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Chimeric antigen receptor T (CAR-T) cell therapy is not satisfying in solid tumors. PD-1-mediated suppression greatly hinders CAR-T cells in the microenvironment. It has been shown that PD-1 blockade improves the effectiveness of CAR-T cells. Herein, we designed CAR-T cells than could secret α-PD-1 scFv by themselves. To obtain optimal secretions of scFv, we screened several signal peptides. And the segment from human increased the extracellular production of PD-1-neutralizing proteins. The secreted neutralizing scFv efficiently blocked PD-1 and enhanced T cell activation when PD-L1 was present. Further analysis showed that CAR-T cells themselves could secret α-PD-1 scFv with bioactivity. In contrast to the prototype, the scFv-producing CAR-T cells demonstrated decreased PD-1 but increases expansion and toxicity against solid tumor cells. In the subcutaneous and orthotopic xenograft models, the self-delivered α-PD-1 scFv increased CAR-T cell functionalities and tumor-suppressions. Our work suggested that engineering T cells to co-express antigen-responsive receptors and checkpoint inhibitors is effective to optimize CAR-T cell therapy for solid tumors.
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INTRODUCTION

Adoptive transfer therapy with chimeric antigen receptor T (CAR-T) cells has made great progresses in malignant diseases (Minn et al., 2019; Tian et al., 2020). CAR-T cells targeting CD19, CD20, and CD22 have shown promises in treating hematological malignancies in clinical trials (Grupp et al., 2013; Zhang et al., 2016; Fry et al., 2018; Li D. et al., 2019; Li Y. et al., 2019). Nevertheless, CAR-T cells demonstrate very limited benefits to date in solid tumors (Li et al., 2018; Martinez and Moon, 2019; Yang et al., 2019; Zhang et al., 2020). One important issue constraining the effectiveness of CAR-T cells is the inhibitory impacts of immune checkpoints in the microenvironment of solid tumors (Ma et al., 2019; Shi et al., 2019). Hence, unleashing the inhibition would augment CAR-T cell therapy.

Immune checkpoint blockade therapies, especially anti-programmed death-1 (PD-1) antibodies exhibit encouraging responses in clinic settings (Borghaei et al., 2015; Cheng et al., 2018). Anti-PD-1 (α-PD-1) therapy can reduce the inhibitory effects on T cells in solid tumors, hence increasing the proliferation, cytotoxicity and tumoral accumulation of T cells (Huang et al., 2019; Tunger et al., 2019). Similarly with the natural T cells, CAR-T cells infiltrated in malignant tissues are vigorously suppressed by PD-1/PD-L1 signal (Cherkassky et al., 2016). Several studies have reported that CAR-T cell therapy is improved by PD-1/PD-L1 blockade in several solid tumors (John et al., 2013; Gargett et al., 2016; Gulati et al., 2018). Therefore, it has attracted lots of attentions to combine anti-PD-1 with CAR-T cells to improve the effectiveness of the engineered T cell therapy in solid tumor. Nevertheless, the systemic infusion of PD-1-blocking antibody raises many concerns including non-specific T cell activation, low concentrations of antibody in tumors, and elevated clinical costs.

To overcome the inhibitory effects of PD-1, synergistically administrating anti-PD-1 antibody or deleting PD-1 with CRISPR/cas9 have been extensively studied in CAR-T cells (John et al., 2013; Rupp et al., 2017; Choi et al., 2019; Hu et al., 2019). Besides, constructing CAR-T cells that can produce PD-1-neutralizing proteins is also in action (Li et al., 2017; Rafiq et al., 2018; Yin et al., 2018; Nakajima et al., 2019). In this study, we constructed mesothelin-specific CAR-T cells with optimized secretion of α-PD-1 scFv and checked the anti-tumor efficacy of CAR-T cells with α-PD-1 scFv in vitro and in vivo.



MATERIALS AND METHODS


Cell Lines and Culture

Human lung cancer cell line H322 and human embryonic kidney cell line 293T were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). H322 and 293T cells were cultured in DMEM media (Gibco) with 5% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 μg/ml streptomycin (Invitrogen), supplemented with anti-mycoplasma reagent (Invivogen).



Vector Construction

α-PD-1 scFv was derived from Nivolumab, whose sequence was obtained from IMGT1. Together with the signal peptides (Guler-Gane et al., 2016), the sequences coding α-PD-1 scFv were synthesized by Sangon Inc., and then inserted into lentivirus vector pCDH-EF1 (Systembio). Likely, the sequence of mesothelin-specific 4-1BB-containing CAR was synthesized according to previous report (Carpenito et al., 2009). And P2A linker was used to secure the co-expression of CAR and scFv. Those CAR coding sequences were also inserted into pCDH-EF1 lentiviral vector.



Lentivirus Production and T Cell Transduction

The modifications of primary T cells with lentivirus were performed as reported (Shi et al., 2019). Briefly, lentivirus was produced in 293T cells by calcium phosphate-DNA co-precipitation. CD3+ T cells were magnetically purified from the peripheral blood mononuclear cells (PBMCs) of health donors and then activated with anti-CD3/CD28 Dynabeads (Thermo Fisher, Cat. No. 111.32D) for 48 h. Spinfection was used to enhance the transduction efficacies of T cells by lentivirus. After infection, T cells were cultured in RPMI1640 media supplemented with 5% FBS and IL-2 (200 IU/). Every 2 or 3 days, fresh media were added and T cells were expanded.



Detection of T Cell Proliferation and Activation

T cells were labeled with CFSE (Sigma, Cat. No. 21888) and activated by anti-CD3/CD28 Dynabeads for 24 h. Then the activated T cells were mixed with PD-L1-overexpressing H322 cells, which had been fixed using paraformaldehyde (Sigma Aldrich), at the ratio of 1:1 and transferred into 0.4 μm transwell chambers. The chambers were placed in plates, in which 293T cells transiently transfected with α-PD-1-coding vector or mock vector were seeded at the bottoms in advance. After another 24 h, cells in the chambers were collected, stained with fluorochrome-conjugated anti-CD3 (Biolegend, Cat. No. 300318) and anti-CD107a (Biolegend, Cat. No. 328608) antibodies, fixed with paraformaldehyde, and then stained with fluorochrome-conjugated Ki67- and IFN-γ-specific antibodies (Biolegend, Cat. Nos. 652406 and 502528). Then samples were subjected to FACS analysis and the CFSE dilution and target genes expressions were determined in CD3+ cells.



