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Chemokine Receptor CCR2b Enhanced Anti-tumor Function of Chimeric Antigen Receptor T Cells Targeting Mesothelin in a Non-small-cell Lung Carcinoma Model
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Chimeric antigen receptor (CAR) T cell therapy faces a number of challenges for the treatment of non-small-cell lung carcinoma (NSCLC), and efficient migration of circulating CAR T cells plays an important role in anti-tumor activity. In this study, a CAR specific for tumor antigen mesothelin (Msln-CAR) was co-expressed with cell chemokine receptors CCR2b or CCR4. Findings showed that CCR2b and CCR4 enhanced the migration of Msln-CAR T cell in vitro by transwell assay. When incubated with mesothelin-positive tumor cells, Msln-CCR2b-CAR and Msln-CCR4-CAR T cell specifically exerted potent cytotoxicity and produced high levels of proinflammatory cytokines, including IL-2, IFN-γ, and TNF-α. Furthermore, NSCLC cell line-derived xenograft (CDX) model was constructed by implanting subcutaneously modified A549 into NSG mice. Compared to conventional Msln-CAR T cells, living imaging indicated that Msln-CCR2b-CAR T cells displayed superior anti-tumor function due to enhanced migration and infiltration into tumor tissue shown by immunohistochemistry (IHC) analysis. In addition, histopathological examinations of mice organs showed that no obvious organic damages were observed. This is the first time that CAR T cell therapy combined with chemokine receptor is applied to NSCLC treatment.
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INTRODUCTION

According to 2018 global statistics of cancer incidence and mortality estimated by the International Agency for Research on Cancer, lung cancer is the most diagnosed cancer and the most common cause of cancer death (1). NSCLC accounts for ~85% of all the lung cancer, and surgery, radiotherapy, chemotherapy or targeted therapy is determined according to cancer progression. However, these treatments have some adverse effects and the 5-year survival rate is still low. In previous studies, CAR T cell therapy has attracted extensive attention, which directly recognized tumor antigen in a MHC-independent manner. CAR T cell therapy has gained remarkable success in the clinical treatment of hematological malignancies (2, 3). Three CAR T cell therapy products targeting CD19 or CD30 (Tecartus, Kymriah, and Yescarta) have been approved by Food and Drug Administration (FDA) for the treatment of hematological malignancies by the year 2020, which demonstrate the effectiveness and safety of cell products transduced with lentiviral vector (4, 5). Several clinical trials of CAR T cell therapy targeting MSLN (6–8), EGFR (9), HER2 (10, 11), CEA (12) of solid tumor have been completed, and the results were not satisfactory. CAR T cell therapy faces a number of challenges for the treatment of solid tumor, including a lack of tumor specific antigen (TSA), insufficient persistence and proliferation in vivo, inefficient migration and infiltration into tumor tissue, and immunosuppressive tumor microenvironment (TME) (13–15).

Mesothelin is a promising target for CAR T cell therapy (16–18), because up to 30% of cancers are detected with high levels of mesothelin expression, such as epithelial mesothelioma, pancreatic cancer, ovarian cancer, squamous cell carcinomas, adenocarcinomas and triple negative breast cancer (19–21). However, mesothelin is also expressed on normal tissue at low levels, it is a tumor-associated antigen (TAA) (22). An increased mesothelin expression was also observed in the clinical specimens and cell lines of NSCLC (23, 24). Preliminary findings from Zhao et al. showed that DNAX-activating protein 10 co-stimulation enhanced the anti-tumor efficacy of Msln-CAR T cell in NSCLC CDX and patient-derived xenograft (PDX) models (25). As of September 2020, there have been five clinical trials of Msln-CAR T cell therapy for lung cancer (NCT04489862, NCT03198052, NCT01583686, NCT02414269, and NCT03054298), four of which are still in the recruitment stage, and one terminated due to slow and insufficient accrual. Phase I study indicated that the response rate was poor and multiple side effects appeared.

One of the causes for unsatisfactory treatments for solid tumor is the limited migration of CAR T cells. Efficient migration and infiltration into tumor tissue is a precondition for potent anti-tumor activity. The trafficking process requires the interaction of chemokine secreted by tumor cell and chemokine receptor on T cells (26). Chemokines play an important role in leukocyte recruitment and are involved in angiogenesis, growth, proliferation and metastasis of tumor (27–30). Studies showed that serum levels of monocyte chemotactic protein 1 (Mcp-1) were elevated in malignant pleural mesothelioma, breast cancer and ovarian cancer patients (31–33). Cao et al. collected 50 fresh tumor tissues from NSCLC patients, and confirmed that Mcp-1 levels in tumor tissues were significantly higher than those in the tumor-adjacent and normal tissues (34). CCR2b and CCR4 are the receptors of Mcp-1 and expressed on activated T cells at low levels (35, 36). Therefore, this study generated Msln-CAR T cells modified with CCR2b or CCR4, and findings showed that Msln-CCR2b-CAR and Msln-CCR4-CAR T cells increased migration to tumor supernatants with a high level of Mcp-1 in vitro. Furthermore, Msln-CCR2b-CAR T cells enhanced infiltration into tumor tissue and anti-tumor function in a NSCLC CDX model.



MATERIALS AND METHODS


Cell Lines and Primary Human Lymphocytes

NSCLC cell lines, A549 and H460, were acquired from the cell bank of National Science & Technology Infrastructure, and they were cultured in Dulbecco's modified Eagle's medium (DMEM). 293FT-17 was also maintained in DMEM. Jurkat was acquired from the American Type Culture Collection (ATCC) and cultured in RPMI 1640-media (Hyclone). All culture media were supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin (Gibco). A549 and H460 cells were transduced with lentiviral vector expressing mesothelin and luciferase, and selected using 10 μg/mL puromycin for 7 days to generate A549-ML and H460-ML cell lines. Upon completion of the previous step, A549-ML and H460-ML were transduced with lentiviral vector expressing Mcp-1, and selected using 200 μg/mL hygromycin B for 14 days to generate A549-MLM and H460-MLM cell lines. All cell lines were incubated at 37°C with 5% CO2. Fresh blood from healthy donors were provided by Changhai Hospital, and peripheral blood mononuclear cells (PBMC) were isolated by gradient centrifugation with Ficoll-Paque Premium (GE). CD3 T cells were enriched from PBMC by negative selection with Pan T cell isolation kit (MiltenyiBiotec). According to the protocol, CD3 T cells were cultured in X-VIVO15 (Lonza) media supplemented with 5% FBS (Gibco) and stimulated by adding Dynabeads Human T-Activator CD3/CD28 (ThermoFisher Scientific) and 5 ng/mL rIL-2 (R&D system).



