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Chimeric antigen receptor T (CAR-T) cells targeting CD19 came into clinical practice for the treatment of B cell lymphoma in 2018. However, patients being treated for B cell lymphoma often suffer from comorbidities such as chronic pain, cardiovascular diseases and arthritis. Thus, these patients frequently receive concomitant medications that include nonsteroidal anti-inflammatory drugs (NSAIDs) like cyclooxygenase (COX) inhibitors. Celecoxib, a selective COX-2 inhibitor, and aspirin, a non-selective COX-1 and COX-2 inhibitor, are being used as anti-inflammatory, analgesic and anti-pyretic drugs. In addition, several studies have also focused on the anti-neoplastic properties of COX-inhibitors. As the influence of COX-inhibitors on CD19.CAR-T cells is still unknown, we investigated the effect of celecoxib and aspirin on the quantity and quality of CD19.CAR-T cells at different concentrations with special regard to cytotoxicity, activation, cytokine release, proliferation and exhaustion. A significant effect on CAR-T cells could be observed for 0.1 mmol/L of celecoxib and for 4 mmol/L of aspirin. At these concentrations, we found that both COX-inhibitors could induce intrinsic apoptosis of CD19.CAR-T cells showing a significant reduction in the ratio of JC-10 red to JC-10 green CAR-T cells from 6.46 ± 7.03  (mean ± SD) to 1.76 ± 0.67 by celecoxib and to 4.41 ± 0.32 by aspirin, respectively. Additionally, the ratios of JC-10 red to JC-10 green Daudi cells were also decreased from 3.41 ± 0.30 to 0.77 ± 0.06 by celecoxib and to 1.26 ± 0.04 by aspirin, respectively. Although the cytokine release by CD19.CAR-T cells upon activation was not hampered by both COX-inhibitors, activation and proliferation of CAR-T cells were significantly inhibited via diminishing the NF-ĸB signaling pathway by a significant down-regulation of expression of CD27 on CD4+ and CD8+ CAR-T cells, followed by a clear decrease of phosphorylated NF-ĸB p65 in both CD4+ and CD8+ CAR-T cells by a factor of 1.8. Of note, COX-inhibitors hampered expansion and induced exhaustion of CAR-T cells in an antigen stress assay. Collectively, our findings indicate that the use of COX-inhibitors is a double-edged sword that not only induces apoptosis in tumor cells but also impairs the quantity and quality of CAR-T cells. Therefore, COX-inhibitors should be used with caution in patients with B cell lymphoma under CAR-T cell therapy.
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Introduction

Chimeric antigen receptor T (CAR-T) cell therapy is a quantum leap in the treatment of patients with relapsed and/or refractory (r/r) B cell malignancies (1–5). In clinical studies, promising results have been achieved so that the regulatory authorities U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) approved two second-generation CD19-directed CAR-T cell products in 2018, i.e., axicabtagene ciloleucel (Yescarta®, Kite/Gilead) for the treatment of adult diffuse large B cell lymphoma (DLBCL), transformed follicular lymphoma (tFL) and primary mediastinal B cell lymphoma (PMBCL) as well as tisagenlecleucel (Kymriah®, Novartis) for the treatment of pediatric and adolescent acute lymphoblastic leukemia (ALL) and adult DLBCL.

However, patients with r/r B cell lymphoma often suffer from other comorbidities such as chronic pain, cardiovascular diseases, and arthritis, etc. Nonsteroidal anti-inflammatory drugs (NSAIDs) as cyclooxygenase (COX)-inhibitors, celecoxib, a selective COX-2 inhibitor, and aspirin, a non-selective COX-1 and COX-2 inhibitor, are widely being used for the management of these conditions as anti-inflammatory, analgesic and anti-pyretic drugs. Of note, due to their anti-inflammatory effect, the use of COX-inhibitors has been suggested for tumor treatment to suppress the inflammatory tumor microenvironment that promotes neoplastic cell proliferation, survival and migration (6). It might be suggestive for the combination of COX-inhibitors to optimize the CAR-T cell therapy.

In this study, we aimed to investigate the influence of COX-inhibitors on CD19.CAR-T cells added simultaneously as well as after CAR-T cell application with the emphasis on the killing efficiency, activation, cytokine release, proliferation, expansion, and persistence of CD19.CAR-T cells that came in encounter with malignant B cells.



