Journal of Experimental & Clinical Cancer Research© The Author(s) 2020
https://doi.org/10.1186/s13046-020-01546-6

Research

Genetic and pharmacological targeting of A2a receptor improves function of anti-mesothelin CAR T cells

Elham Masoumi1, Leila Jafarzadeh1, Hamid Reza Mirzaei1, Khadijeh Alishah2, Keyvan Fallah-Mehrjardi1, Hosein Rostamian1, Mohammad Khakpoor-Koosheh1, Reza Meshkani3, Farshid Noorbakhsh1 and Jamshid Hadjati1  
(1)Department of Medical Immunology, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran

(2)Department of Biotechnology, Faculty of Science, University of Tehran, Tehran, Iran

(3)Department of Clinical Biochemistry, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran

 

 
Jamshid Hadjati
Email: hajatij@tums.ac.ir



Received: 9 December 2019Accepted: 14 February 2020Published online: 10 March 2020
Abstract
Background
CAR T cell-based therapies have shown promising results in hematological malignancies. Results of CAR T cell projects in solid tumors have been less impressive, and factors including lack of targetable antigens and immunosuppressive tumor microenvironment (TME) have been suggested as culprits. Adenosine, a metabolite which is highly produced in TME, is known to mediate the suppression of anti-tumor T cell responses via binding and signaling through adenosine 2a receptor (A2aR).

Methods
In this study, the expression of A2aR and the effects of its activation on the function of fully human anti-mesothelin CAR T cells (MSLN-CAR T), were analyzed. Afterwards, the molecular and pharmacological means to overcome the inhibitory effects of A2aR signaling on CAR T cell function were used. This was performed by targeting A2aR expression in MSLN-CAR T cells using various anti-A2aR shRNA sequences embedded in the CAR vector and an A2aR pharmacological antagonist, SCH-58261. Statistical analyses were performed Prism 7 software.

Results
Our experiments showed significant A2aR upregulation on T cells during the CAR T cell production procedure (cell activation and transduction). Activation of adenosine signaling using adenosine analog led to the suppression of all major anti-tumor functions in MSLN-CAR T cells. Interestingly, CAR T cells that carried the anti-A2aR shRNA sequences were resistant to the inhibitory effects of adenosine signaling. Pharmacological inhibition of A2aR reversed the reduction in CAR T cell proliferation and cytokine response caused by the adenosine analog; however, it failed to rescue the cytotoxic function of the cells.

Conclusion
Altogether, our results indicate that mitigating A2aR signaling by genetic targeting of the receptor might be a promising approach in improving CAR T cell function in an unreceptive microenvironment and could potentially improve the outcome of treatment in clinical settings.
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Background
CAR T cells are engineered to express antibody-derived single-chain variable fragments (scFv) against tumor antigens combined with appropriate intracellular signaling domains. CAR T cell-based therapies have shown promising results in the treatment of hematological malignancies including CD19 or CD22 positive B-cell acute lymphoblastic leukemia (ALL). However, despite the abundant research, treatment of solid tumors by CAR T cells has been less successful. Various factors have been suggested to contribute to such a lack of efficacy, including the scarcity of targetable tumor associated antigens and hostile TME, which might act as a key impediment for T cell function [1].
A common feature of solid tumors’ micro-environment is low oxygen pressure [2]. To adapt to the hypoxic conditions, cells initiate several survival mechanisms including the activation of HIF-1α pathway which has a key role in tissue vascularization in hypoxic situations [3, 4]. HIF-1α induces two ectonucleotidases, CD73 and CD39, on the surface of both tumor and immune cells. These molecules convert adenosine triphosphate (ATP) to adenosine in two separate steps [5]. Adenosine is known to exert immunosuppressive effects within the TME [3]. Four different receptors have been heretofore discovered for adenosine, A1, A2a, A2b, and A3 receptors [6]. A2aR which is expressed at the surface of activated T cells, binds to adenosine with high affinity and leads to enhanced production of intracellular cyclic AMP (cAMP). Elevated levels of cAMP can attenuate the anti-tumor T cell responses [4, 7, 8].
In the present study, we designed a fully human second generation anti mesothelin-CAR T cell (MSLN-CAR T). To mitigate the effects of TME on CAR T cells, we combined CAR expression with the expression of shRNA sequences against the A2aR gene (A2aR.KD.MSLN-CAR T cell). Experiments were performed to evaluate the function of CAR T cells in the absence and/or presence of A2aR knockdown (KD). Different aspects of the T cell function including proliferative response, cytotoxic activity and cytokine production were evaluated. To simulate TME, T cell functional analyses were also performed in the presence of an A2aR specific agonist. Moreover, to compare the effects of A2aR knockdown with pharmacological inhibition, functions of CAR T cells were evaluated in the presence of a specific A2aR inhibitor.