Construction of Plasmids

The anti-Msln scFv was from Lanitis's article and synthesized at Genewiz (37). Msln-CAR contained CD8α signal peptide (GenBank NM001768.6, 1–63 bp), anti-Msln scFv, CD8α hinge, and transmembrane region (GenBank NM001768.6, 412–609 bp), and intracellular signaling domains of 4-1BB (GenBank NM001561.5, 640–765 bp), and CD3ζ (GenBank NM 198253.2, 154–492 bp). Msln-CAR was amplified and cloned into lentiviral backbone pTRPE. Msln-CAR and CCR2b or CCR4 were linked with 2A peptide. CCR2b and CCR4 cDNA (GenBank AAB57792.1/ABK41942.1) were provided by Prof. Jiahuai Han of Xiamen University. Mesothelin and luciferase genes were cloned into lentiviral backbone PCDH with puromycin resistance gene and Mcp-1 was overexpressed in lentiviral backbone FUGW with hygromycin resistance gene. The above plasmids were confirmed by double enzymes digestion and DNA sequencing.



Production and Transduction of Lentiviral Vector

Lentivirus was produced based on a three-plasmid system. CAR plasmid, pSPAX2 packaging plasmid and pMD2G envelop plasmid were transfected into 293FT-17 cells in a 13.6 μg: 6.8 μg: 3.4 μg ratio using polyethylenimine (PEI) transfection regent. Lentivirus was concentrated by ultracentrifugation (Beckman Coulter). 293FT-17 cells were transduced by adding concentrated virus stock supplemented with 8 μg/mL polybrene. Lentiviral titration was performed by qPCR to determine the number of vector copies associated with genomic DNA extracted from transduced 293FT-17 cells. A prepared mix on ice was: genomic DNA template 50 ng, forward primer 1 μL, reverse primer 1 μL, 2 × SYBR GREEN master mix (Qiagen) 5 μL, and add ddH2O to 10 μL. Set cycling conditions as follows: 5 min at 95°C, then 40 cycles of 95°C for 10 s and 60°C for 30 s. qPCR was performed with Roche LightCycler 480 II PCR system. Plasmid was used for standard curve (WPRE-F: GGCACTGACAATTCCGTGGT, WPRE-R: AGGGACGTAGCAGAAGGACG), and human albumin gene was used as the internal control (ALB-F: GCTGTCATCTCTTGTGGGCTGT, ALB-R: ACTCATGGGAGCTGCTGGTTC). CD3 T cells were activated for 48 h, and then transduced with concentrated lentivirus in the presence of 8 μg/mL polybrene at multiplicity of infection (MOI) 15. CAR expression was detected 72 h post-transduction by flow cytometry.



Flow Cytometry

Flow cytometry was performed on a Beckman Coulter machine, and data were analyzed using software FlowJo. Antibodies involved in this study included PE-conjugated anti-CCR2b antibody (Miltenyi Biotec), APC-conjugated anti-Msln antibody, PE-conjugated anti-CCR4 antibody (Miltenyi Biotec), FITC-conjugated recombinant mesothelin protein (ACROBiosystems), FITC-conjugated anti-CD25 antibody, PE-conjugated anti-CD69 antibody, PE-conjugated anti-HLA-DR antibody, PE-conjugated anti-CD3 antibody, FITC-conjugated anti-CD4 antibody, and PE-conjugated anti-CD8 antibody. CAR expression was detected with FITC-conjugated recombinant mesothelin protein. Other unlabeled antibodies were purchased from BD-Bioscience. Cells were stained on ice for 25 min and washed with PBS twice. Cells from peripheral blood were lysed using the red blood cell lysis buffer (Tiangen) before staining.



Cell Proliferation Assay

To determine the effects of CCR2b and CCR4 on Msln-CAR T cell proliferation, absorbance was measured at 450 nm with a microplate reader. Resuspend 5 × 103 Mock T, Msln-CAR T, Msln-CCR2b-CAR T and Msln-CCR4-CAR T cells in 100 μL culture media. Add 10 μL CCK8 (Yeasen Biotech) to each well at 12, 24, and 48 h, and incubate the 96-well plate at 37°C for 4 h.



Transwell Assay

To confirm whether Msln-CAR T cells modified with CCR2b or CCR4 improved migration, a transwell migration assay was performed. 5 × 105 Mock T, Msln-CAR T, Msln-CCR2b-CAR T and Msln-CCR4-CAR T cells were placed in the top chamber of 6.5 mm diameter, 5 μm pore size transwell (Corning). Supernatants from A549-MLM cells over 36 h were collected and placed in the bottom chamber, then the plate was incubated for 8 h at 37°C with 5% CO2. T cell numbers which migrated to the bottom chamber was quantified with CCK-8.



Cytotoxicity and Cytokine Release Assay

Cytotoxicity assay was conducted based on lactate dehydrogenase (LDH) release. Target cells were A549-MLM and H460-MLM. Jurkat was used to measure the unspecific lysis. Target cells and effector cells were incubated for 8 h, and supernatants were collected. Cytotoxic activities of CAR T cells were measured at Effector/Target (E/T) ratios of 1:1, 5:1, and 10:1, respectively. Mock T cells served as control. CytoTox 96 Non-Radioactive Cytotoxicity Assay kit was purchased from Promega. CAR T cells were co-cultured with A549-MLM cells at E/T ratio of 10:1 for 24 h and supernatants were collected. The levels of IL-2, TNF-α, and IFN-γ were measured by enzyme-linked immunosorbent assay (ELISA) (Dakewe). Experiments were performed according to the manufacturer's instructions. In some experiments, to assess the safety of Msln-CCR2b-CAR T cell therapy, serum was obtained from mice orbit 28 days post-tumor cell implantation. Sample was centrifuged at 10,000 rpm, 4°C for 20 min, and supernatants were collected and used to detect the level of IFN-γ.



NSCLC CDX Model and Anti-tumor Function of Msln-CCR2b-CAR T Cells in vivo

Female NSG mice aged 4–8 weeks (NOD-PrkdcscidIl2rgem1/Smoc, NM-NSG-001) were purchased from Shanghai Model Organisms. Mice were maintained under specific pathogen-free (SPF) conditions and provided autoclaved food and water in the animal center at Fudan University. To generate NSCLC CDX model, 5 × 106 A549-MLM cells in 100 μL PBS were implanted subcutaneously into the right flanks of NSG mice on day 0, then 1 × 107 CAR T cells in 100 μL PBS were injected via the tail vein on day 7. Effector cells were injected for the second time on day 14, and PBS was injected as control. Bioluminescence imaging was conducted once a week to monitor the tumor change. Mice were anesthetized by injecting intraperitoneally pentobarbital sodium. Each mouse was injected 150 mg luciferin/kg body weight via tail vein 5 min before living imaging. Set exposure time to 2 min, the upper and lower thresholds of bioluminescence intensity to 65,535 and 6,500 cps, respectively. Living imaging was performed with bioanalytical instruments purchased from Bathold Technologies and data were acquired with software IndiGO.



