constructed second-generation 4-1BB based 100 

CAR-T cells targeting CD19 (CD19-BB-Z and CD19-BB-Z-GITRL) or PSMA (PSMA-BB-Z 101 

and PSMA-BB-Z-GITRL) with or without GITRL overexpression (Figure 1F and Figures 102 

S1A and S1B). After lentiviral infection, CAR-T cell positivity was > 65% (Figure 1G and 103 
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Figure S1C) and was maintained for a long time (Figure 1H and Figure S1D). Additionally, 104 

GITRL expression was highly increased in both PSMA-BB-Z-GITRL and CD19-BB-Z-105 

GITRL cells (Figure 1I and Figure S1E). Furthermore, the overexpression of GITRL did 106 

not affect the proportion of CD4+ and CD8+ T cells in response to tumor antigen stimulation 107 

(Figure 1J). In summary, GITR-L increased the differentiation of Th9 and TCM cells but 108 

decreased that of Treg cells, which has excellent potential to enhance the anti-tumor 109 

immunity of CAR-T cells. 110 

 111 

GITRL enhances the cytotoxicity and the activation of CAR-T cells in vitro 112 

To explore the function of GITRL in CAR-T cells, CAR-T cells with or without GITRL were 113 

co-cultured with PSMA+ PC3 cells at different effector-to-target ratios. Although cancer 114 

cells could be eliminated significantly by all CAR-T cells, the cytotoxicity was higher in 115 

GITRL co-expressed CAR-T cells (Figure 2A and Figure S2A). Most importantly, the 116 

GITRL expressed CAR-T cells were demonstrated to have the advantage of avoiding 117 

cancer cells-mediated immunosuppression (Figure 2B) and sustaining cytotoxicity against 118 

tumor cells (Figure 2C). Similar results were obtained for CD19-BB-Z and CD19-BB-Z-119 

GITRL CAR-T cells (Figure S2B). In addition, T cell activation markers, such as CD25 and 120 

CD69, were dramatically increased in PSMA-BB-Z-GITRL CAR-T cells (Figures 2D and 121 

2E). The expression of CD107a, TNF-α and IFN-γ, all effector molecules of T cell-122 

mediated cytotoxicity, was also enhanced in PSMA-BB-Z-GITRL CAR-T cells (Figures 2F–123 

H). Meanwhile, the concentration of TNF-α and IFN-γ in the cultured PSMA-BB-Z-GITRL 124 
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CAR-T cells' cultured supernatant was increased (Figures 2I and 2J). Similar data were 125 

also detected in the co-cultured supernatant of CD19-BB-Z-GITRL CAR-T cells (Figures 126 

S2C and S2D). Our findings indicate that after co-culture with PC3+ PSMA cells, the 127 

cytotoxicity and cytokine release levels of PSMA-BB-Z-GITRL were significantly enhanced 128 

compared to those of PSMA-BB-Z. 129 

 130 

GITRL promotes proliferation and reduces exhaustion of CAR-T cells 131 

The proliferation of CAR-T cells after antigen stimulation is one of the most important 132 

indicators of long-term CAR-T cell killing. After co-culturing CAR-T cells with PC3+ PSMA 133 

cells, the rapid and increased proliferation of PSMA-BB-Z-GITRL CAR-T cells was 134 

observed (Figure 3A). The expression of most cell cycle progression- and proliferation-135 

associated marker genes, such as Cdks, Aurkb, and Mapks, was enhanced in PSMA-BB-136 

Z-GITRL CAR-T cells (Figure 3B). More S/G2 phase cells were observed in PSMA-BB-Z-137 

GITRL T cells (Figure 3C). Apoptotic cells were restricted to PSMA-BB-Z-GITRL CAR-T 138 

cells (Figure 3D). The proportion of Treg cells was significantly reduced in PSMA-BB-Z-139 

GITRL CAR-T cells after with PC3+ PSMA cells for 5 days (Figure 3E). Accordingly, the 140 

distribution of immune checkpoints, including PD-1 and TIM-3, was restricted in PSMA-141 

BB-Z-GITRL CAR-T cells after treatment with PC3+ PSMA (Figure 3F). TCM cells have 142 

long-term antigen-specific memory, rapid activation capabilities, the ability to expand and 143 

migrate quickly, and persist in the circulation and lymph nodes for a long time25,26. 144 

Consistent with the GITRL-treated T cells (Figure 1A), the proportion of CCR7+ CD45RO+ 145 
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TCM cells was significantly enhanced in PSMA-BB-Z-GITRL CAR-T cells after co-culturing 146 

with PC3+ PSMA cells (Figure 3G). Taken together, co-expression of GITRL in CAR-T cells 147 

not only promotes the proliferation of CAR-T cells and the formation of TCM cells but also 148 

reduces CAR-T cell exhaustion and apoptosis, showing the considerable potential of 149 

GITRL overexpressed CAR-T cells in fighting solid tumors. 150 

 151 

The MYC and NF-κB associated signaling were increased in PSMA-BB-Z-GITRL 152 

CAR-T cells 153 

To investigate the mechanism by which GITRL affects CAR-T cells, we co-cultured PSMA-154 

