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Editorial on the Research Topic 


γδ T Cells in Cancer


Since the discovery of γδ T cells, this rare and unique component of the immune system has been recognized for its potential in cancer immunology and immunotherapy. In the mid-1980s, it became clear that a major component of adaptive immune responses is the ability of T cell receptors (TCR) to undergo somatic recombination in order to recognize multiple antigens. TCRs consisting of either αβ and γδ chains were discovered in rapid succession (1–6). An important observation was made in these initial studies: γδ T cells stimulated through their TCR are able to kill cancer cells (2). Over these past decades, researchers have learned that γδ T cells share many similarities with αβ T cells, as well as major differences. However, discoveries in γδ T cell biology have failed to keep the same pace as αβ T cell biology. The molecular targets of γδTCRs and functions of these cells have largely eluded researchers, partly because γδ T cell recognition of cancer cells and their response kinetics are very different to αβ T cells (7, 8). Recent years have seen major advances in γδ T cell biology and established the non-redundancy of this lymphocyte subset, particularly in the context of cancer (9–11). γδ T cells are being used as cellular vehicles to target tumors and prognostic indicators of cancer progression. The aim of the articles collected in this Research Topic is to describe new developments and approaches to enhance the anti-tumor functions of γδ T cells, and to discuss how expression of their ligands can assist with prognosis of cancer patients.

Given the robust ability of γδ T cells to kill cancer cells, various strategies to enhance their cytotoxic behavior are being pursued in the laboratory. The Vγ9Vδ2 cell subset in humans recognizes transformed cells with dysfunctional metabolism, primarily through the up-regulation of phosphoantigens stemming from abnormalities in the mevalonate pathway. One of the best studied phosphoantigens is isopentenyl pyrophosphate (IPP), which activates a receptor complex in cancer cells consisting of butyrophilin (BTN)-3A1 and BTN2A1 (12, 13). However, very little information exists on how this receptor complex is presented on the cell surface and its other interacting partners. Laplagne et al. report on the importance of the GTPase, RhoB, in regulating BTN3A1 presentation on the cell membrane. They observed that the differential susceptibility of lung tumor cell lines to Vγ9Vδ2 T-cell killing correlated with differential subcellular and plasma membrane distribution of RhoB. There are a few methods to increase Vγ9Vδ2 cell recognition of cancer cells, primarily via boosting the IPP-activated BTN3A1/BTN2A1 complex. Bisphosphonate drugs increase accumulation of IPP making cancer cells more susceptible to Vγ9Vδ2 cell killing, but these drugs also induce proliferation of Vγ9Vδ2 cells in culture. Okuno et al. report on a newly synthesized bisphosphonate drug, pivaloyloxymethyl 2-(thiazole-2-ylamino)ethylidene-1,1-bisphosphonate (PTA), that both expands Vγ9Vδ2 cells and increases their ability to recognize cancer cells.

γδ T cells are also being equipped with chimeric antigen receptors (CAR) for hematological and epithelial-derived malignancies. Most likely, γδ CAR T cells will associate with a lower risk of cytokine release syndrome as reported for NK CAR cells. Whether γδ CAR T cells will overcome the scarce infiltration of tumors by classical αβ CAR T cells remains to tested and might depend on the type of γδ T cells (i.e. Vδ1 cells versus Vδ2 cells), which have naturally different homing tissues. Rozenbaum et al. describe a new expansion protocol that generates high numbers of pure (> 99%) γδ T cells which could be efficiently transduced with CAR constructs. CD19-directed γδ CAR T cells efficiently killed CD19+ leukemic cells in vitro and in vivo. To test these various strategies whose goal is augment γδ T cell cytotoxic function, a variety of pre-clinical models are used that evaluate killing efficacy, but these models come with their own challenges. Joalland and Scotet summarize the advantages and disadvantages of the most commonly used pre-clinical models in γδ T cell immunotherapy. In addition to the use of immunodeficient mice transplanted with human tumor cells and γδ T cells, they also discuss the urgent need for improved animal-free in vitro models such as spheroids and organoids.

Another outstanding question in the field is how γδ T cell function may be suppressed by tumors. Siegers et al. show that an embryonic-associated molecule, called NODAL, expressed by breast cancer cells, impacts γδ T cell function. In human breast tumors, γδ T cells are found in close proximity to NODAL+ cancer cells. Through gain-of-function and loss-of-function experiments, the authors report that NODAL expression on breast cancer cell lines reduces γδ T-cell cytotoxicity. Gonnermann et al. describe a novel immunosuppression pathway in pancreatic cancer, where Galectin-3 secreted by cancer cells inhibits γδ T cell proliferation via α3β1 integrin. Interestingly, the cytotoxic activity of γδ T cells was not impaired by Galectin-3.

This Research Topic includes two clinical trials. One trial investigated the ability of β-adrenergic receptor activation to mobilize γδ T cells into the peripheral blood of test subjects. Baker et al. found that drugs antagonizing the β-adrenergic receptor pathway not only prevent γδ T cell accumulation in blood, but that this pathway is also important for γδ T cell expansion ex vivo. These data suggest that β-adrenergic receptor agonists may improve expansion protocols or γδ T cell cytotoxic function. The second clinical trial included 46 children with acute leukemia that received hematopoietic stem cell transplantation of αβTCR/CD19-depleted haploidentical grafts. Merli et al. tested the ability of the bisphosphonate drug, zoledronic acid, to counteract graft-versus-host-disease in these patients, and they show that zoledronic acid is well tolerated. Moreover, the children that received more doses of zoledronic acid had a better outcome than the children receiving fewer doses.

Finally, two articles in this collection discuss the importance of γδ T cell ligands in cancer immunotherapy. Bartish et al. summarize the role of immunosuppressive molecules that contain sugar residues as well as the relationship between these glyco-molecules and γδ T cells, highlighting opportunities for intervention. Wang et al. wrote a meta-analysis on publications pertaining to the BTN family. In this review, the authors also provide prognostic data for several BTN family members in lung adenocarcinoma and lung squamous cell carcinoma.

Together, this Research Topic features new developments in γδ T cell cancer immunotherapy, providing insight into mechanisms that both increase and suppress their effector functions. Finding the right patient population in which to manipulate these pathways and exploit this new information may be key to counteracting cancer.
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TCR-gamma delta (γδ) T-cells are considered important players in the graft-vs.-tumor effect following allogeneic hematopoietic cell transplantation (alloHCT) and have emerged as candidates for adoptive transfer immunotherapy in the treatment of both solid and hematological tumors. Systemic β-adrenergic receptor (β-AR) activation has been shown to mobilize TCR-γδ T-cells to the blood, potentially serving as an adjuvant for alloHCT and TCR-γδ T-cell therapy. We investigated if systemic β-AR activation, using acute dynamic exercise as an experimental model, can increase the mobilization, ex vivo expansion, and anti-tumor activity of TCR-γδ T-cells isolated from the blood of healthy humans. We also sought to investigate the β-AR subtypes involved, by administering a preferential β1-AR antagonist (bisoprolol) and a non-preferential β1 + β2-AR antagonist (nadolol) prior to exercise as part of a randomized placebo controlled cross-over experiment. We found that exercise mobilized TCR-γδ cells to blood and augmented their ex vivo expansion by ~182% compared to resting blood when stimulated with IL-2 and ZOL for 14-days. Exercise also increased the proportion of CD56+, NKG2D+/CD62L–, CD158a/b/e+ and NKG2A− cells among the expanded TCR-γδ cells, and increased their cytotoxic activity against several tumor target cells (K562, U266, 221.AEH) in vitro by 40–60%. Blocking NKG2D on TCR-γδ cells in vitro eliminated the augmented cytotoxic effects of exercise against U266 target cells. Furthermore, administering a β1 + β2-AR (nadolol), but not a β1-AR (bisoprolol) antagonist prior to exercise abrogated the exercise-induced enhancement in TCR-γδ T-cell mobilization and ex vivo expansion. Furthermore, nadolol completely abrogated while bisoprolol partially inhibited the exercise-induced increase in the cytotoxic activity of the expanded TCR-γδ T-cells. We conclude that acute systemic β-AR activation in healthy donors markedly augments the mobilization, ex vivo expansion, and anti-tumor activity of TCR-γδ T-cells and that some of these effects are due to β2-AR signaling and phenotypic shifts that promote a dominant activating signal via NKG2D. These findings highlight β-ARs as potential targets to favorably alter the composition of allogeneic peripheral blood stem cell grafts and improve the potency of TCR-γδ T-cell immune cell therapeutics.

Keywords: exercise immunology, beta-blockers, gamma-delta t-cells, exercise, adoptive transfer immunotherapy


INTRODUCTION

TCR-γδ T-cells comprise 1–5% of the total peripheral blood T-cell pool and predominantly recognize non-classical MHC class I molecules and unconventional antigens such as phosphorylated microbial metabolites and lipids (1). They share properties with NK-cells in that they are capable of killing malignant cells in a non-MHC-restricted manner (2, 3) and have emerged as important players in allogeneic hematopoietic cell transplantation (alloHCT) and immune cell therapy. Prospective studies have shown that the magnitude of TCR-γδ T-cell reconstitution after alloHCT is inversely associated with the incidence of infection (4) and graft-vs.-host disease (GvHD) (5), and is positively associated with leukemia-free and event-free survival (6). The identification of TCR-γδ T-cells as non-alloreactive lymphocytes with potent anti-viral and anti-tumor properties has also seen TCR-γδ T-cells emerge as promising candidates for immunotherapy. The adoptive transfer of ex vivo expanded TCR-γδ T-cells has been used successfully to evoke graft- vs.-tumor (GvT) effects against liquid cancers (after alloHCT) such as leukemias and multiple myeloma, and against solid tumors such as renal cell carcinoma, melanoma, and lung cancer (7).

The most widely used method for activating and expanding TCR-γδ T-cells in vivo and ex vivo is through stimulation with IL-2 and aminobisphosphonates, such as Zoledronate, which preferentially expands the Vγ9Vδ2 subtype (8). However, post-HCT ZOL+IL-2 therapy fails to expand TCR-γδ cells in vivo to levels associated with increased survival in ~58% of alloHCT patients (9), while the ex vivo expansion of Vγ9Vδ2 with ZOL+IL-2 for adoptive transfer therapy is sometimes unsuccessful due to low numbers of TCR-γδ T-cells in peripheral blood (10). It is important, therefore, to find new ways of mobilizing TCR-γδ T-cells to enrich peripheral blood hematopoietic stem cell grafts prior to transplant, and also to augment TCR-γδ responses to ZOL+IL-2 both in vivo and ex vivo (9, 11).

One potential target to increase TCR-γδ T-cell mobilization and expansion is the β-adrenergic receptor (β-AR). Indeed, models of systemic β-AR activation in humans such as dynamic exercise, psychosocial stress, and β-agonist (isoproterenol) infusion have been shown to mobilize large numbers of TCR-γδ T-cells to peripheral blood (12–14). While the β-AR could serve as a therapeutic target to increase the proportion of TCR-γδ T-cells in peripheral blood stem cell grafts (e.g., by administering a β-AR agonist to G-CSF mobilized donors), it is not known if systemic β-AR activation will alter the responsiveness of TCR-γδ T-cells to ZOL+IL-2 ex vivo or alter the ability of the expanded cells to recognize and kill tumor targets. Moreover, the β-AR subtype (β1 vs. β2) responsible for their mobilization to the blood and potential augmented expansion and anti-tumor activity is not known.

The aim of this study was to determine if systemic β-AR activation, using acute dynamic exercise as an experimental model, can increase the mobilization, ex vivo expansion, and anti-tumor activity of TCR-γδ T-cells isolated from the blood of healthy humans. We also sought to determine the β-AR subtypes involved, by administering a preferential β1-AR antagonist (bisoprolol) and a non-preferential β1 + β2-AR antagonist (nadolol) prior to exercise in a randomized placebo controlled cross-over experiment. We show for the first time that systemic β-AR activation in vivo augments the mobilization, ex vivo expansion, and anti-tumor activity of TCR-γδ T-cells, and that some of these effects are largely mediated by β2-AR signaling and exercise-induced phenotypic shifts that promote a dominant activating signal via NKG2D.