Cytotoxicity Assay

H322 cells were infected with lentivirus expression FFluc-T2A-Puro and purified. CAR-T cells were co-cultured with FFluc-expressing H322 cells at various Effector: T cell (E:T) ratios in RPMI1640 media supplemented with 5% FBS for 18 h, without exogenous cytokines. Then cells were centrifuged, washed and detected using IVIS Imager (Perkin Elmer) after adding 150 μg/ml D-luciferin (Gold Biotechnology, Cat. No. LUCNA-2G) in RPMI1640 media for 5 min. The relative viabilities of tumor cells to those at E:T = 0:1 were calculated.



Enzyme Linked Immunosorbent Assay (ELISA)

Chimeric antigen receptor T cells were co-cultured with H322 cells at 1:1 for 24 h without exogenous cytokines. Then the supernatant were tested for IL2 and IFN-γ with cytokine-specific ELISA kits (Biolegend, Cat. Nos. 431804 and 430101) according to the instructions.



Cell Immunofluorescence

PD-1-overexpressing (PD-1+) or –negative (PD-1-) cells were adherent overnight. Then the supernatants of 293T-cells transfected with α-PD-1-expressing vectors were added. 12 h later cells with different PD-1 expressions were washed with phosphate buffered saline (PBS) for three times and fixed with 4% paraformaldehyde. The fixed cells were incubated with Alexa Fluor® 488 His tag-specific antibody (Thermo Fisher, Cat. No. MA1-21315-A488) at 4°C overnight. After washing, cells were stained with 0.1 μg/ml DAPI (Thermo Fisher, Cat. No. 62248). The stained cells were observed under fluorescence microscope (Leica, Germany), and photos were recorded.



Western Blot

After 48 h transfection, the supernatants and 293T cells were collected, respectively. The supernatants were dripped to NC membranes (GE Healthcare Bio-Sciences). Blocked by 5% skim milk, NC membranes were sequentially incubated with primary antibody to His tag (Cell signaling technology, Cat. No. 2366S) for 2 h and HRP-conjunct secondary antibody (Cell signaling technology, Cat. No. 7076P2) for 1 h at room temperature. The dots were developed using Enhanced Chemiluminescence Solution (Thermo Fisher, Cat. No. 32109).

The detection of whole cell lysates were carried out as described in previous report (Song et al., 2019). Briefly, 293T cells were fractured using lysis buffer containing RIPA (Beyotime, Cat. No. P0013B), protease inhibitors (Sigma Aldrich, Cat. No. P8340), phosphatase inhibitors (Sigma Aldrich, Cat. No. P5726) and PMSF (Solarbio, Cat. No. P0100). After ultracentrifuge, the lysates were loaded into 10% SDS-PAGE gels and proteins were isolated. Then proteins were transferred to NC membrane. Membranes were stained with primary antibodies specific for His tag and β-actin. After incubation with HRP-conjunct secondary antibody, bands were developed.



Protein-L Staining for FACS Detection

To detect the surface expression of CAR, Protein-L staining was carried out as reported (Zheng et al., 2012). Briefly, 1 × 106 CAR-T cells were suspended in 0.2 mL ice-cold wash buffer (PBS containing 2% BSA) with 0.02 μg protein L (GenScript, Cat. No. M00097) for 30 min. After washing three times, CAR-T cells were incubated with 1 μL fluorochrome-conjugated streptavidin (Biolegend, Cat. No. 405203) for 30 min. Then CAR-T cells were washed two times and detected with FACS Canto II cytometer (BD bioscience, United States).



Imaging Flow Cytometry

Chimeric antigen receptor T cells activated by anti-CD3/CD28 Dynabeads were harvested and washed two times. Fluorochrome-conjugated anti-human PD-1 (Biolegend, Cat. No. 329903) and anti-His tag antibodies were co-incubated with CAR-T cells at 4°C for 15 min. Then T cells were counter-stained with DAPI. Then T cells were detected using ImageStream MKII system (Amnis, Germany).



Immunohistochemistry (IHC)

Mice lungs with tumor lesions were fixed, embedded in paraffin and serially sliced. Paraffin-embedded tissue slides were dewaxed in 65°C for 1 or 2 h, hydrated in alcohol with different concentrations, heated in citrate buffer for antigen retrieval, and incubated with hydrogen peroxide for 15 min to inactivate endogenous peroxidases. Anti-human CD3 antibody (Cell signaling technology, Cat. No. 85061T) or primary antibody to His tag was added on slides and incubated at 4°C overnight. On the next day, slides were stained with HRP-conjunct anti-rabbit antibody (Cell Signaling Technology, Cat. No. 7074S or 7076P2). CD3 expressions were visualized by DAB staining (Dako, Cat. No. K3468) following slides being counterstained with hematoxylin. The photos were recorded by inverted microscope (Leica, Germany).



Xenograft Tumor Model

Female SCID-Beige mice aged at 5–6 weeks were obtained from Vital River (Beijing, China). For each mouse, 1 × 106 H322 cells expressing luciferase were inoculated subcutaneously. When the mean total flux of tumors reached 1 × 109 p/s, mice were intravenously infused with 5 × 106 CAR-meso cells, CAR-meso-α-PD-1 cells and equal volumes of PBS, respectively. Tumor growth was checked weekly. To monitor tumor growth, mice were anesthetize and intraperitoneally injected with 3 mg D-luciferin. After 10 min, mice were imaged using IVIS Imager.



FACS Analysis of Tumor-Infiltrating T Cells

Five days after CAR-T cells injection, the subcutaneous tumors were isolated and dispersed. The single cell suspensions were washed with PBS containing 2% FBS and stained with Fixable Viability Dye (Thermo Fisher) and fluorochrome-conjugated antibodies specific to human CD45 (Biolegend, Cat. No. 304014), CD3 (Biolegend, Cat. No. 300406), CD69 (Biolegend, Cat. No. 310910), CD27 (Biolegend, Cat. No. 302838), PD-1 (Biolegend, Cat. No. 329906), Tim3 (Biolegend, Cat. No. 345006), CTLA4 (Biolegend, Cat. No. 369612), IFN-γ (Biolegend, Cat. No. 502528), and Granzyme B (Biolegend, Cat. No. 515406) at 4°C for 15 min. Cells were detected on FACS Canto II cytometer (BD bioscience, United States). The data were further analyzed using FlowJo version 10 (Becton, Dickinson and Company).



Orthotopic Tumor Model

Female SCID-Beige mice aged at 5–6 weeks were injected with 5 × 105 luciferase-expressing H322 cells intravenously. One week later, mice were infused through tail veins with 5 × 106 CAR-meso cells, CAR-meso-α-PD-1 cells and equal volumes of PBS, respectively. To monitor tumor growths, each mouse was intraperitoneally injected with 3 mg D-luciferin weekly, and mice were imaged using IVIS Imager after 10 min.



