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Introduction

Chimeric antigen receptor T cell (CAR-T) therapy has shown success in treating hematological malignancies, but its effectiveness against solid tumors is hindered by T cell exhaustion. During in vitro expansion, tonic signaling induced by CAR expression contributes to CAR-T cell exhaustion, which can be mitigated by inhibiting calcium signaling. Given that sodium citrate can chelate calcium ions and inhibit calcium signaling, in this study, we investigated whether sodium citrate could reduce exhaustion and enhance CAR-T cell function.





Methods

We constructed anti-CD70 CAR-T cells and cultured them in the presence of sodium citrate. The characteristics and functionality of sodium citrate-pretreated CAR-T cells were assessed through in vitro and in vivo experiments. To further validate our observation, we also treated anti-mesothelin (MSLN) CAR-T cells with sodium citrate and detected the phenotypes and anti-tumor function of CAR-T cells.





Results

We found that sodium citrate-pretreated anti-CD70 CAR-T cells exhibited reduced exhaustion, increased memory T cell proportions, and enhanced anti-tumor efficacy both in vitro and in vivo. Notably, sodium citrate treatment improved the in vivo persistence of CAR-T cells and prevented tumor recurrence. These beneficial effects were also observed in anti-MSLN CAR-T cells. Transcriptomic and metabolite analyses revealed that sodium citrate inhibited calcium signaling, mTORC1 activity, and glycolysis pathways, thus modulating T cell exhaustion and differentiation.





Discussion

Our findings suggest that sodium citrate supplementation during CAR-T cell expansion could be a promising strategy to improve CAR-T therapy for solid tumors by preventing exhaustion and promoting memory T cell formation.
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1 Introduction

Chimeric antigen receptor (CAR) T cells, or CAR-T cells, are genetically engineered T cells that express CARs on their surface, enabling them to directly recognize and bind to specific antigens, triggering T cell activation (1–3). CAR-T cell therapy has demonstrated remarkable success in treating hematological malignancies, including acute lymphoblastic leukemia (ALL), chronic B-lymphocytic leukemia (B-CLL), and lymphoma (4–7). However, its effectiveness in treating solid tumors has been more limited (8–10). A major obstacle to the success of CAR-T therapy in solid tumors is T cell exhaustion, a phenomenon that impairs the long-term function of CAR-T cells (11–14). T cell exhaustion was first identified in CD8+ T cells during chronic lymphocytic choriomeningitis virus (LCMV) infection and has since been recognized as a significant barrier to CAR-T efficacy, particularly in solid tumors (5, 15). Compared to hematological malignancies, solid tumors present a more challenging environment due to their immunosuppressive microenvironment, which accelerates T cell exhaustion (16–18). Overcoming T cell exhaustion is regarded as one of the effective ways to enhance anti-solid tumor activity of CAR-T cells.

T cell exhaustion is closely linked to the differentiation state of T cells (19). T cells can be classified into five stages based on their differentiation: naïve T cells, T stem cell-like memory (Tscm) cells, central memory T (Tcm) cells, effector memory T (Tem) cells, and effector T (Teff) cells. In CAR-T therapy, cells in the naïve, Tscm, Tcm, and Tem states are less prone to exhaustion than Teff cells, making the promotion of a memory-like phenotype in CAR-T cells critical for enhancing their persistence and long-term anti-tumor activity (20). Tonic signaling, which occurs in the absence of antigen stimulation, can drive terminal differentiation and exhaustion of CAR-T cells, limiting their effectiveness in vivo. Therefore, strategies to modulate the differentiation state of CAR-T cells and minimize tonic signaling are essential for improving CAR-T therapy outcomes in solid tumors (21–26).

Recent studies have explored the use of metabolic regulators, epigenetic modifiers, and pharmacological inhibitors to redirect CAR-T cell differentiation toward a memory-like state, thereby reducing exhaustion (27). As key second messengers, calcium ions (Ca2+) have been reported to play a pivotal role in inducing T cell exhaustion (23, 28, 29). Sodium citrate is a sodium salt of citric acid used in food and can function as a chelating agent to inhibit intracellular calcium signaling in various tumor cells (30, 31). Therefore, we hypothesized that through calcium inhibition, sodium citrate supplementation during CAR-T cell culture could inhibit tonic signaling, reduce exhaustion, and enhance the long-term anti-tumor activity of CAR-T cells.

To test this hypothesis, we constructed CD70-specific CAR-T cells, as CD70 is highly expressed in solid tumors (32, 33). Sodium citrate was added to the culture media, and the effects on CAR-T cell exhaustion and anti-tumor activity were assessed. Our results demonstrated that sodium citrate supplementation prevented terminal differentiation and exhaustion of CAR-T cells, while enhancing their anti-tumor efficacy against human renal clear cell adenocarcinoma (786–0) and glioma (U251) cells, both in vitro and in vivo. Additionally, the beneficial effects of sodium citrate were also verified in anti-mesothelin (MSLN) CAR-T cells. Further analysis revealed that sodium citrate inhibited calcium signaling, blocked mTOR signaling, and induced metabolic reprogramming in CAR-T cells, thereby preventing exhaustion and enhancing their anti-solid tumor potential. These findings suggest that sodium citrate supplementation during CAR-T cell expansion could improve the efficacy of CAR-T cell therapy in solid tumors by reducing exhaustion and enhancing long-term persistence.




2 Materials and methods



2.1 Cell lines and cell culture

The human renal clear cell adenocarcinoma 786-0, glioma U251, pancreatic adenocarcinoma Capan-2, triple-negative breast cancer HCC1806 cells were obtained from the American Type Culture Collection (ATCC). Stable cell lines expressing green fluorescent protein (GFP) and firefly luciferase (ffLuc) were generated through lentiviral transduction. CD70 knockout 786-0 cells (CD70 KO 786-0) were generated using the CRISPR/Cas9 system. The 786-0 and 1806 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco). U251 cells were cultured in DMEM medium (Gibco) with 10% FBS. Capan-2 cells were cultured in McCoy’s 5a medium (Gibco). All cells were maintained in a 37°C incubator with 5% CO2.




2.2 The generation of CAR-T cells

The generation of anti-CD70 CAR-T cells was carried out following protocols described in our previous studies (34–37). Briefly, human CD70 scFv was obtained through laboratory screening (patent application number: 202410495812.1) (38). The anti-CD70 CAR was constructed by linking the human CD70 scFv with the intracellular CD28/CD3ζ signaling domain, CD8α transmembrane region, CD8α hinge region, and a CD8α signaling peptide. The resulting anti-CD70 CAR was cloned into a pCDH lentiviral vector, and the CAR-expressing plasmid was transfected into HEK293T packaging cells to produce lentiviral particles. Human peripheral blood mononuclear lymphocytes (PBMCs; HYCELLS, hPB050C) were isolated using the Easytep™ Human T Cell Isolation Kit (Stemcell, 17951) and activated with Dynabeads™ Human T-Expander CD3/CD28 beads (Thermo Fisher Scientific, 11141D). Activated T cells were then transduced with the lentiviral particles to generate anti-CD70 CAR-T cells. The generation of anti-MSLN CAR-T cells was established according to our previous research (39). The CAR-T cells were cultured in X-VIVO medium (LONZA) supplemented with IL-2 (100 IU/mL), and the medium was refreshed every 2-3 days to maintain a cell density of 0.5–1×106 cells/mL. Sodium citrate was obtained from Merck (PHR1416) and supplemented in the culture medium 2 days post CAR transduction.




2.3 Flow cytometry analysis

T cells or CAR-T cells were collected and labeled with fluorescently conjugated antibodies, followed by a 30-minute incubation. Fluorescein isothiocyanate (FITC)-labeled human CD27 Ligand protein (Acro, CDL-HF249) and PE-labeled human MSLN/Mesothelin protein (Kactus Biosystems, MSL-HM480P) were used to detect the expression of the anti-CD70 and anti-MSLN CAR on CAR-T cells, respectively. FITC anti-CD70 antibody (BioLegend, 355105) was used to assess CD70 antigen expression on tumor cells. To identify CAR-T cell subtypes, APC anti-CD45RA antibody (BioLegend, 304111) and PE anti-CD197/CCR7 antibody (BioLegend, 353203) were utilized. After incubation, cells were washed to remove unbound antibodies, and stained cells were analyzed using a CytoFLEX flow cytometer (Beckman Coulter Life Sciences). Flow cytometry data were processed and analyzed with CytExpert software.