METHODS


Participants

Fourteen (2 females) healthy cyclists (height: 176.44 ± 2.85 cm, body mass: 77.84 ± 6.91 kg; age: 29.9 ± 6.1 years) volunteered for the first part of this study (Part 1). Participants were excluded if they regularly used any immune modulating medications or tobacco products within the last 6-months, had diagnosed asthma or symptoms of undiagnosed asthma, or had elevated blood pressure, fasting glucose, or fasting cholesterol above normal limits. Participants were required to participate in at least 1–3 h of vigorous exercise per week, corresponding to a score of 5–7 on the Jackson et al. Physical-Activity Rating scale (15). All participants were required to abstain from caffeine consumption and vigorous exercise for 24 h prior to each visit and to arrive at the laboratory following an overnight (8–12 h) fast having consumed only water during this time. A sub-group (n = 6; 2 females) of the participants (height: 173.79 ± 9.46 cm, body mass: 72.48 ± 7.84 kg; age: 27.2 ± 3.7 years) also volunteered for the second part of the study (Part 2), which involved taking orally administered β-blockers or placebo prior to exercise. The physiological responses to exercise in the Part 1 group and the Part 2 subgroup are shown in Table 1. All experimental procedures were performed at the Laboratory of Integrated Physiology at the University of Houston and all exercise tests were performed between 07:00 and 10:00. Each participant provided written informed consent and the Committee for the Protection of Human Participants (CPHS) at the University of Houston approved the study.


Table 1. Exercise performance and physiological measures of the participants in Part 1 (n = 14) and Part 2 (n = 6).
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Experimental Design

The individual blood lactate threshold (BLT) was determined for each participant using a discontinuous graded exercise protocol we have previously described (16). Participants used either their personal road bike mounted to an indoor cycling ergometer (Computrainer, RacerMate Inc., Seattle, W.A.) or a stationary ergometer provided by the laboratory (Velotron, RacerMate Inc.). For the main exercise trial (Part 1), participants completed a 30-min bout of steady state cycling at a power output corresponding to +10 to +15% of their breakpoint BLT (17). Blood was collected before exercise (Pre-Ex), immediately upon exercise cessation (Post-Ex), and 1 h after exercise completion (1 h-Post). Participants who volunteered for the Part 2 component were asked to visit the laboratory on 5 separate occasions at the same time of day with a period of 7-days interspersed between visits. Participants performed a steady state bout of cycling exercise at a power output corresponding to +10% of the individual BLT 3 h after ingesting: (1) 10 mg bisoprolol (preferential β1-AR antagonist), (2) 80 mg nadolol (non-preferential β1+/β2+AR antagonist), or (3) a placebo. Blood samples were collected immediately prior to drug/placebo ingestion (baseline), 3 h later under resting conditions (Pre-Ex), immediately upon cessation of exercise (Post-Ex), and 1 h after exercise completion (1 h Post-Ex). The tablets were administered in a double-blind fashion and the trials were performed using a block randomization design.



Blood Sampling and Exercise Measures

All intravenous blood samples were collected from an antecubital vein using standard phlebotomy (BD Vacutainer Safety-Lok) and vacutainer tubes spray-coated with sodium-heparin or K2EDTA (BD Vacutainer Safety-Lok). The K2EDTA tube was used to determine complete blood counts using an automated hematology analyzer (Mindray BC-2800, Nanshan, Shenzen, PR China) and the sodium-heparin tubes for the isolation of peripheral blood mononuclear cells (PBMCs), immunophenotyping, and ex vivo expansion of TCR-γδ T-cells. All resting blood samples were collected from the participant following a 10-min period of seated rest. Participants completed a standardized 10-min warm up (< -10% BLT) prior to engaging in the prescribed exercise intensity and were instructed to maintain a consistent pedaling cadence across all exercise trials The Post-Ex blood sample was collected within 3 min of exercise cessation to ensure the mobilized TCR-γδ T-cells were captured (18). Heart rate and respiratory gas exchange were monitored at rest and continuously during exercise by telemetry and indirect calorimetry (Quark CPET, COSMED, Pavona di Albano Laziale, Italy). Ratings of perceived exertion (RPE; Borg Scale) were recorded at rest and every 5-min during exercise. Capillary blood lactate concentration (P-GM7 Micro-Stat Analyzer, Analox instruments Ltd., London, UK) and blood pressure (Part 2 only) were determined at rest and every 10-min during exercise.



Expansion of TCR-γδ T-Cells

The TCR-γδ T-cells expansion protocol was performed as previously described (8). Briefly, PBMCS were isolated from 10 mL of whole blood collected at Pre-Ex, Post-Ex, and 1 h-Post by density gradient centrifugation (Histopaque-1077, Sigma-Aldrich, St. Louis, MO, USA). PBMCs were counted by flow cytometry and seeded at a concentration of 1 × 106 cells/mL in a 24-well plate with culture media consisting of 100 IU/mL IL-2 and 5 μM of ZOL (Sigma-Aldrich,) in RPMI-1640 (Sigma-Aldrich) with 10% FBS (Sigma-Aldrich) and 1% penicillin streptomycin (Sigma-Aldrich). Media was changed every 3–4 days, with fresh culture media containing 100 IU/mL of IL-2 only (without ZOL). Cells were harvested after 14-days to determine number, phenotype, and function by up to 8-color flow cytometry (MACSQuant 10; Miltenyi Biotec Inc. Bergisch Gladbach, Germany). Expanded TCR-γδ T-cells were enumerated and 2 × 105 cells were labeled with appropriate combinations of the following antibodies, all purchased from eBioscience Inc. (San Diego, CA, USA) unless otherwise stated: CD8-FITC, Vδ2-FITC (BioLegend, San Diego, CA, USA), NKG2C Alexa Flour® 488 (R&D Systems, Minneapolis, MN, USA), CD62L-FITC, CD28-FITC, KLRG1-FITC, CD45RA-FITC, CD3-FITC, TCR-γδ-PE, CD4-PE, CD3-PE, NKG2A-PE (Beckman Coulter, Brea, CA, USA), NKG2D-PE (R&D Systems), CD57-PE, CD27-PE, CD158a-PE (Beckman Coulter), CD158b-PE (Beckman Coulter), CD18e-PE (Beckman Coulter), CD4-PerCP-Cyanine5.5, CD56-PE-Cyanin5.5, CD8-PerCP-Cyanine5.5, PD-1-PerCP-eFluor-710, TCR-γδ-PerCP (BioLegend), CD3-APC, CD56-APC, Vδ1-APC (Miltenyi), NKp30-APC (Biolegend), NKG2A-APC (Beckman Coulter).



TCR-γδ T-Cell Cytotoxicity Assay With and Without NKG2D Blockade

The HLA-deficient leukemia cell line K562 (ATCC: CCL-243), the HLA-expressing (group 1 HLA-C *0304,*0702) multiple myeloma cell line U266 (ATCC:TIB-196), and the 221.AEH (a HLA-E+ transfectant derived from the 721.221 lymphoma cell line) (19) were maintained as previously described and used as target cells for the cytotoxicity assay (16). On the day of the TCR-γδ T-cells cytotoxicity assay, 3 × 106 target cells were removed and labeled with anti-CD71-FITC and co-cultured with the expanded TCR-γδ T-cells at 0:1 (determine spontaneous death), 1:1, 5:1, 10:1, and 20:1 TCR-γδ T-cell: target cell ratios. All assays were conducted in the presence of RPMI-1640 with 10% FBS and 1% penicillin streptomycin and incubated at 37°C for 4 h in a humidified CO2 incubator. Flow cytometry was used to determine TCR-γδ T-cell cytotoxic activity following similar methods we have described previously for NK-cells (20). TCR-γδ T-cell cytotoxic activity was calculated as specific lysis (% total lysis – % spontaneous death) and lytic index (number of dead target cells per 100,000 TCR-γδ T-cells). To block activation of TCR-γδ T-cells through the NKG2D receptor, TCR-γδ T-cells were incubated with either media alone, an REA isotype control, or an anti-NKG2D monoclonal antibody (REA, clone REA797) for 30 min prior to performing the TCR-γδ T-cell cytotoxicity assay. Finally, NKG2D ligands were measured on K562 and U266 cells lines using monoclonal antibodies against the following targets: MICA/MICB (Miltenyi), ULBP-2/5/6 (R&D Systems), ULBP-1 (R&D Systems), and ULBP-3 (R&D Systems).



Statistical Analysis

All statistical analyses were completed using SPSS (v24.0, IBM, Chicago, IL). Maximum Likelihood, linear mixed models (LMM) were used to analyze the numeric changes in expansions, cytotoxicity, and phenotypes. The LMM allowed for modeling the dependencies within persons from having multiple measures per person. For Part 1, the model included main effects for exercise time (Pre-Ex, Post-Ex, and 1 h-Post). The effect of NKG2D blockade on TCR-γδ T-cell killing against U266 and K562 was determined by two-way repeated measures ANOVA that included main effects of exercise time (pre-ex and post-ex) and condition (media alone, isotype control, and anti-NKG2D). The model for Part 2 included main effects for exercise time and trial (placebo, bisoprolol, and nadolol), as well as an interaction effect for exercise time and trial. Planned contrasts were used a priori to determine overall time effects within each trial (placebo, bisoprolol, or nadolol), the location of the significant time effects (Pre-Ex, Post-Ex, and 1 h-Post), and significant differences across the three trials at each specified time point. All data are represented as the mean ± SD unless otherwise stated and significance was set at p < 0.05.




RESULTS


Acute Exercise Mobilizes TCR-γδ T-Cells in a β2-AR Dependent Manner

First, we examined the effect of exercise on the mobilization of TCR-γδ T-cells to the peripheral blood compartment (Table 2 and Figure 1A). The absolute number (p < 0.001; Table 2) and percentage (p < 0.001; Figure 1A) of TCR-γδ T-cells was elevated in blood Post-Ex compared to Pre-Ex and 1 h-Post (p < 0.01). When examining the effects of bisoprolol and nadolol on the mobilization of TCR-γδ T-cells after exercise relative to placebo, a main effect of exercise time (p < 0.001) and an interaction between exercise time and trial was found for both the absolute number and percentage of TCR-γδ T-cells among CD3+ T-cells (p < 0.01; Table 2 and Figures 2A,B). Planned contrasts showed that nadolol but not bisoprolol blunted the effects of exercise on TCR-γδ T-cell mobilization to the blood, indicating the mobilization of TCR-γδ T-cells is dependent on β2-AR signaling. Neither nadolol nor bisoprolol inhibited the exercise-induced mobilization of total lymphocytes, total CD3+ T-cells, or CD4+ T-cells. Significant time × trial interactions were found for the mobilization of CD8+ T-cells, CD3+/CD4–/CD8– T-cells, and NK-cells with the effect sizes for time were lowest in the nadolol trial (Table 2).