BB-Z and PSMA-BB-Z-GITRL CAR-T cells with PSMA+ PC3 cells for 12 hours and 155 

collected three CAR-T cell samples from each group for RNA sequencing. The GO 156 

enrichment analysis of these differential genes showed that the pathways of "Genes 157 

regulated by NF-κB in response to TNF," "Genes defining inflammatory response," "Genes 158 

up-regulated by STAT5 in response to IL2 stimulation," and "Genes up-regulated in 159 

response to IFNG" were all highly enriched in PSMA-BB-Z-GITRL CAR-T cells (Figure 4A). 160 

These pathways regulate T-cell inflammatory responses, activation and proliferation, and 161 

cytokine production. We performed a qPCR to confirm that GITRL influenced the signature 162 

genes. The expression of Nr4a1 and Fos, which positively regulated the NF-κB pathway, 163 

was significantly upregulated in the PSMA-BB-Z-GITRL group (Figure 4B). In contrast, the 164 

expression of Tnfaip2, Klf4, and Abca1, which negatively regulated the NF-κB pathway, 165 

was significantly downregulated. Genes related to cytotoxicity, including Gzma, Gzmb, 166 
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Gzmm, Ifn-γ, and Tnf-α, were significantly upregulated (Figure 4B). Genes associated with 167 

proliferation and cell cycle, including Cct4, Cct2, Cct7, Nme1, and Ggr1, were significantly 168 

upregulated (Figure 4B). Genes associated with T cell differentiation, including Il4, Il6, and 169 

Il9, were also significantly upregulated (Figure 4B). Gene Set Enrichment Analysis (GSEA) 170 

showed that genes associated with MYC TARGETS V1, MYC TARGETS V2, G2M 171 

CHECKPOINT, PI3K AKT MTOR SIGNALING, E2F TRANSCRIPTION FACTORS and 172 

MTORC1 COMPLEX were significantly enriched in PSMA-BB-Z-GITRL CAR-T cells 173 

(Figures 4C–H). These data suggest that co-expression of GITRL enhances T cell 174 

proliferation, differentiation, and immune activity in MYC- and NF-κB-associated signaling 175 

pathways. 176 

PSMA-BB-Z-GITRL CAR-T cells exhibited significant proliferation potential, with 177 

upregulation of the MYC-related genes Cdk2 and Cdk4, which may increase the risk of 178 

uncontrolled proliferation and carcinogenesis. Consequently, we further assessed the 179 

proliferation curves of PSMA-BB-Z-GITRL CAR-T cells within 24 days post-stimulation 180 

with PC3- PSMA and changes in Cdk2 and Cdk4 transcription levels within 14 days. The 181 

results indicated a decline in the PSMA-BB-Z-GITRL CAR T-cell population after 21 days, 182 

suggesting no uncontrolled proliferation (Figure S3A). Furthermore, CDK2 and CDK4 183 

transcript levels showed no significant differences on days 9 post-stimulation (Figure S3B). 184 

 185 

GITRL facilitates Th9 cell differentiation through TRAF6-NF-κB signaling pathway  186 

In addition to Th1 cells, Th9 cells also trigger potent anti-tumor activity in a mouse model 187 
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of melanoma27. The number of Th9 cells is negatively associated with metastatic 188 

melanoma lesions28-31. These findings indicate that enhancing the Th9 response is a 189 

promising immunotherapeutic strategy for human cancer treatment. Our findings showed 190 

that PSMA-BB-Z CAR-T cells that overexpressing GITRL exhibited a significantly higher 191 

secretion of IL-9 (Figure 5A). Furthermore, the proportion of Th9 cells increased nearly 192 

three-fold compared to that of PSMA-BB-Z CAR-T cells (from approximately 2.5% to 8.6%) 193 

(Figure 5B), consistent with the enhanced production of IL-9. To further elucidate the 194 

molecular mechanisms directing Th9 differentiation by GITRL, we analyzed multiple 195 

transcription factors crucial for Th9 cell differentiation. Kinetic analyses showed that Pu.1, 196 

Gata3, and Irf4 transcription levels remained unchanged or were slightly upregulated in 197 

PSMA-BB-Z-GITRL CAR-T cells (Figure 5C). Although GITR interacted with Traf2, Traf5, 198 

and Traf6 in T cells, only Traf6 was significantly upregulated in PSMA-BB-Z-GITRL CAR-199 

T cells (Figure 5C). The levels of p-P65 in PSMA-BB-Z-GITRL CAR-T cells were 200 

considerably higher than in PSMA-BB-Z CAR-T cells at multiple time points (Figure 5D).  201 

To further validate that overexpression of GITRL enhanced the cytotoxic efficacy of CAR-202 

T cells against tumor cells via the NF-κB pathway and facilitates the differentiation of CAR-203 

T cells into Th9 cells, we evaluated the IL-9 secretion and cytotoxic capabilities of PSMA-204 

BB-Z and PSMA-BB-Z-GITRL CAR-T cells under conditions both with and without the NF-205 