Quantitative Real-Time PCR

Genomic DNA were extracted from PBMC of CAR T cells-treated mice. According to the instructions of QuantiNova SYBR Green PCR Kit, all reactions were conducted on a Roche LightCycler 480 II PCR machine with the abovementioned primers WPRE-F and WPRE-R. Human GAPDH (GAPDH-F: TCAAGTGGGGCGATGCTGGC, GAPDH-R: TGGGGGCATCAGCAGAGGGG) served as the internal control. qPCR was used to assess the persistence of Msln-CAR and Msln-CCR2b-CAR T cells in the peripheral blood.



Histopathological Examination

Mice with tumor that reached 15 mm in length were sacrificed and the heart, liver, spleen, lung, kidney, and tumor masses were dissected. Tissue specimens were fixed with 4% buffered formaldehyde. Paraffin sections were used for hematoxylin and eosin (H&E) staining and IHC analysis. H&E stainings of major organs were used for the preliminary safety evaluation of CAR T cell in vivo, and IHC stainings of spleen and tumor were used to assess the persistence and infiltration of CAR T cells. The primary and secondary antibodies were rabbit anti-human CD3 antibody and HRP-conjugated goat anti-rabbit IgG H&L (Abcam), respectively. Nuclei were then stained with DAPI (Abcam). Tumors of PBS-treated mice were stained as control. In order to determine if CCR2b and CCR4 induced Msln-CAR T cell to migrate more effectively, positive CD3 T cells in IHC section were enumerated with multi-point cell counter of Image J.



Statistical Analysis

GraphPad Prism was used for statistical analysis, and data were shown as the means ± SEM. Student's unpaired t-test was used to compare statistical difference between groups, and one-way ANOVA or two-way ANOVA was used for comparison among multiple groups. *P < 0.05 was considered to be significant.




RESULTS


Construction and Expression of CAR

To obtain Msln-CCR2b-CAR and Msln-CCR4-CAR T cells, we generated a tandem lentiviral vector encoding the Msln-CAR and CCR2b or CCR4 with P2A peptide sequence between genes. CAR contained CD8α signal peptide, anti-Msln scFv (37), CD8α hinge and transmembrane domain, 4-1BB co-stimulatory domain, and CD3ζ signaling domain (Figure 1A). PBMC from healthy donor were isolated by gradient centrifugation, and CD3 T cells were enriched by negative selection. FACS analysis showed that the population of enriched cells contained 89% of CD3 T cells, and the percentage of CD4 and CD8 T cell subpopulations was 55 vs. 33. Next, CD3 T cells were activated by using CD3/CD28 dynabeads for 48 h, with expressions of CD25, CD69, and HLA-DR tested. Results showed that 75% of CD3 T cells were CD25-positive, and 83% CD69-positive. FACS analysis indicated that CD3 T cells were in the early to middle stage of activation (results not shown). Primary CD3 T cells were transduced with lentiviral vectors expressing Msln-CAR, Msln-CCR2b-CAR, or Msln-CCR4-CAR. Expressions of CAR were tested by FACS 72 h post-transduction. Results showed that transduction efficiencies reached 47% (Msln-CAR), 54% (Msln-CCR2b-CAR), and 48% (Msln-CCR4-CAR), respectively, and there were no significant differences among three groups. Expression efficiencies of CCR2b and CCR4 were 64 and 45%, while primary CD3 T cells transduced with empty lentiviral vector didn't express CAR and CCR2b or CCR4 (Figure 1B). Compared to Mock T cells, CCR2b or CCR4 modification didn't have an effect on proliferation activity of Msln-CAR T cells by CCK-8 test (Figure 1C).
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FIGURE 1. Construction and expression of CAR in primary CD3 T cells. (A) Structural diagram of Msln-CAR alone or in combination with CCR2b or CCR4. The CAR consisted of signal peptide, anti-Msln scFv, CD8α hinge and transmembrane domain, 4-1BB co-stimulatory domain, and CD3ζ cytoplasmic domain. LTR, long terminal repeat; EF1α, promoter; SP, signal peptide; scFv, single-chain variable fragment; CD8αH, CD8α hinge; TM, transmembrane; CCR, cell chemokine receptor. (B) CD3 T cells were transduced with lentiviral vector expressing Msln-CAR, Msln-CCR2b-CAR, or Msln-CCR4-CAR. Expressions of CCR2b and CCR4 were confirmed by staining with PE-conjugated anti-CCR2b antibody and PE-conjugated anti-CCR4 antibody, respectively. CAR expression was evaluated by staining with FITC-conjugated recombinant mesothelin protein 72 h post-transduction, and CD3 T cells transduced with empty lentiviral vector were stained as control. (C) Proliferation ability of Msln-CAR, Msln-CCR2b-CAR, and Msln-CCR4-CAR T cells at different time points. Experiments were repeated for three times, and data represented the means ± SEM. P-value was calculated by two-way ANOVA.




Generation of NSCLC Cell Lines Expressing Mesothelin, Luciferase, and Mcp-1

Taking NSCLC cell lines A549 and H460 as the research objects, target cells were generated in two steps. Firstly, A549 and H460 cells were transduced with lentiviral vector encoding mesothelin and luciferase, and selected with puromycin for 7 days to generate the target cells A549-ML and H460-ML. A549-MLM and H460-MLM cells were generated by transducing A549-ML and H460-ML with a lentiviral vector expressing Mcp-1 and hygromycin resistance gene upon completion of the first step (Figure 2A). FACS analysis indicated that expression efficiencies of mesothelin increased to 98 and 81% relative to parental cell lines, respectively. Luciferase was used for living imaging (Figures 2B,C). ELISA analysis indicated Mcp-1 concentrations from A549-ML and H460-ML cell supernatants were <1,000 pg/mL/106 cells. After selections were completed, Mcp-1 concentrations from A549-MLM and H460-MLM cell supernatants reached 9,596 and 12,319 pg/mL/106 cells, respectively (Figure 2D).
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FIGURE 2. Generation of target cells and functional assays of CCR2b and CCR4 in vitro. (A) Schematic diagram of lentiviral vector (Step 1) encoding mesothelin and luciferase. LTR, long terminal repeat; CMV, promoter; Msln, mesothelin; EF1α, promoter; luc, luciferase; puro, puromycin resistance gene. Schematic diagram of lentiviral vector (Step 2) encoding Mcp-1. UbC, promoter; Mcp-1, monocyte chemotactic protein 1; Hygro, hygromycin resistance gene. (B) Surface mesothelin expressions of human NSCLC cell lines A549 and H460 were detected by FACS. The native A549 and H460 cells were engineered to express high levels of mesothelin and luciferase with lentiviral vector (Step 1). (C) Luciferase expression was quantified by measuring luminescence using a multimode plate-reader. Data represented the means ± SEM of triplicate wells. Results were representative of three independent repeats. P-values were calculated by Student's t-test. ***P < 0.001. (D) A549-ML and H460-ML cells were transduced with the abovementioned vector (Step 2) and selected in hygromycin for 14 days (A549-MLM and H460-MLM). Supernatants from A549-MLM and H460-MLM cells were collected, and Mcp-1 expression was quantified by ELISA. Supernatants from native A549-ML and H460-ML cells served as the blank control. Each experiment was set up in triplicate wells, and results from three independent replications represented the means ± SEM. ***P < 0.001. P-values were calculated by Student's t-test. (E) A549-MLM cell supernatants induced Msln-CCR2b-CAR and Msln-CCR4-CAR T cells migration in a Mcp-1-dependent manner. One hundred microliters CAR T cells were placed in the top chamber, and 600 μL supernatants of A549-MLM cells were placed in the bottom chamber. Total T cell number that migrated to the bottom chamber was quantified by CCK-8. The test was replicated for three times and each experiment was set up in triplicate wells. Data represented the means ± SEM. P-values were calculated by one-way ANOVA. ***P < 0.001.