Table 2. The total number (cells/μL) of lymphocytes, CD3+ T-cells, CD4+ T-cells, CD8+ T-cells, CD4–/CD8– T-cells, Vγ9Vδ2 T-cells, and NK-cells (CD3–CD56+) before, immediately after, and 1 h after exercise for the participants in Part 1 (n = 14) and Part 2 (n = 6).
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FIGURE 1. Exercise augments the ex vivo expansion of Vγ9δ2 T-cells: (A) representative flow cytometry contour plots and histograms showing the effect of exercise on the proportions of Vγ9δ2 T-cells among total PBMCs at Day 0 and after 14-days expansion with ZOL+IL-2. Histogram events are adjusted to reflect the total number of cells isolated per μI of cell culture supernatant. (B) The total number of TCR-γδ cells in 1 × 106 PBMCs isolated before (Pre-Ex), immediately after (Post-Ex), and 1 h after exercise (1 h-Post) at Day 0, and the total number of TCR-γδ T-cells generated in the expanded cell products after 14-days stimulation with ZOL+IL-2. Significant differences were only determined within expansion period (Day 0 or 14) and not between. (C) The number of TCR-γδ cells generated at Day 14 divided by the number of TCR-γδ cells in the PBMC fractions at Day 0. (D) The cellular composition of the expanded TCR-γδ T-cell products at Day 14. (E) The proportions of naïve (N), central memory (CM), effector memory (EM), and CD45RA+ effector memory (EMRA) cells among total TCR-γδ T-cells. Values are mean ± SE (n = 14). Differences from Pre-Ex, Post-Ex, and 1 h-Post are indicated by *, $, and #, respectively (p < 0.05).
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FIGURE 2. β1 + β2-AR but not β1-AR blockade alone inhibits the mobilization and augmented ex vivo expansion of Vγ9δ2 T-cells in response to exercise. (A) Representative flow cytometry contour plots showing the effects of a β1 + β2-AR antagonist (nadolol) and a β1-AR antagonist (bisoprolol) on the mobilization of Vγ9δ2 T-cells with exercise. Values shown are the percentage of all CD3+ T-cells. (B) The total numbers of TCR-γδ T-cells in blood before and after exercise. After 14 days' expansion with ZOL+IL-2, (C) the total number, (D) the number of TCR-γδ cells generated at Day 14 divided by the number of TCR -γδ cells in the PBMC fractions at Day 0 and (E), percentage change in number of TCR-γδ T-cells expanded Post-Ex relative to baseline. The percentage of (F) CD3+ and (G) Vγ9Vδ2+ T-cells among the expanded cell products are shown. Values are mean ± SE (n = 6). Significant difference from Baseline/Pre-Ex/1 h-Post and the nadolol trial indicated by * and #, respectively (p < 0.05).




Acute Exercise Augments the ex vivo Expansion of TCR-γδ T-Cells and Is Dependent on β2-AR Signaling

We examined the effect of exercise on the expansion of TCR-γδ T-cells (Figure 1). As expected, a greater number of TCR-γδ T-cells were present in PBMCs isolated Post-EX compared to both Pre-Ex and 1 h Post-Ex PBMCs (p < 0.001; Figure 1B). Following 14-day's expansion with ZOL+IL-2, significantly more TCR-γδ T-cells were generated from the PBMCs collected Post-Ex compared to PBMCs collected at baseline/Pre-Ex and 1 h-Post (p < 0.001; Figure 1B). Also, PBMCs collected at 1 h-Post generated significantly more TCR-γδ T-cells than PBMCs collected at baseline/Pre-Ex (p < 0.05; Figure 1B). The number of TCR-γδ T-cells generated after 14-days from each TCR-γδ T-cell stimulated on Day-0 was highest from PBMCs collected at 1 h-Post compared to Pre-Ex and Post-Ex (p < 0.01; Figure 1C). The composition of the expanded TCR-γδ T-cells was primarily Vγ9Vδ2 T-cells (>93%) and exercise had no effect on the percentage and differentiation of Vγ9Vδ2 T-cells among the expanded cell products (p > 0.05; Figures 1D,E). When examining the effects of bisoprolol and nadolol relative to placebo on the expansion of TCR-γδ T-cells after exercise (Figure 2), a main effect of exercise time (p < 0.001) and an interaction between exercise time and trial was found (p = 0.018; Figures 2C,E). Planned contrasts showed that nadolol blunted the exercise-induced increase in TCR-γδ T-cell expansion but bisoprolol did not (Figure 2E). Neither nadolol nor bisoprolol affected the percentage of CD3+ T-cells, total TCR-γδ T-cells or Vγ9Vδ2 T-cells among the expanded cell products (Figures 2F,G).



Acute Exercise Drives Expanded TCR-γδ T-Cells Toward an Activated Phenotype With Anti-Tumor and Tissue Migration Potential

We performed a detailed phenotypic analysis of the expanded TCR-γδ T-cell products, focusing on the expression of surface markers associated with activation, inhibition, homing, differentiation, and exhaustion (Figure 3). We found that Post-Ex expanded TCR-γδ T-cells had higher proportions of CD56+ (p < 0.01), NKG2D+/CD62L– (p < 0.01), CD158b+ (p < 0.05), and CD158e+ (p < 0.05) and decreased proportions of NKG2A+ (p < 0.05), CD62L+ (p < 0.001), NKG2D+/CD62L– (p < 0.01) compared to Pre-Ex and 1 h-Post expanded TCR-γδ T-cells (Figure 3A). There was no effect of exercise (p > 0.05) on the proportions of TCR-γδ T-cells expressing PD-1, indicating that the augmenting effects of exercise did not drive the TCR-γδ T-cell product to exhaustion after 14-days expansion (Figure 3A). Administering nadolol but not bisoprolol prior to exercise inhibited the phenotypic shifts seen in the expanded TCR-γδ T-cell products, particularly for CD56+ (Figure 3B). Conversely, the proportion of Post-Ex NKG2D+/CD62L– expanded TCR-γδ T-cells was inhibited by administration of bisoprolol or nadolol prior to exercise (Figure 3B). These results indicate that exercise drives phenotypic changes within the expanded TCR-γδ T-cell products that are associated with increased cytotoxicity and tissue migration potential in a manner that is also dependent on β2-AR signaling.
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FIGURE 3. Exercise alters the surface phenotypes of ex vivo expanded TCR-γδ T-cells. (A) The percentage of CD56+, CD62L+, NKG2D+/CD62L+, NKG2D+/CD62L–, NKG2D+, NKG2A+, CD158a+, CD158b+, CD158e+, and PD-1+ cells among total TCR-γδ T-cells after 14-days expansion (n = 14). (B) The effects of administering a placebo, bisoprolol, or nadolol prior to exercise on the proportions of CD56+ and NKG2D+/CD62L– cells among total TCR-γδ T-cells after 14-days expansion (n = 6). Values are mean ± SE. Significant differences from baseline, Pre-Ex, and 1 h-Post are indicated by &,*, and #, respectively (p < 0.05).




Acute Exercise Augments the in vitro Cytotoxicity of the Expanded TCR-γδ T-Cell Products in a Manner That Is Dependent on Both β1-AR and β2-AR Signaling

We examined the function of expanded TCR-γδ T-cells by determining their in vitro cytotoxicity against three different tumor cells lines, K562, U266, and 221.AEH (Figure 4). The TCR-γδ T-cells expanded Post-Ex had increased cytotoxic activity against all tumor targets compared to TCR-γδ T-cells expanded at both Pre-Ex and 1 h-Post (p < 0.01; Figures 4A–C). This finding held true when data were expressed as specific lysis, lytic index, and total killing capacity (data not shown). The effects of nadolol and bisoprolol on the cytotoxicity of TCR-γδ T-cells expanded after exercise were assessed for the K562 and U266 cell lines only. Due to the small sample size and large intrasubject variability, these data are expressed as a percentage change in killing capacity of the Post-Ex expanded TCR-γδ T-cells compared to those expanded Pre-Ex (Figures 4D,E). Compared to placebo, nadolol abrogated the exercise-induced increase in the cytotoxic activity of the expanded TCR-γδ T-cell products against both the K562 and the U266 cell line. Bisoprolol was found to inhibit the exercise effects on the cytotoxic activity of the expanded TCR-γδ T-cells, but not to the same extent as nadolol. These findings indicate that TCR-γδ T-cells expanded immediately after exercise have increased anti-tumor activity compared to TCR-γδ T-cells expanded at rest and during the early (1 h-Post) stage of exercise recovery, and that the exercise effects are dependent on both β1-AR and β2-AR signaling.
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FIGURE 4. Exercise augments the anti-tumor activity of ex vivo expanded TCR-γδ T-cells in a manner that is dependent on both β1 and β2-AR signaling. The percentage of K562 (A), U266 (B), and 221.AEH (C) target cells killed by the expanded TCR-γδ T-cells at an E:T ratio of 10:1 following 14-days expansion with ZOL+IL-2 (n = 14). The effects of placebo, bisoprolol, and nadolol on the exercise-induced changes in specific lysis against K562 (D) and U266 (E) target cells following ex vivo expansion (n = 6). Values are mean ± SE. Differences from Pre-Ex are indicated by * and differences from 1 h-Post are indicated by #, p < 0.05. Differences from the nadolol trial are indicated by $, p < 0.05.




Exercise Increases TCR-γδ T-Cell Cytotoxic Activity Against U266 Target Cells Through NKG2D Dependent Signaling

A greater proportion of TCR-γδ T-cells expanded Post-Ex displayed an NKG2D+/CD62L– phenotype compared to those expanded at Pre-Ex. We, therefore, examined the effects of blocking the NKG2D receptor on TCR-γδ T-cells prior to performing the in vitro cytotoxicity assay against U266 and K562 tumor cells. NKG2D blockade on Pre-Ex expanded TCR-γδ T-cells did not alter cytotoxic activity against U266 cells (p > 0.05) but the enhanced cytotoxic effect of TCR-γδ T-cells expanded Post-Ex was abrogated by NKG2D blockade (p <0.05; Figure 5B). Blocking NKG2D had no impact on the exercise-induced increase in TCR-γδ T-cell cytotoxicity against K562 tumor cells (data not shown). Tellingly, the U266 cell line had a greater surface expression of the NKG2D ligands MICA/MICB, ULBP-1, and ULBP-3 compared to K562 cells (Figure 5A).
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FIGURE 5. Enhanced cytotoxic effect of exercise expanded TCR-γδ T-cells against U266 cells is dependent on NKG2D signaling. (A) The expression of NKG2D ligands, MICA/MICB, ULBP 3, ULBP 1, and ULBP 2/5/6 on U266 and K562 target cell lines. (B) The percentage of U266 cells killed by Pre-Ex and Post-Ex expanded TCR-γδ T-cells under 3 different conditions: no antibody (media), isotype control (REA), and anti-NKG2D. Values are mean ± SE. Differences from Post-Ex anit-NKG2D condition are indicated by &, p < 0.05.





DISCUSSION

TCR-γδ T-cells have emerged as an important subset of effector lymphocytes in allo-HCT and adoptive transfer immunotherapy due to their ability to attack a wide range of solid and hematological tumors without causing GvHD. However, the low frequency of TCR-γδ T-cells in the peripheral blood of healthy donors limits their therapeutic potential. We have demonstrated that systemic β-AR activation, using acute dynamic exercise as an experimental model, mobilizes TCR-γδ T-cells to the peripheral blood and, for the first time here, augments their ex vivo expansion and anti-tumor activity. These adjuvant effects of exercise were associated with certain phenotypic shifts and found to be largely dependent on β2-AR signaling, as they were abrogated by administering a β1 + β2-AR antagonist (nadolol) but not a β1-antagonist (bisoprolol) prior to exercise. These findings highlight the β2-AR as a potential therapeutic target to mobilize TCR-γδ T-cells in healthy alloHCT donors and to also increase the potency of TCR-γδ T-cell therapeutics.