κB inhibitor (BAY 11-7082). Following treatment with BAY 11-7082, the results indicated 206 

that PSMA-BB-Z-GITRL and PSMA-BB-Z CAR-T cells demonstrated comparable levels 207 

of IL-9 secretion and cytotoxicity against tumor cells (Figures 5E and 5F), strongly 208 
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suggesting that GITRL-induced Th9 differentiation occurs mainly via the TRAF6–NF-κB 209 

signaling pathway. 210 

 211 

GITRL enhances the anti-tumor efficacy of CAR-T cells in mouse model 212 

To evaluate the therapeutic efficacy of GITRL in vivo, subcutaneous xenografts were 213 

established by injecting stable luciferase-transfected PC3+ PSMA cells (PC3-PSMA-LUC) 214 

into NSG mice. After 10 days, the mice were randomly divided into three groups of 6 mice 215 

per group and subjected to intravenous injections of Control T cells, PSMA-BB-Z CAR-T 216 

cells, or PSMA-BB-Z-GITRL CAR-T cells (Figure 6A). Bioluminescence imaging showed 217 

sustained tumor regression by PSMA-BB-Z and PSMA-BB-Z-GITRL CAR-T cells 218 

compared with Control T cells; it was demonstrated that mice treated with PSMA-BB-Z-219 

GITRL CAR-T cells exhibited significantly more tumor regression than those treated with 220 

PSMA-BB-Z CAR-T cells (Figures 6B–D). The PSMA-BB-Z-GITRL CAR-T cell treatment 221 

group showed a considerably longer survival time for mice than the PSMA-BB-Z CAR-T 222 

cell treatment group (Figure 6E). During treatment, we monitored the CD3+CAR+ T cell 223 

counts in the peripheral blood of mice across each treatment group on days 7, 14, and 21 224 

following the initiation of treatment. The experimental findings demonstrated that the 225 

retention of PSMA-BB-Z-GITRL CAR T cells in the bloodstream was significantly greater 226 

than that of PSMA-BB-Z CAR T cells at all evaluated time points (Figure 6F). In conclusion, 227 

the data indicate that the anti-tumor efficacy of PSMA-BB-Z-GITRL CAR-T cells is 228 

significantly enhanced compared to traditional CAR-T cells, suggesting substantial 229 
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potential for treating metastatic castrate-resistant prostate cancer. 230 

 231 

GITRL enhanced the in vivo persistence of CAR-T cell anti-tumor activity 232 

PSMA-BB-Z-GITRL CAR-T cells exhibited increased proportions of TCM and Th9 cells 233 

(Figures 3G and 5B) and enhanced antitumor activity in vitro (Figures 2G and 2H). This 234 

encouraged us to assess further its potency in xenograft tumor models (Figure 7A). After 235 

a 15-day treatment period, the serum concentrations of TNF-α, IFN-γ, and IL-9 in mice 236 

administered PSMA-BB-Z-GITRL CAR-T cells were significantly elevated compared to 237 

those in mice treated with PSMA-BB-Z CAR-T cells (Figure 7B). The proportion of TCM 238 

cells in PSMA-BB-Z-GITRL CAR-T cells in the peripheral blood of mice was significantly 239 

increased, whereas the proportion of Treg cells was significantly decreased (Figure 7C). 240 

The total count of CD3+ T cells and the number of CD3+ T cells infiltrating the tumor within 241 

the spleen in the PSMA-BB-Z-GITRL CAR-T cell treatment group were increased 242 

significantly (Figures 7D and 7E). No significant pathological changes were observed by 243 

H&E (Hematoxylin and Eosin, H&E) staining in the tissues of either group of mice, 244 

indicating that treatment with PSMA-BB-Z or PSMA-BB-Z-GITRL CAR-T cells did not 245 

cause any side effects (Figure 7F). Given that PSMA-BB-Z-GITRL CAR-T cells exhibited 246 

accelerated tumor clearance. They enhanced the retention of CD3+ T cells in xenograft 247 

tumor models; we constructed a rechallenge model to evaluate the efficacy of PSMA-BB-248 

Z-GITRL CAR-T cells in eliminating the subsequent rounds of PC3-PSMA cells that had 249 

been engrafted with tumors (Figure 7G). Rechallenge assay revealed that the adoptive 250 
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transfer of PSMA-BB-Z-GITRL CAR-T cells exhibited accelerated kinetics in tumor 251 

clearance, leading to complete tumor regression by day 28. Even after a second 252 

rechallenge with tumor cells on day 28, the PSMA-BB-Z-GITRL CAR-T cells maintained 253 

their capacity to inhibit tumor formation (Figure 7H). In conclusion, overexpression of 254 