2.4 Western blotting

Protein samples were prepared by lysing similar numbers of CAR-T cells from each group with RIPA lysis buffer (Beyotime Biotechnology, P0013B). The lysates were then boiled and denatured before being separated by SDS-PAGE on a 10% acrylamide resolving gel. Following electrophoresis, the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane, blocked in TBS with 5% milk at room temperature for 1 hour, and incubated at 4°C overnight with primary antibodies: anti-Phospho-CamkII (Abclone, AP1386), anti-β-Actin (Abclone, AC026), anti-rpS6 (Cell Signaling, #2217), anti-p-rpS6 (Cell Signaling, #4858) and anti-TBB5 (Abcepta, AW5051). All the primary antibodies were diluted in TBS with 5% BSA at a ratio of 1:1000. After washing, the membrane was incubated with a secondary antibody (diluted in TBST with 5% BSA at a ratio of 1:5000) at room temperature for 1 hour. Protein expression levels were detected using radioautography and quantified using ImageJ.




2.5 Cytokine release detection by enzyme-linked immunosorbent assay

Approximately 1×106 anti-CD70 CAR-T cells were resuspended in 500 μL of IL-2-free X-VIVO culture medium and seeded into 24-well flat-bottom plates. After incubating for 24 hours, supernatants were collected for ELISA analysis. ELISA was performed using an ELISA kit (R&D Systems, DIF50C, DTA00D) following the manufacturer’s instructions.




2.6 Cytotoxicity detection

The cytotoxicity of CAR-T cells was assessed using the one-lite luciferase assay system (Vazyme, DD1203-02; listed on the manufacturer’s Chinese website) and the real-time cell analysis (RTCA) assay. In the one-lite luciferase assay, T cells or CAR-T cells were co-cultured with tumor cells at different effector-to-target ratios. In the one-lite luciferase assay, after co-culture, 100 μL of luciferase substrate was added to each well and incubated for 5 minutes. Subsequently, the contents of the 96-well plates were transferred to a 96-well ELISA plate, and luminescence intensity, which indicates the viability of tumor cells, was measured using a microplate reader. The cell killing rate was calculated using the formula: Cytotoxicity = (control value - experimental value)/control value × 100%.

In the real-time cell analysis (RTCA) assay, 100 μL of 10 mM L-cysteine was added to each well of an electrode plate, followed by overnight incubation at 37°C. The electrode plate was washed twice with 200 μL/well of sterile water, and 100 μL/well of complete medium was added to zero the analyzer. After emptying the electrode plate, 4×104 tumor cells/well were seeded into the plate, which was placed on a CP96 Real-Time Label-Free Cell Growth Analyzer (USA) for 24 hours to establish a stable cell growth plateau. T cells or CAR-T cells were then added to the electrode plate at the indicated effector-to-target ratios. Data acquisition continued for 80 hours, and data analysis was performed using the acquisition software CP96A. The Cell Index value was recorded, which reflects the number of adherent tumor cells. As CAR-T killed tumor cells, the detached cells resulted in a decrease in the cell index, indicating cytotoxicity.




2.7 RNA-sequencing analysis

CAR-T cells were cultured with or without sodium citrate (12 mM) for 10 days. After incubation, the cells were collected, resuspended in TRIzol, and sent for RNA sequencing (RNA-seq), which was performed by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Gene Ontology (GO) enrichment analysis was conducted using the Profiler R package. GO terms with P values < 0.05 were considered significantly enriched.




2.8 Animal experiments

Animal experiments were conducted at the animal laboratory of Nanjing Normal University in accordance with protocols approved by the Animal Welfare Committee of the university (Approval number: 2020-0047). Immunocompromised B-NDG mice were purchased from Biosetu (Beijing, China) and were ethically bred and maintained in specific pathogen-free (SPF) conditions. Six- to eight-week-old female mice were subcutaneously injected with 5×106 786-0 cells. When the tumor volume reached approximately 100 mm3, the mice were randomly assigned to four treatment groups: PBS group, mock T cell group, control CAR-T cell group, and sodium citrate-pretreated CAR-T cell group, with nine mice in each group. Each group received 200 μL of PBS, 5×106 T cells, 5×106 control CAR-T cells, or 5×106 sodium citrate-pretreated CAR-T cells by tail vein injection. Seven days after injection, three mice from each group were sacrificed for subsequent immunohistochemistry (IHC) and hematoxylin-eosin (H&E) staining experiments. Tumor size and body weight were measured every three days. Tumor volume was calculated using the formula: tumor volume = (length × width2)/2. Mice were sacrificed when the tumor size reached approximately 1800 mm3.




2.9 Immunohistochemistry and hematoxylin-eosin staining

For immunohistochemistry (IHC) staining, tumor tissues were extracted, fixed in 4% paraformaldehyde (PFA), and stained with an anti-CD3 antibody. Tissues from the heart, liver, spleen, lungs, kidneys, and brain were dissected, fixed in 4% PFA, and sent for hematoxylin and eosin (H&E) staining. The staining experiments were carried out by Servicebio Technology Co., Ltd. (Wuhan, China).




2.10 Statistical analysis

GraphPad Prism software (version 8.0, GraphPad, Inc., San Diego, CA, USA) was used to analyze data and generate graphs. Data are presented as means ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) and two-way ANOVA with Dunnett’s post-hoc test were used for comparisons among different groups. A t-test was applied for comparisons between two groups. A p value of less than 0.05 was considered the threshold for statistical significance in all analyses.





3 Results



3.1 Tonic signaling induced exhaustion and reduced tumor-killing ability in anti-CD70 CAR-T cells

To specifically target CD70-positive tumor cells, anti-CD70 CAR-T cells were generated by transducing human PBMCs with a lentiviral vector encoding an anti-CD70 CAR construct (Supplementary Figure S1A). The expression of the anti-CD70 CAR, as well as CD4 and CD8 on the surface of the CD70-specific CAR-T cells, was confirmed to ensure the quality of the generated CAR-T cells (Supplementary Figures S1B-C). Human renal clear cell adenocarcinoma 786-0 cells and glioma U251 cells were selected as target cell lines due to their high expression of CD70 (Supplementary Figure S1D). To verify the specificity of the CAR-T cells, we knocked out CD70 in 786-0 cells using the CRISPR/Cas9 system to create CD70 knockout (KO) 786-0 cells (Supplementary Figure S1E). Co-culture experiments demonstrated that anti-CD70 CAR-T cells selectively targeted and killed 786-0 cells but showed minimal cytotoxicity against CD70 KO 786-0 cells (Supplementary Figure S1F). Additionally, unmodified T cells (mock T) displayed negligible cytotoxicity against cancer cells, further confirming the specificity of the anti-CD70 CAR-T cells (Supplementary Figures S1G-I).

During in vitro expansion of T cells, tonic signaling is progressively activated with increasing culture time. To explore its effects on CAR-T cells, we assessed the phenotypes of CAR-T cells cultured for 3 and 10 days. Compared to day 3, CAR-T cells on day 10 exhibited a reduced proportion of memory cells and a marked shift toward terminal differentiation (Figures 1A–D). Consistent with previous studies, we identified memory T cells based on the expression of CD45RA, CCR7, and CD62L (40, 41). While a more comprehensive phenotype includes CD45RO, CD27, and CD28 (42), we focused on the core markers to define this subset in our study. Prolonged culture also led to excessive activation of CAR-T cells, as evidenced by increased expression of activation markers CD25 (Figure 1E; Supplementary Figure S2A) and CD69 (Figure 1F; Supplementary Figure S2B), and higher levels of tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ) in the culture medium (Figure 1G). Additionally, exhaustion markers including programmed cell death protein 1 (PD-1), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), and lymphocyte-activation gene 3 (LAG-3) were upregulated (Figures 1H–J; Supplementary Figures S2C-E), alongside impaired tumor-killing capacity of CAR-T cells at all effector-target ratios (Figures 1K–M). These findings confirm that tonic signaling during in vitro culture leads to terminal differentiation, excessive activation, exhaustion, and compromised anti-tumor function of CAR-T cells. Improved culturing conditions are needed to generate CAR-T cells with superior therapeutic efficacy.