Effect of CCR2b and CCR4 on Msln-CAR T Cells Migration in vitro

The functional activity of CCR2b and CCR4 was tested in vitro. Transwell assay revealed that T cells could migrate through 5 μm polycarbonate membrane to the bottom chamber containing cell supernatants from A549-MLM cells. Relative to Mock T cells, migration efficiency of Msln-CCR2b-CAR and Msln-CCR4-CAR T cells increased to 2.6/2.2 times, respectively, and there was no difference for conventional Msln-CAR T cells (Figure 2E). Therefore, CCR2b and CCR4 were functional in response to Mcp-1 secreted by tumor cells in vitro.



Specific Cytotoxicity of Msln-CCR2b-CAR and Msln-CCR4-CAR T Cells

After co-incubation with mesothelin-positive target cells for 8 h, Msln-CAR, Msln-CCR2b-CAR, and Msln-CCR4-CAR T cells specifically lysed A549-MLM and H460-MLM cells equivalently at different E/T ratios, while neither lysed mesothelin-negative Jurkat cells based on LDH release. The cytolytic efficiencies of Msln-CCR2b-CAR and Msln-CCR4-CAR T cells reached 52–66% at 10:1 E/T ratio, and cytotoxicity was positively correlated with the E/T ratio. CCR2b or CCR4 modification didn't increase cytolytic activity of Msln-CAR T cells in vitro (Figure 3A). Compared to Msln-CCR4-CAR, cytolytic activity of Msln-CCR2b-CAR T cells was slightly higher after co-incubation with target cells. After co-incubation with A549-MLM cells at 10:1 E/T ratio for 24 h, Msln-CAR, Msln-CCR2b-CAR, and Msln-CCR4-CAR T cells produced high levels of IL-2, IFN-γ, and TNF-α compared to Mock T cells, but cytokine levels among three CAR T cell groups were similar (Figure 3B). Mesothelin expression of A549-MLM was higher relative to that of H460-MLM. For this reason, A549-MLM was chosen as the research object for further cytokine analysis and anti-tumor assay in vivo.
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FIGURE 3. Msln-CCR2b-CAR T cells specifically killed mesothelin-positive tumor cells and increased cytokine release. (A) Target cells (A549-MLM, H460-MLM, and Jurkat cells) were co-incubated with different effector cells at the indicated E/T ratios for 8 h. Cytotoxicity was quantified based on LDH release. Data represented the means ± SEM. Experiments were repeated for three times, and P-values were calculated using two-way ANOVA. (B) CAR T cells were co-incubated with A549-MLM for 24 h and supernatants were collected for ELISA. Cytokines secreted by CAR T cells were quantified from three independent repeats. Data represented the means ± SEM, and one-way ANOVA was used for statistical analysis. ns, not significant. *P < 0.05 and ***P < 0.001.




Anti-tumor Activity of Msln-CCR2b-CAR T Cells in a NSCLC CDX Model

After confirming the function of Msln-CCR2b-CAR T cells in vitro, a NSCLC CDX model was constructed by implanting subcutaneously A549-MLM cell into the right flanks of NSG mice (Figure 4A). The first living imaging was conducted 7 days post-tumor cell transplantation. Figure 4B showed that obvious bioluminescence (10,000 cps) was detected in all 15 mice, and this indicated successful implantation of tumor cells. We detected that more than 80% of effector cells were in naïve (CD45RA+ and CD62L+), central memory (CD45RA− and CD62L+), and effector memory (CD45RA− and CD62L−) phenotypes 10 days post-transduction. Then, CAR T cells or PBS were injected via tail vein. Tumor continued to grow as time went on in PBS-treated group and Msln-CAR T and Msln-CCR2b-CAR T cells slowed down tumor growth visibly compared to PBS. Living imaging indicated that tumors were completely eliminated in 40% of Msln-CAR-treated mice and 100% of Msln-CCR2b-CAR-treated mice 35 days post-tumor implantation. Meanwhile, bioluminescence intensity at different time points were quantified, and results showed that bioluminescence value of Msln-CCR2b-CAR group was much lower than Msln-CAR group, indicating a better anti-tumor function of Msln-CCR2b-CAR T cells (Figure 4C). Furthermore, tumors from all mice were dissected and tumor weight was quantified. We found that tumor growth was inhibited significantly in Msln-CAR and Msln-CCR2b-CAR-treated mice, and tumor was completely eliminated in Msln-CCR2b-CAR-treated mice (Figures 4D,E), consistent with results of living imaging analysis.


[image: Figure 4]
FIGURE 4. CCR2b enhanced anti-tumor function of Msln-CAR T cells in vivo. (A) Schematic diagram of experiments in vivo. A549-MLM cells were implanted subcutaneously into 6-week-old female NSG mice. Seven days post-tumor cell implantation, mice were infused intravenously with PBS, Msln-CAR T or Msln-CCR2b-CAR T cells (1 × 107 cells per mouse). The second injection of effector cells was performed 7 days later. Tumor growth was monitored by bioluminescence imaging every 7 days. s.c., subcutaneous; i.v., intravenous. (B) Sequential bioluminescence imaging of mice injected with PBS, Msln-CAR T, or Msln-CCR2b-CAR T cells were shown (n = 5 mice per group in three independent experiments). (C) Bioluminescence intensity of tumor cells at different time points was captured. Data represented the means ± SEM for 5 mice per group. P-values were calculated by two-way ANOVA. ***P < 0.001. (D,E) Tumor size and weight of different groups. un, undetectable. Tumor weights were analyzed by one-way ANOVA, and data represented the means ± SEM. ***P < 0.001.