Prior studies have demonstrated that systemic β-AR activation using either exercise or isoproterenol infusion, increases the number of circulating TCR-γδ T-cells 2–4-fold (12, 14). We have shown previously that exercise has potent adjuvant effects on the mobilization and ex vivo manufacture of viral specific T-cells and were interested to evaluate whether these findings extend to TCR-γδ T-cells also (21–23). This is particularly pertinent as TCR-γδ T-cell reconstitution after alloHCT has been associated with improved leukemia free survival and protection against GvHD (4–6). The ex vivo manufacture and adoptive transfer of TCR-γδ T-cells are being applied to elicit GvT effects in alloHCT recipients and in the treatment of solid tumors such as renal cell carcinoma, melanoma, lung cancer, and neuroblastoma (7). We determined that just 30-min of intensity-controlled exercise increased the numbers of TCR-γδ T-cells in peripheral blood almost 3-fold (~Δ 73 cells/μL). This allowed us to manufacture 2-times more TCR-γδ T-cells from blood samples collected during exercise compared to rest. Moreover, the TCR-γδ T-cells expanded after exercise had a greater surface expression of several activating receptors, a lowered expression of inhibitory receptors, and were found to have superior cytolytic activity in vitro against various tumor targets than TCR-γδ T-cells expanded at rest. The limited therapeutic application of TCR-γδ T-cells to date has been attributed to low circulating numbers in healthy transplant donors (1–5% of blood lymphocytes) (8). This results in low numbers of TCR-γδ T-cells in peripheral blood stem cell grafts of G-CSF mobilized donors, which could be partially responsible for poor TCR-γδ T-cell reconstitution in alloHCT patients posttransplant (4, 24). Using systemic β-AR activation to enrich G-CSF mobilized peripheral blood stem cell grafts with TCR-γδ T-cells could also improve ex vivo graft engineering methods such as TCR-αβ+CD19 depletion (25), which are designed to protect against GvHD and EBV-induced lymphoproliferative disease but retain TCR-γδ T-cells and NK-cells in the graft to maintain anti-tumor activity. This could help overcome some reported limitations with this method such as graft failure and poor immune reconstitution, which leads to an increased incidence of relapse and infection (26). Moreover, although ZOL+IL-2 has been used to expand TCR-γδ T-cells (Vδ2 subset) in vitro and in vivo, TCR-γδ T-cells respond poorly to ZOL+IL-2 in some patients and donors (8, 10, 27–30). The current findings indicate that systemic β-AR activation is a simple, economical, and effective adjuvant for the potential enrichment of peripheral blood stem cell grafts with TCR-γδ T-cells, and also for increasing their responsiveness to exogenous cytokines and phosphoantigens such as ZOL+IL-2. This could be effective, not only for the ex vivo manufacture of TCR-γδ T-cell products shown here, but also for expanding TCR-γδ T-cells in vivo following alloHCT using subcutaneous ZOL+IL-2 injections.

Our finding that the adjuvant effects of exercise are largely dependent on β2-AR signaling has important practical applications as it might allow us to further optimize potential pharmaceutical interventions for mobilizing and expanding TCR-γδ T-cells in healthy donors. Administering a preferential β1-AR antagonist (e.g., bisoprolol) prior to exercise or isoproterenol infusion is likely to provide the required β2-AR stimulation to mobilize and activate TCR-γδ T-cells without causing sustained elevations in heart rate and systolic blood pressure, which is predominantly a β1-AR mediated effect (31). Indeed, we found that both bisoprolol and nadolol blunted the exercise-induced increases in heart rate and blood pressure but the adjuvant effects of exercise were still apparent in the bisoprolol trial. This finding likely excludes increases in hemodynamic shear stress as a potential mechanism for the adjuvant effects of exercise on TCR-γδ T-cell mobilization and ex vivo expansion. Bisoprolol did, however, blunt the effects of exercise on the cytotoxic capabilities of the expanded TCR-γδ T-cell product suggesting a role for both β1-ARs and β2-ARs in improving the function of ex vivo expanded TCR-γδ T-cells. An important observation was the augmented ex vivo expansion of the TCR-γδ T-cells expanded from blood collected 1 h after exercise cessation compared to rest. As the numbers of TCR-γδ T-cells in blood at this time were lower than at rest, this indicates that the adjuvant effects of exercise are not merely due to increased numbers of TCR-γδ T-cells within a fixed volume of blood.

Previous studies have shown that ZOL+IL-2 expands a TCR-γδ T-cell product with a high surface expression of the activating receptors NKG2D, TRAIL, DNAM-1, an increased expression of perforin and granzyme-B, and transforms the cells to an effector/central memory phenotype (8, 10, 32). Regardless of whether blood samples were collected at rest, during, or in the recovery phase of exercise, the 14-day ex vivo expansion with ZOL+IL-2 generated a cell product that was >98% pure for CD3+ T-cells. This expanded cell product consisted primarily of CD3+/CD4–/CD8– Vγ9Vδ2 T-cells with few CD8+ and CD4+ T-cells and almost no NK-cells (<1%). Similarly, administering nadolol or bisoprolol prior to exercise had no impact on the purity of the expanded TCR-γδ T-cell product. However, we did find some phenotypic differences in the TCR-γδ T-cell products expanded from exercised compared to resting blood. Notably, greater proportions of NKG2D+/CD62L−, CD56+, CD158a+, CD158b+, and CD158e+ and decreased proportions of NKG2A+ and CD62L+ cells were found among the Vγ9Vδ2+ T-cells expanded after exercise. As TCR-γδ T-cells recognize stress-associated antigens such as MICA/B and nectin-like-5 via NKG2D and DNAM-1, respectively (33), it is possible that these phenotypic changes on the expanded cell product with exercise are responsible for the augmented cytotoxic effects seen against the K562, U266, and 221.AEH cell lines in vitro. Indeed, although expression of the activating receptor NKG2D was not upregulated by exercise on the expanded TCR-γδ T-cells, blocking NKG2D in vitro abrogated the enhanced cytotoxic effects of the TCR-γδ T-cells expanded after exercise against U266 target cells. This indicates that exercise evokes phenotypic shifts (mainly a downregulation of inhibitory receptors) that allow activation signals via NKG2D to be more dominant. However, blocking NKG2D did not eliminate the enhancing effects of exercise on the cytotoxic effects of TCR-γδ T-cells against the K562 target cell line. This could be due to our U266 target cells expressing higher levels of the NKG2D ligands MICA/MICB ULBP-1 and ULBP-3 than the K562 cells, corroborating what has been published previously (34, 35). Moreover, nadolol prevented some of the phenotypic shifts seen with exercise (e.g., CD56+ and NKG2D+/CD62L–) concomitantly with an abrogation of the exercise-induced improvements in TCR-γδ T-cell cytotoxicity. It remains possible that the enhanced cytotoxic effects of TCR-γδ T-cells against K562 target cells with exercise are due to phenotypic shifts we did not capture in our study. Also, because we only tested the effects of β-AR blockade on a subgroup of participants, this might explain why nadolol did not abrogate all of the phenotypic changes observed during the main exercise trial to a level that reached statistical significance.

Exercise is known to preferentially mobilize TCR-γδ T-cells with a differentiated phenotype, increasing proportions of effector memory (EM), CD45RA+ EM (EMRA), and central memory (CM) cells among total TCR-γδ T-cells in blood (16, 36, 37). However, expanding TCR-γδ T-cells ex vivo overrode these phenotypic shifts of exercise, as similar proportions of naïve (~5%), EM (~71%), CM (~21%), and EMRA (~3%) cells were found among the expanded Vγ9Vδ2+ T-cells regardless of whether blood samples were collected before, during, or in the recovery phase of exercise. Previous studies have shown that IPP and Zoledronate stimulation causes a shift toward an EM phenotype in expanded Vγ9Vδ2+ T-cells and these cells have enhanced cytotoxic activity and increased IFN-γ release in response to activation (8, 10, 38, 39).

A limitation of the present study is that we only attempted to expand Vγ9Vδ2+ and not Vδ1+ T-cells with exercise. Although Vγ9Vδ2+ T-cells are the most abundant subset of TCR-γδ T-cells in blood, the Vδ1+ subset is known to play a prominent role in anti-tumor immunity and in the resolution of viral infections such as cytomegalovirus (40). We did not expect to find increased numbers of Vδ1+ T-cells in our expanded products as this subset of TCR-γδ T-cells do not respond to aminobisphosphonates. There are methods for the ex vivo expansion and adoptive transfer of Vδ1+ cells has been used in the treatment of multiple myeloma (41), colon cancer (42), B-cell chronic lymphocytic leukemia (43), and glioblastoma (44), but it remains to be seen if systemic β-AR activation can augment the ex vivo manufacture of this cell type also. It is also possible that the adjuvant effects of exercise on the ex vivo expansion of TCR-γδ T-cells are monocyte-dependent. Previous studies have shown that removing monocytes from culture results in no expansion of TCR-γδ T-cells when stimulated with ZOL+IL-2 (45). When aminobiphosphates such as ZOL are taken up by monocytes, they block farnesyl pyrophosphate synthase (FPPS) resulting in an intracellular accumulation of isopentenyl phosphate (IPP) via the mevalonate pathway. Subsequent cell-to-cell contact then triggers the activation and expansion of Vγ9Vδ2 T-cells (46). Exercise is known to cause proportional and phenotypic changes within the blood monocyte population (18, 47–50) and it is possible that these are driving the adjuvant effects of exercise on the ex vivo expansion and increased cytotoxicity of TCR-γδ T-cells. Specifically, exercise increases the proportions and absolute number of non-classical monocytes, which release higher levels of pro inflammatory cytokines (e.g., TNF-α and IL-18) that are essential for the activation and expansion of Vγ9Vδ2 T-cells (51). Moreover, the activation of Vγ9Vδ2 T-cells by ZOL and IPP requires expression of butyrophilin BTN3A molecules on monocytes (52), which could also be affected by exercise. Future studies should determine the role monocytes play in activating and expanding TCR-γδ T-cells after exercise. It will also be important to determine if the TCR-γδ T-cells expanded with systemic β-AR activation persist following adoptive transfer and exert improved anti-tumor effects in vivo.

In summary, this is the first study to show that systemic β-AR activation augments the ex vivo expansion and anti-tumor cytotoxicity of Vγ9Vδ2 T-cells in healthy humans. We have also demonstrated that these effects are largely mediated by catecholamine signaling through the β2-AR subtype and exercise-induced phenotypic shifts among the expanded Vγ9Vδ2 T-cells that promote a dominant activating signal through the NKG2D receptor. Future studies should determine if targeted β1-AR and/or β2-AR activation in allogeneic donors can generate superior G-CSF mobilized peripheral stem cell grafts and increase the potency of TCR-γδ T-cell therapeutics to elicit more positive outcomes in alloHCT patients and patients with solid tumors.
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TcRαβ/CD19-cell depleted HLA-haploidentical hematopoietic stem cell transplantation (haplo-HSCT) represents a promising new platform for children affected by acute leukemia in need of an allograft and lacking a matched donor, disease recurrence being the main cause of treatment failure. The use of zoledronic acid to enhance TcRγδ+ lymphocyte function after TcRαβ/CD19-cell depleted haplo-HSCT was tested in an open-label, feasibility, proof-of-principle study. Forty-six children affected by high-risk acute leukemia underwent haplo-HSCT after removal of TcRαβ+ and CD19+ B lymphocytes. No post-transplant pharmacological graft-versus-host disease (GvHD) prophylaxis was given. Zoledronic acid was administered monthly at a dose of 0.05 mg/kg/dose (maximum dose 4 mg), starting from day +20 after transplantation. A total of 139 infusions were administered, with a mean of 3 infusions per patient. No severe adverse event was observed. Common side effects were represented by asymptomatic hypocalcemia and acute phase reactions (including fever, chills, malaise, and/or arthralgia) within 24–48 h from zoledronic acid infusion. The cumulative incidence of acute and chronic GvHD was 17.3% (all grade I-II) and 4.8% (all limited), respectively. Patients given 3 or more infusions of zoledronic acid had a lower incidence of both acute GvHD (8.8 vs. 41.6%, p = 0.015) and chronic GvHD (0 vs. 22.2%, p = 0.006). Transplant-related mortality (TRM) and relapse incidence at 3 years were 4.3 and 30.4%, respectively. Patients receiving repeated infusions of zoledronic acid had a lower TRM as compared to those receiving 1 or 2 administration of the drug (0 vs. 16.7%, p = 0.01). Five-year overall survival (OS) and disease-free survival (DFS) for the whole cohort were 67.2 and 65.2%, respectively, with a trend toward a better OS for patients receiving 3 or more infusions (73.1 vs. 50.0%, p = 0.05). The probability of GvHD/relapse-free survival was significantly worse in patients receiving 1–2 infusions of zoledonic acid than in those given ≥3 infusions (33.3 vs. 70.6%, respectively, p = 0.006). Multivariable analysis showed an independent positive effect on outcome given by repeated infusions of zoledronic acid (HR 0.27, p = 0.03). These data indicate that the use of zoledronic acid after TcRαβ/CD19-cell depleted haploHSCT is safe and may result in a lower incidence of acute GvHD, chronic GvHD, and TRM.