Materials and methods
Cell lines
Hela, Skov3 and Ovcar3 as mesothelin-expressing cell lines, the Nalm-6 as a mesothelin negative cell line, and HEK293T as packaging cell line were all purchased from the Iranian Biological Resource Center (IBRC). Before the experiments, mesothelin expression levels were analyzed for Skov3, Ovcar3, Nalm-6 and HeLa cells by flow cytometry using PE-conjugated anti-human mesothelin antibody (R&D Systems, Minneapolis, MN, USA). HeLa cells showed approximately 55% mesothelin expression and were selected as the cell line with the highest level of target antigen expression (data not shown). HEK293T and Hela cells were cultured in Modified Eagle Medium (DMEM) (Gibco Laboratories, Grand Island, NY) and the other cells in RoswellPark Memorial Institute (RPMI) 1640 (Gibco Laboratories) both supplemented with 10% fetal bovine serum (FBS) (Gibco Laboratories), 1% penicillin/streptomycin (PAN Biotech, Aidenbach, Germany), and 2 Mm L-glutamine and incubated at 37 °C in 5% CO2. The absence of mycoplasma was confirmed for all cell lines by PCR.

CAR synthetics
The fully human CAR sequence is composed of a kozak consensus sequence, a human CD8 signal peptide (SP), a fully human anti mesothelin scFv, CD8a hinge domain, the transmembrane (TM) region of the human 4-1BB molecule, and an intracellular signaling domain containing both 4-1BB and CD3ζ domains (MSLN-CAR). Mesothelin-specific scFv fragment was originated from P4-scFv [9] and other fragments of CAR construct were described previously [10]. To target A2aR, three shRNA-coding sequences were designed to target three different segments of the A2aR gene. shRNA-coding sequences contained 5′-Flank-Sense-Loop-Antisense-3’Flank segments, and were inserted after CD3ζ domain sequence in CAR constructs (A2aR.KD1.MSLN-CAR, A2aR.KD2.MSLN-CAR, and A2aR.KD3.MSLN-CAR). The sequences of shRNAs are shown in Table 1. The anti-mesothelin CAR genes were cloned into the pCDH-CMV-MCS-EF1α-GreenPuro lentivector backbone (third generation) for generating lentiviral particles.
Table 1shRNA sequences for targeting A2aR transcripts


	Name
	Sense sequence
	Anti-sense sequence
	Target gene

	shRNA1 (KD1)
	CTCGGTGTACATCACGGTGGAG
	CTCCACCGTGATGTACACCGAG
	A2a receptor (ADORA2A)- NM_000675.5

	shRNA2 (KD2)
	GAACTACATGGTGTACTTCAAC
	GTTGAAGTACACCATGTAGTTC

	shRNA3 (KD3)
	CAGACCTTCCGCAAGATCATTC
	GAATGATCTTGCGGAAGGTCTG





Viral vector production
A day before transfection, 12 × 106 HEK293T cells were seeded in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 2 Mm L-glutamine. Using the calcium phosphate precipitation method, transfection of HEK293T cells were done with lentivector containing CARs sequence (27 μg/plate) and three packaging plasmids including pMDLg/pRRE pMD. G, pRSV-Rev (9,6,9 μg/plate respectively) in 15 cm tissue culture plate pre-treated with Poly-L-Lysine solution (Sigma, St. Louis, MO) [11]. After 6 h, medium was discarded and replaced with fresh DMEM supplemented with 10% FBS. Virus-containing media (VCM) was then harvested for three times with 12 h intervals and pooled. To remove cell debris, VCM was filtered through 0.45 μm membrane filters, and concentrated by ultracentrifugation at 26,000 rpm for 2 h at 4 °C (Optima LE-80 K Ultracentrifuge, Beckman Coulter, Indianapolis, IN). The viruses were suspended in complete DMEM media (800 μL to each pellet obtained from 50 ml VCM), aliquoted and stored at − 80 °C. Titers of concentrated VCM were determined by a limiting dilution method using flow cytometry on peripheral human T cells which had been activated with anti-CD3/CD28 coated beads.