GITRL significantly increased the infiltration of CAR-T cells into murine tumor tissues and 255 

improved their retention in the spleen. It endowed PSMA-BB-Z-GITRL CAR-T cells with 256 

the ability to eliminate subsequent rounds of tumor cells. These findings suggest that this 257 

strategy represents a promising therapeutic approach for managing metastatic and 258 

advanced prostate cancers. 259 

 260 

DISCUSSION 261 

The clinical response to B cell malignancies is correlated with CAR-T cells' in vivo 262 

expansion and persistence. However, it has been found during the treatment of solid 263 

tumors that CAR-T cells do not have robust proliferation capacity and persistence, and 264 

there is a lack of strong efficacy demonstrated in trials reported to date14. Here, we 265 

investigated whether CAR-T cells' expansion capability, persistence, and efficacy could be 266 

improved by adding high-quality co-stimulatory domains. GITR is a member of the TNF 267 

superfamily of proteins that regulates immune responses, along with other members such 268 

as 4-1BB, OX-40, CD27, etc. GITR can be activated by its ligand (GITRL), which 269 

costimulates T cells32. Notably, the downstream signaling pathways of GITR and 4-1BB, 270 

which work together to exert their functions, are not identical and have complementary 271 
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effects. Our results also demonstrated that GITRL overexpression significantly enhanced 272 

the cytotoxicity of PSMA-BB-Z CAR-T cells against tumor cells. We also found that GITRL 273 

overexpression enhanced the sustained cytotoxicity of PSMA-BB-Z CAR-T cell-mediated 274 

killing of tumor cells, which may be attributed to PSMA-BB-Z-GITRL CAR-T cells having 275 

a higher proportion of TCM, lower expression of exhaustion markers, and a faster 276 

expansion rate under tumor stimulation. We analyzed the RNA-seq data to dissect the 277 

transcriptional features of PSMA-BB-Z-GITRL CAR-T cells. The results indicate that 278 

compared to PSMA-BB-Z CAR-T cells, the transcript levels of genes associated with cell 279 

proliferation and activation, including Cdks, Mapks, BATF, Pu.1, and Fos, and genes 280 

related to cytotoxicity such as Gzma, Gzmb, Gzmm, Ifn-γ, and Tnf-α, increase significantly 281 

in PSMA-BB-Z-GITRL CAR-T cells. Changes in the transcript levels of these genes 282 

revealed the underlying mechanisms by which GITRL overexpression promotes the 283 

expansion, activation, and cytotoxicity of PSMA-BB-Z CAR-T cells. 284 

Treg cells are one of the main obstacles in cancer immunotherapy, and the tumor 285 

microenvironment can expand the population of Treg cells33. Both GITR agonists and 286 

GITR-L, the ligand for GITR, can effectively inhibit the generation of regulatory T cells both 287 

in vivo and in vitro19,21. Our results also showed that overexpression of GITRL in PSMA-288 

BB-Z CAR-T cells led to a significant decrease in the frequency of CD4+Foxp3+ cells both 289 

in vivo and in vitro under tumor stimulation, resulting in a shift in the balance of Treg cells 290 

towards effector T cells and TCM. GITRL is constitutively expressed in APCs in the tumor 291 

microenvironment34. Studies have found that the physiological interaction between GITR 292 
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and GITRL may help induce Th9 cells, suggesting that GITR may play a tumor-293 

suppressive role by inducing a Th9 cell response against malignant tumors. However, due 294 

to the weak physiological GITR signal, which cannot induce sufficient amounts of IL-9, we 295 

overexpressed GITRL in PSMA-BB-Z CAR-T cells via lentiviral infection to enhance the 296 

GITR signal and induce an optimal anti-tumor immune response. Consistent with previous 297 

reports, we found in both in vivo and in vitro experiments that PSMA-BB-Z-GITRL CAR-T 298 

cells induced higher levels of IL-9 compared to PSMA-BB-Z CAR-T cells. The induction of 299 

a higher number of Th9 cells by GITR-GITRL interactions may be one of the reasons why 300 

PSMA-BB-Z-GITRL CAR-T cells exhibit fewer exhausted, fully cytolytic, and hyper-301 

proliferative properties, as CAR-T cells constructed using Th9 cells have been reported to 302 

exhibit such characteristics35. 303 

To achieve optimal Th9 differentiation, the integration of multiple signals is required 36-39. 304 

Previous studies have shown that GITR signaling promotes Th9 differentiation through 305 

two different mechanisms: (I) activation of the TRAF6-NF-κB pathway and (II) increased 306 

production of IL-419. We analyzed the expression of genes related to these two different 307 

mechanisms. We found that the expression of Traf6 and Il-4 in PSMA-BB-Z-GITRL CAR-308 

T cells was significantly upregulated, and the phosphorylation level of the P65 protein was 309 

also higher than that in PSMA-BB-Z CAR-T cells. Moreover, the experiment inhibiting the 310 

NF-κB pathway confirmed that the enhanced secretion of IL-9 and the anti-tumor efficacy 311 

of PSMA-BB-Z-GITRL CAR-T cells are contingent upon a more pronounced activation of 312 
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the NF-κB pathway. Therefore, we speculate that the synergistic effect of these two 313 

mechanisms promotes the differentiation of PSMA-BB-Z-GITRL CAR-T cells into Th9 cells 314 

via the NF-κB pathway in vivo and in vitro.  315 

In summary, we designed and prepared enhanced CAR-T cells by co-expressing GITRL. 316 