Materials And Methods


Cell Lines

CD19+ Daudi cells as target cell and CD19- K562 cells as negative control were used in this study, which were purchased from German Collection of Microorganisms and Cell Cultures (DSMZ). Both cell lines were maintained at 5×105 cells/ml in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) according to official guidelines of the DSMZ. Cells were used at logarithmic growth phase and mycoplasma-free in all experiments.



Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

Buffy coats from healthy donors (HDs) were obtained from the Heidelberg Blood Bank. All participants signed informed consent. PBMCs were separated by a Ficoll gradient (human) (LINARIS), following by freezing them in liquid nitrogen.



Manufacture of the 3rd Generation CD19.CAR-T Cells

The manufacture of CD19.CAR-T cells mainly includes (a) production of retroviral vector (SFG CD19.CD28/4-1BB/ζ) that was produced by the Good Manufacturing Practice (GMP) Core Facility at Baylor College of Medicine in Houston (7), (b) T cell transduction and (c) CAR-T cell expansion. CD19.CAR-T cells were produced according to our standard operating process (SOPs) as previously described (8–10). The CD19.CAR-T cells from day 10 were used to perform the following experiments.



CellTiter-Glo Luminescent Cell Viability Assay

To test the cytotoxicity of celecoxib (Medchem express) and aspirin (Sigma Aldrich) on CAR-T cells, CD19.CAR-T cells were seeded into 384-well white wall plates in the presence of 10-point 1:3 serial dilutions of celecoxib and of aspirin starting from 100 μM and 8000 μM, respectively. Then the experiments were performed using the CellTiter Glo reagent (Promega) according to the manufactures’ instructions. After 48-hour co-culture, luminescence was measured by a PerkinElmer plate reader. The cells treated with 0.1% PBS (vehicle) in culture medium for 48 hours were used to normalize the results of experimental group.



Chromium-51 (51Cr) Release Assay

The influence of NSAIDs on the killing efficiency of CD19.CAR-T cells against tumor cells was evaluated by a 4-hour 51Cr release assay using an effector to target (E:T) ratio of 30:1. Briefly, effector CD19.CAR-T cells were co-cultured with 5×103 51Cr-labeled tumor cells in the absence or presence of different concentrations of celecoxib or aspirin in triplicates at 37°C with 5% CO2 for 4 hours. 75 μl of supernatant per well was collected for the radioactivity readout with a WIZARD®Gamma Counter (PerkinElmer). The spontaneous release and maximal release were determined by culturing 51Cr-labeled tumor cells with medium and 1% Triton-100 (Sigma-Aldrich), respectively. K562 cells were used as non-specific killing control. The percentage of lysis was calculated as follows: % of lysis = [experimental release - spontaneous release]/[maximal release - spontaneous release] × 100.



Challenging Assays

To figure out the long-term effect of NSAIDs on CD19.CAR-T cells, challenging assays including simultaneous and subsequent treatment schedules were established in our study. The numbers of residual tumor cells and CD19.CAR-T cells in culture were monitored every five days. Furthermore, use of identical numbers of fresh tumor cells re-challenged CD19.CAR-T cells every five days until no or only a few CAR-T cells were left in the co-culture systems.


Simultaneous Treatment Schedule

1.5×104 CD19.CAR-T cells were co-cultured with target Daudi cells at an E:T ratio of 1:1 without or with different concentrations of celecoxib or aspirin in the culture system. Same dosage of celecoxib or aspirin was repeated, when CAR-T cells were re-challenged with the fresh tumor cells.



Subsequent Treatment Schedule

Different concentrations of NSAIDs were added into the system, after 24-hour co-culture of CD19.CAR-T cells with target Daudi cells. Repeated addition of the same dose of celecoxib or aspirin was done after 24-hour re-challenge by fresh Daudi cells.




Flow Cytometry

Multicolor flow cytometry was used to assess the marker expression. Briefly, dead cells were excluded using the Live/Dead Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific), and then cells were further characterized by staining with different combinations of markers. The antibodies used in this study are shown in Supplementary Table 1. All samples were acquired on an LSR II device (BD biosciences) and the flow data were analyzed using Diva (BD biosciences) or FlowJo software (BD biosciences).