Persistence of Msln-CCR2b-CAR T Cells in the Peripheral Blood, Major Organs, and Tumor

We detected the persistence and proliferation of Msln-CAR T and Msln-CCR2b-CAR T cells in the peripheral blood of each mouse 28 days post-tumor cell implantation (Supplementary Figure 1). FACS analysis showed that average percentage of CD3 T cells was 49% in Msln-CAR-treated mice, higher than Msln-CCR2b-CAR-treated mice (30%) (Figure 5A). Meanwhile, genomic DNA of cells in the peripheral blood were extracted and amplified with specific primers designed for anti-Msln scFv. PCR results indicated that expected 283 bp DNA bands were only detected in Msln-CAR and Msln-CCR2b-CAR-treated groups (Figure 5B). Furthermore, in order to compare the persistence of Msln-CAR and Msln-CCR2b-CAR T cells in the peripheral blood, genomic DNA were subjected to qPCR with above primers. qPCR analysis indicated that the number of Msln-CAR T cells was 2.7 times of Msln-CCR2b-CAR T cells (Figure 5C). At the same time, human IFN-γ secretion in the peripheral blood was detected. ELISA analysis showed that IFN-γ concentrations were 576 and 662 pg/mL 21 days post-injection of Msln-CAR or Msln-CCR2b-CAR T cells, respectively (Supplementary Figure 2). In addition, heart, liver, spleen, lung and kidney of mice were dissected. Genomic DNA of abovementioned organs were extracted and amplified with primers specific for anti-Msln scFv, and PCR results showed that Msln-CAR and Msln-CCR2b-CAR T cells could migrate and infiltrate into organs (Figure 5D). Furthermore, spleen was selected as representative organ for detailed analysis. IHC staining revealed that CD3-positive T cells were detected in Msln-CAR and Msln-CCR2b-CAR-treated mice (Figure 5E). Meanwhile, H&E staining of tumor tissue showed that only A549-MLM cells were observed in PBS-treated mice, and cells were fibrous with relatively large nuclei. In Msln-CAR and Msln-CCR2b-CAR groups, a number of lymphocytes were distributed around tumor cells. Furthermore, this study showed that A549-MLM cells were apoptotic around the lymphocytes, indicating that partial tumor cells had been lysed by CAR T cells (Supplementary Figure 3).
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FIGURE 5. Persistence and proliferation of CAR T cells in vivo. (A) Peripheral blood analysis of the proportion of CAR T cells 28 days post-tumor implantation by FACS. One hundred microliters peripheral blood was collected from mouse orbit, and proportion of CAR T cells was detected with PE-conjugated anti-CD3 antibody after the red blood cell lysis. Statistical differences were analyzed by one-way ANOVA, and data represented the means ± SEM. Experiments were repeated for three times. *P < 0.05 and ***P < 0.001. (B) Peripheral blood analysis of persistence of CAR T cells 28 days post-tumor cells implantation by PCR. One hundred microliters peripheral blood was collected from mouse orbit, and genomic DNA were extracted after the red blood cells lysis. PCR was performed with the specific primers designed for anti-Msln scFv. The expected positions (283 bp) of the resulting DNA bands were indicated by an arrow at the right of the gel. M, DNA marker; lanes 1–5, amplicons for representative 5 mice injected with PBS; lanes 6–10, amplicons for representative 5 mice injected with Msln-CAR T cells; lanes 11–15, amplicons for representative 5 mice injected with Msln-CCR2b CAR T cells. (C) Genomic DNA from PBMC of Msln-CAR and Msln-CCR2b-CAR-treated mice were subjected to qPCR with specific primers for anti-Msln scFv and GAPDH. Experiments were repeated for three times. Error bar represented ± SEM and P-value was calculated by Student's t-test. *P < 0.05. (D) Organic analysis of persistence of CAR T cells 28 days post-tumor cells implantation by PCR. Major organs (heart, liver, spleen, lung, and kidney) were dissected from mice treated with PBS, Msln-CAR, or Msln-CCR2b-CAR T cells and genomic DNA were extracted. PCR was performed with specific primers designed for anti-Msln scFv. Expected positions (283 bp) of the resulting DNA bands were indicated by an arrow at the right of the gel. M, DNA marker; Lanes 1–15 represent amplicons for heart, liver, spleen, lung, and kidney of representative 3 mice injected with PBS (lanes 1–5), Msln-CAR T (lanes 6–10), or Msln-CCR2b-CAR T cells (lanes 11–15), respectively. (E) Spleens of PBS, Msln-CAR, or Msln-CCR2b-CAR-treated mice were stained with specific rabbit anti-human CD3 mAb and HRP-conjugated goat anti-rabbit IgG H&L. The rectangular area in the 10× picture was enlarged to 40×. Scale bars: 200 μm for 10×, 50 μm for 40×.




Increased Migration and Infiltration of Msln-CCR2b-CAR T Cells in vivo

To determine whether CCR2b improved Msln-CAR T cells migration in vivo, we preformed IHC staining of tumors 28 days post-tumor implantation. Results indicated that massive CD3-positive T cells infiltrated into the tumor tissue in CAR T cells-treated mice (Figure 6A). Furthermore, number of CD3 T cells in IHC section was manually enumerated with the multi-point cell counter. We found that number of CD3 T cells of Msln-CCR2b-CAR-treated mice was 3 times of Msln-CAR-treated mice (Figure 6B). Compared to the conventional Msln-CAR T cells, CCR2b modification enhanced the migration and infiltration of Msln-CAR T cells into tumor tissue.


[image: Figure 6]
FIGURE 6. CCR2b increased migration and infiltration of Msln-CAR T cells into tumor tissue. (A) Paraffin sections of tumors from three groups were stained with specific rabbit anti-CD3 mAb and HRP-conjugated goat anti-rabbit IgG H&L. CD3 T cells were detected in the tumor region of Msln-CAR group and Msln-CCR2b-CAR group whereas no CD3 T cells were observed in the tumor mass of PBS group. The rectangular area in the 10× picture was enlarged to 40×. Scale bars: 200 μm for 10×, 50 μm for 40×. (B) Four fields of tumor sections were randomly selected, and positive CD3 T cells (yellow) were enumerated manually using the multi-point cell counter of Image J. Data were representative of the means ± SEM. P-value and statistical differences were analyzed by Student's t-test. ***P < 0.001.