In vitro and in vivo experiments showed that these novel CAR-T cells could enhance anti-317 

tumor efficacy, have stronger proliferative ability, and delay CAR-T cell exhaustion, thus 318 

enhancing the sustainability of CAR-T cells to exert anti-tumor functions. Our study 319 

revealed the important role of activating GITR, a co-stimulatory molecule, in enhancing 320 

the anti-tumor function of CAR-T cells, providing a new perspective for treating solid 321 

tumors with CAR-T cells. 322 

 323 

MATERIALS AND METHODS 324 

Mice 325 

This study utilized male NSG (NOD/SCID/IL-2RG) mice aged 6 to 8 weeks, which were 326 

procured from GemPharmatech. The NSG mice were maintained in a specific pathogen-327 

free (SPF) facility at East China Normal University. Standardized feeding protocols were 328 

adhered to, and all equipment and materials employed in the study underwent sterilization 329 

via autoclaving at elevated temperatures and pressures to minimize any potential 330 

contamination. All animal experiments were conducted within the animal facility and 331 

received approval from the Ethics Committee of East China Normal University. 332 

 333 
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Cell lines and culture condition 334 

Peripheral blood samples for CAR-T cell isolation were collected from healthy volunteers 335 

(minimum of three individuals) who provided informed consent. All blood samples were 336 

collected and handled according to the ethical and safety procedures approved by the 337 

Clinical Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang 338 

University. PBMCs were isolated using lymphocyte separation medium (TBD Science, 339 

LTS10770015). CD3+ T cells were isolated from PBMCs using the CD3 MACS kit (Miltenyi) 340 

and activated using the T Cell TransActTM kit (Miltenyi). The PC3 was acquired from the 341 

American Type Culture Collection (ATCC) and maintained in RPMI 1640 medium (Gibco) 342 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). The lentiviral-343 

mediated overexpression of PSMA in PC3 cells was achieved, followed by selection with 344 

puromycin dihydrochloride (2-4 mg/mL; BBI Life Science, F118BA0026) for stable 345 

expression of PSMA and luciferase. The 293T cell line was procured from ATCC and 346 

cultured in DMEM medium (Gibco) with 10% FBS and 1% P/S at 37°C in a humidified 347 

atmosphere with 5% CO2. 348 

 349 

Plasmid construction 350 

To construct a second-generation CAR vector that facilitates the overexpression of GITRL, 351 

we synthesized the gene sequence corresponding to GITRL. The CAR was driven by the 352 

EF1α promoter, with its initial nucleotide sequence comprising the anti-human PSMA-scfv, 353 

CD8A, 4-1BB, and CD3ζ. The GITRL sequence was subsequently integrated at the 354 
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terminus of the initial nucleotide sequence through the use of the T2A peptide sequence. 355 

Ultimately, we successfully generated the PSMA-BB-Z plasmid, which contains solely the 356 

initial nucleotide sequence, as well as the PSMA-BB-Z-GITRL plasmid, which 357 

encompasses both nucleotide sequences. 358 

 359 

Retrovirus and lentivirus preparation of CAR-T cells 360 

The prepared CAR plasmid and lentivirus packaging plasmids (psPAX2 and pMD2.G) 361 

were co-transfected into 293T cells at a ratio of 5:5:3 to generate lentiviral particles. After 362 

transfection, cells were incubated at 37°C for 6-8 hours, then the medium was replaced 363 

and the cells were incubated for an additional 48 hours in fresh culture medium. The 364 

supernatant was collected, filtered through a 0.22 μm filter, and concentrated by 365 

centrifugation at 25,000 rpm for 2.5 hours at 4°C. The concentrated viral particles were 366 

dissolved and stored at -80°C. 367 

Activated T cells, which had been cultured with CD3/CD28 magnetic beads for three days, 368 

were mixed with the viral particles at a ratio of 1:10, and centrifuged at 1000g for 2 hours 369 

at 32°C. After 3 days of infection, a small number of cells were collected to evaluate CAR 370 

expression using flow cytometry.  371 

 372 

Flow cytometry 373 

PBS containing 1% FBS was employed as the washing and staining buffer, whereas PBS 374 

with 4% FBS served as the blocking buffer. For extracellular marker staining, immune cells 375 
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or other dissociated single cells were washed twice and then incubated with the 376 

corresponding flow cytometry antibody for the desired marker at 4°C for 30 minutes. In 377 

the case of intracellular marker staining, immune cells or other dissociated single cells 378 

were initially stained with extracellular markers, Then, the cell membrane breaking and 379 

fixation kit (BD) were performed using at 4°C for 2 hours to allow for intracellular staining. 380 

For subsequent intracellular staining, the procedure is similar to that of extracellular 381 

staining. After staining, the cells were washed twice with PBS and analyzed on a 382 

FACSCalibur TM or LSR II flow cytometer (BD Biosciences). The acquired data were 383 

analyzed using FlowJo software (BD). 384 

 385 

Quantitative RT–PCR and ELISA assay 386 

The mRNA was extracted using an RNA extraction kit (Magen, R4801-02), following the 387 

manufacturer's instructions for extracting cellular RNA. Subsequently, the extracted mRNA 388 

was reverse transcribed into cDNA using a mRNA reverse transcription kit. The cDNA 389 

served as a template for subsequent real-time quantitative PCR analyses. The primer 390 

sequences employed for real-time fluorescent quantitative PCR analysis in this study are 391 

detailed in Table S2. The levels of IFN-γ, TNF-a and IL-9 were quantified using human 392 