Activation Marker Staining

CD19.CAR-T cells were stimulated by CD19+ Daudi cells for 24-hour at an E:T ratio of 1:1 in the absence or presence of different concentrations of celecoxib or aspirin. Then cells were stained with Near-IR Dead Cell Stain Kit and activation markers in addition with other surface maker antibodies for 30 min at room temperature (RT) in the dark.



Cell Viability

For checking the cell viability, Near-IR Dead Cell Stain Kit and Annexin V were used in our study. Briefly, cells were stained with Near-IR Dead Cell Stain Kit for 30 min at 4°C in the dark, followed by surface marker staining (30 min at RT in the dark). Afterwards, cells were washed and re-suspended in Annexin V staining buffer (BD biosciences). Then Annexin V staining (15 min at RT in the dark) was performed to label the apoptotic cells. Acquisition was performed immediately after adding 50 μl of counting beads (Thermo Fisher Scientific). 5,000 counting beads were acquired for each sample.



JC-10 Mitochondria Membrane Potential Assay

Mitochondrial membrane potential of cells was measured using JC-10 (Abcam). Firstly, CD19.CAR-T cells and Daudi cells were treated with either celecoxib or aspirin for 2 hours. Then JC-10 staining was performed according to the manufacturer’s instructions. For positive control, cells were stained with JC-10 working solution in the presence of 10 µmol/L carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (Sigma Aldrich). Thereafter, cells were fixed by using fixation buffer (Biolegend) prior to analysis.



Anti-Apoptotic Bcl-2 Family Protein Staining

Cells co-cultured with Daudi cells (E:T=1:1) in the absence or presence of celecoxib or aspirin for 24 hours, followed by staining with Near-IR Dead Cell Stain Kit. Then the cells were fixed and permeabilized to further stain with anti-apoptotic Bcl-2 family antibody Bcl-xl (30 min at RT in the dark).



Intracellular Cytokine Staining

CD19.CAR-T cells were stimulated with CD19+ Daudi cells in the presence of monensin (Invitrogen) and brefeldin A (Invitrogen) in addition to either celecoxib or aspirin for 6 hours. After stimulation, the cells were stained with Near-IR Dead Cell Stain Kit (30 min at 4°C in the dark), then fixed, permeabilized and finally stained with surface marker and cytokine antibodies (30 min at RT in the dark).



Intracellular Phosphorylated-NF-ĸB p65 (p-NF-ĸB p65) Staining

CD19.CAR-T cells were stimulated with CD19+ Daudi cells in the presence of either celecoxib or aspirin for 24 hours. Following the Near-IR Dead Cell Stain Kit staining (30 min at 4°C in the dark), the cells were fixed, permeabilized and stained with surface markers and p-NF-ĸB p65 (invitrogen) (30 min at RT in the dark).



Proliferation Assay

5×105 of Carboxy Fluorescein Succinimidyl Ester (CFSE) (BD Horizon™) labeled CD19.CAR-T cells were stimulated with irradiated Daudi cells (Cabinet X-ray Irradiator, X-RAD-320) in a 1:1 ratio for four days in the absence or presence of celecoxib or aspirin. CFSE labeled but non-stimulated CD19.CAR-T cells, stimulated but non-CFSE labeled CD19.CAR-T cells, and Staphylococcal Enterotoxin B (SEB, 1 mg/ml, Sigma-Aldrich) stimulated CD19.CAR-T cells were included as controls in our experiment. After four-day stimulation, the cells were harvested and stained for further analysis.



Cell Quantification

After harvest, cells were stained with Near-IR Dead Cell Stain Kit, followed by surface marker staining for both CD19.CAR-T cells and tumor cells (30 min at RT in the dark). Before acquisition 50 μl of counting beads was added immediately. 10,000 counting beads were acquired for each sample to quantify the absolute cell number.



Exhaustion Marker Staining

After Near-IR Dead Cell Stain Kit staining, CD19.CAR-T cells were stained with exhaustion markers and other surface maker antibodies for 30 min at RT in the dark.




Statistical Analysis

IBM SPSS 20 and GraphPad Prism 8.0 were used for statistical analysis. Tukey’s multiple comparisons test and paired t-test were used in comparing the effects of the different concentrations of NSAIDs on CD19.CAR-T cells. Differences were considered statistically significant for p value < 0.05.