Primary T cell isolation, activation, and transduction
Buffy coats or fresh whole blood from healthy donors were purchased from the Iranian Blood Transfusion Organization (IBTO) and handled with necessary safety procedures and ethical requirements. Human peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll–Paque gradient centrifugation. T cells were negatively selected from the PBMCs using immunomagnetic beads (pan T-cell isolation kit II, human, Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of isolated cells was assayed using APC conjugated anti-human CD3 (BioLegend, San Diego, CA). T cells were then activated by anti-CD3/CD28 antibody-coated beads (Cell/Bead ratio: 1/3) (Life Technologies, Grand Island, NY). After 3 days, the anti CD3/CD28 beads were removed and activated T cells were transduced by appropriate amount of concentrated lentiviral supernatants (at multiplicity of infection [MOI] of 7) supplemented with 0.8 μL of polybrene (Santa Cruz Biotechnology, Santa Cruz, CA), then plate was spinofected at 2100 rpm at 32 °C for 1 h, followed by incubation at 37 °C. Six hours later, 1 ml of fresh media containing 100 IU IL-2 (Miltenyi Biotec) was added to each well. After 4 days, CAR expressing cells were detected using goat anti-human IgG F (ab’)2 Biotin (BioRad, Hercules, CA)- Streptavidin APC (BioRad).

Knockdown experiments
A2aR expression levels were measured by flow cytometry using human Adenosine A2aR Alexa Fluor® 647-conjugated antibody (R&D Systems) according to manufacturer’s instructions. Results were demonstrated as mean fluorescence intensity (MFI) and the percentage of A2aR positive cells. The MFI/percentage of A2aR positive cells was determined both in T cell before activation, activated/un-transduced T cell (Un-T), and activated/transduced T cells (i.e. Mock-transduced and CAR T cells). Percentage of A2aR positive Mock T (T cells that transduced with empty vector) and CAR T cells was also measured after co-incubation with target cells.
Flow cytometric analyses of A2aR knockdown were performed in MSLN-CAR T cell and A2aR.KD1, KD2, and KD3.MSLN-CAR T cell for 6 donors.

Proliferation assay and cytokine measurement of MSLN-CAR T cells after antigen stimulation
Hela cells were treated with 25 μg/ml mitomycin C (Sigma) for 1 h at 37 °C followed by washing [12]. To track cellproliferation, CAR T, Un-T, and Mock T cells were labeled with PKH26 red fluorescent cell linker (Sigma). The PHK26-labeled cells (2 × 105/well) were co-cultured at a 1:1 ratio with tumor target cells or cultured without target cells as a control of auto proliferation in 48-well plates for 72 h in the presence or absence of 1 μM NECA, and also in the presence or absence of 1 μM SCH58261 in the wells containing MSLN-CAR T cells. For cytokine analysis, supernatant was harvested 24 h after plating and stored at − 80 °C until measurement by the enzyme-linked immunosorbent assay (ELISA). After 72 h, the cell mixture was stained with anti-CD3-APC (BioLegend) to distinguish T cells from target cells. PKH26 dilution in CD3-immunopositive cells was used as a measure of proliferation.

In vitro cytotoxicity assays
HeLa cells were labeled with PKH26 dye, to distinguish the target cells from T cells. 3 × 104 labeled HeLa cells were co-incubated at 1:1, 1:5, 1:10, and 1:20 ratios with CAR T, Un-T, and Mock T cells for 18 h. Also, 1 μM of the A2aR antagonist SCH58261(Abcam, Cambridge, MA) in the presence and absence of 1 μM 5′-(N-ethylcarboxamido) adenosine (NECA- Adenosine receptor agonist) (Abcam). After 18 h of co-incubation, cells were stained with 7-AAD (Miltenyi Biotec) as a viability dye to exclude dead cells and analyzed by flow cytometry. PKH26 positive /7AAD positive population demonstrated dead tumor cells. To calculate the percentage of dead tumor cells, the percentage of spontaneous lysis of target cells which were incubated in the absence of effector cells, were subtracted from the percentage of target cells that were incubated with effector cells. FlowJo (v7.6.1) software was used for data analysis.