Statistical Analysis

Data presented as mean ± SEM were representative of at least three independent repeats. T-test and ANOVA comparison were performed to test the differences among groups. Survivals were depicted using Kaplan-Meier curves and analyzed by log-rank test. P < 0.05 was recognized as statistically significant. Statistical analyses were performed in Prism Version 7 (GraphPad).



RESULTS


Construction of the Secretory α-PD-1 scFv

Based on the sequence of Nivolumab obtained from IMGT, we designed the secreted scFv with His tag (Figure 1A). To obtain the optimal secretion of the scFv, we compared 6 signal peptides frequently used in engineering secretory proteins (Guler-Gane et al., 2016; Figure 1B). As shown in Figure 1C, the leading peptide originated from human IgK VIII resulted in enhanced extracellular accumulations of anti-PD-1 scFv, although all constructs with different signal peptides were similarly produced in cells. Statistical analysis showed that the secreting capacity of anti-PD-1 scFv was obviously enhanced by human IgK VIII signal domain (P < 0.01) (Figure 1D). To confirm whether the secreted PD-1-neutralizing scFv could bind with the target protein, we added the supernatants containing anti-PD-1 scFv into PD-1-positive or -negative 293T cells. Immunofluorescence analysis demonstrated that human IgK VIII signal peptide-containing α-PD-1 scFv could specifically bind with PD-1 (Figure 1E). Therefore, the construct with human IgK VIII leading segment was used in following experiments.
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FIGURE 1. Characterization of self-delivered α-PD-1 scFv. (A) Schematic structure of secretory α-PD-1 scFv. (B) Sequences of signal peptides tested. (C) 293T cells were transfected with vectors coding His-tagged α-PD-1 scFv with different leading signals. 48 h later, the supernatants and 293T cells were separately collected and subjected to western blot analysis. (D) The expressions of interested proteins in the supernatants were measured according to gray-values using ImageJ software. Then relative expressions to Secrecon were calculated. (E) PD-1+ or PD-1- 293T cells were incubated with the supernatants from 293T cells expressing α-PD-1 scFv. Then the binding of scFv to cells having different PD-1 expressions were detected with AF488-labeled His tag-specific antibody. Data shown were representative of three independent experiments. *** indicates P < 0.001.




Secreted α-PD-1 scFv Enhances T Cell Function

Seeing that α-PD-1 scFv was efficiently secreted and specifically bound to the inhibitory PD-1 receptor, we then checked whether the secreted proteins maintained the neutralizing effects. As shown in Figure 2A, PD-1 was robustly induced in activated T cells. Then the activated T cells and PD-L1-overexpressing A549 cells were added into upper chambers within culture plates, in which anti-PD-1 scFv-producing or mock cells had been seeded in advance (Figure 2B). As expected, the supernatants from anti-PD-1 scFv-producing cells but not the mock cells enhanced the proliferations of T cells (P < 0.01) (Figure 2C). Consistently, Ki67 expressions were enhanced in T cells when anti-PD-1 scFv was present (P < 0.01) (Figure 2D). In addition, CD107a and intracellular IFN-γ were higher in T cells co-culture with anti-PD-1 scFv-producing 293T cells than that co-incubated with mock cells (P < 0.05) (Figures 2E,F), indicating the secreted scFv alleviates the inhibitory effects of PD-1.
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FIGURE 2. Effects of secreted α-PD-1 scFv on T cell activation. CD3+ T cells from healthy donors were stained with CFSE and then activated by anti-CD3/CD28 beads for 2 days. (A) PD-1 expressions were determined in resting and activated T cells by FACS assay. (B) 293T cells transfected with mock or α-PD-1 scFv-expressing vectors were plated at the bottom. 48 h later, activated T cells were added into the upper transwell chambers with fixed PD-L1-overexpressing A549 cells at the ratio of 1:1 for 24 h. (C) Then the dilutions of CFSE in CD3+ T cells were determined using FACS assay. (D–F) The expressions of Ki67 (D), CD107a (E) and IFN-γ (F) were further detected in CD3+ T cells after incubation. T cells from 5 donors were tested and the representative results were depicted. * indicates P < 0.05; ** indicates P < 0.01.




Characterization of CAR-T Cells Secreting α-PD-1 scFv

Then we constructed mesothelin-specific CAR-T cells that could secret α-PD-1 scFv (CAR-meso-α-PD-1) or not (CAR-meso). As shown in Figure 3A, the transduction efficacies of primary T cells were not affected by the addition of α-PD-1 scFv and CAR-T cells were able to secret the α-PD-1 scFv (Figure 3B). Furthermore, the secreted scFv efficiently bound with activated T cells, which expressed high levels of PD-1 (Figure 3C).
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FIGURE 3. Construction of CAR-T cells secreting α-PD-1 scFv. (A) The surface expressions of CAR were determined by protein-L staining using FACS test. (B,C) The secreted α-PD-1 scFv with His tag by CAR-T cells cold bind with CAR-T cells. CAR-T cells were activated by anti-CD3/CD28 beads for 24 h. Then the supernatants were subjected to western blot assay and scFv secretion from CAR-meso-α-PD-1 cells were confirmed (B). CAR-meso and CAR-meso-α-PD-1 cells were further stained with AF488-labeled antibody against His tag, and checked on image flow cytometer (C). CAR-T cells derived from 5 different donors were tested and the representative results were shown.




Self-Delivered α-PD-1 scFv Enhances CAR-T Cell Functions

As seen in Figure 4A, the bound scFv obviously blocked PD-1 on activated T cells. Compared with CAR-meso cells, PD-1 was significantly decreased on CAR-meso-α-PD-1 cells (P < 0.005) (Figure 4B). Then we tested whether the secreted anti-PD-1 scFv could enhance CAR-T cell functionality when then engineered T cells were encountered with mesothelin-positive H322 cells. As expected, the scFv enhanced the cytotoxicity of CAR-T cells against tumor cells (Figure 4C). Similarly, the secretions of effector cytokines, IFN-γ and IL-2 were upregulated in CAR-T cells expressing PD-1 neutralizing scFv (P < 0.05) (Figures 4D,E). As well, the proliferations of CAR-T cells were enhanced by secreted PD-1-neutralizing scFv (P < 0.05) (Figure 4F). Those observations suggested that the tandem design of CAR with anti-PD-1 scFv improves the functionalities of CAR-T cells by blocking the inhibitory effects of PD-1.
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FIGURE 4. Blockade of PD-1 suppression by self-delivered α-PD-1 scFv. (A,B) Activated CAR-T cells were stained with anti-PD-1 antibody and checked on image flow cytometer (A) and the expressing levels of PD-1 were determined (B). (C–E) To check the effects of scFv on the cytotoxic activities, CAR-T cells were directly incubated with H322 cells without pre-activation by anti-CD3/CD28 Dynabeads. CAR-T cells were co-cultured with luciferase-expressing H322 cells at indicated E:T ratios for 18 h. Then the relative viabilities of tumor cells were determined and compared between treatments with CAR-meso or CAR-meso-α-PD-1 cells (C). Additionally, CAR-T cells were co-incubated with H322 cells at the ratio of 1:1 for 24 h. Then the supernatants were checked for the secretions of IFN-γ (D) and IL2 (E). The cells were collected and Ki67 expressions were determined in CD3+ T cells using FACS test (F). CAR-T cells derived from 5 different donors were tested and the representative data were demonstrated. * indicates P < 0.05; ** indicates P < 0.01.