Keywords: TcRγδ+ lymphocytes, zoledronic acid, TcRαβ/CD19 cell depleted haploidentical stem cell transplantation, acute leukemia, children


INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is, so far, the best curative option for a number of malignant disorders (1, 2). However, up to 30% of patients lack both a HLA-identical sibling or an alternative donor [i.e., HLA-Matched Unrelated Donor (MUD) or Unrelated Donor Umbilical Cord Blood (UD-UCB)] (3). Thus, HSCT from an HLA-haploidentical relative (haplo-HSCT) represents a very promising option, since it owns particular features, including applicability for virtually all patients, choice of best donor from a panel of potential candidates, immediate accessibility to the transplant procedure, and easy access to donors in case adoptive cell therapies as are required after transplantation (3). However, compared to other types of allograft, haplo-HSCT has been hampered by a delayed immune reconstitution (4, 5), which, in turn, influences the risk of both post-transplant infections and, most importantly, relapse incidence (6, 7). Since it has been demonstrated that specific innate immunity cell subpopulations [e.g., NK (8) and TcRγδ T cells (9)] may influence transplant outcome, we and other groups recently developed a new method of graft manipulation (i.e., TcRαβ/CD19 negative selective depletion) (10–13), which allows to retain large numbers of mature, ready-to-kill effector cells, namely NK and TcRγδ lymphocytes, in the final product. TcRγδ cells are a non-alloreactive, “innate-like,” T lymphocyte subpopulation (normally accounting for 1–10% of circulating T lymphocytes) capable of recognizing targets in an MHC-independent manner (through several activating receptors, like γδ-TcR, NKG2D, and TLRs) and displaying different functions, including anti-infective and anti-tumor activity (14, 15). We have recently reported the largest pediatric cohort receiving this kind of transplant, clearly showing that this approach represents a suitable alternative for children affected by acute leukemia, with outcomes comparable to those of HLA-matched donor HSCT recipients (13).

Preclinical data showed that bisphosphonates, such as pamidronate and zoledronate, commonly used to treat bone diseases and hypercalcemia in multiple myeloma, can mediate the improvement of TcRγδ-mediated tumor cells killing capacity (16, 17). Such an effect is obtained thanks to the activation of a particular subset of TcRγδ cells, through the accumulation of phosphoantigens (18) and, to a lesser extent, the sensitization of tumor target cells (19).

In an attempt to reduce the relapse incidence and the risk of severe infections in high risk-patients given TcRαβ/CD19-cell depleted haploHSCT, we explored the administration of zoledronic acid in the post-transplant period (20). We previously reported detailed cytofluorimetric, functional, and proteomic analysis of TcRγδ cells of patients treated with this strategy, showing that zoledronate administration promotes γδ T-cell differentiation and cytotoxicity (20). Here we report the long-term outcomes of 46 patients treated with zoledronic acid after TcRαβ/CD19-depleted haploHSCT.



PATIENTS AND METHODS


Patients

Patients aged 0.3 to 21 years, affected by acute leukemia, who were in need of an allograft while lacking an HLA-matched related or unrelated donor between January 1st, 2013 and September 26th, 2016 at IRCCS Ospedale Pediatrico Bambino Gesù in Rome, were considered eligible. All patients or legal guardians provided written informed consent, and the research was conducted under a Hospital Ethical Committee- approved protocol, in accordance with the Declaration of Helsinki.



Transplantation Procedure

All the 46 enrolled patients received a fully myeloablative conditioning regimen, which was based on the use of total body irradiation (TBI) in 37 (80%) children and chemo-based in 9 patients (20%) (details are reported in the Supplementary Material). Pre-transplantation rabbit anti-T lymphocyte globulin (ATLG, Grafalon®, Neovii) was administered, at a dose of 4 mg/kg/day for 3 consecutive days (days−5 to−3), in order to prevent both graft failure and graft-versus-host disease (GvHD), through in vivo T-cell depletion and/or modulation of bidirectional alloreactivity. On day−1, children were also given rituximab 200 mg/m2 for in vivo donor and recipient B-cell depletion to reduce the risk of Epstein-Barr virus (EBV)-related post-transplantation lymphoproliferative disorders (PTLD). No patient was given any post-transplant pharmacologic GvHD prophylaxis.

The donor was chosen according to immune-genetic criteria, giving priority to natural killer (NK) alloreactivity (evaluated according to the killer immunoglobulin-like receptor (KIR)-KIR ligand model), NK cell B haplotype, and higher B content, as previously described (10, 21). The donor was a parent for all patients but one, who was transplanted from her HLA-haploidentical brother. Granulocyte colony-stimulating factor (G-CSF) at a dose of 10–12 μg/kg/day was administered by subcutaneous injection to all donors to mobilize in peripheral blood hematopoietic stem cells from day−5 until leukapheresis (day−1). Ten donors (21.7%) with circulating CD34+ cell count <0.04 x 109/L on day−2 also received a single-dose of plerixafor (240 μg/kg) 6–9 h before cell collection. Graft manipulation was performed using the CliniMACS device as previously described (22).



Zoledronic Acid Administration

Zoledronic acid was administered monthly at a dose of 0.05 mg/kg/dose (maximal single dose 4 mg) over 1 h, starting after: i) achievement of stable donor engraftment, and ii) at least day +20 from transplantation. The dose was based on literature data about zoledronate use in pediatric bone diseases (23). Since this was an open-label, feasibility, proof-of-principle study, the number of scheduled doses was not fixed; patients continued to receive monthly infusions of up to 5 consecutive doses, unless an event (i.e., side effects related to the drug, disease relapse, severe infections, hospitalization for any cause, patient/parents refusal) occurred. We opted to administer multiple infusions of zoledronic acid, based on current literature data indicating that in vivo activation of TcRγδ T-cells in response to the drug is a transient phenomenon (24). Oral calcitriol, together with calcium supplementation, was administered for 7–10 days after zoledronate infusion, in order to prevent/treat hypocalcemia. Zoledronic acid was administered either in the inpatient or in the outpatient unit.



Statistical Analysis

Quantitative variables were reported as median value and range; categorical variables were expressed as absolute value and percentage. Clinical characteristics of patients were compared using the Chi-square test or Fisher's exact test for categorical variables, while the Mann-Whitney rank sum test or the Student's T-test were used for continuous variables as appropriate (25). The time to neutrophil engraftment was defined as time from HSCT to the first of 3 consecutive days with an absolute neutrophil count equal to or greater than 0.5 × 109 per liter, and the time to platelet engraftment as time from HSCT to the first of 7 consecutive days with an unsupported platelet count equal to or greater than 20 × 109 per liter.

Patients surviving for more than 7 and 100 days after transplantation were considered evaluable for acute and chronic GvHD (aGvHD, cGvHD) occurrence, respectively. Severity of aGvHD and cGvHD was assessed according to Glucksberg and Shulman criteria (26, 27).

Overall survival (OS), disease-free survival (DFS), GvHD/relapse-free survival (GRFS), transplant-related mortality (TRM), aGvHD, cGvHD, and relapse incidence (RI) were estimated from the date of transplantation to the date of an event or last follow-up. Probabilities of OS, DFS, and GRFS were calculated according to the Kaplan and Meier method (28). TRM, aGvHD, cGvHD, and RI were calculated as cumulative incidence curves in order to adjust the estimates for the appropriate competing risks (29). All results were expressed as probability or cumulative incidence (%) and 95% confidence interval (95% CI) (30).

The significance of differences between OS, DFS, and GRFS was estimated by the log–rank test (Mantel–Cox), while Gray's test was used to assess, in univariate analyses, differences between cumulative incidences (31). Multivariate analysis was performed using the Cox proportional hazard regression model (30). P-values < 0.05 were considered to be statistically significant.

Statistical analysis was performed using EZR version 1.32 (Saitama Medical Centre, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria) (32).




RESULTS


Patients

Forty-six patients affected by acute leukemia received a TcRαβ/CD19-cell depleted peripheral blood stem cell allograft from an HLA-haploidentical relative in the study period at IRCCS Ospedale Pediatrico Bambino Gesù, Rome. Table 1 reports patient demographic and disease characteristics, and transplant details. Twenty-six patients had B-cell precursor acute lymphoblastic leukemia (BCP-ALL), 7 T-cell lineage ALL (T-ALL), and 11 acute myeloid leukemia (AML), while 2 patients were affected by mixed phenotype acute leukemia (MPAL). Seven patients had previously received a first HSCT. Two patients were not in morphological complete remission at time of transplantation.


Table 1. Patient demographic, disease characteristics, and transplant details.
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Graft Composition and Hematopoietic Recovery

All children received <1 × 105 TcRαβ cells per kg of recipient body weight (median 0.04 × 106/kg; range 0.001–0.099), with a median Log depletion of 3.93 (range 3.42–5.42), while the median number of TcRγδ cells infused was 7.7 × 106 per kg (range 0.8–42.7) (details of graft composition are reported in Table 1). The median number of infused CD34+ cells per kg was 15.4 × 106 (range 6.5–40.6) (median CD34+ stem cell recovery 91.25%; range 71.67–100), while that of B cells was 0.03 × 106/kg (range 0.001–0.18) (median Log depletion of 3.42; range 2.93–4.50).

All patients achieved engraftment; the median time to neutrophil engraftment was 14.5 days (range 8–21), whereas the median time to platelet recovery was 11 days (range 8–27). Monitoring of donor-recipient chimerism performed to hypervariable regions of human DNA confirmed the engraftment of donor hematopoiesis in all patients.



Zoledronic Acid Infusions and Adverse Reactions

The 46 patients received a total of 139 zoledronic acid infusions, with a mean of 3 infusions per patient (range 1–6). Specifically, 4 patients received a single infusion, 8 patients received 2 infusions, 20 were given 3 infusions, 12 received 4 infusions, while one patient each received 5 and 6 infusions (because of physician decision, based on good tolerability and positive effect on bone metabolism parameters). Treatment started at a median of 39 days (range 20–79). Ten patients (21.7%) experienced an acute phase reaction, including fever, chills, malaise, arthralgia, and/or transient skin rash, within 24–48 h after the first administration. Five patients (10.8%) had a transient decrease in the WBC or platelet count. All patients experienced a reduction of calcium serum levels; however, only one episode of symptomatic hypocalcemia (at first administration) occurred and was rapidly corrected with parenteral calcium supplementation. One patient (2%) presented asymptomatic hypokaliemia. No other adverse event was recorded; in particular, we did not observe any case of osteonecrosis.



TcRγδ T-Cells After Zoledronic Acid Infusion

As already reported (13, 16), TcRγδ T-cells represented the main T cell population in the first weeks after TcRαβ/CD19-depleted haploidentical HSCT. This predominance of TcRγδ T-cells was observed also in zoledronate-treated patients. Subsequently, TcRαβ T-lymphocytes progressively increased over time, exceeding the percentage of TcRγδ T-cells before the third month after transplantation (data not shown). Interestingly, as already shown (20), in patients given zoledronic acid a progressive decrease in the percentage and absolute number of TcRγδ T-cells was observed, thus suggesting that repeated infusions of zoledronic acid do not induce persistence of this cell subset (Figure 1A). No significant difference in the number of circulating TcRγδ T-cells between patients receiving ≥3 infusions of zoledronic acid as compared to those given 1 or 2 infusion was found, although there was a trend toward a higher reduction at 3 months after HSCT in the first group (Figure 1B).


[image: Figure 1]
FIGURE 1. (A) Median number of TcRγδ T-cells in the peripheral blood of patients receiving zoledronic acid after TcRαβ/CD19-depleted haploHSCT. (B) Median number of TcRγδ T-cells in the peripheral blood of patients receiving either 1–2 or 3–6 infusions of zoledronic acid (ZOL).