DISCUSSION

Now more and more studies focus on the treatment of solid tumors, including lung cancer, the largest cancer patient group. The mortality rate of lung cancer is high under traditional treatments. According to the ClinicalTrials.gov., most clinical trials of CAR T cell immunotherapy for lung cancer recruit patients with terminal cancer, which has recurred or progressed after multi-mode therapies. Therefore, CAR T cell therapy is a potential treatment for lung cancer. Studies from different teams have indicated that CAR T cell functions were improved by co-expressing responding CCR. The first report on CAR T cells co-expressing CCR was from Di Stasi's team where they revealed that CCR4-modified CD30-CAR T cells improved homing and anti-tumor activity in a Hodgkin tumor model (38). Similarly, Craddock et al. demonstrated that CCR2b-modified GD2-CAR enhanced tumor trafficking in a neuroblastoma model (39), and Moon et al. revealed that CCR2-modified Msln-CAR T cells enhanced tumor eradication in a pleural mesotheliomas model (40). Moreover, they detected that Msln-CAR T cells were able to kill more tumor cells in vitro by modifying with CCR2b. However, this phenomenon was not observed in this study. Compared to Msln-CAR T cells, proliferation activity and cytotoxicity of Msln-CCR2b-CAR T cells did not increase in vitro, and this was consistent with Jin's study (41). Anti-tumor function of Msln-CCR2b-CAR T cells was detected by living imaging because transplanted tumor cells were luciferase-labeled. We think that enhanced anti-tumor activity means increased migration and infiltration of Msln-CCR2b-CAR T cells. The limitation is that bioluminescence imaging of tumor cells is an indirect method to monitor T cell location. In order to directly monitor CD70-CAR T cell modified with CXCR-1 or CXCR-2 in vivo, Jin designed a double expression system. The near-infrared protein iRFP720 was overexpressed in tumor cells, and click beetle luciferase (CBluc) was overexpressed in T cells. Therefore, co-localization of T cells and tumor cells were able to be detected by living imaging, and effects of CXCR-1 and CXCR-2 on T cell trafficking were observed directly (41). Unlike the previous studies, data of living imaging were supported by further IHC analysis, and more CD3-positive T cells were detected in Msln-CCR2b-CAR-treated tumor. Furthermore, FACS analysis demonstrated that there were much less circulating CD3 T cells in peripheral blood of Msln-CCR2b-CAR-treated mice and the results were consistent with the previous study (40). In order to compare the difference of anti-tumor activity in vivo, serial bioluminescence intensity was quantified. Generally speaking, total photon emission of tumor cells need to be measured. However, in this study, our team analyzed the maximum bioluminescence value. The reason was that the maximum threshold of the instrument we used was 65,535 cps. Photo emission of tumor cells in PBS-treated mice reached the upper limit 21 days post-tumor cells implantation and entered the plateau stage as shown in Figure 4C. Due to the limitation of the instrument, we were not able to calculate the total photo emission.

As shown in living imaging, there was no significant difference between Msln-CAR and Msln-CCR2b-CAR. The main reason was that CAR T cells were injected at an earlier time point (7 days post-tumor transplantation), and tumor volume was not large enough at that time. Generally, CAR T cells will be injected when tumor volume reaches 100–200 mm3. But the living imaging system we used has a low sensitivity. If tumor volume is too large, fluorescence intensity will exceed the maximum detectable threshold. In order to observe the difference between Msln-CAR and Msln-CCR2b-CAR more clearly, we will postpone the time point of CAR T cells injection or reduce the dose of injection in the future study.

Body weight of mice were recorded at sequential time points. Results showed that no body weight loss was observed for all mice after the first injection of effector cells, and there was a small decrease after the second injection of Msln-CAR T or Msln-CCR2b-CAR T cells compared to mice treated with PBS (Supplementary Figure 4). A slight GvHD was produced due to the infusion of 2 × 107 CAR T cells (42). In addition, histopathological examinations for heart, liver, spleen, lung, and kidney showed that no obvious tissue damages were observed (Supplementary Figure 5). An important indicator of clinical evaluation of CAR T cell therapy is the prolonged survival of patients. For the preclinical study, there was a need to prolong the survival of tumor-bearing mice. In this study, the survival curve of mice was not shown since tumor growth was inhibited, even with the eliminated after injection of CAR T cells over time. On the contrary, tumors of PBS-treated mice continued growth with a diameter of more than 15 mm. Worsely, some tumors were already ulcerated and necrotic due to the overlarge size. Even so, progressing tumors did not result in the death of PBS-treated mice. According to the ethical requirement of small animal experiments, mice were sacrificed by cervical dislocation. Therefore, the survival curve was not able to reflect the true survival time in this study. NSG mouse model are used to evaluate and optimize Msln-CCR2b-CAR in this study, and safety evaluation associated with CAR T cells can't be observed in this model, especially for cytokine storm. Host immune system including immune and non-immune cells are essential for toxicity evaluation. Unlike cell lines, patient-derived tumor or normal tissues are heterogeneous and contain a variety of cell types. Toxicity can be better studied based on further modified NSG mouse models (NSG-SGM3, NSG-MHC-DKO, and so on), PDX models or immune intact mouse models using mouse CAR T cells.

As mentioned above, Mcp-1 is overexpressed in serum and tumor tissue of patients and Mcp-1 level is associated with overall survival and progression-free survival. As a third-line treatment for NSCLC, anlotinib was reported a novel anti-angiogenetic mechanism via inhibiting Mcp-1 (30, 43). Future studies may call for Mcp-1 to be used as a biomarker to monitor and predict the clinical outcomes of some treatments. This study was the first report about Msln-CAR T cell therapy modified with CCR2b for the treatment of NSCLC. We directly observed increased migration and infiltration into tumor tissue by IHC analysis rather than FACS analysis in Msln-CCR2b-CAR-treated mice. Except for CCR2b, our team will conduct further studies on other chemokine receptors, such as CCR6 and CXCR5. The corresponding chemokines (CCL20 and CXCL13) are high-expressed in lung adenocarcinoma and squamous cell carcinoma. What's more, CAR T cells modified with CCR6 or CXCL5 have not been reported. As a preclinical trial, this study will provide the foundation for our future work, and we hope that more optimized CAR T cells can be applied to clinical trials as soon as possible.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethic Committee of School of Life Sciences at Fudan University and Medical Ethics Committee of Changhai Hospital.



AUTHOR CONTRIBUTIONS

HZ conceived and designed the experiment. Functional assay of Msln-CCR2b-CAR T cells in vitro was conducted by YW. Animal experiments were performed with the help of JW, JY, and PL. YW wrote the manuscript and analyzed the data. Language editing was provided by BL. All authors discussed the results, revised the manuscript, and approved the submission.



FUNDING

This work was supported by National Natural Science Foundation of China (81761128020 and 31771484), National Grand Program on Key Infectious Disease (2017ZX10202102002).