CAR-T Cells Secreting α-PD-1 scFv Demonstrate Improved Anti-tumor Effectiveness in vivo

To further investigate the effects of anti-PD-1 scFv, we tested the anti-tumor effects of CAR-T cells in H322-xenografted mouse models. When the subcutaneous tumors were established, CAR-meso or CAR-meso-α-PD-1 cells were infused through tail veins. Five days later, tumor-infiltrating CAR-T cells were isolated and subjected to FACS assay. As expected, PD-1 in CAR-T cells was blocked by the secreted α-PD-1 scFv (P < 0.05) (Figure 5B). Correspondingly, the accumulations (P < 0.05) (Figure 5A), activations (PCD27 < 0.05) (Figure 5C) and the release of cytotoxic cytokines (PIFN–γ < 0.0004, PGranzymeB < 0.0019) (Supplementary Figures S1A,B) within tumor tissues of CAR-T cells were enhanced by the self-delivered α-PD-1 scFv. With regarding to the expression of Tim3 and CTLA4, there was mild difference between CAR-meso and CAR-meso-α-PD-1 cells within tumors (Supplementary Figures S1C,D). Then we checked the anti-tumor effects of CAR-T cells. Compared with PBS-treated group, CAR-meso cells delayed tumor growth (Figures 5D,E). Nevertheless, CAR-meso cells could not obviously improve the survival of mice bearing the established tumors, which were probably highly suppressive (Figure 5F). In contrast, CAR-meso-α-PD-1 cells not only inhibit tumor growth (Figures 5D,E) but also extended the survival (P < 0.05) (Figure 5F). In addition, we also detected the α-PD-1 scFv secretion in different tissues and found that α-PD-1 scFv was majorly accumulated in tumor tissues (Supplementary Figure S2). Those observations indicated that the constructed α-PD-1 scFv-secreting CAR-T cells have more potent anti-tumor effects in the immune-suppressive niche.
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FIGURE 5. Enhanced anti-tumor capacity of CAR-meso-α-PD-1 cells. Luciferase-expressing H322 cells were inoculated into SCID-Beige mice subcutaneously. When the tumor volumes were around 80 mm3, mice were treated with CAR-meso cells, CAR-meso-α-PD-1 cells and PBS, respectively. Before infusion, CAR-T cells had been purified and the purities were over 95%. (A–C) 5 days after treatment, tumors were isolated and the single cell suspensions were prepared (n = 4 in each group). After excluding dead cells with fixable viability dye, the accumulations of CAR-T cells within malignant tissues were determined according to CD45 and CD3 staining (A). Furthermore, PD-1 (B), CD69 and CD27 (C) were detected in CD45+CD3+ cells. (D,E) Tumor volumes were recorded weekly by IVIS imager (n = 5 per group). (F) Survivals of mice receiving indicated treatments. * indicates P < 0.05; ** indicates P < 0.01.




CAR-Meso-α-PD-1 Increase T Cells Infiltration in Tumor Microenvironment

We also detected the tumoricidal efficacies of CAR-T cells in orthotopic tumor models. As shown in Figure 6A, CAR-T cells efficiently suppressed the progression of tumors in comparison with PBS treatment. And the α-PD-1 scFv-secreting CAR-T cells demonstrated more potent effectiveness than CAR-meso cells (P < 0.05) (Figures 6A,B). Further analysis showed that both types of CAR-T cells infiltrated into the malignant tissues (Figure 6C). But the enhanced proliferations and accumulations of T cells were noticed in mice treated with CAR-meso-α-PD-1 cells (P < 0.01) (Figures 6C,D), which had demonstrated better anti-tumor effects (Figures 6A,B). Together with above data, it was inferred that the self-delivered PD-1-neutralizing scFv can reduce the suppressive effects of PD-1 and enhance CAR-T cell activity within solid tumors.
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FIGURE 6. Tumor-killing potency of CAR-T cells against orthotopic tumors. Orthotopic tumors were established by injecting luciferase-expressing H322 cells through tail veins. Then mice were given the listed treatments (n = 5 per treatment). (A,B) Tumor volume were determined according IVIS image weekly (A) and compared as indicated (B). (C,D) On the 14th day post treatment, the infiltrations into tumors of CAR-T cells were checked by IHC technique (C). And the numbers of CD3+ cells were counted and statistically compared (D). * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001.




DISCUSSION

Chimeric antigen receptor T cells can infiltrate into tumors and restrain the progression of malignant tissues (Du et al., 2019; Lv et al., 2019). Nevertheless, the potency of CAR-T cells are largely restricted within solid tumors due to the immune-suppression (Gargett et al., 2016; Mardiana et al., 2019). Upon activation, PD-1 is robustly induced in CAR-T cells and suppressed the cytotoxic functions of CAR-T cells when this inhibitory receptor binds with PD-L1, which is abundant in the microenvironment (John et al., 2013; Moon et al., 2014; Cherkassky et al., 2016; Zolov et al., 2018; Shi et al., 2019). Several studies have reported that interfering PD-1 activation is an effective approach to enhance CAR-T cells in solid tumor (Cherkassky et al., 2016; Chong et al., 2017; Li et al., 2017; Serganova et al., 2017). In this study, we explored whether the self-delivered short α-PD-1 scFv could enhance CAR-T cell efficacy.