Graft-versus-Host Disease

Skin-only aGvHD was observed in 8 children after zoledronic acid infusion, with 3 patients experiencing overall grade I and 5 patient developing grade II aGvHD, the cumulative incidence of aGvHD being 17.3% (95% confidence interval (CI) 5.6–27.6) (Figure 2A). Grade I aGvHD was treated with sole topical steroid application, while patients with grade II aGvHD received systemic corticosteroids with or without extracorporeal photopheresis (ECP), with complete resolution in all cases. Two out of the 42 evaluable patients developed limited cGvHD, with a cumulative incidence of 4.8% (95% CI 0–11.2) (Figure 3A).


[image: Figure 2]
FIGURE 2. (A) Cumulative incidence of acute GvHD (all grades) of the whole cohort of 46 patients. (B) Cumulative incidence of acute GvHD (all grades) in patients receiving either 1–2 or 3–6 infusions of zoledronic acid (ZOL).
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FIGURE 3. (A) Cumulative incidence of chronic GvHD of the whole cohort of 46 patients. (B) Cumulative incidence of chronic GvHD in patients receiving either 1–2 or 3–6 infusions of zoledronic acid (ZOL).


Notably, patients given 3 or more infusions of zoledronate had a lower incidence of both acute and chronic GvHD. In detail, patients receiving either ≥3 doses or 1–2 doses of zoledronic acid had a cumulative incidence of aGvHD of 8.8% (95% CI 0–17.9) and 41.6% (95% CI 5.9–63.8), respectively (p = 0.015) (Figure 2B).

Since the 2 patients experiencing cGvHD received <3 infusions of zoledronic acid, the cumulative incidence of cGvHD in patients receiving 3 or more infusions of zoledronate compared to those who received 1 or 2 infusions was 0 and 22.2% (95% CI 0–45.1), respectively (p = 0.006) (Figure 3B).



Infections

In terms of early virus reactivation, cytomegalovirus (CMV) DNAemia was recorded in 15 patients, with a cumulative incidence of 30.4% (95% CI 15.7–42.5). However, none progressed to CMV disease thanks to the administration of pre-emptive treatment with ganciclovir. Regarding EBV, no EBV-associated PTLD occurred in our cohort. Nine patients experienced Adenovirus infection (cumulative incidence 19.5%; 95% CI 7.2–30.2); in one case the infection was not controlled by pharmacological therapy, leading to a disseminated infection that ultimately resulted in the patient's death. Three patients developed bacterial infection (2 Gram-positive and 1 Gram-negative sepsis) (cumulative incidence 6.5%; 95% CI 0–13.4), controlled by large-spectrum antibiotic therapy. Finally, one patient suffered from a fatal Aspergillus flavus infection. The number of zoledronic acid infusion did not affect the incidence of viral, bacterial, or fungal infection. However, there was a trend toward a lower incidence of CMV infection in patients given 3–6 infusions (26.4 vs. 41.6% for patient receiving less administrations), but the difference was not statistically significant.



Relapse and Transplant-Related Mortality

Fourteen patients relapsed at a median time of 194 days after HSCT (range 81–1,081), the cumulative incidence of relapse being 30.4% (95% CI 17.8–44.1). It did not differ between patients receiving 1–2 infusions of zoledronic acid and patients receiving 3–6 administrations (33.3 vs. 29.4%, p = n.s.), although there was a trend toward reduction of relapse for patients receiving 4–6 zoledronate doses as compared to those receiving 1–3 infusions (37.5 vs. 14.3%, p = 0.11) (Supplementary Figure 2). Time to first zoledronic acid infusion was comparable between relapsed and disease-free patients (median 39 vs. 42.5 days, p = n.s.). Moreover, time to relapse was comparable between relapsed patients receiving 1–2 zoledronic acid infusions and those receiving 3–6 administrations. Finally, the proportion of children receiving 3–6 infusions was comparable between the subgroup of patients in first complete remission (CR) and those in second CR/other disease status (p = n.s.). As already reported (13), the use of TBI in the conditioning regimen was associated with a reduced incidence of relapse (21.6 vs. 66.7%, p = 0.01).

Since two patients died due to infections, the 3-year cumulative incidence of TRM was 4.3% (95% CI 0.8–13.2) (Supplementary Figure 1). A significantly lower TRM was observed for patients who received 3–6 infusions of zoledronic acid in comparison with those given 2 or less administrations (0 vs. 16.7%, p = 0.01) (Figure 4).
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FIGURE 4. TRM of patients receiving either 1–2 or 3–6 infusions of zoledronic acid (ZOL).




Survival Outcomes

With a median follow-up of 70.4 months (range 39.8–84.0), 31 patients are alive, and the 5-year probability of OS was 67.2% (95% CI 51.5–78.7) (Figure 5A). Since 14 patients relapsed, the 5-year probability of DFS was 65.2 (95% CI 49.6–77.0) (Supplementary Figure 3A). Five-year probability of GRFS was 60.9 (95% CI 45.3–73.3) (Figure 6A). As previously demonstrated in this setting (13), the use of a TBI-based conditioning resulted in an improved outcome. Indeed, DFS was 73.0% (95% CI 55.6–84.4) and 33.3% (95% CI 7.8–62.3) in patients who either did or did not receive TBI, respectively (p = 0.02; Figure 7); OS was 75.7% (95% CI 58.5–86.5) and 44.0% (95% CI 13.6–71.9) for these 2 groups (p = 0.10).


[image: Figure 5]
FIGURE 5. (A) OS of the whole cohort of 46 patients. (B) OS of patients receiving either 1–2 or 3–6 infusions of zoledronic acid (ZOL).
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FIGURE 6. (A) GRFS of the whole cohort of 46 patients. (B) GRFS of patients receiving either 1–2 or ≥3 infusions of zoledronic acid (ZOL).



[image: Figure 7]
FIGURE 7. DFS probability of patients receiving a TBI-based or a chemo-based conditioning regimen.


A trend toward higher survival estimates was observed in patients given 3 or more infusions as compared to those receiving 1–2 infusions, suggesting a possible influence of repeated administrations of zoledronic acid on outcome, although the difference was not statistically significant. In detail, OS was 73.1% (95% CI 54.7–85.1) for patients who received more than 2 infusions vs. 50% (95% CI 20.8–73.6) for those who received 1–2 infusions (p = 0.05) (Figure 5B), while DFS was 70.6% (95% CI 55.2–83.0) vs. 50.0% (95% CI 20.8–73.6) for patients given 3 or more infusions and those receiving 2 or less infusions, respectively (p = n.s.) (Supplementary Figure 3B). Notably, when stratified according to the conditioning regimen employed (TBI-based vs. chemo-based), the effect of repeated infusions of zoledronic acid was more evident, with the best OS obtained by patients who received both TBI and more than 2 zoledronic acid infusions (80.8%, 95% CI 59.8–91.5) (Figure 8). Moreover, in multivariable analysis model including these 2 variables, together with age at transplant and type of disease (ALL vs. AML), the repeated infusions of zoledronic acid showed an independent positive effect on OS (Table 2). GRFS differed significantly between patients receiving 1–2 infusion of zoledonic acid (33.3%, 95% CI 10.3–58.8) or ≥3 infusions (70.6%, 95% CI 52.2–83.0) (p = 0.006) (Figure 6B).


[image: Figure 8]
FIGURE 8. OS of patients stratified according to (i) the conditioning regimen used and (ii) the number of zoledronic acid (ZOL) infusion received after HSCT.



Table 2. OS multivariable analysis model.
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Outcome was not influenced by the number of TcRγδ cells infused with the graft (data not shown), nor by other factors, including age at transplant, type of leukemia (myeloid, T or B lineage, or MPAL), disease status at HSCT, NK alloreactivity, B-content score, or graft composition (data not shown).




DISCUSSION

Despite major improvements in T-cell depleted haploHSCT, disease relapse remains the main cause of treatment failure in acute leukemias (13); thus, strategies aimed at reducing leukemia recurrence are needed. TcRγδ T-lymphocytes are a subpopulation of T cells with features between innate and adaptive immunity endowed with notable properties (lysis of infected or stressed cells and cytokine and chemokine production among the others) through which they give unique contributions to immune reactions (33). Several studies have demonstrated the cytotoxic activity of TcRγδ T-cells against hematologic malignancies both in vitro (34) and in vivo (35), through direct recognition (i.e., in a MHC-independent way) of targets present on leukemia cells (36). Thus, not surprisingly, a faster immune reconstitution of this subset has been associated with an improved DFS after allogeneic HSCT in patients with either ALL or AML (9, 37, 38). In particular, seminal works by Lamb and colleagues in T-cell depleted HSCT from partially mismatched related donors demonstrated that accelerated TcRγδ T-cell recovery was associated with improved DFS (9, 37), mainly due to a decreased relapse incidence (39).

Kunzmann and colleagues first reported the activation and expansion of TcRγδ T-cells following the administration of aminobisphosphonates (17). The authors provided in vitro evidence that the proliferative response of TcRγδ T-cells to bisphosphonates was IL-2 dependent, whereas their activation occurred in the absence of cytokines (40). It has been shown that nitrogen-containing bisphosphonates, such as zoledronic acid, cause the inhibition of farnesyl diphosphate synthase in tumor cell lines, which leads to the accumulation of isopentenyl pyrophosphate (IPP), a type of non-peptidic-phosphorylated metabolite (nPAgs), which indirectly activates γδ T cell (41, 42). What still remains unclear is the precise mechanism by which TcRγδ T-cells are activated by nPAgs, although the γδ-TcR appears to undergo a conformational change or clustering of the butyrophilin family member 3A1 (BTN3A1) molecule (18). Although zoledronic acid increases the cytotoxic capacity of both principal subsets of TcRγδ T-cells (i.e., Vδ1 and Vδ2 (33)), Vδ2 T cells are more prone to this effect (20).

As detailed in recently published studies (12, 22), TcRαβ/CD19-depletion of G-CSF mobilized PBSC of haploidentical donors is an effective manipulation strategy, able to efficiently remove TcRαβ lymphocytes while retaining in the graft high numbers of effector cells, namely mature NK and TcRγδ T-cells. We characterized, by means of immunophenotypic and functional assays, the immune reconstitution of TcRγδ T-lymphocyte after this type of T-cell depleted haploHSCT (16), demonstrating that: i) TcRγδ T-cells are the predominant T-cell population in the early post-transplantation period, mainly deriving from cells infused with the graft; ii) these cells expand in vivo after transplantation; iii) they display a cytotoxic phenotype and degranulate when challenged with primary acute myeloid and lymphoid leukemia blasts; and iv) Vδ2 cells more efficiently lyse primary lymphoid and myeloid blasts in vitro after their exposure to zoledronic acid. Thus, this transplant platform constitutes the ideal setting to test the immune-modulatory properties of in vivo administration of aminobisphosphonates. Indeed, zoledronic acid has been previously demonstrated to be safe in pediatric age in studies on osteopenia (43) and, more importantly, at escalating doses (up to 4 mg/m2), in patients affected by recurrent/refractory neuroblastoma (44). Moreover, the use of bisphosphonates in HSCT recipients ameliorates osteoporosis, a well-known complication of transplantation (45). Indeed, the Australasian Leukemia and Lymphoma Group showed that post-transplant administration of zoledronate, based on a risk-adapted algorithm, minimizes bone loss (46).

We previously reported biological characterization, as well as short-term clinical data [median follow-up of surviving patients was 7.5 months (range 2.5–15) as compared to 70.4 months in the present study], of 43 patients receiving zoledronic acid after TcRαβ/CD19-depleted haploHSCT (20).

Our findings confirm that multiple infusions of zoledronic acid (up to 6 administrations) in children after HSCT, starting even a few weeks after the infusion of HSC, are well-tolerated and safe. In particular, no serious adverse event was recorded (specifically no cases of osteonecrosis of the jaw), as previously reported by Dieli in adults affected by prostate cancer (24) and by the aforementioned study of Russell in neuroblastoma patients (44). Moreover, the drug was safely administered in an outpatient setting, even in children aged 1 year or less.