IFN-γ (Invitrogen, 88-7316-88), human TNF-a (Invitrogen, 88-7346-88), and human IL-9 393 

(R&D, DY361) ELISA kits, respectively, following the manufacturer’s instructions. 394 

 395 

 396 
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Western blot 397 

For Western blot assays, CAR-T cells were co-cultured with PSMA+ PC3 cells in a 1:1 398 

ratio. At time intervals of 0, 15, 30, 60, and 120 minutes, the CAR-T cells were collected 399 

for subsequent analysis. The collected CAR-T cells were lysed using RAPI lysis buffer. 400 

Following lysis, the cell lysate was centrifuged at 12,000 rpm for 10 minutes at 4°C, and 401 

the supernatant was collected. The protein concentration was determined by the BCA 402 

assay. An equal amount of protein was loaded onto a 12.5% SDS-PAGE gel. Subsequently, 403 

the separated proteins were transferred onto a polyvinylidene difluoride filter (PVDF) 404 

membrane (Millipore, Bedford, MA, United States). The PVDF membrane was blocked 405 

with 5% non-fat milk in PBS buffer at room temperature for 2 hours, and incubated with 406 

primary antibody probe overnight at 4°C. The PVDF membrane was washed three times 407 

with TBST, and then incubated with the secondary antibody at room temperature for 1 408 

hour.  409 

 410 

Cytotoxicity assay 411 

To ensure consistency, T cells from the same batch were used to adjust the CAR positivity 412 

rates of both CAR-T cells types. Subsequently, both were utilized as effector cells. The 413 

PC3+ PSMA-LUC cells served as target cells. The effector cells and target cells were 414 

mixed at varying effector-to-target ratios (0.5:1, 1:1, 2:1) and subsequently incubated in a 415 

low-adhesion 96-well plate. After 16 hours, the cells were collected from the mixture, and 416 

100 μL of the cell suspension was transferred to a new 96-well plate for fluorescent 417 
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measurement. For the cytotoxicity assay, 10 μL of luciferase substrate was added into 418 

each well, followed by fluorescent measurement. 419 

 420 

In vivo killing assay and in vivo retention assay  421 

The subcutaneous xenograft model was established by injecting 2×10^6 PC3-PSMA-LUC 422 

cells subcutaneously into the right flank of 6-8-week-old male NSG (NOD-423 

PrkdcscidIL2rgtm1/Bcgen, Beijing Biocytogen Co., Ltd.) mice. Subsequent experiments 424 

were performed 15 days post-establishment of the tumor model. When the average tumor 425 

size reached approximately 200 mm3, the mice were divided equally into three treatment 426 

groups. For in vivo cytotoxicity assays, 1×106 CAR-T cells were injected via tail vein. 427 

Bioluminescence imaging (BLI) was performed on days 3, 7, 10, and 15 using the 428 

Xenogen-IVIS imaging system (Caliper Life Sciences, Hopkinton, MA). Daily observations 429 

of the mice were conducted, and the number of surviving subjects was documented. 430 

For the in vivo retention assays, the procedures for the subcutaneous xenograft model 431 

and CAR-T cell therapy were identical to those used in the cytotoxicity assays.15 days 432 

post-treatment, the hearts, lungs, kidneys, and livers of the mice were collected for H&E 433 

staining. Blood and spleen samples were also collected for flow cytometry analysis to 434 

evaluate T cell retention. All animal experiments were performed in accordance with 435 

protocols approved by the Institutional Animal Care and Use Committee of East China 436 

Normal University. 437 

 438 
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Statistical analysis 439 

All data analyses and graphs were generated using Prism software (GraphPad) and 440 

presented as mean ± SD. Data comparisons were performed using one-way analysis of 441 

variance (ANOVA) in Primer 5.0 software, and survival curves were compared using the 442 

log-rank test. Each experiment was executed with a minimum of three biological replicates. 443 

 444 

Keywords: CAR-T; GITRL; Central memory T; Th9; Solid tumor immunotherapy 445 
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List of Figure Captions 609 

Figure legends 610 

Figure 1. The differentiation and phenotypes of T cells were modulated by GITR-L.  611 

(A and B) Flow cytometric analysis was conducted to determine the proportions of TCM 612 

(CD45RO+CCR7+) and Treg (CD4+CD25+FOXP3+) in T cells. T cells were stimulated with human 613 

IgG protein (1 nM) antibody or human GITR-L protein (1 nM) for 3 days. (C) mRNA fold change of 614 

Il-9 in T cells stimulated with human IgG protein (1 nM) antibody or human GITR-L protein (1 nM) 615 

for 24 hours. (D) The concentration of IL-9 in the supernatant of T cell cultures stimulated with a 616 

gradient of GITR-L protein concentrations for 2 day was measured by ELISA. (E) The CD4+/CD8+ 617 

T cell ratio of T cells after stimulation with GITR-L protein for 2 day was measured by flow cytometry. 618 

(F) Schematic representation of PSMA-targeted constructs with 4-1BB co-stimulatory domain, a 619 