RNAi and CRISPR/cas9 have been used to downregulate PD-1 expression. CAR-T cells electroporated with PD-1-specific siRNA demonstrate increased anti-tumor efficiency when incubated with PD-L1-overexpressed melanoma cells (Simon et al., 2018). Similarly, downregulation of PD-1 by CRISPR/Cas9 relieves immune-inhibition and enhances CAR-T cell function in solid tumors (Rupp et al., 2017; Hu et al., 2019). However, RNAi- or CRISPR/Cas9-mediated PD-1 reduction are restricted in CAR-T cells themselves. The short persistence of siRNA and low efficacies of gene editing may further limit such approaches to produce upgraded CAR-T cells that uniformly have long-lasting tumoricidal effects. A better strategy to augment anti-tumor efficacy is to block PD-1 activation with neutralizing proteins within microenvironment, which are able to increase the activations of not only the engineered CAR-T cells but also the surrounding CAR-T cells and natural tumor-responsive T cells.

Previous studies have shown that the neutralizing antibody specific for PD-1 can improve CAR-T cell activities within tumors and enhance the therapeutic effectiveness (John et al., 2013; Zhang et al., 2017). However, there are some side-effects for the systemic infusion of PD-1-blocking antibody, such as dermatitis, colitis or hepatitis, due to the activated T lymphocyte-induced immune-related adverse events (Hofmann et al., 2016; Shivaji et al., 2019). Alternatively, it is feasible to overcome the obstacles by constructing CAR-T cells that can secret the PD-1-neutralizing proteins. α-PD-1 antibody Nivolumab is widely used in clinic (Baxi et al., 2018). Here, we tested CAR-T cells producing PD-1-blocking peptides based on the scFv version of Nivolumab. To obtain optimal blockade, we first tested the signal peptides. Signal peptides, consisted of several amino acids, play determinant roles in protein distribution (Mori et al., 2015; Owji et al., 2018; Almagro Armenteros et al., 2019). Among the signal peptides tested, it was noticed that human IgK VIII enhanced the extracellular transportation of α-PD-1 scFv (Figure 1). The produced scFv with human IgK VIII leading signal could efficiently associate with PD-1 (Figure 1) and enhance T cell activation (Figure 2). CAR-T cells producing the scFv also demonstrated enhanced cytotoxicity against solid tumor in vitro and in vivo (Figures 4–6). Especially, when the antitumor functions of CAR-T cells were largely compromised in the advanced tumors having strong immune-suppression, the anti-PD-1 scFv-producing cells demonstrated enhanced cytotoxicity and delayed tumor growth (Figure 5). Consistently, the self-delivery of PD-1-neutralizing scFv have been tested in CAR-T cells (Li et al., 2017; Rafiq et al., 2018). It is safe and potent in treating solid tumors with CAR-T cells that can produce the secretory α-PD-1 peptides. However, those studies have not explored the impacts of leading signals on the secretions of scFv (Li et al., 2017; Rafiq et al., 2018). Our worked demonstrated that the extracellular accumulations of PD-1 blocking scFv were affected by the leading signals (Figure 1). The differences in scFv secretion may eventually bring on different clinical outcomes. More detailed explorations are needed to determine the optimal format of self-delivered α-PD-1 scFv in CAR-T cells.

PD-1-mediated immune suppression of CAR-T cells is a huge challenge in treatment of solid tumors. The combination with PD-1 blockade can efficiently improve the activities of CAR-T cells in solid tumors. Our work showed that CAR-T cells could act as the producer of α-PD-1 scFv and enhance their activities by themselves in solid tumors. The α-PD-1 scFv-secreting CAR-T cells represent a possible solution for effective engineered T cell therapy of solid tumors.
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FIGURE S1 | Exhaustion makers and cytotoxic molecules analysis of CAR-meso and CAR-meso-α-PD-1 scFv cells. Quantification of IFN-γ (A), Granzyme B (B), Tim3 (C) and CTLA4 (D) detection by flow cytometry on CAR-meso and CAR-meso-α-PD-1 scFv cells T cells. Data shown is mean ± SEM. ** indicates P < 0.01; *** indicates P < 0.001.

FIGURE S2 | Validation of α-PD-1 scFv secretion in various tissues. His tag was used in IHC experiment for α-PD-1 scFv detection in lung, liver, spleen, and tumor tissues.


FOOTNOTES

1
http://www.imgt.org/

REFERENCES

Almagro Armenteros, J. J., Tsirigos, K. D., Sønderby, C. K., Petersen, T. N., Winther, O., Brunak, S., et al. (2019). SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 37, 420–423. doi: 10.1038/s41587-019-0036-z

Baxi, S., Yang, A., Gennarelli, R. L., Khan, N., Wang, Z., Boyce, L., et al. (2018). Immune-related adverse events for anti-PD-1 and anti-PD-L1 drugs: systematic review and meta-analysis. BMJ 360:k793. doi: 10.1136/bmj.k793

Borghaei, H., Paz-Ares, L., Horn, L., Spigel, D. R., Steins, M., Ready, N. E., et al. (2015). Nivolumab versus docetaxel in advanced nonsquamous non-small-cell Lung Cancer. N. Engl. J. Med. 373, 1627–1639. doi: 10.1056/NEJMoa1507643

Carpenito, C., Milone, M. C., Hassan, R., Simonet, J. C., Lakhal, M., Suhoski, M. M., et al. (2009). Control of large, established tumor xenografts with genetically retargeted human T cells containing CD28 and CD137 domains. Proc. Natl. Acad. Sci. U.S.A. 106, 3360–3365. doi: 10.1073/pnas.0813101106

Cheng, W., Fu, D., Xu, F., and Zhang, Z. (2018). Unwrapping the genomic characteristics of urothelial bladder cancer and successes with immune checkpoint blockade therapy. Oncogenesis 7:2. doi: 10.1038/s41389-017-0013-7

Cherkassky, L., Morello, A., Villena-Vargas, J., Feng, Y., Dimitrov, D. S., Jones, D. R., et al. (2016). Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-mediated inhibition. J. Clin. Invest. 126, 3130–3144. doi: 10.1172/jci83092

Choi, B. D., Yu, X., Castano, A. P., Darr, H., Henderson, D. B., Bouffard, A. A., et al. (2019). CRISPR-Cas9 disruption of PD-1 enhances activity of universal EGFRvIII CAR T cells in a preclinical model of human glioblastoma. J Immunother Cancer 7:304. doi: 10.1186/s40425-019-0806-7

Chong, E. A., Melenhorst, J. J., Lacey, S. F., Ambrose, D. E., Gonzalez, V., Levine, B. L., et al. (2017). PD-1 blockade modulates chimeric antigen receptor (CAR)-modified T cells: refueling the CAR. Blood 129, 1039–1041. doi: 10.1182/blood-2016-09-738245

Du, H., Hirabayashi, K., Ahn, S., Kren, N. P., Montgomery, S. A., Wang, X., et al. (2019). Antitumor responses in the absence of toxicity in solid tumors by targeting B7-H3 via chimeric antigen receptor T cells. Cancer Cell 35, 221.e8–237.e8. doi: 10.1016/j.ccell.2019.01.002