Figure 1 | Long-term culture induced CAR-T cell exhaustion, excessive activation and reduced cytotoxicity. (A) Representative flow cytometric profile showing the expression of CCR7 and CD45RA on CAR-T cells. (B) Proportions of Tscm (CCR7+CD45RA+), Tcm (CCR7+CD45RA-), Tem (CCR7-CD45RA-), and Teff (CCR7-CD45RA+) subsets in anti-CD70 CAR-T cells as measured by flow cytometry. (C) Representative flow cytometric profile showing the expression level of CD62L on CAR-T cells. (D) Histogram plot showing the percentage of CD62L+ CAR-T cells. (E, F) Mean fluorescence intensity (MFI) of CD25 (E) and CD69 (F) expression on CAR-T cells. (G) Levels of TNF-α and IFN-γ released by CAR-T cells at different time points, measured by ELISA. (H–J) MFI of exhaustion markers PD-1 (H), TIM-3 (I), and LAG-3 (J) in anti-CD70 CAR-T cells. (K–M) Cytotoxicity of anti-CD70 CAR-T cells against 786-0 cells after co-culture at the indicated effector-to-target (E:T) ratios for 24 hours (K), 48 hours (L), and 72 hours (M). Data were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test (D–F, H–J) and two-way ANOVA (G, K–M). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.






3.2 Sodium citrate inhibited terminal differentiation, activation and exhaustion of anti-CD70 CAR-T cells in vitro

Activated calcium signaling has been linked to T cell exhaustion (23, 28). To assess its role in CAR-T cells, we measured intracellular Ca²+ levels in CAR-T cells cultured for 3 and 10 days. Consistent with increased exhaustion and terminal differentiation, intracellular calcium levels were elevated in CAR-T cells cultured for 10 days (Figure 2A; Supplementary Figure S3A). To further investigate the effects of elevated calcium on CAR-T cells, we treated them with CaCl2. As a result, CaCl2 treatment reduced the percentage of memory T cells (Tscm + Tcm) and increased the levels of activation and exhaustion markers, confirming the correlation between intracellular calcium and T cell exhaustion (Figures 2B–D; Supplementary Figures S3B-D).




Figure 2 | Sodium citrate treatment reduced exhaustion and preserved the memory phenotype of CAR-T cells. (A) Intracellular Ca2+ levels in CAR-T cells cultured for 3 or 10 days. (B to D) CAR-T cells treated with 6 mM CaCl2 for 72 hours, with flow cytometry analysis of memory phenotype (B), excessive activation (C), and exhaustion (D) markers. (E) Intracellular Ca2+ levels in CAR-T cells and CAR-T cells cultured with the supplementation of 12 mM sodium citrate (CITR CAR-T) measured by flow cytometry. (F, G) Representative flow cytometric profile (F) and histogram (G) of CAR expression on CAR-T cells. (H, I) Representative flow cytometric profile (H) and histogram (I) showing the proportion of Tm cells in CAR-T cells (Tscm + Tcm). (J, K) Histogram plots showing the MFI of CD62L (J) and CD25 (K) in CAR-T cells. (L) TNF-α and IFN-γ release levels by CAR-T cells measured by ELISA. (M) Positive rates of exhaustion markers in CAR-T and CITR CAR-T cells. Results were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test (A–E, G, I–K) and two-way ANOVA (L, M). ns, not significant, ***p < 0.001.



Given that high intracellular Ca2+ levels contribute to T cell exhaustion, we explored calcium signaling inhibition as a strategy to modulate CAR-T cell fate. Among the available inhibitors, sodium citrate was chosen due to its oral availability and minimal safety concerns when applied to CAR-T cells. We next assessed whether sodium citrate supplementation during CAR-T cell culture could mitigate the negative effects of tonic signaling. To identify an optimal sodium citrate concentration—high enough to inhibit intracellular calcium signaling but not adversely affect CAR-T cell proliferation—we first screened a broad range of concentrations (0 to 160 mM) over three days. Sodium citrate concentrations below 10 mM had no significant effect on CAR-T cell proliferation, while concentrations above 20 mM significantly inhibited proliferation (Supplementary Figure S4A). We then refined the concentration range (10 to 18 mM) and cultured CAR-T cells for 13 days. A concentration of 12 mM sodium citrate did not significantly impair CAR-T cell proliferation (Supplementary Figure S4B), so this concentration was selected for subsequent experiments.

Anti-CD70 CAR-T cells were treated with 12 mM sodium citrate for 7 days, and as expected, intracellular Ca²+ levels were reduced in sodium citrate-pretreated CAR-T cells (CITR CAR-T) (Figure 2E; Supplementary Figure S5A). Sodium citrate treatment did not affect CAR expression (Figures 2F, G). Further analysis revealed that sodium citrate-pretreated CAR-T cells had a higher proportion of memory T cells (Figures 2H–J) and increased expression of the memory T cell marker L-selectin (CD62L) (Figure 2J; Supplementary Figure S5B). Additionally, CITR CAR-T cells showed reduced expression of the activation marker CD25 (Figure 2K; Supplementary Figure S5C) and lower secretion of cytokines TNF-α and IFN-γ without antigen stimulation (Figure 2L), suggesting a reduction in excessive activation. Sodium citrate also mitigated CAR-T cell exhaustion, as evidenced by decreased positive rates of exhaustion markers PD-1, TIM-3, and LAG-3 (Figure 2M). In conclusion, sodium citrate supplementation improved CAR-T cell characteristics by reducing terminal differentiation, excessive activation, and exhaustion, while promoting a memory phenotype. Further studies to assess in vitro and in vivo anti-tumor activity are required.




3.3 Sodium citrate-pretreated CAR-T cells showed enhanced in vitro tumor-killing ability

To evaluate the effect of sodium citrate pretreatment on the tumor-killing ability of CAR-T cells, we co-cultured CAR-T cells with tumor cells and assessed their interactions using real-time cell analysis (RTCA) and a luciferase reporter assay. In both assays, CITR CAR-T cells exhibited significantly higher cytotoxicity compared to untreated CAR-T cells, confirming the pro-killing effect of sodium citrate on CAR-T cells (Figures 3A, B). Furthermore, the expression of CD107a, a marker positively correlated with T cell degranulation and cytotoxicity (43), was higher in CITR CAR-T cells upon co-culture with 786-0 cells (Figure 3C).




Figure 3 | Sodium citrate pretreatment enhanced the anti-tumor cytotoxicity of CAR-T cells. (A) Real-time cell analysis was performed to monitor the cytotoxicity of CAR-T cells. Cell index value reflects the viability of tumor cells. 786-0 cells were allowed to attach for 24 hours, and mock T or CAR-T cells were then added and co-cultured with 786-0 cells until 80 hours. (B) Cytotoxicity of CAR-T or mock T cells co-cultured with 786-0 cells at E:T ratios of 3:1, 1:1, and 1:3 for 24 hours, measured by One-Lite Luciferase Assay. (C) CD107a expression in CAR-T cells after 0.5 and 1 hour of co-culture with 786-0 cells. (D) Schematic of multiple rounds of antigen stimulation. (E–K) Proliferation (E), memory phenotype (CCR7+) (F, I), IFN-γ secretion (G, J), and exhaustion markers (H, K) of CAR-T cells after each round of stimulation. (L, M) Cytotoxicity of CAR-T cells after three rounds of stimulation, co-cultured with 786-0 (L) or U251 (M) cells at indicated E:T ratios, assessed by One-Lite Luciferase Assay. Results were expressed as mean ± SD from at least 3 independent donors and statistical significance was determined by two-way ANOVA (B, C, F–M) and t-test (E). ns, not significant, **p < 0.01, ***p < 0.001.