CD3ζ domain, and a GITRL. (G) Flow cytometry analysis of the transduction efficiencies. (H) The 620 

expression levels of CAR at different time points were measured using flow cytometry. (I) The 621 

expression intensity of GITRL on CAR-T cells was measured by means of Flow cytometry. (J) Three 622 

days post-PSMA+ PC3 cells stimulation, the proportion of CD4+/CD8+ T cells was determined by 623 

flow cytometry. All data with error bars represent the mean ± SEM of triplicate values resulting from 624 

3 independent experiments performed under similar conditions. NSP>0.05, *P<0.05, **P<0.01, 625 

***P<0.001. Student’s t test. 626 

 627 

Figure 2. GITRL enhanced the cytotoxicity and the activation of CAR-T cells in vitro.  628 

(A) The cytotoxicity of Control T, PSMA-BB-Z, and PSMA-BB-Z-GITRL against PSMA+ PC3 cells 629 

was evaluated at different effector/target (E:T) ratios for 16 hours. (B) Overexpression of GITRL 630 

enhances the tolerance of CAR-T cells to tumor culture supernatant. After stimulating CAR-T cells 631 

with medium containing 20% PC3-PSMA cell culture supernatant for 24 hours, the cytotoxicity of 632 

PSMA-BB-Z, and PSMA-BB-Z-GITRL CAR-T cells against PSMA+ PC3 cells was evaluated. (C) 633 

CAR-T cells were serially stimulated with PSMA+ PC3 cells for three rounds at 16-hour intervals, 634 

the cytotoxicity of PSMA-BB-Z and PSMA-BB-Z-GITRL CAR-T cells against PSMA+ PC3 cells was 635 
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evaluated 16 hours after each round of PSMA+ PC3 cell addition. PSMA-BB-Z and PSMA-BB-Z-636 

GITRL CAR-T cells were co-incubated with PSMA+ PC3 cells at a 1:1 ratio for 24 h, the expression 637 

of CD25 (D), CD69 (E), CD107a (F), TNF-α (G), and IFN-γ (H) on the CAR-T cells was detected 638 

by flow cytometry, and the concentrations of TNF-α (I) and IFN-γ (J) in the supernatants was 639 

measured using ELISA. All data with error bars represent the mean ± SEM of triplicate values 640 

resulting from 3 independent experiments performed under similar conditions. *P<0.05, **P<0.01, 641 

***P<0.001. Student's t-test. 642 

 643 

Figure 3. Overexpression of GITRL promotes the proliferation of CAR-T cells and reduces 644 

exhaustion.  645 

(A) Number of Control T, PSMA-BB-Z-GITRL, and PSMA-BB-Z-GITRL cells determined by trypan 646 

blue exclusion. On day 1, Control T, PSMA-BB-Z and PSMA-BB-Z-GITRL CAR-T cells were co-647 

incubated with PSMA+ PC3 cells at a 1:1 ratio. (B) CAR-T cells were co-cultured with PSMA+ PC3 648 

cells in a 1:1 ratio for 3 days, the relative mRNA expression of Cdks, Aurkb, and Mapks were 649 

measured by real-time qPCR. (C and D) After co-culturing CAR-T cells and PSMA+ PC3 cells in a 650 

1:1 ratio for 3 days, the cell cycle and apoptosis of PSMA-BB-Z and PSMA-BB-Z-GITRL CAR-T 651 

cells were determined by flow cytometry. (E, F, and G) CAR-T cells were co-cultured with PSMA+ 652 

PC3 cells at a 1:1 ratio for 5 days. The proportions of Treg (E), exhaustion molecules PD-1 (F), 653 

TIM-3 (F), and the TCM (G) subpopulation in PSMA-BB-Z and PSMA-BB-Z-GITRL CAR-T cells were 654 

determined by flow cytometry. All data with error bars represent the mean ± SEM of triplicate values 655 

resulting from 3 independent experiments performed under similar conditions. *P<0.05, **P<0.01, 656 

***P<0.001. Student's t-test. 657 

 658 

Figure 4. PSMA-BB-Z-GITRL CAR-T cells exhibit stronger proliferation- and NF-κB-related 659 

signaling.  660 

(A and B) The MSigDB enrichment bar graph and representative heatmap of differentially 661 

expressed genes between PSMA-BB-Z and PSMA-BB-Z-GITRL were generated using the R 662 
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package pheatmap. (C) GSEA was used to compare the expression profiles of PSMA-BB-Z-GITRL 663 

and PSMA-BB-Z based on the HALLMARK_ HALLMARK_MYC TARGETS V1 gene set. (D) GSEA 664 

was used to compare the expression profiles of PSMA-BB-Z-GITRL and PSMA-BB-Z based on the 665 

HALLMARK_HALLMARK MYC TARGETS V2 gene set. (E) GSEA was used to compare the 666 

expression profiles of PSMA-BB-Z-GITRL and PSMA-BB-Z based on the HALLMARK_G2M 667 

CHECKPOINT gene set. (F) GSEA was used to compare the expression profiles of PSMA-BB-Z-668 

GITRL and PSMA-BB-Z based on the HALLMARK_P13K AKT MTOR SIGNALING gene set. (G) 669 