Fry, T. J., Shah, N. N., Orentas, R. J., Stetler-Stevenson, M., Yuan, C. M., Ramakrishna, S., et al. (2018). CD22-targeted CAR T cells induce remission in B-ALL that is naive or resistant to CD19-targeted CAR immunotherapy. Nat. Med. 24, 20–28. doi: 10.1038/nm.4441

Gargett, T., Yu, W., Dotti, G., Yvon, E. S., Christo, S. N., Hayball, J. D., et al. (2016). GD2-specific CAR T cells undergo potent activation and deletion following antigen encounter but can be protected from activation-induced cell death by PD-1 blockade. Mol. Ther. 24, 1135–1149. doi: 10.1038/mt.2016.63

Grupp, S. A., Kalos, M., Barrett, D., Aplenc, R., Porter, D. L., Rheingold, S. R., et al. (2013). Chimeric antigen receptor-modified T cells for acute lymphoid leukemia. N. Engl. J. Med. 368, 1509–1518. doi: 10.1056/NEJMoa1215134

Gulati, P., Rühl, J., Kannan, A., Pircher, M., Schuberth, P., Nytko, K. J., et al. (2018). Aberrant Lck signal via CD28 costimulation augments antigen-specific functionality and tumor control by redirected T Cells with PD-1 blockade in humanized mice. Clin. Cancer Res. 24, 3981–3993. doi: 10.1158/1078-0432.ccr-17-1788

Guler-Gane, G., Kidd, S., Sridharan, S., Vaughan, T. J., Wilkinson, T. C., and Tigue, N. J. (2016). Overcoming the refractory expression of secreted recombinant proteins in mammalian cells through modification of the signal peptide and adjacent amino acids. PLoS One 11:e0155340. doi: 10.1371/journal.pone.0155340

Hofmann, L., Forschner, A., Loquai, C., Goldinger, S. M., Zimmer, L., Ugurel, S., et al. (2016). Cutaneous, gastrointestinal, hepatic, endocrine, and renal side-effects of anti-PD-1 therapy. Eur. J. Cancer 60, 190–209. doi: 10.1016/j.ejca.2016.02.025

Hu, W., Zi, Z., Jin, Y., Li, G., Shao, K., Cai, Q., et al. (2019). CRISPR/Cas9-mediated PD-1 disruption enhances human mesothelin-targeted CAR T cell effector functions. Cancer Immunol. Immunother. 68, 365–377. doi: 10.1007/s00262-018-2281-2

Huang, A. C., Orlowski, R. J., Xu, X., Mick, R., George, S. M., Yan, P. K., et al. (2019). A single dose of neoadjuvant PD-1 blockade predicts clinical outcomes in resectable melanoma. Nat. Med. 25, 454–461. doi: 10.1038/s41591-019-0357-y

John, L. B., Devaud, C., Duong, C. P., Yong, C. S., Beavis, P. A., Haynes, N. M., et al. (2013). Anti-PD-1 antibody therapy potently enhances the eradication of established tumors by gene-modified T cells. Clin. Cancer Res. 19, 5636–5646. doi: 10.1158/1078-0432.ccr-13-0458

Li, D., Li, X., Zhou, W. L., Huang, Y., Liang, X., Jiang, L., et al. (2019). Genetically engineered T cells for cancer immunotherapy. Signa.l Transduct. Target Ther. 4:35. doi: 10.1038/s41392-019-0070-9

Li, Y., Huo, Y., Yu, L., and Wang, J. (2019). Quality control and nonclinical research on CAR-T cell products: general principles and key issues. Engineering 5, 122–131. doi: 10.1016/j.eng.2018.12.003

Li, J., Li, W., Huang, K., Zhang, Y., Kupfer, G., and Zhao, Q. (2018). Chimeric antigen receptor T cell (CAR-T) immunotherapy for solid tumors: lessons learned and strategies for moving forward. J. Hematol. Oncol. 11:22. doi: 10.1186/s13045-018-0568-6

Li, S., Siriwon, N., Zhang, X., Yang, S., Jin, T., He, F., et al. (2017). Enhanced cancer immunotherapy by chimeric antigen receptor-Modified T cells engineered to secrete checkpoint inhibitors. Clin. Cancer Res. 23, 6982–6992. doi: 10.1158/1078-0432.ccr-17-0867

Lv, J., Zhao, R., Wu, D., Zheng, D., Wu, Z., Shi, J., et al. (2019). Mesothelin is a target of chimeric antigen receptor T cells for treating gastric cancer. J. Hematol. Oncol. 12:18. doi: 10.1186/s13045-019-0704-y

Ma, S., Li, X., Wang, X., Cheng, L., Li, Z., Zhang, C., et al. (2019). Current progress in CAR-T cell therapy for solid tumors. Int. J. Biol. Sci. 15, 2548–2560. doi: 10.7150/ijbs.34213

Mardiana, S., Solomon, B. J., Darcy, P. K., and Beavis, P. A. (2019). Supercharging adoptive T cell therapy to overcome solid tumor-induced immunosuppression. Sci. Transl. Med. 11:eaaw2293. doi: 10.1126/scitranslmed.aaw2293

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

Minn, I., Rowe, S. P., and Pomper, M. G. (2019). Enhancing CAR T-cell therapy through cellular imaging and radiotherapy. Lancet Oncol. 20, e443–e451. doi: 10.1016/s1470-2045(19)30461-9

Moon, E. K., Wang, L. C., Dolfi, D. V., Wilson, C. B., Ranganathan, R., Sun, J., et al. (2014). Multifactorial T-cell hypofunction that is reversible can limit the efficacy of chimeric antigen receptor-transduced human T cells in solid tumors. Clin. Cancer Res. 20, 4262–4273. doi: 10.1158/1078-0432.ccr-13-2627

Mori, A., Hara, S., Sugahara, T., Kojima, T., Iwasaki, Y., Kawarasaki, Y., et al. (2015). Signal peptide optimization tool for the secretion of recombinant protein from Saccharomyces cerevisiae. J. Biosci. Bioeng. 120, 518–525. doi: 10.1016/j.jbiosc.2015.03.003

Nakajima, M., Sakoda, Y., Adachi, K., Nagano, H., and Tamada, K. (2019). Improved survival of chimeric antigen receptor-engineered T (CAR-T) and tumor-specific T cells caused by anti-programmed cell death protein 1 single-chain variable fragment-producing CAR-T cells. Cancer Sci. 110, 3079–3088. doi: 10.1111/cas.14169