Repetitive antigen stimulation in the tumor microenvironment is a key factor responsible for T cell dysfunction. To assess the long-term effects, we repeatedly stimulated CAR-T cells with 786-0 and U251 cells and analyzed their features and functions (Figure 3D). CITR CAR-T cells demonstrated significantly higher proliferative capacity than untreated CAR-T cells in response to repeated antigen stimulation (Figure 3E). Moreover, after multiple rounds of stimulation, CITR CAR-T cells displayed a high proportion of memory T cells, increased cytokine secretion, and reduced exhaustion in both 786-0 (Figures 3F–H) and U251 stimulation models (Figures 3I–K). In terms of anti-tumor activity, CITR CAR-T cells exhibited more effective tumor cell killing than untreated CAR-T cells after three rounds of antigen stimulation, as shown by the luciferase reporter assay (Figures 3L, M). Thus, sodium citrate pretreatment enhanced the anti-tumor efficacy of CAR-T cells in both short-term and long-term models in vitro.




3.4 Sodium citrate supplementation enhanced the in vivo anti-tumor activity of CAR-T cells and inhibited cancer recurrence

To assess the in vivo tumor-killing ability of CITR CAR-T cells, we established a mouse subcutaneous tumor model using 786-0 tumor cells and injected mock T, untreated, or CITR CAR-T cells via the tail vein (Figure 4A). Both CAR-T and CITR CAR-T cells effectively inhibited tumor growth during the first 16 days post-injection. However, mice treated with CITR CAR-T cells showed a significantly lower tumor burden, as indicated by bioluminescence imaging (BLI) radiance (Figures 4B, C) and tumor volume measurements (Figure 4D). While local recurrence occurred in all mice in the untreated CAR-T cell group, tumors in the CITR CAR-T cell group remained inhibited throughout the experiment, suggesting superior persistence of CITR CAR-T cells in vivo.




Figure 4 | Sodium citrate-pretreated CAR-T cells exhibited enhanced anti-solid tumor activity and reduce cancer relapse in mice. (A) Experimental setup: 786-0 tumor cells were subcutaneously injected into NKG mice on day 0. PBS, mock T cells, untreated anti-CD70 CAR-T cells, or sodium citrate-pretreated anti-CD70 CAR-T cells were injected via tail vein on day 16. (B, C) BLI images (B) and tumor growth quantification (C) at indicated time points (n = 5). (D) Tumor volumes over time for each group (n = 6). (E, F) Flow cytometry analysis of CAR-T cell number (E) and percentage (F) in peripheral blood at day 6 (n = 6). (G) CD62L expression in CAR-T cells from peripheral blood (n = 6). (H) PD-1 and LAG-3 expression in CAR-T cells from peripheral blood (n = 6). (I) Representative IHC staining for CD3 in tumor tissues from NKG mice treated with untreated or sodium citrate-pretreated CAR-T cells. Scale bar = 100 μm. (J) Body weight changes of mice throughout the experiment (n = 6). (K) Representative H&E staining of heart, liver, spleen, lungs, kidneys and brain from mock T, untreated CAR-T, and sodium citrate-pretreated CAR-T groups. Scale bar = 100 μm. Results were expressed as mean ± SD. Statistical significance was determined by t-test (E–G) and two-way ANOVA (H). ***p < 0.001.



Six days after CAR-T cell injection, peripheral blood was collected from mice for flow cytometry analysis. The results revealed that the number and proportion of CAR-T cells were significantly higher in the CITR CAR-T group compared to the untreated CAR-T group (Figures 4E, F). Further analysis showed increased expression of the memory T cell marker CD62L (Figure 4G), reduced expression of exhaustion markers PD-1 and LAG-3 in CITR CAR-T cells (Figure 4H), and enhanced CAR-T cell infiltration in the tumors of the CITR CAR-T group (Figure 4I).

To evaluate the safety of CITR CAR-T cells, we monitored the body weight of mice throughout the study. Mice in the CITR CAR-T group maintained relatively higher body weights compared to those in the other groups (Figure 4J). Additionally, H&E staining of major organs, including heart, liver, spleen, lung, kidney and brain) revealed no significant organ damage in the CITR CAR-T group compared to the mock T cells (Figure 4K). In summary, sodium citrate supplementation enhanced the anti-tumor efficacy, particularly the anti-recurrence ability, of CAR-T cells, without compromising their safety.




3.5 Sodium citrate reduced exhaustion and increased anti-tumor capacity of anti-MSLN CAR-T cells

In previous work, we developed anti-MSLN CAR-T cells for the treatment of mesothelin-positive cancers (Figure 5A) (39). To assess whether the beneficial effects of sodium citrate observed in anti-CD70 CAR-T cells could be extended to anti-MSLN CAR-T cells, we treated these cells with sodium citrate. Supplementation with sodium citrate did not significantly affect the CAR-positive rate (Figure 5B). As seen in anti-CD70 CAR-T cells, sodium citrate treatment upregulated CD62L expression in anti-MSLN CAR-T cells (Figure 5C) and reduced the expression of exhaustion markers (Figures 5D–F). Furthermore, when sodium citrate-pretreated CAR-T cells were co-cultured with Capan-2 and HCC1806 cells, they exhibited enhanced tumor-killing activity, particularly at lower E:T ratios (Figures 5G, H). Together, the role of sodium citrate in reducing exhaustion and enhancing anti-tumor activity is verified in both anti-CD70 and anti-MSLN CAR-T cells.




Figure 5 | Sodium citrate alleviated exhaustion and enhanced anti-tumor activity of anti-MSLN CAR-T cells. (A) Schematic representation of the anti-MSLN CAR construct. (B) Representative flow cytometric analysis of anti-MSLN CAR expression in CAR-T cells with or without sodium citrate treatment. (C–F) Positive rates of CD62L (C), PD-1 (D), LAG-3 (E), and TIM-3 (F) in CAR-T and CITR CAR-T cells. (G, H) Cytotoxicity of CAR-T and CITR CAR-T cells co-cultured with Capan-2 (G) and 1806 (H) cells at indicated E:T ratios for 6 hours, assessed by one-lite luciferase assay system. Results were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test (C–F) and two-way ANOVA (G, H). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.






3.6 Sodium citrate impeded CAR-T cell terminal differentiation via inhibition of mTOR and glycolysis pathways

To explore the mechanisms underlying the sodium citrate-induced reduction in CAR-T cell exhaustion, we collected anti-CD70 CAR-T cells cultured with or without sodium citrate supplementation and performed RNA sequencing (RNA-seq) to compare the gene expression profiles and identified differentially expressed genes (DEGs) (Figure 6A). Gene ontology (GO) enrichment analysis of these DEGs revealed that several immune response-related pathways, as well as the calcium-mediated signaling pathway, were affected by sodium citrate (Figure 6B). Additionally, markers of exhaustion and effector T cells, such as eomesodermin (EOMES), interleukin-10 (IL10), cytotoxic T-lymphocyte-associated protein 4 (CTLA4), and granzyme B (GZMB), were also reduced. In contrast, genes associated with memory T cells, including lymphoid enhancer-binding factor 1 (LEF1) and C-C motif chemokine receptor 7 (CCR7), were upregulated in CITR CAR-T cells (Figure 6C).




Figure 6 | Sodium citrate blocked mTOR signaling and glycolysis pathways through calcium inhibition in CAR-T cells. (A) Volcano plot showing differentially expressed genes (DEGs) in sodium citrate-pretreated CAR-T cells compared with untreated CAR-T cells, with significance defined by fold change >2 or <0.5 and -Log10Pvalue > 2. (B) Gene ontology (GO) term enrichment analysis of DEGs between CAR-T and CITR CAR-T cells. (C) Heatmap of DEGs involved in calcium signaling and T cell function. (D) Western blot analysis of Camk2 phosphorylation in CAR-T cells stimulated with PMA and ionomycin, treated with PBS or sodium citrate (10 mM, 12 mM, 14 mM) for 3 days. (E) Gene set enrichment analysis (GSEA) plot showing mTORC1 signaling enrichment in CITR CAR-T cells. (F) (left) Western blot analysis of rpS6 and P-rpS6 levels in untreated and sodium citrate-pretreated CAR-T cells. (right) The relative level of P-rpS6 to total rpS6 was quantified using ImageJ. (G–J) Extracellular acidification rate (ECAR) measurement in CAR-T cells with or without sodium citrate pretreatment, with calculated values for glycolysis (H), glycolytic capacity (I), and glycolytic reserve (J). Results were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test. *p < 0.05, **p < 0.01.