Results


NSAIDs Affect the Quantity and Cytotoxicity of CD19.CAR-T Cells

CD19.CAR-T cells were successfully generated with a high transduction efficiency (74.88 ± 4.34), as shown in Figures 1A, B. The mean fluorescence intensity (MFI) reflecting the CAR molecule expression on a per-cell basis and the integrated MFI (iMFI) indicating the total expression of CAR molecule have been calculated and illustrated in Figure 1C (21985 ± 2207) and Figure 1D (16389 ± 1036), respectively.




Figure 1 | Effect of celecoxib and aspirin on the quantity and cytotoxicity of CD19.CAR-T cells. (A) A representative dot plot of the transduction efficiency of CD19.CAR-T cells. Transduction efficiency (B), MFI (C) and iMFI (D) of CD19.CAR-T cells on day 10. Six batches of manufactured CD19.CAR-T cells from different donors have been analyzed. Each group had two replicates. The inhibition ratios of celecoxib (E) (upper panel) and aspirin (E) (lower panel) on CD19.CAR-T cells and healthy donor PBMCs. The killing efficiency of CD19.CAR-T cells against Daudi cells in the presence of celecoxib (F) (upper panel) and aspirin (F) (lower panel) was determined by 51Cr-release assay. The living CD4+ CAR-T cells (G) and CD8+ CAR-T cells (H) were quantified by flow cytometry after 24 hours co-culture with Daudi cells in the presence of celecoxib (upper panel) and aspirin (lower panel). Data were obtained from three independent experiments. Each experiment had three replicates. A p < 0.05 was considered to be statistically significant (*).



The effect of celecoxib and aspirin on CD19.CAR-T cells and PBMCs from healthy donors was assessed using CellTiter Glo assay. The 50% growth inhibition (IC50) values of celecoxib for CD19.CAR-T cells and HD PBMCs were 58.3 µmol/L and 16.5 µmol/L, respectively, and aspirin with IC50 values of 3393.9 µmol/L and 1053.4 µmol/L, respectively (Figure 1E). The cytotoxic activity of celecoxib and aspirin was also tested in a panel of six leukemia and lymphoma cell lines as well as primary chronic lymphocytic leukemia (CLL) cells from ten newly diagnosed and untreated CLL patients (Supplementary Figure 1).

To investigate the influence of simultaneous administration of NSAIDs on anti-tumor activity of CD19.CAR-T cells, we cultured CD19.CAR-T cells with tumor cells in the absence or presence of either celecoxib or aspirin. Both NSAIDs impaired cytotoxicity of CD19.CAR-T cells at high doses whereas low doses did not affect the killing efficacy. Especially, celecoxib significantly inhibited the cytotoxic activity of CD19.CAR-T cells at high concentration (Figure 1F). Of note, the reduction of the quantity of CD4+ and CD8+ CD19.CAR-T cells by NSAIDs might contribute to this inhibitory effect on the anti-tumor activity of CAR-T cells (Figures 1G, H). The analysis strategy and the representative dot plots were shown in Supplementary Figures 2 and 3.



NSAIDs Induce the Intrinsic Apoptosis Pathway in CD19.CAR-T Cells

To reveal the underlying mechanism of NSAIDs induced CD19.CAR-T cell death, the expression of anti-apoptotic Bcl-2 family protein was determined by intracellular protein staining in CD19.CAR-T cells after 24 hours co-culture with tumor cells in the presence of either celecoxib or aspirin. We observed a dose-dependent decrease of Bcl-xl+CD4+ (Figure 2A) and Bcl-xl+CD8+ CAR-T cells (Figure 2B) for both drugs. Furthermore, our data showed a decreased mitochondrial membrane potential in CD19.CAR-T cells after NSAIDs treatment (Figures 2C, D), suggesting that the death of CD19.CAR-T cells might be induced through mitochondria dependent intrinsic apoptosis pathway.




Figure 2 | Induction of apoptosis of CD19.CAR-T cells by celecoxib and aspirin. The expression of the anti-apoptotic Bcl-2 family protein Bcl-xl (A, B) in the presence of celecoxib (upper panel) and aspirin (lower panel) in CD4+ and CD8+ CAR-T cells after 24-hour co-culture with Daudi cells. The mitochondrial membrane potential of CD19.CAR-T cells after 2 hours treatment with celecoxib (C) and aspirin (D). Data were obtained from three independent experiments. Each experiment had two replicates. A p < 0.05 was considered to be statistically significant (*).