Owji, H., Nezafat, N., Negahdaripour, M., Hajiebrahimi, A., and Ghasemi, Y. (2018). A comprehensive review of signal peptides: structure, roles, and applications. Eur. J. Cell Biol. 97, 422–441. doi: 10.1016/j.ejcb.2018.06.003

Rafiq, S., Yeku, O. O., Jackson, H. J., Purdon, T. J., van Leeuwen, D. G., Drakes, D. J., et al. (2018). Targeted delivery of a PD-1-blocking scFv by CAR-T cells enhances anti-tumor efficacy in vivo. Nat. Biotechnol. 36, 847–856. doi: 10.1038/nbt.4195

Rupp, L. J., Schumann, K., Roybal, K. T., Gate, R. E., Ye, C. J., Lim, W. A., et al. (2017). CRISPR/Cas9-mediated PD-1 disruption enhances anti-tumor efficacy of human chimeric antigen receptor T cells. Sci. Rep. 7:737. doi: 10.1038/s41598-017-00462-8

Serganova, I., Moroz, E., Cohen, I., Moroz, M., Mane, M., Zurita, J., et al. (2017). Enhancement of PSMA-directed CAR adoptive immunotherapy by PD-1/PD-L1 blockade. Mol. Ther. Oncolytics 4, 41–54. doi: 10.1016/j.omto.2016.11.005

Shi, X., Zhang, D., Li, F., Zhang, Z., Wang, S., Xuan, Y., et al. (2019). Targeting glycosylation of PD-1 to enhance CAR-T cell cytotoxicity. J. Hematol. Oncol. 12:127. doi: 10.1186/s13045-019-0831-5

Shivaji, U. N., Jeffery, L., Gui, X., Smith, S. C. L., Ahmad, O. F., Akbar, A., et al. (2019). Immune checkpoint inhibitor-associated gastrointestinal and hepatic adverse events and their management. Therap. Adv. Gastroenterol. 12:1756284819884196. doi: 10.1177/1756284819884196

Simon, B., Harrer, D. C., Schuler-Thurner, B., Schaft, N., Schuler, G., Dörrie, J., et al. (2018). The siRNA-mediated downregulation of PD-1 alone or simultaneously with CTLA-4 shows enhanced in vitro CAR-T-cell functionality for further clinical development towards the potential use in immunotherapy of melanoma. Exp. Dermatol. 27, 769–778. doi: 10.1111/exd.13678

Song, M., Ping, Y., Zhang, K., Yang, L., Li, F., Zhang, C., et al. (2019). Low-Dose IFNγ induces tumor cell stemness in tumor microenvironment of non-small cell lung cancer. Cancer Res. 79, 3737–3748. doi: 10.1158/0008-5472.can-19-0596

Tian, Y., Li, Y., Shao, Y., and Zhang, Y. (2020). Gene modification strategies for next-generation CAR T cells against solid cancers. J. Hematol. Oncol. 13:54. doi: 10.1186/s13045-020-00890-6

Tunger, A., Sommer, U., Wehner, R., Kubasch, A. S., Grimm, M. O., Bachmann, M. P., et al. (2019). The evolving landscape of biomarkers for Anti-PD-1 or Anti-PD-L1 therapy. J. Clin. Med. 8:1534. doi: 10.3390/jcm8101534

Yang, L., Li, A., Lei, Q., and Zhang, Y. (2019). Tumor-intrinsic signaling pathways: key roles in the regulation of the immunosuppressive tumor microenvironment. J. Hematol. Oncol. 12:125. doi: 10.1186/s13045-019-0804-8

Yin, Y., Boesteanu, A. C., Binder, Z. A., Xu, C., Reid, R. A., Rodriguez, J. L., et al. (2018). Checkpoint Blockade reverses anergy in IL-13Rα2 Humanized scFv-based CAR T Cells to Treat murine and canine gliomas. Mol. Ther. Oncolytics 11, 20–38. doi: 10.1016/j.omto.2018.08.002

Zhang, C., Wang, Z., Yang, Z., Wang, M., Li, S., Li, Y., et al. (2017). Phase I escalating-dose trial of CAR-T therapy targeting CEA metastatic colorectal cancers. Mol. Ther. 25, 1248–1258. doi: 10.1016/j.ymthe.2017.03.010

Zhang, W. Y., Wang, Y., Guo, Y. L., Dai, H. R., Yang, Q. M., Zhang, Y. J., et al. (2016). Treatment of CD20-directed chimeric antigen receptor-modified t cells in patients with relapsed or refractory B-cell non-Hodgkin lymphoma: an early phase IIa trial report. Signal. Transduct. Target Ther. 1:16002. doi: 10.1038/sigtrans.2016.2

Zhang, Z., Liu, S., Zhang, B., Qiao, L., Zhang, Y., and Zhang, Y. (2020). T Cell dysfunction and exhaustion in Cancer. Front. Cell Dev. Biol. 8:17. doi: 10.3389/fcell.2020.00017

Zheng, Z., Chinnasamy, N., and Morgan, R. A. (2012). Protein L: a novel reagent for the detection of chimeric antigen receptor (CAR) expression by flow cytometry. J. Transl. Med. 10:29. doi: 10.1186/1479-5876-10-29

Zolov, S. N., Rietberg, S. P., and Bonifant, C. L. (2018). Programmed cell death protein 1 activation preferentially inhibits CD28.CAR-T cells. Cytotherapy 20, 1259–1266. doi: 10.1016/j.jcyt.2018.07.005

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 © 2020 Ping, Li, Nan, Zhang, Shi, Shan and Zhang. 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/fcell-08-00803-g006.jpg
A Control CAR-meso

E
;

de

*%

| preru— |
* -

3><1 003 -

r Il Control
CAR-meso
S0 # B CAR-meso-
s o-PD-1

150+

100+

(3]
o
1

1x1008_

Total flux (p/s)

o
1

CD3+ spots in every sl

C Control CAR-_meso-a-PD-1

EE oY . 7 e Y o5 j e AL Y g
; g.“.g > 0 I S K OO _.f.-_t-, ; A iy ,!
l‘n"'.ﬂ . LA P)v, Yo R E > P W £
¥ LY 3 Yvania Ve o) L5 el . \ Y :
RepinY,s ¢ e s el 2 Y A g
| U g Y 4 . > 4 i e (e ' 5 (» <
| Yy o 7 Y _ v el % o€ W
<. s.abi @ & R ¥
¥ .‘“:.. &-]; A N 3
o o ALY
Lo $30.2, £
o0 0% 7 e
E S5 AT W *
d ] "” $
R d e o s -
", - &y B 2 ¥
. : \~ 9 i
. <Y - ! ® “
CD3 f : & “
by @
. 3 ) e / o/
B § by /
| / : ;
[ » ., ’
.J_ " 9
# o'a
» e o @
A