We next assessed the phosphorylation levels of calcium/calmodulin-dependent protein kinase II (CamkII) by western blotting and confirmed that sodium citrate inhibited calcium signaling in a dose-dependent manner (Figure 6D). To further investigate the functional differences between CITR CAR-T cells and untreated CAR-T cells, we performed gene set enrichment analysis (GSEA). This analysis revealed that genes related to the mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway were significantly downregulated in sodium citrate-treated CAR-T cells (Figure 6E). Consistently, western blotting results showed reduced phosphorylation of ribosomal protein S6 (rpS6), a marker of mTORC1 activity (Figure 6F).

Since inhibition of the mTOR pathway has been shown to decrease glycolysis and prevent T cell terminal differentiation and exhaustion (44), we used Seahorse assays to assess the glycolytic activity of CAR-T cells. CITR CAR-T cells exhibited a significant reduction in glycolysis, glycolytic capacity, and glycolytic reserve compared to untreated CAR-T cells (Figures 5G–J). Together, these findings suggest that sodium citrate reduces the calcium level in CAR-T cells and inhibits calcium signaling, which in turn blocks mTOR signaling and glycolysis in CAR-T cells, thus reducing their exhaustion and promoting the formation of memory T cells (Figure 7). Supplementing sodium citrate in the culture medium could therefore enhance CAR-T cell functionality.




Figure 7 | Mechanism diagram of the effects of sodium citrate on CAR-T cells. Sodium citrate chelates Ca2+, reducing intracellular Ca2+ levels. This inhibition of calcium signaling decreases CamkII phosphorylation, which in turn blocks mTORC1 activity and glycolysis. These effects prevent T cell exhaustion and promote the generation of memory T cells, enhancing CAR-T cell function.







4 Discussion

Numerous clinical cases have demonstrated the effectiveness of CAR-T cell therapy in hematological malignancies, but challenges remain in treating solid tumors. One major obstacle is T cell exhaustion, induced by the immunosuppressive tumor microenvironment, which limits the efficacy of CAR-T therapy. Evidence has shown that T cell exhaustion reduces the tumor-killing capacity of CAR-T cells (11, 21). Tonic signaling in CARs, which leads to T cell terminal differentiation and exhaustion, further impairs CAR-T efficacy (45). Our findings show that tonic signaling induces terminal differentiation, excessive activation, exhaustion and reduced tumor-killing ability in anti-CD70 CAR-T cells during in vitro culture (Figure 1). Addressing tonic signaling in CAR-T cells is thus considered a promising strategy to overcome T cell exhaustion and improve the clinical effectiveness of CAR-T therapy for solid tumors (46).

The calcium signaling pathway plays a crucial role in regulating immune responses, influencing cytokine release, differentiation, and metabolism in T cells (47, 48). Previous study found that calcium signaling was activated by tonic signaling in CAR-T cells, while a store-operated calcium entry (SOCE) inhibitor BTP-2, but not the calcium chelator BAPTA-AM enhanced the anti-leukemia efficacy of CAR-T cells (23). Consistently, we observed that tonic signaling increased the level of Ca2+ in CAR-T cells, and we further verified that inhibition of calcium signaling could improve the cytotoxicity of CAR-T cells against solid tumors. However, different from the previous study, we found that the calcium chelator, sodium citrate, displayed beneficial effects on CAR-T cells. Sodium citrate is a widely used and safe organic acid salt, which is readily accessible and cost-effective (49, 50). In our study, we identified an optimal sodium citrate concentration for treating CAR-T cells and employed a simple in vitro treatment method. Sodium citrate pretreatment promoted the expression of memory T cell markers and reduced the expression of activation and exhaustion markers in both anti-CD70 and anti-MSLN CAR-T cells, as well as the anti-solid tumor activity. Particularly, sodium citrate-pretreated CAR-T (CITR CAR-T) cells outperformed untreated CAR-T cells in persistence in vivo. Mice infused with untreated CAR-T cells experienced tumor recurrence, while mice treated with CITR CAR-T cells showed sustained tumor inhibition throughout the experiment. These findings indicate that sodium citrate supplementation could advance the clinical application of CAR-T cells for treating solid tumors.

Inhibition of the mTOR pathway and glycolysis has been shown to promote the generation of memory T cells and reduce T cell exhaustion (51–53). Previous studies have demonstrated that citrate suppresses tumor growth by inhibiting calcium signaling, mTOR and glycolysis pathways (30, 54). Consistent with these findings, our study revealed that both RNA-seq and Western blot analysis confirmed the suppression of calcium signaling and the mTOR pathway in CITR CAR-T cells. Furthermore, seahorse assays indicated that glycolysis in CAR-T cells was inhibited following sodium citrate treatment. Based on these results, we propose that sodium citrate pretreatment reduces intracellular Ca2+ levels in CAR-T cells, leading to the inhibition of CamkII phosphorylation. This, in turn, suppresses mTORC1 signaling and glycolysis, thereby promoting the differentiation of memory T cells and mitigating exhaustion. This mechanism enhances the anti-tumor function of CAR-T cells in solid tumors, particularly improving the persistence of CAR-T therapy.

Since a cell-derived xenograft (CDX) model was used in this study, it may not fully replicate the tumor microenvironment observed in patients. Future studies should consider using patient-derived xenograft (PDX) models, which may provide more clinically relevant insights. Additionally, given that sodium citrate has direct tumoricidal effects, a combination therapy of CAR-T cells with sodium citrate could be explored to enhance the overall anti-tumor response.

In conclusion, our findings demonstrate that sodium citrate plays a crucial role in preventing CAR-T cell exhaustion and terminal differentiation. By inhibiting calcium signaling, mTOR activity, and glycolysis, sodium citrate enhances CAR-T cell persistence and promotes the development of memory T cells, which improves their anti-tumor efficacy. These results provide a promising strategy for enhancing the clinical application of CAR-T cell therapy in treating solid tumors.





Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number PRJNA1233279.





Ethics statement

The animal study was approved by Animal Welfare Committee of Nanjing Normal University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

XY: Investigation, Visualization, Writing – original draft. WC: Investigation, Visualization, Writing – original draft. XA: Funding acquisition, Investigation, Visualization, Writing – review & editing. LX: Investigation, Writing – review & editing. JC: Investigation, Writing – review & editing. TH: Investigation, Writing – review & editing. JuL: Investigation, Writing – review & editing. JH: Supervision, Writing – review & editing. JiL: Investigation, Writing – review & editing. XW: Investigation, Writing – review & editing. WL: Investigation, Writing – review & editing. MZ: Visualization, Writing – original draft, Writing – review & editing. LH: Supervision, Writing – review & editing. ZG: Funding acquisition, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the National Natural Science Foundation of China (82373183), the Inner Mongolia autonomous region science and technology planning project (2021GG0169), the General Project of Inner Mongolia Medical University (YKD2022MS012), the Priority Academic Program Development of Jiangsu Higher Education Institutions and Jiangsu Funding Program for Excellent Postdoctoral Talent (2024ZB561).