NSAIDs Impair the Activation and Proliferation Capacity of CD19.CAR-T Cells

To evaluate whether NSAIDs could affect the quality of CD19.CAR-T cells as well, the activation capacity, the cytokine release profile and the proliferation of CD19.CAR-T cells were examined after stimulation by tumor cells in the presence of NSAIDs. We found that both NSAIDs had no significant influence on the expression of the activation marker CD69 (Figures 3A, B and Supplementary Figures 4 and 5A), the activation marker CD28 however was negatively affected by high doses of NSAIDs (Figures 3C, D and Supplementary Figure 4 and Supplementary Figure 5B). Moreover, the TNF-α and IFN-γ release could be maintained by CD19.CAR-T cells upon stimulation (Figures 4A–D, Supplementary Figures 6 and 7A, B), but the proliferation capacity of both CD4+ and CD8+ CAR-T cells, which was exhibited in terms of proliferation index (the total number of cell divisions divided by the number of cells that went into division) representing how fast responding cells are proliferating, was hampered by NSAIDs at high doses (Figures 4E, F and Supplementarys Figure 6, 7C).




Figure 3 | Selective reduction of CD19.CAR-T cell activation by NSAIDs. The expression of activation marker CD69 (A, B) and CD28 (C, D) on CD4+ and CD8+ CAR-T cells was assessed using flow cytometry after 24 hours stimulation by Daudi cells in the presence of celecoxib (A, C) and aspirin (B, D). Data obtained from three independent experiments. Each experiment had two replicates. A p < 0.05 was considered to be statistically significant (*).






Figure 4 | Impairment of proliferation capacity of CD19.CAR-T cells by NSAIDs. Release of TNF-α (A, B) and IFN-γ (C, D) by CD4+ and CD8+ CAR-T cells were assessed by flow cytometry after 6-hour stimulation with Daudi cells in the presence of celecoxib (A, C) and aspirin (B, D). The proliferation of CD19.CAR-T cells upon activation by irradiated Daudi cells in the presence of celecoxib (E) and aspirin (F). Data obtained from three independent experiments. Each experiment had two replicates. A p < 0.05 was considered to be statistically significant (*).





NSAIDs Hamper the NF-ĸB Pathway via Decreasing CD27 and p-NF-ĸB p65 Expression

CD27 is required for generation and long-term maintenance of T cell immunity (11). To better reveal the long-term effects of NSAIDs on CD19.CAR-T cells, we tested CD27 expression after 24-hour treatment with either NSAIDs. We found that CD27 expression on both CD4+ and CD8+ CD19.CAR-T cells was reduced by high doses of NSAIDs (Figures 5A, B, Supplementary Figures 8, 9). CD27 signaling leads to the activation of NF-κB pathway. Thus, we also checked the expression of p-NF-κB p65, which reflects the activated status of NF-κB pathway, and observed a decrease of p-NF-κB p65 expression (Figures 5C, D and Supplementary Figures 8 and 9), suggesting that celecoxib and aspirin negatively impact the NF-ĸB signaling pathway (Figure 5E).




Figure 5 | Compromise of CD27-NF-kB signaling pathway by NSAIDs. (A, B) show the percentage (upper panel) and MFI (lower panel) expression of CD27 on CD19.CAR-T cells in the presence of celecoxib (A) or aspirin (B). The phosphorylated status of NF-ĸB p65 (p-NF-ĸB p65) is presented in (C, D). (E) Represents how the NSAIDs affect on the CD27-NF-kB signaling pathway. Data obtained from three independent experiments. Each experiment had two replicates. A p < 0.05 was considered to be statistically significant (*).





NSAIDs Affect the Expansion of CD19.CAR-T Cells

To evaluate the long-term effect of NSAIDs on CD19.CAR-T cells, two different strategies for administration of celecoxib and aspirin were established based on an in vitro repetitive challenging assay, including a simultaneous treatment schedule that drugs and tumor cells were introduced to the system simultaneously (Figure 6), and a subsequent treatment schedule that drugs were introduced 24 hours after the addition of tumor cells (Figure 7). Every five days, CAR-T cells were re-challenged by introducing tumor cells and drugs. Additionally, the number of CAR-T cells and tumor cells, as well as the expression of exhaustion markers (PD-1 and TIM-3) were determined to exhibit the key parameters, including the maximal CD19.CAR-T cell expansion, challenging times, residual tumor cells in the end of coculture, and exhaustion status of CD19.CAR-T cells that could determine the early expansion and persistence of CD19.CAR-T cells.