OPS/images/fcell-08-00803-g005.jpg
o
A = 50- B .
g T Q .
= - 0] € i =2
S cT; =) AR-meso 8 S
o) A 20 8 o8
@) [S) S —
+ 104 \t
3 | CAR-mesoy
8 0- a-PD-1 o
i) N .
] Q' . T : :
& /Q 1 2 3 4 5
Q" 0‘, 10 10 10 10 10 10
OV %o’ PDl —— >
%)
<
&
2 o 5
C ° -
& 2
91507 8 100-
- =
+ 801
& 1001 _ @
&) 3 D LT) 40
2 501 o <
o) [|)]
®) ®) 204
M5 0- l..6 0-
+
& ~
© o
A o
O O

o — Control
10" —
o — CAR-meso
;\U; 3x10" — CAR-meso-a-PD-1
5
“__ 2)(1011—
©
O 1x10" 1
|_
01 T T T T T
0 7 14 21 28 35
Days
— Control
100 - CAR-meso
© - CAR-meso-a-PD-1
= ok
c
3
2 50
(o=
@
[&]
—
[}
o
0 T T T 1
0 10 20 30 40

Days





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Augmenting the Effectiveness of CAR-T Cells by Enhanced Self-Delivery of PD-1-Neutralizing scFv



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Lines and Culture



		Vector Construction



		Lentivirus Production and T Cell Transduction



		Detection of T Cell Proliferation and Activation



		Cytotoxicity Assay



		Enzyme Linked Immunosorbent Assay (ELISA)



		Cell Immunofluorescence



		Western Blot



		Protein-L Staining for FACS Detection



		Imaging Flow Cytometry



		Immunohistochemistry (IHC)



		Xenograft Tumor Model



		FACS Analysis of Tumor-Infiltrating T Cells



		Orthotopic Tumor Model



		Statistical Analysis







		RESULTS



		Construction of the Secretory α-PD-1 scFv



		Secreted α-PD-1 scFv Enhances T Cell Function



		Characterization of CAR-T Cells Secreting α-PD-1 scFv



		Self-Delivered α-PD-1 scFv Enhances CAR-T Cell Functions



		CAR-T Cells Secreting α-PD-1 scFv Demonstrate Improved Anti-tumor Effectiveness in vivo



		CAR-Meso-α-PD-1 Increase T Cells Infiltration in Tumor Microenvironment







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology










OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-08-00803-g002.jpg
Count

O

H
o
1

N (2
o o
1 1

-
o
1

CD3+Ki67+ T cells, %

B C —Resting T cells
—Resting T cells T cells + 293T-vector
—Activated T cells — T cells + 293T-a-PD-1
100 7] 1500
80": E
AAAAAAAAAAAAAAA { . = 1000+
— _— Activated T cells § o o
=emt S PD-L1+ cells 8 ] g -
or =] 0-
293T-a-PD-1 o]
E F
2
100 *%
*%* = — X g0 *
—_— |<_.> 80- ") ' :
i - O 60
293T-vector | + 60 293T-vector | &
N~ —
S 40 + 40-
ol N
| - . |
| , 93T-a-PD-1 & 0° 93T-a-PD-1| %
o 7 B
d e ! T T WAL | . RARLLLL | T T \O ,'\
& 3 3 4 %) 3 3 4 @0 Q
é’ 10 0 10 10 10 (19) 10 0 10 10 10 &, C}f
qﬁb CD107a > IFN-y > 4o K

O
2,





OPS/images/fcell-08-00803-g001.jpg
a-PD-1 _ 2.5- -,
— S SN - 5 1
B 2.0
Signal Peptide V, (G,S)3 Vi 6xHis =
X
T 1.5-
B a
Signal peptide Sequence DE-; 1.0
Secrecon MWWRLWWLLLLLLLLWPMVWA o
HumanIgK VI MDMRVPAQLLGLLLLWLRGARC 2 0.57 T _
Human IgG V MDWTWRFLFVVAAATGVQ [c
tPA MDAMKRGLCCVLLLCGAVFVSPS 0.0- ' ' '
Consensus MLLLLLLLLLLALALA ®o°° \@\\\ q@ﬁ <5 Q@)@ \@\\\
Mouse IgK VIII METDTLLLWVLLLWVPGSTG &L & O & 0
o‘@ ~2\°® o
N N N
c S E His-AF488 DAPI

Supernatant -

@
R
o-PD-1-His PD-1+ cells
35 KD—
op KD |- — — w— o— | 0-PD-1-His
Cytoplasm PD-1- cells
JOKD_| - . S s s | [-actin






OPS/images/fcell-08-00803-g004.jpg
Bright filed PD-1
RS

CAR-meso —

CAR-meso- (5
a-PD-1

DAPI

Merge

D
12001
*%*
E
S, 800-
o
N
zZ
L_L 400 -
0' T
o N
(%) 4
(%,
< L
<& I
<8 o
(%]
<

1200+

IL2, pg/ml

— CAR-meso-a-PD-1
— CAR-meso

Count

(=]

o

o
1

B

o

o
1

CD3+PD-1+ T cells, %

0
o
1

»
o
1

-y
o
1

N
o
1

0-

Q(D <¥<
& 5
O &
P\
F'

Count

C
= = CAR-meso
= -+ CAR-meso-a-PD-1
5
o
>
— 50+
8 ]***
S
£
3 0
|_ v T T T T
N N N N
Q. r\. (b. '\Q¢
Effector: Target

O\o 80- ] l 1
%) - —
‘© 60+
(@]
|_
+
N~
©
v
+
(a2}
Q
©)






OPS/images/fcell-08-00803-g003.jpg
A Untransduced T cells CAR-meso

CAR-meso-a-PD-1 B
1.0K 7 600 ]
: 500 Q Untransduced T cells
800 -
1 0.67% 400 7 33.8% . : 38.2%
2 600 7 : . : Z300
8 3 8 Q CAR-meso
400 7 200 200 -
200 100 - @ CAR-meso-a-PD-1
O : AR RS . . RERLLLLE | LI LY | LU L [ 0 | AL RRES . . T 1 1 O me 1 LIRS G ELLL | UL LR LLLL
10° OCAg 10 10° 10° o 100 10t 10° 40° o 10° 0t 10°
C Bright filed  His-AF488 DAPI Merge Bright filed  His-AF488 DAPI Merge

CAR-meso

CAR-meso-o-PD-1