GSEA was used to compare the expression profiles of PSMA-BB-Z-GITRL and PSMA-BB-Z based 670 

on the HALLMARK_E2F TRANSCRIPTION FACTORS gene set. (H) GSEA was used to compare 671 

the expression profiles of PSMA-BB-Z-GITRL and PSMA-BB-Z based on the 672 

HALLMARK_MTORC1 COMPLEX gene set. 673 

 674 

Figure 5. GITRL-GITR-mediates the differentiation of PSMA-BB-Z-GITRL CAR-T cells 675 

towards Th9 and enhancement of their cytotoxicity via the TRAF6-NF-κB pathway.  676 

(A) After co-culturing CAR-T cells with PSMA+ PC3 cells at a 1:1 ratio for 24 hours, the 677 

concentration of IL-9 in the co-culture supernatant was measured by ELISA. (B) After co-culturing 678 

of CAR-T cells with PSMA+ PC3 cells at a 1:1 ratio for 3 days, the proportion of Th9 cells was 679 

detected by flow cytometry. (C) After co-culturing CAR-T cells with PSMA+ PC3 cells at a 1:1 ratio 680 

for 24 hours, the fold changes in the expression levels of Gata3, Pu.1, Irf4, and Traf2, Traf5, and 681 

Traf6 genes in CAR-T cells were measured by qPCR. (D) Western blot analysis of p-P65 and 682 

P65 protein level in PSMA-BB-Z and PSMA-BB-Z-GITRL CAR T cells. (E) The CAR-T cells were 683 

treated with either vehicle or 10 μM BAY 11-7082 for 30 minutes and then co-cultured with PSMA+ 684 

PC3 cells at a 1:1 ratio for 24 hours. The concentration of IL-9 in the supernatant was measured 685 

by ELISA. (F) CAR-T cells were treated with either vehicle or 10 μM BAY 11-7082 for 30 minutes. 686 

The percentage of specific lysis of the CAR-T cells against PSMA+ PC3 cells was determined by 687 

luciferase assay at 16 hours of culture, at the indicated E:T ratios. All data with error bars represent 688 

the mean ± SEM of triplicate values resulting from 3 independent experiments performed under 689 
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similar conditions. NSP>0.05; **P<0.01; ***P<0.001. Student's t-test. 690 

 691 

Figure 6. GITRL reinforces the Anti-tumor Activity of CAR-T cells in mouse model.  692 

(A) Schematic diagram of subcutaneous transplantation and treatment procedure for mouse 693 

prostate cancer xenografts. (B and C) Tumor burden measured by bioluminescence at indicated 694 

days since Control T, PSMA-BB-Z and PSMA-BB-Z-GITRL CAR-T cells infusion (n=6). (D) Tumor 695 

growth curves of individual mice and mean ± s.e.m. values of tumor volume (n=6). (E) Overall 696 

survival of mice presented in Kaplan-Meier curves (n=6). (F) The absolute infiltration of CD3+CAR+ 697 

T cells in the blood collected from treated mice was measured on days 7, 14, and 21 (n=6). Data 698 

are shown as the mean ± SEM. ***p < 0.001. 699 

 700 

Figure 7. PSMA-BB-Z-GITRL CAR T cells exhibited enhanced the systemic anti-tumor 701 

activity and persistence in pre-established xenograft solid tumor models.  702 

(A) Schematic diagram of subcutaneous transplantation and treatment procedure for mouse 703 

prostate cancer xenografts. (B)The concentrations of IL-9, TNF-α, and IFN-γ in mouse serum were 704 

determined by ELISA on day 15 post-treatment (n=5). (C) The proportions of Treg (CD4+FOXP3+) 705 

and TCM cell populations were measured in the peripheral blood of mouse on day 15 post-treatment 706 

(n=5). (D) CD3+ T cells absolute infiltration in the spleen collected from treated mouse on day 15 707 

(n=5). (E) Serial sections of tumor tissues treated with PSMA-BB-Z or PSMA-BB-Z-GITRL CAR-T 708 

cells were assessed by immunohistochemistry with antibodies for CD3 signals (day 15, n=3). (F) 709 

Pathological examination of mouse lungs, livers, kidneys, and hearts was performed using 710 

hematoxylin and eosin (HE) staining on day 15 of treatment. (G) Experimental schematic of PC3-711 

PSMA-LUC tumor re-challenge with PSMA-BB-Z-GITRL CAR-T cells. PSMA-BB-Z-GITRL CAR T 712 

cells-treated mouse that showed no detectable tumor were subcutaneous transplantation 713 

implanted with 2 million PC3-PSMA-LUC cells on day 28. As control, naïve mice were implanted 714 

with PC3-PSMA-LUC cells following an injection of Control T cells. (H) Tumor burden measured by 715 

bioluminescence at indicated days since PSMA-BB-Z-GITRL CAR-T cell infusion (n=5). Data are 716 
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shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 717 
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Du and colleagues established a novel enhanced CAR-T cells co-expressing GITRL that 

could activate the GITR-TRAF6-NF-κB pathway and promote CAR-T cells proliferation 

and differentiation toward Th9 and TCM, thereby enhanced cytotoxicity against solid tumors. 
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