As already reported (13), despite the lack of any pharmacological post-transplant prophylaxis, in our study the incidence of both acute and chronic GvHD was limited (with no patient experiencing grade III-IV acute or extensive chronic GvHD), much lower than that of other similar case series (47) or other type of graft manipulation, such as CD3/CD19-depletion (48). Of note, none of the patients experienced de novo onset or worsening of previously developed aGvHD, supporting the hypothesis that γδ T-lymphocytes do not cause GvHD (34). Moreover, our findings showing that patients receiving multiple infusions of zoledronic acid have a reduced incidence of both acute and chronic GvHD are of particular interest. Indeed, this is the first experience (20) of such an induced effect in vivo and deserves further investigation. Immunoregulatory properties of TcRγδ T-cells were first described by Patel and colleagues (49) and are now beginning to be investigated. Notably, Drobyski and colleagues noted that, in mice, activated TcRγδ T-cells are capable of modulating the ability of MHC-incompatible TcRαβ T-cells to cause GvHD after HSCT (50). Both Vδ1 and Vδ2 subsets may display regulatory properties, depending on different settings. Moreover, stimulation with pyrophosphates can induce regulatory capacities on Vδ2 T cells a few days after initial stimulation (51). In particular, IPP-stimulated Vδ2 T lymphocytes can inhibit the proliferation of CD4+ and CD8+ αβ T cells in response to strong recall antigens (52). Interestingly, strong co-stimulatory antigen-processing cell (APC) signals (i.e., acute GvHD initiating condition) seem to play an important role in the induction of these suppressive properties. The mechanisms of suppression by TcRγδ T-cells are still not clear; while some authors identified TGFβ, IL-10, and other suppressive cytokines as mediators of these effects (53), other data suggested that cell-to-cell interactions, via CD80, CD86, and PDL-1 expressed on Vδ2 T lymphocytes, are necessary to achieve suppression of other cell populations (54). Another unresolved issue is the lack of defined regulatory γδ T-cell phenotype (51), although CD39 (55) and latency-associated peptide (a membrane-bound TGF-β1) (56) have been identified as putative markers; thus, further studies are needed to address this question.

The cumulative incidence of TRM in our study cohort was remarkably low (4.3%), with 2 patients dying due to infection. Repeated infusions of zoledronic acid seems to also have a role in reducing TRM, since we recorded no infectious deaths in children who received more than 2 administrations. The well-known anti-infectious role of TcRγδ T-cells has been very recently demonstrated by Perko and colleagues in children after HSCT (38). Indeed, using a logistic regression model, they showed that the higher the number of TcRγδ T-cells after HSCT, the lower the risk of infection, which results in an improved EFS. However, because of the limited number of patients per cohort, subanalysis on different types of donors (siblings, MUDs, haploidentical relatives, and umbilical cord blood) failed to demonstrate a similar effect in any single subgroup. In our study, repeated infusions of zoledronic acid did not affect the incidence of infections of either viral, bacterial, or fungal origin. However, patients receiving multiple infusions had a reduced, although not statistically significant, cumulative incidence of CMV infection. Given the low number of patients enrolled in this study, it is possible that the number of events was not sufficient to highlight such an effect.

The OS estimate observed in our study (without any difference between ALL, either of T or B lineage, AML patients), in line with our recently published cohort (13), is higher than that reported in other pediatric trials of CD34 selected (57, 58) or CD3/CD19-depleted haploidentical HSCT (48), suggesting a favorable impact of TcRγδ T-cells on outcome. Outcome data were also similar to those reported by Maschan et al., who used the same type of graft manipulation, although with different study population and donors (47), making comparison difficult to interpret. Smetak and colleagues studied a different method of T-cell depletion, namely based on CD4+ and CD8+ depletion, able to leave in the graft innate lymphocytes such as TcRγδ T cells and NK cells (59). Despite similar depletion capacity, other authors noted that the B-cell content of the graft was high, raising concerns about the risk of EBV-associated PTLD (60).

We previously demonstrated that the use of TBI in the conditioning regimen positively influenced the outcome in this setting, probably due to a potent antileukemia effect, compensating for the lack of TcRαβ cell–mediated GvL effect (13). Here, we show that patients receiving more than 2 infusions of zoledronic acid seem to have an improved OS, although the difference did not reach the statistical significance level. However, when stratified according to the type of conditioning regimen employed, the independent beneficial effect of zoledronic acid on OS became evident, as also highlighted by multivariable analysis. As zoledronic acid improves cytotoxicity of TcRγδ T-cells, the initial hypothesis was that multiple infusions could reduce RI. However, due to the limited number of patients enrolled and events observed, it was not possible to draw any firm conclusion; in particular, we were not able to highlight a significant reduction of RI. Since time to relapse and disease status were comparable between patients receiving 1–2 or 3–6 infusions of zoledronic acid, the trend toward a better outcome of patients receiving multiple infusions does not seem to be due to the fact that those patients had longer DFS allowing for multiple infusions nor because they had a less aggressive disease.

We were not able to demonstrate an association between an increased number of TcRγδ T-cells after HSCT and an improved outcome (data not shown), as demonstrated by Lamb et al. (9, 37). A possible explanation for these apparently discordant findings can be given by the observation that, as shown by our data, the percentage and absolute number of TcRγδ T-lymphocytes, and especially of the Vδ2 subset, decrease over time after prolonged exposure to zoledronic acid (20). This phenomenon, in contrast with the first in vitro observations by Kunzmann (40), was previously proven by Dieli and coauthors in patients treated with zoledronic acid for hormone-refractory prostate cancer (24) and by Kalyan and colleagues in post-menopausal women treated with bisphosphonates for osteoporosis (61). These authors demonstrated an inhibitory effect on TcRγδ T-cells produced by neutrophils upon bisphosphonate uptake through the production of reactive oxygen species (62). Although the use of IL-2 could improve proliferation of TcRγδ T-lymphocytes (24), we decided not to administer this cytokine because of a possible increase in the risk of GvHD (63).

The main limitations of this study include: i) the lack of a control arm and ii) a variability of the administration schedule, this limiting the possibility to draw firm conclusions on the number and timing of zoledronic acid administration. Finally, we did not systematically collect data on bone metabolism pre and post zoledronic acid infusions. Since it is well-known that patients undergoing HSCT suffer from osteopenia (64), data on bone metabolism after zoledronic acid administration could help guide post-transplant supportive therapies.

In conclusion, our data indicate that the infusion of zoledronic acid after TcRαβ/CD19-depleted haploidentical HSCT is safe. Three or more infusions of zoledronic acid result in a lower incidence of both acute and chronic GvHD and lower TRM. Moreover, they had an independent effect in ameliorating the outcome. Further investigation (a non-randomized prospective trial is currently ongoing at Wisconsin University, ClinicalTrials.gov Identifier: NCT02508038), namely a randomized-controlled trial, is needed to confirm these data.
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Despite recent advances, the eradication of cancers still represents a challenge which justifies the exploration of additional therapeutic strategies such as immunotherapies, including adoptive cell transfers. Human peripheral Vγ9Vδ2 T cells, which constitute a major transitional immunity lymphocyte subset, represent attractive candidates because of their broad and efficient anti-tumor functions, as well as their lack of alloreactivity and easy handling. Vγ9Vδ2 T cells act like immune cell stress sensors that can, in a tightly controlled manner but through yet incompletely understood mechanisms, detect subtle changes of levels of phosphorylated metabolites of isoprenoid synthesis pathways. Consequently, various anti-tumor immunotherapeutic strategies have been proposed to enhance their reactivity and cytotoxicity, as well as to reduce the deleterious events. In this review, we expose these advances based on different strategies and their validation in preclinical models. Importantly, we next discuss advantages and limits of each approach, by highlighting the importance of the use of relevant preclinical model for evaluation of safety and efficacy. Finally, we propose novel perspectives and strategies that should be explored using these models for therapeutic improvements.

Keywords: human Vγ9Vδ2 T lymphocytes, cancer, functions, immunotherapy, preclinical models


BIOLOGY AND ANTI-TUMOR FUNCTIONS OF HUMAN Vγ9Vδ2 T CELLS

The complex immune system orchestrates with molecular and cellular components that act concomitantly or sequentially to sense and to eliminate potential exogenous and endogenous threats. In vertebrates, the innate immunity is the first germline-encoded and older evolutionary defense strategy that contributes to a rapid, but poorly specific, reactivity that also remains essential for recruiting immune cells and establishing a physical and chemical barrier. A major hallmark of the adaptive immunity, that is associated to immunological memory and next takes place after this initial process, is the extreme specificity against particular antigenic structures. This slower, but highly potent, immune reactivity axis is made up of the two mainT and B lymphocyte effector subsets. Recently, a growing class of additional cellular contributors, that express either TCR (T Cell Receptor) or BCR (B Cell Receptor) molecules and share phenotypical and functional characteristics from both systems has been identified. They have been differentially named as transitional immunity, unconventional or innate-like effectors. Most well-described cell subsets that fall at this interface between innate and adaptive immunities are NKT (Natural Killer T), MAIT (Mucosal Associated Invariant T) and γδ T cells (1). This latter T cell subset expresses a heterodimeric TCR composed of γ and δ chains, named as opposed to α and β chains, associated to the CD3 signaling complex (2, 3). It is important to note that, although γδ T cell subsets are present in most vertebrates, there is little conservation of γ and δ TCR chains and reactivities between species. This has been evidenced by genetic studies indicating a high heterogeneity between murine and primate TCR genes (4, 5).

For the sake of clarity, we propose to focus this present review on human γδ T cell biology, and more precisely, the human Vγ9Vδ2 T cell subset, as well as their therapeutic targeting in preclinical cancer models. The γδ TCR is composed from a limited number of γ and δ chains (<15 Vγ and Vδ gene segments) but this low combinatorial diversity is efficiently counterbalanced by both an elevated junctional diversity and pairing assembly restrictions to finally produce an extremely diverse γδ TCR. In humans, γδ T cells are distributed into four major subsets, which have been identified according to the expression of δ chain segments, as Vδ1+, Vδ2+, Vδ3+, and Vδ5+ populations (6). Following ontogeny, most γδ T cell subsets naturally exhibit a preferential tropism for particular tissues/organs, through yet unclear mechanisms. As a typical example of this preferential localization, human Vγ9Vδ2 T cells [using the nomenclature of Lefranc & Rabbitts (7)] constitute a major subset in adult peripheral blood (8, 9). Vγ9Vδ2T cells represent prototypical immune sensors of cellular stress activated under various pathological contexts, such as infections and cancer. The species-specific antigenic activation of Vγ9Vδ2 T cells is a contact- and a TCR-dependent process. It is important to note that this activation is not restricted by either conventional MHC class I or II molecules, thus theoretically minimizing the risk of alloreactive reactions for allogeneic Vγ9Vδ2 T cell-therapies (e.g., GVHD, graft vs. host disease). This antigenic activation process implicates mandatory small phosphorylated carbohydrate metabolites (hereafter called phosphoantigens, PAg), such as IPP (Isopentenyl PyroPhosphate), which endogenous (MEV mammalian mevalonate pathway), or exogenous (MEP microbial pathway) expression might be altered in some pathological contexts (e.g., cancer, infections). Recent studies have shown that PAg levels are sensed through mechanisms involving both BTN2A1 and BTN3A1 butyrophilins (BTN) expressed by target cells (10–12). Accordingly, pharmacological compounds that inhibit the synthesis (i.e., statins) or the degradation (i.e., aminobisphosphonates, alkylamines) of PAg in mammalian cells can block, or induce, the antigenic activation of Vγ9Vδ2 T cells, respectively (13, 14). Importantly, this Self-reactive nature of Vγ9Vδ2 T cells needs to be tightly regulated by a set of various molecules [see (15) and (16), for recent reviews], such as adhesion molecules (i.e., CD54), activating (i.e., NKG2D) or inhibiting (i.e., CD94/NKG2A,) NKR (Natural Killer Receptors), FcR (Fc Receptor) (i.e., FcRγIIIA/CD16), Nectin/Nectin-like (i.e., CD226), TLR (Toll-like Receptor) (i.e., TLR4), cytokine receptors (i.e., IL (interleukin)-15R, IL-21R), and immune checkpoint inhibitors (i.e., PD-1, programmed cell death protein 1). Hence, numerous Vδ2 T cell dysfunctions in cancer indications (e.g., hypo-reactivity, exhaustion) have been associated to altered expression profiles of these molecules. In this exquisite sensing process, Vγ9Vδ2 T cells integrate activatory and inhibitory signals to rapidly deliver strong functional responses such as proliferation, cytolysis (through perforin/granzyme-, TRAIL (TNF-related apoptosis inducing ligand)-, CD95-pathways) and cytokines (i.e., TNF (Tumor Necrosis Factor)-α, IFN (Interferon)-γ)/chemokines (i.e., CCL3, Chemokine (C-C motif) ligand 3)/anti-microbial factors (i.e., granulysin)/epithelial growth factors (i.e., KGF, Keratinocyte Growth Factor) release. These latter functions are also linked to their capacity to help other immune effectors and induce the maturation of antigen-presenting cells, including themselves (9). Finally, as for most lymphocyte subsets, the migration of Vγ9Vδ2 T cells is tightly controlled by a set of chemoattractant factors, such as chemokine receptors. Their expression regulates Vγ9Vδ2 T cell trafficking during physiological and inflammatory conditions (e.g., CCR5, Chemokine (C-C motif) Receptor 5), a process that is proposed to be of particular importance for tumor addressing and infiltration in vivo.