Flow cytometric analysis
Acquisition and analysis of all samples were performed on a BD FACSCalibur (BD Biosciences, San Jose, California) with FlowJo software (v7.6.1). All assays were done in triplicate and repeated three times.

Statistical analysis
Statistical analyses were performed using ANOVA followed by Tukey’s post hoc comparisons tests to show the difference among treatment groups. Differences were considered statistically significant when P < 0.05. Statistical analyses were performed with Prism 7 software.


Results
Generation of MSLN-CAR T cell and A2aR targeted MSLN-CAR T cell using lentiviral gene transfer
As alluded to earlier, in this study we aimed to combine the effects of mesothelin-targeting with diminished expression of A2aR adenosine receptors in CAR T cells. As described in materials and methods, four types of MSLN- CAR T cells were generated and analyzed: MSLN-CAR T cell; i.e. primary human T cells that were transduced with third generation lentiviral particles containing fully human anti mesothelin scFv, a CD8a hinge domain, human 4-1BB TM region, and an intracellular signaling domain containing 4-1BB and CD3ζ domains (Fig. 1a); and three groups of anti-A2aR shRNA-containing CAR T cells were also referred as A2aR.KD1-MSLN CAR T cells, A2aR.KD2-MSLN CAR T cells, and A2aR.KD3-MSLN CAR T cells (Fig. 1a). The other two T cell groups were also used as controls: un-transduced T cells (Un-T), i.e. T cells that passed all CAR T cell production procedures but were not transduced and Mock T cells; i.e. T cells that were transduced by an empty vector. The percentage of CAR expressing cells in all four types CAR T cells was similar, around 50% (Fig. 1b).
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Fig. 1Design and generation of MSLN-CAR T cells without and with A2aR knockdown. a Schematic representation of four types of second generation of CAR constructs. MSLN-CAR includes anti-mesothelin (MSLN) scFv, human CD8α-derived hinge, 4-1BB derived transmembrane (TM) domain and two intracellular domains including 4-1BB and CD3ζ. Three A2aR-KD1, 2 and 3-MSLN-CARs included all domains of MSLN-CAR plus an anti A2aR shRNA sequence after CD3ζ sequence. shRNA sequences were designed to target different segments of A2aR gene. b Flowcytometry histograms show the percentage of CAR expressing cells 4 days after transduction with the indicated MSLN-CAR-encoding lentiviral vectors at a MOI of ~ 7. The percentage of CAR positive cells is shown. MSLN-CAR: fully human anti mesothelin CAR, A2aR-KD-MSLN-CARs: A2aR-knocked down anti mesothelin-CAR; MOI: multiplicity of infection