Conflict of interest

ZG is one of the inventors of a patent on the anti-CD70 CAR sequence employed in this work and the application number is 202410495812.1.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1540754/full#supplementary-material




References

1. Rahbarizadeh, F, Ahmadvand, D, and Moghimi, SM. CAR T-cell bioengineering: Single variable domain of heavy chain antibody targeted CARs. Adv Drug Delivery Rev. (2019) 141:41–6. doi: 10.1016/j.addr.2019.04.006

2. Li, R, Ma, C, Cai, H, and Chen, W. The CAR T-cell mechanoimmunology at a glance. Adv Sci (Weinh). (2020) 7:2002628. doi: 10.1002/advs.202002628

3. Depil, S, Duchateau, P, Grupp, SA, Mufti, G, and Poirot, L. [amp]]lsquo;Off-the-shelf’ allogeneic CAR T cells: development and challenges. Nat Rev Drug Discovery. (2020) 19:185–99. doi: 10.1038/s41573-019-0051-2

4. Brentjens, RJ, Davila, ML, Riviere, I, Park, J, Wang, X, Cowell, LG, et al. CD19-targeted T cells rapidly induce molecular remissions in adults with chemotherapy-refractory acute lymphoblastic leukemia. Sci Transl Med. (2013) 5:177ra38. doi: 10.1126/scitranslmed.3005930

5. Grupp, SA, Kalos, M, Barrett, D, Aplenc, R, Porter, DL, Rheingold, SR, et al. Chimeric antigen receptor-modified T cells for acute lymphoid leukemia. N Engl J Med. (2013) 368:1509–18. doi: 10.1056/NEJMoa1215134

6. Kalos, M, Levine, BL, Porter, DL, Katz, S, Grupp, SA, Bagg, A, et al. T cells with chimeric antigen receptors have potent antitumor effects and can establish memory in patients with advanced leukemia. Sci Transl Med. (2011) 3:95ra73. doi: 10.1126/scitranslmed.3002842

7. Porter, DL, Levine, BL, Kalos, M, Bagg, A, and June, CH. Chimeric antigen receptor-modified T cells in chronic lymphoid leukemia. N Engl J Med. (2011) 365:725–33. doi: 10.1056/NEJMoa1103849

8. Ma, S, Li, X, Wang, X, Cheng, L, Li, Z, Zhang, C, et al. Current progress in CAR-T cell therapy for solid tumors. Int J Biol Sci. (2019) 15:2548–60. doi: 10.7150/ijbs.34213

9. Albelda, SM. CAR T cell therapy for patients with solid tumours: key lessons to learn and unlearn. Nat Rev Clin Oncol. (2024) 21:47–66. doi: 10.1038/s41571-023-00832-4

10. Flugel, CL, Majzner, RG, Krenciute, G, Dotti, G, Riddell, SR, Wagner, DL, et al. Overcoming on-target, off-tumour toxicity of CAR T cell therapy for solid tumours. Nat Rev Clin Oncol. (2023) 20:49–62. doi: 10.1038/s41571-022-00704-3

11. Martinez, M, and Moon, EK. CAR T cells for solid tumors: new strategies for finding, infiltrating, and surviving in the tumor microenvironment. Front Immunol. (2019) 10:128. doi: 10.3389/fimmu.2019.00128

12. Ye, B, Stary, CM, Li, X, Gao, Q, Kang, C, and Xiong, X. Engineering chimeric antigen receptor-T cells for cancer treatment. Mol Cancer. (2018) 17:32. doi: 10.1186/s12943-018-0814-0

13. Lynn, RC, Weber, EW, Sotillo, E, Gennert, D, Xu, P, Good, Z, et al. c-Jun overexpression in CAR T cells induces exhaustion resistance. Nature. (2019) 576:293–300. doi: 10.1038/s41586-019-1805-z

14. Rafiq, S, Hackett, CS, and Brentjens, RJ. Engineering strategies to overcome the current roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2020) 17:147–67. doi: 10.1038/s41571-019-0297-y

15. Wherry, EJ, Blattman, JN, Murali-Krishna, K, van der Most, R, and Ahmed, R. Viral persistence alters CD8 T-cell immunodominance and tissue distribution and results in distinct stages of functional impairment. J Virol. (2003) 77:4911–27. doi: 10.1128/JVI.77.8.4911-4927.2003

16. Farhood, B, Najafi, M, and Mortezaee, K. CD8(+) cytotoxic T lymphocytes in cancer immunotherapy: A review. J Cell Physiol. (2019) 234:8509–21. doi: 10.1002/jcp.v234.6

17. Acharya, N, Madi, A, Zhang, H, Klapholz, M, Escobar, G, Dulberg, S, et al. Endogenous glucocorticoid signaling regulates CD8(+) T cell differentiation and development of dysfunction in the tumor microenvironment. Immunity. (2020) 53:658–71 e6. doi: 10.1016/j.immuni.2020.08.005

18. Zhang, Z, Chen, L, Chen, H, Zhao, J, Li, K, Sun, J, et al. Pan-cancer landscape of T-cell exhaustion heterogeneity within the tumor microenvironment revealed a progressive roadmap of hierarchical dysfunction associated with prognosis and therapeutic efficacy. EBioMedicine. (2022) 83:104207. doi: 10.1016/j.ebiom.2022.104207

19. Liu, Q, Sun, Z, and Chen, L. Memory T cells: strategies for optimizing tumor immunotherapy. Protein Cell. (2020) 11:549–64. doi: 10.1007/s13238-020-00707-9

20. Arcangeli, S, Bove, C, Mezzanotte, C, Camisa, B, Falcone, L, Manfredi, F, et al. CAR T cell manufacturing from naive/stem memory T lymphocytes enhances antitumor responses while curtailing cytokine release syndrome. J Clin Invest. (2022) 132:e150807. doi: 10.1172/JCI150807

21. Wherry, EJ, and Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. (2015) 15:486–99. doi: 10.1038/nri3862

22. Youngblood, B, Davis, CW, and Ahmed, R. Making memories that last a lifetime: heritable functions of self-renewing memory CD8 T cells. Int Immunol. (2010) 22:797–803. doi: 10.1093/intimm/dxq437

23. Shao, M, Teng, X, Guo, X, Zhang, H, Huang, Y, Cui, J, et al. Inhibition of calcium signaling prevents exhaustion and enhances anti-leukemia efficacy of CAR-T cells via SOCE-calcineurin-NFAT and glycolysis pathways. Adv Sci (Weinh). (2022) 9:e2103508. doi: 10.1002/advs.202103508

24. Ghassemi, S, Nunez-Cruz, S, O’Connor, RS, Fraietta, JA, Patel, PR, Scholler, J, et al. Reducing ex vivo culture improves the antileukemic activity of chimeric antigen receptor (CAR) T cells. Cancer Immunol Res. (2018) 6:1100–9. doi: 10.1158/2326-6066.CIR-17-0405

25. Bulliard, Y, Andersson, BS, Baysal, MA, Damiano, J, and Tsimberidou, AM. Reprogramming T cell differentiation and exhaustion in CAR-T cell therapy. J Hematol Oncol. (2023) 16:108. doi: 10.1186/s13045-023-01504-7

26. Baysal, MA, Chakraborty, A, and Tsimberidou, AM. Enhancing the efficacy of CAR-T cell therapy: A comprehensive exploration of cellular strategies and molecular dynamics. J Cancer Immunol (Wilmington). (2024) 6:20–8. doi: 10.33696/cancerimmunol.6.080

27. Weber, EW, Parker, KR, Sotillo, E, Lynn, RC, Anbunathan, H, Lattin, J, et al. Transient rest restores functionality in exhausted CAR-T cells through epigenetic remodeling. Science. (2021) 372:eaba1786. doi: 10.1126/science.aba1786

28. Zhang, J, Li, J, Hou, Y, Lin, Y, Zhao, H, Shi, Y, et al. Osr2 functions as a biomechanical checkpoint to aggravate CD8(+) T cell exhaustion in tumor. Cell. (2024) 187:3409–26 e24. doi: 10.1016/j.cell.2024.04.023

29. Trebak, M, and Kinet, JP. Calcium signalling in T cells. Nat Rev Immunol. (2019) 19:154–69. doi: 10.1038/s41577-018-0110-7

30. Fan, X, Zhou, J, Yan, X, Bi, X, Liang, J, Lu, S, et al. Citrate activates autophagic death of prostate cancer cells via downregulation CaMKII/AKT/mTOR pathway. Life Sci. (2021) 275:119355. doi: 10.1016/j.lfs.2021.119355

31. Wu, Y, Jia, C, Liu, W, Zhan, W, Chen, Y, Lu, J, et al. Sodium citrate targeting Ca(2+)/CAMKK2 pathway exhibits anti-tumor activity through inducing apoptosis and ferroptosis in ovarian cancer. J Adv Res. (2024) 65:89–104. doi: 10.1016/j.jare.2024.04.033