Figure 6 | NSAIDs hampered the expansion and persistence of CD19.CAR-T cells in the simultaneous treatment schedule. The influence of celecoxib (A) and aspirin (B) on dynamics of CD3+ CAR-T cells (pink curve charts) and tumor cells (bar chart) were determined by counting beads in a simultaneous treatment schedule. The curves represent the mean value of the absolute number of CD3+ CAR-T cells. The CD4+ and CD8+ CAR-T cells were further analyzed and presented in green curves and violet curves, respectively. The influence of celecoxib (C) and aspirin (D) on the residual tumor cells on the last day of challenge (day 15), as well as the expansion of CD4+ and CD8+ CAR-T cells on day 5 were determined by counting beads. (E, F) show the expression of exhaustion markers, PD-1 and TIM-3, on CD4+ (upper panel) and CD8+ CAR-T cells (lower panel) in the presence of celecoxib (E) or aspirin (F). § means the number of the residual tumor cells on day 10. Three different individual donors have been analyzed. Each experiment was performed in duplicates. A p < 0.05 was considered to be statistically significant (*).






Figure 7 | NSAIDs hampered the expansion and persistence of CD19.CAR-T cells in a post treatment schedule. The influence of celecoxib (A) and aspirin (B) on dynamics of CD3+ CAR-T cells (pink curve charts) and tumor cells (bar chart) were determined by counting beads in a post treatment schedule. The curves represent the mean value of the absolute number of CD3+ CAR-T cells. The CD4+ and CD8+ CAR-T cells were further analyzed and presented in green curves and violet curves, respectively. In the presence of celecoxib (C) or aspirin (D), the residual tumor cells on the last day of challenge (day 15), as well as the expansion of CD4+ and CD8+ CAR-T cells on day 5 were represented. § means the number of the residual tumor cells on day 10. The expression of exhaustion markers, PD-1 and TIM-3, on CD4+ (upper panel) and CD8+ CAR-T cells (lower panel) in the presence of celecoxib (E) or aspirin (F) were showed. Data obtained from three independent experiments. Each experiment was performed in duplicates. A p < 0.05 was considered to be statistically significant (*).



Upon the activation by CD19+ tumor cells, CD19.CAR-T cells extensively proliferated and reached an expansion peak on day 5 in both simultaneous (Figures 6A, B) and subsequent treatment schedule (Figures 7A, B). However, both drugs could limit the proliferation and expansion of CD19.CAR-T cells at high concentrations in these two treatment schedules. Additionally, the dynamic of CD4+ (green curve) and CD8+ (violet curve) CAR-T cells showed that the expansion of both cell populations could be negatively affected by celecoxib and aspirin in the treatment systems (Figures 6A, B, lower panel), resulting in a very strong reduction of absolute numbers of CD4+ and CD8+ CD19.CAR-T cells at high doses (Figures 6C, D). Moreover, high doses of celecoxib and aspirin could also reduce the maximal challenging times, indicating that CD19.CAR-T cells had an inability to expand. Similar results were observed in the subsequent treatment schedule (Figure 7). The analysis strategy and the representative dot plots were shown in Supplementary Figures 10, 11A, 12A.



NSAIDs Hamper Persistence of CD19.CAR-T Cells by Inducing Exhaustion

To explore the effect of NSAIDs on the persistence of CD19.CAR-T cells, the expression of exhaustion marker PD-1 and TIM-3 have been monitored on both CD4+ and CD8+ CAR-T cells in the challenging assay. We found that high doses of celecoxib (100 µmol/L) and aspirin (4 mmol/L) could easily induce an early exhaustion even on day 5, showing an up-regulated PD-1 and TIM-3 expression on both CD4+ and CD8+ CAR-T cells (Figures 6E, F, Figures 7E, F, Supplementary Figures 10, 11B, C and 12B, C). Moreover, low dose of NSAIDs showed a trend towards an increase of PD-1 expression on CD8+ CD19.CAR-T cells on day 10 compared to the expression on day 5. Due to the poor proliferation of CD4 subpopulation, similar results were not observed in CD4+ CD19.CAR-T cell subsets.