Targeting the A2aR with shRNA leads to efficient A2aR knockdown in the MSLN-CAR T cell
To assess the effectiveness of shRNA-mediated knockdown of A2aR, cell surface expression of the receptors was examined in 6 different donors. Flow cytometry with an A2aR-specific antibody showed significant reduction in the percentage of A2aR expressing cells in KD1, KD2, and KD 3 MSLN-CAR T cells compared with MSLN-CAR T cells without shRNA (Fig. 2a). Average A2aR expression in primary T cells, activated Un-T cells, and four types of MSLN-CAR T cell from 6 donors is shown in Fig. 2b. We also found significant reduction in A2aR MFI in A2aR.KDs.MSLN-CAR T cells compared to MSLN-CAR T cells without shRNA (Fig. 2c). Furthermore, we measured A2aR expression on peripheral blood T cells before and after activation with anti CD3/CD28 beads using flowcytometry and also Mock T cell (Fig. 2a and b). The results showed low levels of A2aR expression in un-activated primary T cells in all donors; however, the levels were significantly enhanced following activation with anti CD3/CD28 beads. The percentage of A2aR positive cells showed a significant increase in T and MSLN-CAR T cells after stimulation with anti CD3/CD28 or target cells. There was also a significant increasing of A2aR expression in MSLN-CAR T and Mock T cell even before co-incubation with tumor cells compared to activated T cell (Fig. 2b). However, there was no significant increase in the number of A2aR positive cells in the A2aR.KD1, KD2 and KD3.MSLN-CAR T cell groups. When compared between groups, the percentage of A2aR positive cells was significantly lower in all three A2aR.KD.MSLN-CAR T groups compared with MSLN-CAR T cells (Fig. 2b). The best and weakest efficacy of knockdown belonged to A2aR-KD3 and A2aR-KD1 MSLN-CAR T cells respectively (Fig. 2b and c), but not as significantly (Fig. 2b). However, the A2aR.KD1 and KD3.MSLN were selected to analyze.
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Fig. 2Efficient A2aR knockdown in MSLN-CAR T cells by anti-A2aR shRNA. a Human peripheral T cells, Mock T, as well as 4 different groups of CAR T cells from 6 healthy donors were analyzed to determine the percentage of A2aR positive cells. All cells were evaluated before and after stimulation with indicated stimulators. Histogram plots represent percentage of A2aR positive T cell, Mock T cell and CAR T cells from one donor. b Bar graph represents the average value for A2aR positive peripheral T cells, Mock T cells and CAR T cells from all 6 donors with or without stimulation. c Quantification of mean fluorescence intensity (MFI) demonstrates a reduction in A2aR expression in A2aR.KD1, KD2, and KD3.MSLN-CAR T cells from 6 donors (MFI for MSLN-CAR T cell was set as 100%). * Intragroup comparison of A2aR positive cells before and after stimulation. # Intergroup Comparison of the average levels of the percentage of A2aR positive cells in MSLN-CAR T cell groups with A2aR.KD1, KD2 and KD3.MSLN-CAR T cell groups. ɸ Intergroup Comparison of the percentage of A2aR positive cells in stimulated T cells with stimulated MSLN-CAR T cell groups. P < 0.05 were considered as statistically significant calculated with one-way ANOVA with Tukeyʼs post-test for multiple comparisons. MSLN-CAR: fully human anti mesothelin CAR, A2aR-KD-MSLN-CARs: A2aR-knocked down anti mesothelin-CAR VCM: viruses containing media; MFI: mean fluorescence intensity. (*P < 0.05, ɸP < 0.05, ɸ ɸP < 0.01, ***P < 0.001, ###P < 0.001)





A2aR-targeting enhances proliferation potency of MSLN-CAR T cell
To investigate the functionality of generated CAR T cells as well as the effects of reduced A2aR expression on their behavior, this study examined the proliferative response of these cells when exposed to mesothelin-expressing HeLa cells, in the presence or absence of adenosine receptor signaling. To this end, all T cell groups were labeled with PKH26 dye, and then co-incubated with equal numbers of mitomycin-treated HeLa cells for 3 days with or without 1 μM of NECA (Fig. 3a and b).
[image: A13046_2020_1546_Fig3_HTML.png]
Fig. 3A2aR-knockdown enhances proliferation potency of MSLN-CAR T cell. a, b 2 × 105 effector cells including PKH26-Labeled MSLN-CAR T, A2aR.KD1-MSLN.CAR T, A2aR.KD3-MSLN.CAR T, and also Mock T and Un-T as control cells were co-incubated with mitomycin C treated-Hela cell as mesothelin positive target cell at a 1:1 ratio for 72 h in the absence and presence of 1 μM NECA. Anti-CD3 staining was used to distinguish T cells from target cells. PKH dilution was used as a measure of cell proliferation. a Histograms display the percentage of divided effector cells. b Bar graphs show the average percent of proliferated effector cells in different conditions. Data are presented as mean ± SD from a representative experiment (n = 3). MSLN-CAR: fully human anti mesothelin CAR; A2aR-KD-MSLN-CARs: A2aR-knocked down anti mesothelin-CAR; NECA: 5′-(Nethylcarboxamido) adenosine; SD: standard deviation. (***P < 0.001)