32. Panowski, SH, Srinivasan, S, Tan, N, Tacheva-Grigorova, SK, Smith, B, Mak, YSL, et al. Preclinical development and evaluation of allogeneic CAR T cells targeting CD70 for the treatment of renal cell carcinoma. Cancer Res. (2022) 82:2610–24. doi: 10.1158/0008-5472.CAN-21-2931

33. Yang, M, Tang, X, Zhang, Z, Gu, L, Wei, H, Zhao, S, et al. Tandem CAR-T cells targeting CD70 and B7-H3 exhibit potent preclinical activity against multiple solid tumors. Theranostics. (2020) 10:7622–34. doi: 10.7150/thno.43991

34. Dong, Y, Wang, Y, Yin, X, Zhu, H, Liu, L, Zhang, M, et al. FEN1 inhibitor SC13 promotes CAR-T cells infiltration into solid tumours through cGAS-STING signalling pathway. Immunology. (2023) 170:388–400. doi: 10.1111/imm.v170.3

35. Ji, F, Zhang, F, Zhang, M, Long, K, Xia, M, Lu, F, et al. Targeting the DNA damage response enhances CD70 CAR-T cell therapy for renal carcinoma by activating the cGAS-STING pathway. J Hematol Oncol. (2021) 14:152. doi: 10.1186/s13045-021-01168-1

36. Ji, F, Xu, L, Long, K, Zhang, F, Zhang, M, Lu, X, et al. Rabies virus glycoprotein 29 (RVG29) promotes CAR-T immunotherapy for glioma. Transl Res. (2023) 259:1–12. doi: 10.1016/j.trsl.2023.03.003

37. Yang, F, Zhang, F, Ji, F, Chen, J, Li, J, Chen, Z, et al. Self-delivery of TIGIT-blocking scFv enhances CAR-T immunotherapy in solid tumors. Front Immunol. (2023) 14:1175920. doi: 10.3389/fimmu.2023.1175920

38. Zhang, Z, Zhao, L, Huang, T, Chen, Z, Zhao, Y, Liang, J, et al. A self-activated and protective module enhances the preclinical performance of allogeneic anti-CD70 CAR-T cells. Front Immunol. (2025) 15. doi: 10.3389/fimmu.2024.1531294

39. Chen, J, Hu, J, Gu, L, Ji, F, Zhang, F, Zhang, M, et al. Anti-mesothelin CAR-T immunotherapy in patients with ovarian cancer. Cancer Immunol Immunother. (2023) 72:409–25. doi: 10.1007/s00262-022-03238-w

40. Si, X, Shao, M, Teng, X, Huang, Y, Meng, Y, Wu, L, et al. Mitochondrial isocitrate dehydrogenase impedes CAR T cell function by restraining antioxidant metabolism and histone acetylation. Cell Metab. (2024) 36:176–92.e10. doi: 10.1016/j.cmet.2023.12.010

41. Hatae, R, Kyewalabye, K, Yamamichi, A, Chen, T, Phyu, S, Chuntova, P, et al. Enhancing CAR-T cell metabolism to overcome hypoxic conditions in the brain tumor microenvironment. JCI Insight. (2024) 9:e177141. doi: 10.1172/jci.insight.177141

42. Gattinoni, L, Speiser, DE, Lichterfeld, M, and Bonini, C. T memory stem cells in health and disease. Nat Med. (2017) 23:18–27. doi: 10.1038/nm.4241

43. Rubio, V, Stuge, TB, Singh, N, Betts, MR, Weber, JS, Roederer, M, et al. Ex vivo identification, isolation and analysis of tumor-cytolytic T cells. Nat Med. (2003) 9:1377–82. doi: 10.1038/nm942

44. Alizadeh, D, Wong, RA, Yang, X, Wang, D, Pecoraro, JR, Kuo, CF, et al. IL15 enhances CAR-T cell antitumor activity by reducing mTORC1 activity and preserving their stem cell memory phenotype. Cancer Immunol Res. (2019) 7:759–72. doi: 10.1158/2326-6066.CIR-18-0466

45. Calderon, H, Mamonkin, M, and Guedan, S. Analysis of CAR-mediated tonic signaling. Methods Mol Biol. (2020) 2086:223–36. doi: 10.1007/978-1-0716-0146-4_17

46. Yin, X, He, L, and Guo, Z. T-cell exhaustion in CAR-T-cell therapy and strategies to overcome it. Immunology. (2023) 169:400–11. doi: 10.1111/imm.v169.4

47. Feske, S. Calcium signalling in lymphocyte activation and disease. Nat Rev Immunol. (2007) 7:690–702. doi: 10.1038/nri2152

48. Pearce, EL, Walsh, MC, Cejas, PJ, Harms, GM, Shen, H, Wang, LS, et al. Enhancing CD8 T-cell memory by modulating fatty acid metabolism. Nature. (2009) 460:103–7. doi: 10.1038/nature08097

49. Zhao, Y, Li, Z, Zhang, L, Yang, J, Yang, Y, Tang, Y, et al. Citrate versus heparin lock for hemodialysis catheters: A systematic review and meta-analysis of randomized controlled trials. Am J Kidney Diseases. (2014) 63:479–90. doi: 10.1053/j.ajkd.2013.08.016

50. Zhang, W, Bai, M, Yu, Y, Li, L, Zhao, L, Sun, S, et al. Safety and efficacy of regional citrate anticoagulation for continuous renal replacement therapy in liver failure patients: a systematic review and meta-analysis. Crit Care. (2019) 23:22. doi: 10.1186/s13054-019-2317-9

51. Araki, K, Turner, AP, Shaffer, VO, Gangappa, S, Keller, SA, Bachmann, MF, et al. mTOR regulates memory CD8 T-cell differentiation. Nature. (2009) 460:108–12. doi: 10.1038/nature08155

52. Li, Q, Rao, RR, Araki, K, Pollizzi, K, Odunsi, K, Powell, JD, et al. A central role for mTOR kinase in homeostatic proliferation induced CD8+ T cell memory and tumor immunity. Immunity. (2011) 34:541–53. doi: 10.1016/j.immuni.2011.04.006

53. Rial Saborido, J, Volkl, S, Aigner, M, Mackensen, A, and Mougiakakos, D. Role of CAR T cell metabolism for therapeutic efficacy. Cancers (Basel). (2022) 14:5442. doi: 10.3390/cancers14215442

54. Ren, JG, Seth, P, Ye, H, Guo, K, Hanai, JI, Husain, Z, et al. Citrate suppresses tumor growth in multiple models through inhibition of glycolysis, the tricarboxylic acid cycle and the IGF-1R pathway. Sci Rep. (2017) 7:4537. doi: 10.1038/s41598-017-04626-4




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Yin, Chen, Ao, Xu, Cao, Huang, Liang, Hu, Liu, Wang, Li, Zhou, He and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1540754-g005.jpg
CD62L (%)

Cytotoxicity (%)

10
8

0
0

60
40

20

©
o

D
o

N
o

N
o

o

lCD8cx Signal Peptide ll Linker (G4S) 3

CD8cx Hinge

g

CAR-T CITR
CAR-T

3:1

l CD8a TM

I*—|
10
o)
o 5
CAR-T CITR
CAR-T
Capan-2
*kk
*k
11 1:3

Count

R —
CAR-T |1 CITR CAR-T
] 54.86%
47.86% ] h,

MSLN CAR
E F
30 *% 20 *k
g 20 =8
[sp}
¢ 2 10
3 10 =
5
0 0
CAR-T CITR CAR-T (CITR
CAR-T CAR-T
H 1806
ns fis
100 1 -
| —
= 80
=
2 60
9
3
5 40
>
© 20
0
3 | 1:3





OEBPS/Images/fimmu.2025.1540754_cover.jpg
’ frontiers | Frontiersin Immunology

Sodium citrate pretreatment
enhances CAR-T cell persistence
and anti-tumor efficacy through
inhibition of calcium signaling





OEBPS/Images/fimmu-16-1540754-g007.jpg
Exhausted CAR-T Memory CAR-T

Tumor recurrence Tumor elimination






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Sodium citrate pretreatment enhances CAR-T cell persistence and anti-tumor efficacy through inhibition of calcium signaling