NSAIDs Induce the Intrinsic Apoptosis Pathway in Daudi Cells

Additionally, the cytotoxicity of celecoxib and aspirin on tumor cells was tested using CellTiter Glo assay. Our data showed that both NSAIDs had a dose dependent cytotoxicity on Daudi cells (Figures 8A, B). The IC50 of celecoxib was 30.6 µmol/L and aspirin was 2979.8 µmol/L. Moreover, we observed a considerable reduction of mitochondria membrane potential of Daudi cells in the presence of either celecoxib or aspirin at the high concentration (Figures 8C, D), indicating that NSAIDs could induce tumor cell death through mitochondria dependent apoptosis pathway.




Figure 8 | The cytotoxic effect of NSAIDs on Daudi cells is associated with the intrinsic apoptosis pathway. (A, B) show the inhibition ratios of celecoxib (A) and aspirin (B) on Daudi cells. In  (C, D) the mitochondrial membrane potential of Daudi cells was determined by flow cytometery after 2 hours treatment with celecoxib (C) and aspirin (D). Data obtained from three independent experiments. Each experiment had two replicates. A p < 0.05 was considered to be statistically significant (*).






Discussion

In recent years the field of adoptive immunotherapy has rapidly advanced to the commercial approvals of genetically engineered T cells expressing chimeric antigen receptors the so-called CAR-T cells for the treatment of B cell hematological malignancies (1, 12–15). CAR-T cells as an innovative and efficient therapy have been successfully applied to critically ill patients. In order not to compromise the effectiveness of the CAR-T cell therapy, it is of great importance that the potency of CAR-T cells in vivo is not impaired by concomitant drug therapy. Moreover, manufacturing of CAR-T cells under GMP condition is labor intensive and costly related to quality controls, the one-batch, one-patient paradigm and the complex cold supply chain. Therefore, the definition of potentially CAR-T cell hampering concomitant medications is important from the perspective of patients, clinicians, and also pharmaceutical companies.

NSAIDs, such as celecoxib and aspirin, are widely used medications in managing a number of conditions, including fever, chronic pain, cold or flu, headaches, period pains, joint or bone injuries, sprains and strains, muscle or joint complaints and toothache due to their anti-inflammatory, analgesic and anti-pyretic effects. However, results from previous studies showed inhibitory effects of NSAIDs on normal T cells (16–19). Therefore, the potential influences of NSAIDs on CD19.CAR-T cells raise a concern in the clinicians treating patients with CD19.CAR-T cell therapy and additional NSAIDs. In this study, we aimed to reveal the short-term and long-term effects of celecoxib and aspirin on CD19.CAR-T cells in terms of cytotoxicity, apoptosis, activation, cytokine release, proliferation, expansion, and persistence.

Cytotoxicity against CD19 positive tumor cells is the essential function of CD19.CAR-T cells. A dramatic attenuation of the killing efficacy of CAR-T cell has been observed in our study for both NSAIDs at the highest concentration. The reduction in quantity of CD19.CAR-T cells displaying significant decreases of both CD4+ and CD8+ CD19.CAR-T cells should be taken into account to this negative effect of NSAIDs on CD19.CAR-T cells. This is might be a consequence of the down-regulation of anti-apoptotic Bcl-2 family members like Bcl-xl in CD19.CAR-T cells, thereby triggering the intrinsic mitochondrial apoptosis pathway in order to induce cell death by apoptosis, which is confirmed by our data and previous studies (17, 19–23).

In addition to the decreased cell number of CD19.CAR-T cells, our results demonstrated that the activation of CD19.CAR-T cells was also affected by NSAIDs. For the activation of third generation CAR-T cells, specific antigens expressed on tumor cells bind to the extracellular CAR domain, a single-chain variable fragment (scFv), and then the signal is transmitted through the transmembrane linker to the intracellular signaling domains such as CD3ζ, CD28 and 4-1BB to induce CAR-T cell activation (24). By NSAIDs treatment, the CD28 molecule that helps to promote CAR-T cell activation was diminished. However, this negative effect on the activation of CAR-T cells might be selective, which is supported by our observation that the activation marker CD69 was not influenced by NSAIDs. This might explain that NSAIDs had no hampering effect on the cytokine release of CD19.CAR-T cells.