As expected, proliferation levels in all groups of T cells were minimal when exposed to culture medium alone or culture medium containing NECA (Fig. 3b, left columns), as well as, Nalm-6 cell (as mesothelin-negative cell line) (data not published).
When exposed to HeLa cells, control T cells (Un-T and Mock T) did not show any significant response, and proliferation levels were basically the same as the background levels. However, MSLN-CAR T cells as well as A2aR.KD1 and KD3 MSLN-CAR T cells showed a substantial response when exposed to HeLa cells, with the percentage of PKH26 low cells reaching up to 40–50% of the entire cell population (Fig. 3b). To investigate CAR T cells behavior in the presence of active adenosine receptor signaling, a condition which occurs in the adenosine-rich TME, CAR T cells were co-cultured with HeLa cells in the presence of 1 μM of NECA. Presence of NECA significantly reduced the proliferative response of MSLN-CAR T cells, a finding which was consistent with previous reports of adenosine-mediated T cell suppression [13]. Interestingly, A2aR KD1 and KD3 CAR T cells were highly resistant to this suppressive effect, demonstrating significantly higher proliferation levels compared to MSLN CAR T cells. Indeed, percentage of PKH26 low T cells in A2aR.KD1 and KD3 groups were almost the same as in cells exposed to HeLa cells in the absence of NECA..

A2aR knockdown protects CAR T cell cytotoxic function from negative effects of adenosine signaling
We next analyzed the effect of A2aR knockdown on cytotoxic capacity of MSLN-CAR T cells in the presence or absence of adenosine signaling. Experiments were performed at 1:1, 5:1, 10:1, and 20:1 effector: target cell ratios. The highest level of cytotoxicity was observed at a 20:1 ratio. As expected, all types of MSLN-CAR T cells revealed significantly higher cytotoxic activity compared to Mock T and Un-T even at the lowest target: effector ratios. Also, in exposure to Nalm-6 cell, no significant cytotoxicity function of CAR T cells was seen (data not published).
Different MSLN-CAR T cells were not significantly different in their cytotoxic function in the absence of NECA. However, in the presence of NECA, the killing function of MSLN-CAR T cell was significantly reduced. Interestingly, A2aR.KD1 and KD3-MSLN CAR T cells did not show any significant reduction in cytotoxic function in the presence of NECA (Fig. 4a and b).
[image: A13046_2020_1546_Fig4_HTML.png]
Fig. 4A2aR knockdown prevents inhibition of MSLN-CAR T cell cytotoxicity in the presence of A2aR agonist. a Representative flowcytometry histograms show the cytotoxic capacity of MSLN-CAR, A2aR.KD1 and KD3.MSLN-CAR T cell and two controls (Un-T cells and Mock T cells from one donor). 5 × 104 effector cells were mixed with PKH26-labeled HeLa cells as the target at 4 ratios (effector: target) including 1:1, 5:1, 10:1 and 20:1 in the absence or presence of 1 μM NECA A2aR agonist. b Line plots display average percent of dead target cells in three independent experiments. MSLN-CAR: fully human anti mesothelin CAR; A2aR-KD-MSLN-CARs: A2aR-knocked down anti mesothelin-CAR; NECA: 5′-(Nethylcarboxamido) adenosine; SD: standard deviation. (**P < 0.01, ***P < 0.001)





MSLN-CAR T cell cytokine production is enhanced by A2aR knockdown
The cytokine production was assessed for different groups of MSLN-CAR T cells. ELISAs were performed for IFN-γ, IL-2 and TNF-α, three key cytokines in cell therapy. Cytokine levels were measured and compared for each group in the presence or absence of NECA (within-group comparison), and also compared cytokine levels between MSLN-CAR T cells and A2aR.KD1 and KD3 MSLN-CAR T cells (Intergroup comparison) (Fig. 5).
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Fig. 5A2aR knockdown provides sustained cytokine secretion by MSLN-CAR T cells in the presence of an A2aR agonist. Mock, MSLN-CAR and A2aR.KD1 and KD3.MSLN-CAR T cells were co-incubated with Hela cells in a 1:1 ratio or incubated in media, in the absence or presence of 1 μM NECA. The supernatant was harvested after 24 h and IFN-γ (a), TNF-α (b) and IL-2 (c) concentrations were measured by ELISA. Data are shown as mean ± SD. The results are representative of three independent experiments. *P < 0.05 by one-way ANOVA with Tukeyʼs post-test for multiple comparisons. IL: interleukin; MSLN-CAR: fully human anti mesothelin CAR; A2aR-KD-MSLN-CARs: A2aR-knocked down anti mesothelin-CAR; NECA: 5′-(Nethylcarboxamido) adenosine; SD: standard deviation. (*P < 0.05, **P < 0.01, ***P < 0.001)