ACKNOWLEDGMENTS

This study was completed in the State Key Laboratory of Genetic Engineering at Fudan University. We thank Prof. Jiahuai Han of Xiamen University for providing CCR2b, CCR4, and Mcp-1 cDNA, and the staff of School of Life Sciences at Fudan University for animal care.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.628906/full#supplementary-material



REFERENCES

 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA-Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492

 2. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma. N Engl J Med. (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447

 3. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al. Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

 4. Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich TJ, et al. Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted T cells. Nature. (2018) 558:307–12. doi: 10.1038/s41586-018-0178-z

 5. Cornetta K, Duffy L, Turtle CJ, Jensen M, Forman S, Binder-Scholl G, et al. Absence of replication-competent lentivirus in the clinic: analysis of infused T cell products. Mol Ther. (2018) 26:280–8. doi: 10.1016/j.ymthe.2017.09.008

 6. Haas AR, Tanyi JL, O'Hara MH, Gladney WL, Lacey SF, Torigian DA, et al. Phase I study of lentiviral-transduced chimeric antigen receptor-modified T cells recognizing mesothelin in advanced solid cancers. Mol Ther. (2019) 27:1919–29. doi: 10.1016/j.ymthe.2019.07.015

 7. Beatty GL, Haas AR, Maus MV, Torigian DA, Soulen MC, Plesa G, et al. Mesothelin-specific chimeric antigen receptor mRNA-engineered T cells induce anti-tumor activity in solid malignancies. Cancer Immunol Res. (2014) 2:112–20. doi: 10.1158/2326-6066.CIR-13-0170

 8. Maus MV, Haas AR, Beatty GL, Albelda SM, Levine BL, Liu XJ, et al. T cells expressing chimeric antigen receptors can cause anaphylaxis in humans. Cancer Immunol Res. (2013) 1:26–31. doi: 10.1158/2326-6066.Cir-13-0006

 9. Feng K, Guo Y, Dai H, Wang Y, Li X, Jia H, et al. Chimeric antigen receptor-modified T cells for the immunotherapy of patients with EGFR-expressing advanced relapsed/refractory non-small cell lung cancer. Sci China Life Sci. (2016) 59:468–79. doi: 10.1007/s11427-016-5023-8 

 10. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol Ther. (2010) 18:843–51. doi: 10.1038/mt.2010.24

 11. Ahmed N, Brawley VS, Hegde M, Robertson C, Ghazi A, Gerken C, et al. Human epidermal growth factor receptor 2 (HER2) -specific chimeric antigen receptor-modified T cells for the immunotherapy of HER2-positive sarcoma. J Clin Oncol. (2015) 33:1688–96. doi: 10.1200/JCO.2014.58.0225

 12. Katz SC, Burga RA, McCormack E, Wang LJ, Mooring W, Point GR, et al. Phase I hepatic immunotherapy for metastases study of intra-arterial chimeric antigen receptor-modified T-cell therapy for CEA+ liver metastases. Clin Cancer Res. (2015) 21:3149–59. doi: 10.1158/1078-0432.CCR-14-1421

 13. Zhang BL, Qin DY, Mo ZM, Li Y, Wei W, Wang YS, et al. Hurdles of CAR-T cell-based cancer immunotherapy directed against solid tumors. Sci China Life Sci. (2016) 59:340–8. doi: 10.1007/s11427-016-5027-4

 14. Tahmasebi S, Elahi R, Esmaeilzadeh A. Solid tumors challenges and new insights of CAR T cell engineering. Stem Cell Rev Rep. (2019) 15:619–36. doi: 10.1007/s12015-019-09901-7

 15. Abken H. Adoptive therapy with CAR redirected T cells: the challenges in targeting solid tumors. Immunotherapy. (2015) 7:535–44. doi: 10.2217/Imt.15.15

 16. Cherkassky L, Morello A, Villena-Vargas J, Feng Y, Dimitrov DS, Jones DR, et al. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-mediated inhibition. J Clin Invest. (2016) 126:3130–44. doi: 10.1172/jci83092

 17. Zhao Y, Moon E, Carpenito C, Paulos CM, Liu X, Brennan AL, et al. Multiple injections of electroporated autologous T cells expressing a chimeric antigen receptor mediate regression of human disseminated tumor. Cancer Res. (2010) 70:9053–61. doi: 10.1158/0008-5472.CAN-10-2880

 18. Hara MO, Stashwick C, Haas AR, Tanyi JL. Mesothelin as a target for chimeric antigen receptor-modified T cells as anticancer therapy. Immunotherapy. (2016) 8:449–60. doi: 10.2217/imt.16.4

 19. Hassan R, Miller AC, Sharon E, Thomas A, Reynolds JC, Ling A, et al. Major cancer regressions in mesothelioma after treatment with an anti-mesothelin immunotoxin and immune suppression. Sci Transl Med. (2013) 5:208ra147. doi: 10.1126/scitranslmed.3006941

 20. Hassan R, Cohen SJ, Phillips M, Pastan I, Sharon E, Kelly RJ, et al. Phase I clinical trial of the chimeric anti-mesothelin monoclonal antibody MORAb-009 in patients with mesothelin-expressing cancers. Clin Cancer Res. (2010) 16:6132–8. doi: 10.1158/1078-0432.CCR-10-2275

 21. Hassan R, Sharon E, Thomas A, Zhang J, Ling A, Miettinen M, et al. Phase 1 study of the antimesothelin immunotoxin SS1P in combination with pemetrexed and cisplatin for front-line therapy of pleural mesothelioma and correlation of tumor response with serum mesothelin, megakaryocyte potentiating factor, and cancer antigen 125. Cancer. (2014) 120:3311–9. doi: 10.1002/cncr.28875

 22. Pastan I, Hassan R. Discovery of mesothelin and exploiting it as a target for immunotherapy. Cancer Res. (2014) 74:2907–12. doi: 10.1158/0008-5472.Can-14-0337

 23. Kachala SS, Bograd AJ, Villena-Vargas J, Suzuki K, Servais EL, Kadota K, et al. Mesothelin overexpression is a marker of tumor aggressiveness and is associated with reduced recurrence-free and overall survival in early-stage lung adenocarcinoma. Clinical Cancer Res. (2014) 20:1020–8. doi: 10.1158/1078-0432.CCR-13-1862

 24. He X, Wang L, Riedel H, Wang K, Yang Y, Dinu CZ, et al. Mesothelin promotes epithelial-to-mesenchymal transition and tumorigenicity of human lung cancer and mesothelioma cells. Mol Cancer. (2017) 16:63. doi: 10.1186/s12943-017-0633-8

 25. Zhao R, Cheng L, Jiang Z, Wei X, Li B, Wu Q, et al. DNAX-activating protein 10 co-stimulation enhances the anti-tumor efficacy of chimeric antigen receptor T cells. Oncoimmunology. (2019) 8:1. doi: 10.1080/2162402X.2018.1509173

 26. Yoshimura T. The production of monocyte chemoattractant protein-1 (MCP-1)/CCL2 in tumor microenvironments. Cytokine. (2017) 98:71–78. doi: 10.1016/j.cyto.2017.02.001

 27. Poeta VM, Massara M, Capucetti A, Bonecchi R. Chemokine and chemokine receptors: new targets for cancer immunotherapy. Front Immunol. (2019) 10:379. doi: 10.3389/fimmu.2019.00379

 28. Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, Campion LR, et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. Nature. (2011) 475:222–5. doi: 10.1038/nature10138