After activation, CAR-T cells not only produce cytokines, but also proliferate. Unlike cytokine release, inhibitory effect on the proliferative capacity of CAR-T cells was observed for both NSAIDs. This has been shown by a decrease of the proliferation index that indicates the average number of divisions of all responding cells (25). The CD27-NF-κB pathway plays a crucial role in proliferation (26–28). In our study, the NSAIDs induced reduction of CD27 expression, a member of TNF receptor superfamily, and impaired its binding to TNF receptor associated factors (TRAFs) that link to the NF-κB signaling pathway (29), which leads to blunt the activation of NF-κB pathway. Consequently, NF-κB p65, one of the downstream proteins of activated NF-κB signaling (30), has been less phosphorylated in both CD4+ and CD8+ CAR-T cells when compared to the group without NSAIDs treatment. The transcription of the downstream encoding genes that are responsible for cellular proliferation could be weakened as a result of hampering phosphorylation of NF-κB p65 (26–28), causing the inhibition of CAR-T cell proliferation.

Apart from mediation of proliferation, CD27-NF-κB pathway is also essential for T cell survival, sustaining effector function, as well as generation and maintenance of long-term functionality of both CD4+ and CD8+ T cells via developing memory T cells (11, 31–33). Considering that the survival of activated T cells could be promoted by CD27 via up-regulation of Bcl-xl (34, 35), the decrease of CD27 expression might provide another explanation for the reduction of Bcl-xl expression in NSAIDs-treated CD19.CAR-T cells and contribute to the cell death besides the direct induction of apoptosis by NSAIDs. Moreover, evidence supporting the compromise of the long-term functionality of CD19.CAR-T cells by NSAIDs has been derived from an antigen stress test, so called challenging assay. Our results indicate that both NSAID medications have negative effects not only on the expansion of CD19.CAR-T cells, but also on their repetitive killing capacity. Additionally, CAR-T cells were prone to exhaustion by administration of NASIDs, which is supported by our observation showing an up-regulation of exhaustion markers PD-1 and TIM-3. The low proliferation rate and limited anti-tumor efficacy further confirmed this exhausted status in the functional level. Normally, T cell exhaustion is a state of T cell dysfunction that arises during persistent antigen exposure (36). However, it seems not be the case in our study, since celecoxib and aspirin could directly induce the apoptosis and display an anti-proliferative effect on tumor cells. Therefore, the acceleration of exhaustion of CAR-T cells might be also a consequence of the impairment of the CD27-NF-κB pathway by NSAIDs.

According to our data relevant doses of NSAIDs for hampering significantly CAR-T cells have been 4 mmol/L for aspirin and 0.1 mmol/L for celecoxib in in vitro culture systems. Reviewing the literature, a mean peak level for aspirin of 6.5 µg/mL (0.036 mmol/L) (range 4.9-8.9 µg/ml, 0.027-0.049 mmol/L) and for salycilate of 49 µg/mL (0.36 mmol/L) (range 42-62 µg/mL, 0.31-0.45 mmol/L) was reached in plasma after a single oral dose of 975 mg (37, 38). So, aspirin often taken prophylactically at a much lower dose of 100 mg/d might not reach relevant plasma levels to hamper CAR-T cells. For celecoxib however mean maximum plasma levels of 1.53 mg/ml (4 mmol/L) were measured after a dose of 300 mg (39). Doses of 200 mg per day are recommended for analgetic, anti-inflammatory indications and even higher doses for tumor therapy (40, 41). So, celecoxib plasma levels even used at lower doses might be far above the relevant CAR-T cell hampering dose of 0.1 mmol/L. Therefore, NSAIDs in particular celecoxib should be used with caution simultaneously with or after CAR-T cell administration in patients.

In summary, although celecoxib and aspirin display an anti-tumor effect, the quantity and quality of CD19.CAR-T cells could be hampered in a dose dependent manner. Relevant CAR-T cell hampering might be reached by celecoxib therapy. Therefore, our study provides the rationale that celecoxib and CAR-T cell therapy should be used together with caution, and discovers the potential mechanisms that NSAIDs negatively affect on CD19.CAR-T cells through their effects on the induction of apoptosis, reduction of activation and impairment of CD27-NF-κB pathway.
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