Consistent with our previous results, exposure of cells to the culture medium alone or culture medium containing NECA led to minimal cytokine production (Fig. 5a, b, and c left side columns). Exposure of CAR T cells to HeLa cells led to significant induction of IFN-γ (Fig. 5a), TNF-α (Fig. 5b) and IL-2 (Fig. 5c) by all MSLN-CAR T cells, while the levels were minimal in control Un-T and Mock T cells. There was no significant difference in IFN-γ and TNF-α levels between three groups of CAR T cells (Fig. 5a and b). That said, IL-2 levels were higher in A2aR.KD3-MSLN CAR T cells compared to MSLN-CAR T cells.
We next examined cytokine levels in the supernatants of CAR T cells exposed to HeLa cells in the presence of 1 μM of NECA. NECA treatment led to diminished production of IFN-γ, TNF-α and IL-2 by MSLN-CAR T cells compared with MSLN-CAR T cells in the absence of adenosine agonists (Fig. 5a, b, and c). Interestingly, A2aR.KD1 and KD3 MSLN-CAR T cells maintained their robust cytokine response even in the presence of NECA (Fig. 5a, b, and c).

shRNA targeting of A2aR compared to with A2aR antagonist exhibits more potent effect on MSLN-CAR T cell functions
In this study, we decided to compare the efficacy of A2aR shRNA-knockdown with A2aR antagonist (SCH58261) on the MSLN-CAR T cell function (Fig. 6). To this end, all three tested functions (proliferation, cytokine production and cytotoxicity) of MSLN-CAR T cells were done in the presence of 1 μM SCH58261 and 1 μM NECA. Findings revealed a significant positive effect for SCH58261 on MSLN-CAR T cell proliferation (Fig. 6a). Again, SCH58261 significantly enhanced cytokine production by MSLN-CAR T cells compared to cells that had not been treated with the antagonist. The level of up-regulation in cytokine production was similar to A2aR.KD1 and KD3-MSLN CAR T cell groups (Fig. 6b). Despite the effect on proliferation and cytokine production, and unlike shRNA knockdowns, SCH58261 treatment did not show any notable effects on the cytotoxic function on MSLN-CAR T cells (Fig. 6c).
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Fig. 6A2aR knockdown outperforms an A2aR antagonist (SCH58261) on MSLN-CAR T cell functions in the presence of an A2aR agonist. Functional analysis of MSLN-CAR T cell including a proliferation, b cytokine production (IL-2, IFN-γ and TNF-α), and c cytotoxicity were performed in the presence of 1 μM A2aR antagonist (SCH58261) and 1 μM NECA. Data are representative of three independent experiments and are shown as mean ± SD. P < 0.05 were considered statistically significant. IL: interleukin; MSLN-CAR: fully human anti mesothelin CAR; NECA: 5′-(Nethylcarboxamido) adenosine; ns: Non-significant; SD: standard deviation. (**P < 0.01, ***P < 0.001)