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell lines and cell culture

          



          		

            2.2 The generation of CAR-T cells

          



          		

            2.3 Flow cytometry analysis

          



          		

            2.4 Western blotting

          



          		

            2.5 Cytokine release detection by enzyme-linked immunosorbent assay

          



          		

            2.6 Cytotoxicity detection

          



          		

            2.7 RNA-sequencing analysis

          



          		

            2.8 Animal experiments

          



          		

            2.9 Immunohistochemistry and hematoxylin-eosin staining

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Tonic signaling induced exhaustion and reduced tumor-killing ability in anti-CD70 CAR-T cells

          



          		

            3.2 Sodium citrate inhibited terminal differentiation, activation and exhaustion of anti-CD70 CAR-T cells in vitro

          



          		

            3.3 Sodium citrate-pretreated CAR-T cells showed enhanced in vitro tumor-killing ability

          



          		

            3.4 Sodium citrate supplementation enhanced the in vivo anti-tumor activity of CAR-T cells and inhibited cancer recurrence

          



          		

            3.5 Sodium citrate reduced exhaustion and increased anti-tumor capacity of anti-MSLN CAR-T cells

          



          		

            3.6 Sodium citrate impeded CAR-T cell terminal differentiation via inhibition of mTOR and glycolysis pathways

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1540754-g003.jpg
ET=31 E:T=1:1

Cell index

B
100 .
g 80 — ok
=
o 60 Kkk
3 L
S 40
>
2 on
0
3:1 1:1 1:3
D
Antigen stimulation (786-0 or U251 cells)
Days 7 8 9 10 11 12 13 14 15 16
Flow cytometry analysis and cytotoxicity detection
F 786-0 G 786-0
__ 15000
-
g ek
< 310000
P >
E 1
= £ 5000
0
1
Round
| U251 J U251
60 o o .
510000
S 40 £
€ £
F 20 .3 ;. 5000
w
0 0
1 2 3
Round Round
L 786-0 M
@ 100 i «© 100
14 o
o Co 1 ke
S 1 S
:‘35 60 ] EE 60
SE 40 S E 40
S 2 Ik
& 20 S 20
0 0
3 14 13

ET=1:3
- — CAR-T
— CITR CAR-T
0 20 40 60 80
Time (hrs)
C *kk
~= 60
X
& dkk
= 40 [ —
)
O
& 20
a
(&)
0
0.5 1.0
Time (hrs)
E
- 786-0 U251
o15 . -
S —
T 10
Q
S5
Q.
8o
H 786-0
80 *kk
kK
= 60
°\ Fekk
Fkk ‘T 40 T |
g
20
0
3 1 2 3
Round
K U251
60 Fkk |&]
*k g 40 *ekk
g 20
0
3 1 2 3
Round
U251

ns
— CAR-T
*xx —1 CITR CAR-T
*kk
1
i 1:1 13

3





OEBPS/Images/fimmu-16-1540754-g001.jpg
CAR-T-d3 CAR-T-d10 B

Percentage (%)

CD45RA
C D E F *
*k
2500 — 1500
_ 2000 _
d3 oy = - S 1000
- = 1500 2
~ N
© o @)
g S 1000 - .
d10 500
0
CD62L d3  d10 d3  d10 d3 d10
G H | J
15 " 10000
iy 1 1
£ 8000 _
T LL
g i Tk < 6000 =
S = ® ®
B = S 4000 Q
£ o 50 = |
3 2000
5
o © 0 0
IFN-y TNF-a d3  d10 d3  d10 d3  d10

P
r
=

24 48h 72h

100 __100 _ 1009 a3
g 80 € g0 5 € 50 = d10
2 = il r 2
g 60 S 60 - 1 S 60
g 14 e g 5
€ 40 = 1 3 40 S 40
3 20 3 20 3 20

0 0

1:4 13 1:9





OEBPS/Images/fimmu-16-1540754-g004.jpg
A Tail vein injection of 5x108 anti-CD70 CAR-T cells

v

) 0
&?3 -} 6 ; Days

786-0 cell line s.c.tumor inoculation Euthanize mice and extract visceral and tumor tissues

(@)

CITR CAR-T 1.5%101" —— Mock T

CITR CAR-T
1x10M

5x1010

Total radiant efficiency

10 20 30 40 50
Day (s)

N

o

o

o
1

-

L — Min: 9.4x108
0.5 1.0 15 x1010 Max: 1.6x101° 0

Tumor volume (mm3)

10 19 28 37 46 55
Day (s)

E F G H
600007 30 40

Tk

Fke

N
o

CD62L+ expression (%)
3
Expression rate (%)
N
o

¥ ==CAR-T
= CITR CAR-T

w
o

N P
o o
o o
o o
o o

Percentage of T cells
in PB (%)
>

=)
o

T cell count/100 uL PB

PD-1 LAG-3

| CAR-T CITR CAR-T
SRE o Y —+ Mock T

- CAR-T

—=- CITR CAR-T

P

v CAR-T

F, CITR CAR-T

Liver Speen Lungs - . Kiney - Brain





OEBPS/Images/fimmu-16-1540754-g006.jpg
A
CAR-T vs CITR CAR-T
ol . eup(732)
o~ .i i enosig(61570)
= 250 i e@down(401)
S . o
o :
5’ 2004 o
§7 150 ‘G}.:f =
' . ,'.°§ :..pcm
100 .

S100A5

Calcium signal B100kS

S100A11

S100P

BATF

Exhaustion G

EOMES

IL10

GZMB

Effector T cell TNF

GZMA

IL31

IL1A
Interleukins

IL17D »

IL11RA

CCR7

LEF1

CCL22

CCL25

Memory T cell

Chemokine

CAR-T

@

D
o

Rot/AA 2-DG
< CAR-T

/}ﬂ # CITR CAR-T

w
o

ECAR (mpH/min)
s 3

0 20 40 60 80
Time (minutes)

Leukocyte chemotaxis

Leukocyte migration

Locomotion

Inflammatory response
Calcium-mediated signaling

Cell activation

Regulation of lymphocyte proliferation
Regulation of cytokine production
Regulation of immune response
Regulation of mononuclear cell proliferation
Regulation of cell population proliferation

D

Z score

Padjust
0.0004

0.00035

0.0003

Number

@® 800

Sodium citrate

B-actin

I
0.06

[
0.04
Rich factor

0.08

14 mM

MTORCH1 signaling

‘LIIIIIIIIIW[III IIIIH[HHHHHHIWIIIWIH‘H!IIIII W

i
%; CITR CAR-T
§ S v
e e e e e
F CITR 15 *
CART Rt )
o
P_ =
S
B 0.5
o
CAR-T CITR
CAR-T
. I J
Glycolysis Glycolytic Capacity G|ycolytic Reserve
20 40
g15 £30 - E
£ E =10
T T T
=% :E_ Q
E0 g20 E
S s 10 S
w | 1]
0 0
CAR-T CITR CAR-T CITR CAR-T CITR
CAR-T CAR-T CAR-T





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1540754-g002.jpg
C D
2000
150000 3000
*kk o
_ T I— i
£ 100000 = = S 2000
['e) [32]
: & 1500 7
© = Q@
© 50000 — 1000
0 1000
d3 d10 CaCl, - + CaCl, = i
E G
CITR CAR-T 40 hs
80000 W
_ 60000 _ i V8
w c g =
s 3 28.71% G iad + 20
< 40000 3 9 (i ALE &
S o
20000 10
0 0
CAR-T CITR
CAR-T CITR
CART CD70 CAR CAR-T
| J
CAR-T CITR CAR-T
80 80000
I d
60
= = 60000
~ e =
4 £ 40 & 40000
(&) — ©
(@] (=]
20 © 20000
0 0
CAR-T CITR CAR-T CITR
CAR-T CAR-T
CD45RA
L M *kk
T~ = 1000 60 1 e == CART
1000 5 — 9 1 == CITRCAR-T
2 800 e
y < g, 40
s S 600 g
o o 1
£l P £ 400 S 40
o 8 g
§ 200
0 0 0
CAR-T CITR TNF-a IFN-y PD-1 LAG-3 TIM-3

CAR-T