 29. Fridlender ZG, Kapoor V, Buchlis G, Cheng G, Sun J, Wang LC, et al. Monocyte chemoattractant protein-1 blockade inhibits lung cancer tumor growth by altering macrophage phenotype and activating CD8+ cells. Am J Respir Cell Mol Biol. (2011) 44:230–7. doi: 10.1165/rcmb.2010-0080OC

 30. Lu J, Zhong H, Chu T, Zhang X, Li R, Sun J, et al. Role of anlotinib-induced CCL2 decrease in anti-angiogenesis and response prediction for nonsmall cell lung cancer therapy. Eur Respir J. (2019) 53:1801562. doi: 10.1183/13993003.01562-2018

 31. Kishimoto T, Fujimoto N, Ebara T, Omori T, Oguri T, Niimi A, et al. Serum levels of the chemokine CCL2 are elevated in malignant pleural mesothelioma patients. BMC Cancer. (2019) 19:1204. doi: 10.1186/s12885-019-6419-1

 32. Hefler L, Tempfer C, Heinze G, Mayerhofer K, Breitenecker G, Leodolter S, et al. Monocyte chemoattractant protein-1 serum levels in ovarian cancer patients. Br J Cancer. (1999) 81:855–9. doi: 10.1038/sj.bjc.6690776

 33. Lebrecht A, Grimm C, Lantzsch T, Ludwig E, Hefler L, Ulbrich E, et al. Monocyte chemoattractant protein-1 serum levels in patients with breast cancer. Tumour Biol. (2004) 25:14–7. doi: 10.1159/000077718

 34. Cao Y, Huang H, Wang Z, Zhang G. The inflammatory CXC chemokines, GROalpha(high), IP-10(low), and MIG(low), in tumor microenvironment can be used as new indicators for non-small cell lung cancer progression. Immunol Invest. (2017) 46:361–74. doi: 10.1080/08820139.2017.1280052

 35. Horuk R. Chemokine receptors. Cytokine Growth F R. (2001) 12:313–35. doi: 10.1016/S1359-6101(01)00014-4 

 36. Zhang T, Somasundaram R, Berencsi K, Caputo L, Gimotty P, Rani P, et al. Migration of cytotoxic T lymphocytes toward melanoma cells in three-dimensional organotypic culture is dependent on CCL2 and CCR4. Eur J Immunol. (2006) 36:457–67. doi: 10.1002/eji.200526208

 37. Lanitis E, Poussin M, Hagemann IS, Coukos G, Sandaltzopoulos R, Scholler N. Redirected antitumor activity of primary human lymphocytes transduced with a fully human anti-mesothelin chimeric receptor. Mol Ther. (2012) 20:633–43. doi: 10.1038/mt.2011.256

 38. Di Stasi A, De Angelis B, Rooney CM, Zhang L, Mahendravada A, Foster AE, et al. T lymphocytes coexpressing CCR4 and a chimeric antigen receptor targeting CD30 have improved homing and antitumor activity in a Hodgkin tumor model. Blood. (2009) 113:6392–402. doi: 10.1182/blood-2009-03-209650

 39. Craddock JA, Lu A, Bear A, Pule M, Brenner MK, Rooney CM, et al. Enhanced tumor trafficking of GD2 chimeric antigen receptor T cells by expression of the chemokine receptor CCR2b. J Immunother. (2010) 33:780–8. doi: 10.1097/CJI.0b013e3181ee6675

 40. Moon EK, Carpenito C, Sun J, Wang LC, Kapoor V, Predina J, et al. Expression of a functional CCR2 receptor enhances tumor localization and tumor eradication by retargeted human T cells expressing a mesothelin-specific chimeric antibody receptor. Clin Cancer Res. (2011) 17:4719–30. doi: 10.1158/1078-0432.CCR-11-0351

 41. Jin L, Tao H, Karachi A, Long Y, Hou AY, Na M, et al. CXCR1- or CXCR2-modified CAR T cells co-opt IL-8 for maximal antitumor efficacy in solid tumors. Nat Commun. (2019) 10:4016. doi: 10.1038/s41467-019-11869-4

 42. Sentman ML, Murad JM, Cook WJ, Wu MR, Reder J, Baumeister SH, et al. Mechanisms of acute toxicity in NKG2D chimeric antigen receptor T cell-treated mice. J Immunol. (2016) 197:4674–85. doi: 10.4049/jimmunol.1600769

 43. Han B, Li K, Wang Q, Zhang L, Shi J, Wang Z, et al. Effect of anlotinib as a third-line or further treatment on overall survival of patients with advanced non–small cell lung cancer. JAMA Oncol. (2018) 4:1569–75. doi: 10.1001/jamaoncol.2018.3039

Conflict of Interest: The 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.

Copyright © 2021 Wang, Wang, Yang, Yang, Lu, Zhao, Li, Pan, Jiang, Shen, Liang, Liang and Zhu. 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.



OPS/images/fimmu-12-628906-g005.gif
e s M CAR MinCCRBCAR






OPS/images/fimmu-12-628906-g006.gif





OPS/images/fimmu-12-628906-g003.gif





OPS/images/fimmu-12-628906-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Chemokine Receptor CCR2b Enhanced Anti-tumor Function of Chimeric Antigen Receptor T Cells Targeting Mesothelin in a Non-small-cell Lung Carcinoma Model



		Introduction



		Materials and Methods



		Cell Lines and Primary Human Lymphocytes



		Construction of Plasmids



		Production and Transduction of Lentiviral Vector



		Flow Cytometry



		Cell Proliferation Assay



		Transwell Assay



		Cytotoxicity and Cytokine Release Assay



		NSCLC CDX Model and Anti-tumor Function of Msln-CCR2b-CAR T Cells in vivo



		Quantitative Real-Time PCR



		Histopathological Examination



		Statistical Analysis







		Results



		Construction and Expression of CAR



		Generation of NSCLC Cell Lines Expressing Mesothelin, Luciferase, and Mcp-1



		Effect of CCR2b and CCR4 on Msln-CAR T Cells Migration in vitro



		Specific Cytotoxicity of Msln-CCR2b-CAR and Msln-CCR4-CAR T Cells



		Anti-tumor Activity of Msln-CCR2b-CAR T Cells in a NSCLC CDX Model



		Persistence of Msln-CCR2b-CAR T Cells in the Peripheral Blood, Major Organs, and Tumor



		Increased Migration and Infiltration of Msln-CCR2b-CAR T Cells in vivo







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Chemokine Receptor CCR2b
Enhanced Anti-tumor Function of
Chimeric Antigen Receptor T Cells

Targeting Mesothelin in a
Non-small-cell Lung Carcinoma
Model





OPS/images/fimmu-12-628906-g001.gif
Mo CCRDCAR

MelnCCRACAR

ManCAR

==y
Ml CCRABCAR

ssa

o ———

AR






OPS/images/fimmu-12-628906-g002.gif
R
-
-
-
: p—
w
i3 }
S |









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