Discussion
Targeting components of adenosinergic pathway including ectonucleotidases (CD73, CD39) and adenosine receptors has been investigated in cancer-immunotherapy [14–16]. Blocking the effects of adenosine on T cells has been achieved by pharmacological agents, antibodies and molecular methods [17–22]. In the current study, the effects of A2aR gene knockdown and pharmacologic inhibition on MSLN-specific CAR T cells were investigated. We generated MSLN-specific CAR T cells which expressed anti-A2aR shRNAs to knockdown the receptor and an A2aR-specific antagonist to pharmacologically block its function. To simulate TME, we evaluated the function of MSLN-CAR T cells in the presence of adenosine analog, NECA. As expected, adenosine signaling suppressed various aspects of MSLN-CAR T cell function. Targeting A2aR expression by shRNAs led to enhanced proliferation, cytokine production and cytotoxic functions of MSLN-CAR T cells. A2aR pharmacological antagonist also showed similar effects on proliferation and cytokine production, but not cytotoxic ability of the cells.
Numerous studies have shown that adenosine signaling through A2aR negatively regulates T cell function [4, 20, 23] A2aR activation by adenosine has been shown to diminish IL2-dependent proliferation of T cells, induce T-cell anergy and promote the generation of regulatory T cells [24, 25]. These effects are likely mediated by suppression of TCR-mediated signaling through JunB/AP-1, ZAP-70 and ERK1/2 [26, 27]. Adenosine signaling also attenuates T cell cytotoxicity and cytokine production [8]. Enhanced adenosine signaling on T cells could be a consequence of two independent phenomena; increased levels of extracellular adenosine, caused by hypoxic conditions and altered cellular metabolic activity, and increased expression of the receptor as an immune checkpoint molecule on T cells due to activation of the cells following antigen recognition [13, 20, 28]. It is less clear that ex vivo manipulation of T cells used in cancer immunotherapy can influence the expression of A2aR and other inhibitory receptors prior to their administration. In our study, we observed a significant increase in the levels of A2aR on T cells following activation with anti CD3/CD28 (first stimulation). This initial activation is required for efficient transduction during CAR T cell production. Moreover, A2aR-expression was further up-regulated after transduction with lentiviral vectors and co-incubation with target cells. Considering its inhibitory effects, A2aR up regulation might lead to the suppression of CAR T cells even before their exposure to target cells.
Consistent with previous findings with regard to A2aR checkpoint activity [29, 30], A2aR targeting by shRNAs expressed from the CAR construct improved the proliferative response as well as cytotoxic activity of MSLN-CAR T cells in the presence of NECA. This was associated with enhanced production of TNF-α and IFN-γ, cytokines which are indicative of differentiation towards a Th1 [31]. phenotype. IFN-γ influences cytotoxicity of T cells and TNF-α can augment TCR-dependent activation including IL-2 signaling, cell proliferation and cytokine production [32–34]. Pharmacological inhibition of A2aR also reversed the NECA-induced suppression in T cell proliferation and cytokine production. However, it had no effect on decreased cytotoxic function, indicating that molecular targeting of A2aR might be superior to pharmacological inhibition in augmenting CAR T cell activity. Moreover, stable expression of a shRNA sequence ensures constant downregulation of A2aR receptor after infiltration of T cells to the TME, whereas the concentrations of a systemically-administered inhibitor might not reach sufficient levels in tumor tissue.
Another aspect of A2aR signaling which is relevant to cancer immunotherapy is the role of this receptor in promoting the differentiation of regulatory T cells [35]. Factors which might influence the differentiation of Tregs are particularly important in the outcome of tumor immunotherapy, as these cells affect all aspects of anti-tumor response including monocyte/macrophage differentiation, antigen presentation and CD4/CD8 T cell activity. Adenosine and its analogs enhance the production of CD25+ FoxP3+ Tregs and augment their immunoregulatory activity, effects which are mostly mediated by A2aR [25]. Whether CAR T cells which express 4-1BB intracellular domains are sensitive to Treg-promoting signals of A2aR is not clearly known [36]. In this study, we did not evaluate Treg markers before or after exposure to NECA and A2aR knockdown/inhibition. Nonetheless, some of the effects observed after A2aR knockdown (e.g. enhanced proliferation and/or cytotoxic activity) might have been due to suppressed Treg-promoting signal transduction.

Conclusion
Altogether, the findings of this study demonstrated that A2aR knockdown could have a positive effect on the functionality of MSLN-CAR T cells. Increased expression of A2aR was detected in T cells in different stages of study; i.e.; activation of primary T cells, transduction of activated T cells and exposure to target cells. It seems that CAR T cell production protocols make these cells liable to inhibitory signals. This is an important finding which should be strongly considered in preparation of CAR T cells for clinical applications. Developing new protocols which do not require prior activation might be helpful in generating more potent CAR T cells. A2aR.KD-MSLN CAR T cells seem to have the potential to be used in solid tumor immunotherapy, nonetheless, their activity must be evaluated in vivo and preferably in combination with other immune-check point inhibitors.
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