For a long time, a set of compelling in vitro studies evidenced the natural reactivity of human Vγ9Vδ2 T cells against a broad range of human tumor cell lines and normal cells infected by a variety of viruses, parasites and bacteria (17–19). With respect to transformed cells, the range of cell lines recognized by Vγ9Vδ2 T cells, initially thought to be primarily restricted to hematopoietic tumors (20, 21), was next extended to several solid tumors, such as renal and colon carcinomas (22–24). Importantly, this vision has been next modified by the availability of aminobisphophonates (e.g., pamidronate, zoledronate) and synthetic PAg (e.g., BrHPP, BromoHydrin Pyrophosphate) that can further help sensitizing a broad variety of cells to Vγ9Vδ2 T cell sensing and elimination. Like for most γδ T cell subsets, in vitro studies showed that Vγ9Vδ2 T cells are able to directly kill target cells and express pro-inflammatory cytokines that can be also involved in the clearance of tumor cells (25, 26). Altogether, these in vitro observations supported a natural implication of Vγ9Vδ2 T cells in protective anti-tumor immunity. Based on initial results indicating an altered tumor growth control in TCR δneg mice (27), several in vivo studies showed that transferred allogeneic Vγ9Vδ2 T cells can reach and infiltrate tumor site and display a strong anti-tumor activity as evidenced by significant clinical benefits (e.g., survival, tumor growth) (28, 29). The implication of Vγ9Vδ2T cells in the anti-tumor immune reactivity is supported by the fact that infiltrating γδ T cells are considered as a favorable cancer prognosis marker for several cancers (30, 31), Vδ2 T cells infiltrating tumors were detected in various types of cancer. However, their precise physiological role might vary from one condition to another, mainly due the heterogeneity of the tumor microenvironment which can modulate their functions as well as their functional plasticity (30, 31).



RATIONALE FOR HARNESSING Vγ9Vδ2 T CELLS IN CANCER IMMUNOTHERAPY

Human Vγ9Vδ2 T cells should be considered as attractive immune effectors of high therapeutic potential for the main following reasons:

1. Inter-individual conservation and elevated frequency in the peripheral blood of human adults;

2. Antigenic specificity linked to cell stress-associated molecules whose expression is frequently dysregulated in cancer cells;

3. Clinical-grade synthetic agonist molecules, such as aminobisphosphonates and PAg, that specifically induce activation, expansion and sensitization of human tumor cells;

4. Simple handling and elevated in/ex vivo expansion index;

5. Absence of alloreactivity (no MHC class I/II restrictions);

6. Capacity to reach and infiltrate tumors;

7. Direct and indirect cytotoxic activities against tumor cells, through the secretion of lytic molecules and pro-inflammatory cytokines.



SUCCESSES AND LIMITATIONS OF Vγ9Vδ2 T CELL CANCER IMMUNOTHERAPIES

Several types of immunotherapies that aim at helping the immune system to better react against tumor cells, are used to treat cancer. They include immune checkpoint inhibitors, monoclonal antibodies and immune cell therapy. In this latter category, active and passive immunotherapies are distinguished, according to the approaches developed for inducing Vγ9Vδ2 T cell activation and expansion.

Regarding active immunotherapies, several strategies have been considered to obtain in vivo activation of Vγ9Vδ2 T cell effectors induced following administration(s) of specific clinical-grade agonist molecules, such as PAg or aminobisphophonates, together with pro-proliferating cytokines (e.g., IL-2) (32, 33). These approaches originated from initial observations describing increased frequencies of peripheral Vγ9Vδ2 T cells in hematological cancer patients treated with pamidronate (34). In patients with non-Hodgkin's lymphoma or multiple myeloma, systemic administrations of both pamidronate with IL-2 were tolerated by patients and induced expansions of endogenous peripheral Vγ9Vδ2 T cells, accompanied by partial remissions of cancer in some patients (35). Next, this strategy was applied to solid tumors (i.e., non-hormonal prostate cancer) and showed that activation of Vγ9Vδ2 T cells in vivo was associated with the development of a pro-inflammatory(IFN-γ) responses (36). Following these first encouraging results, several clinical trials have been conducted in patients with renal cell carcinoma or bone metastases deriving from breast or prostate cancers (32, 33). These studies have demonstrated therapeutic responses such as stabilized diseases and partial remissions in some patients (37–39). More recently, the efficacy of this strategy was improved in patients with malignant hemopathies receiving haploidentical donor lymphocyte infusion (40). Importantly, the majority of treated patients in these trials experienced mild side effects (i.e., flu-like syndrome), likely associated to IL-2, thus confirming the reduced toxicity of this strategy. To further improve its specificity, synthetic PAg compounds have been produced at a clinical grade (i.e., BrHPP) and tested in vivo. In metastatic renal cell carcinoma patients who received repeated infusions of BrHPP and IL-2, potent Vγ9Vδ2 T cell expansions with moderate clinical activities were observed (41). These phase I/0 clinical assays showed a satisfactory feasibility of this approach, with a reduced toxicity (mainly due to IL-2) and excellent Vγ9Vδ2 T cell expansion rates, but modest clinical efficacies, that might have been complicated by the bad clinical condition of cancer patients. Further studies, including assays in monkeys, next pointed out potential issues such as the progressive exhaustion of Vγ9Vδ2 T cells (i.e., tachyphylaxis), altered immune status, activation contexts and tissue homing, that should be solved to improve the therapeutic efficacy of this strategy in cancer treatment (42).

Passive immunotherapies, which are based on ex vivo PBL(Peripheral Blood Lymphocytes)-Vγ9Vδ2 T cell expansions and cell transfer(s) have been tested in renal carcinoma patients with reduced toxicity by low therapeutic efficacy (43). Next, several clinical trials have been carried out in patients with circulating or solid cancers, who have been treated by adoptive transfer of autologous Vγ9Vδ2 T cells, amplified ex vivo, associated with IL-2 and zoledronate (32, 33). In general, these studies indicated a good feasibility but a low, although promising, therapeutic efficacy of this therapy as evidenced by some partial/complete cancer remissions. Clinical trials of adoptive transfer of allogeneic Vγ9Vδ2 T cells are currently underway. Recently, a case report of a patient with a stage IV cholangiocarcinoma showing recurrent mediastinal lymph node metastasis after liver transplantation was published. This patient received consecutive infusions of allogeneic Vγ9Vδ2 T cells which have been expanded from PBMC (Peripheral Blood Mononuclear Cells) of a healthy donor. No adverse effects were detected and a significant clinical response, with no detectable peritoneal lymph node metastasis, was reported at the end of treatment (44). Improved strategies for redirecting immune cell effectors to target cells expressing γδ T cell tumor antigens are being generated and tested for therapy (45). Thanks to the significant advance of genetic engineering and transduction approaches, the efficient expression of natural or optimized TCR (e.g., γδ TCR) can be realized in lymphocytes (46). The clinical-grade production of these engineered effectors [e.g., CAR (Chimeric Antigen Receptor) γδ T cells] has recently been validated and is currently being tested in patients with leukemia or multiple myeloma (33, 46).

Though promising (e.g., feasibility, safety), the results of these clinical trials, though exploratory or phase 0/I only, stressed the urgent need of developing new Vγ9Vδ2 T cell-immunotherapies (e.g., combined therapies) and optimizing their use (e.g., clinical positioning) to significantly improve their clinical efficacy in circulating and solid oncological indications. The achievement of this ambitious goal should require the use of robust physiological preclinical models in vivo for assessing both the feasibility and efficacy parameters of these strategies.



IMPLEMENTATION OF PRECLINICAL CANCER MODELS AND Vγ9Vδ2 IMMUNOTHERAPIES

A substantial number of preclinical in vivo cancer models, including, for some of them, Vγ9Vδ2 T cell immunotherapies, have been carried out using heterotopic mouse models established with subcutaneous injections of cultured human tumor cell lines. Among various advantages, these approaches allow a fast and easy monitoring of tumor growth by physical measurement of tumor volume (47). However, these fast growing models, also generally used for non-Vγ9Vδ2 T cell therapies, rarely faithfully recapitulate the complexity and heterogeneity of human oncological disease (e.g., origin of tumor cells, nature of the environment), also because of the large number of cells implanted in this particular localization (48, 49). Another problem is linked to their limited ability to disseminate (e.g., metastasis). To address this problem, it is important to orthotopically implant tumor cells (i.e., corresponding anatomical position) and, if possible, in a minimal quantity to further mimic the first stages of tumor development and its natural dissemination, according to the organ of origin (Figure 1). Importantly, the growing tumor should be characterized using various approaches such as imaging, histology or analysis of the phenotype of tumor cells to accurately determine the relevance of this model in vivo (50–52).
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FIGURE 1. Mouse models for ortho- or heterotopic administrations of human tumor cells. (A) Schematic representation of human tumor cell implantation strategies in immunodeficient mouse (e.g., NSG). Human tumor cells from either cell lines, primary/organoid cultures or patient-derived xenograft can be implanted orthotopically or heterotopically, respectively. (B,C) Immunohistochemistry (hematoxylin and eosin stainings) of orthtopic (brain) implantation of cells from a primary culture of human glioblastoma (GBM-1) (B) and heterotopic (subcutaneous) implantation of human prostate cancer cells (PC-3 cell line) (C). Bars: 500 μm. NJ & ES, unpublished work.


An indisputable tool for creating preclinical murine models representative of human pathology, not to mention therapies subsequently used, is the graft of explanted tumor samples from cancer patients. Two main strategies have been proposed: (i) the administration of dissociated and cultured tumor cells or (ii) the implantation of tumor fragments (hereafter called PDX, patient-derived xenograft) (Figure 1). These human tumors can heterotypically or orthotopically engrafted in immunodeficient mice, such as NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJl), with engraftment rates (40–95%) related to the presence of stroma. In the case of dissociated and cultured primary tumor cells, all these preparation steps might affect their phenotype and promote the biased growth of particular tumor variants. This issue can be addressed using tumor fragments (53) but the implantation of such large PDX is rarely possible in orthotopic because of size or surgical issues (e.g., intracerebral glioblastoma) (Figure 1). The engraftment and the growth of PDX often take 2–4 months, which can vary by tumor type, implant location, and the strain of immunodeficient mice utilized. This long duration parameter, further complicated by the necessity to divide and to re-implant small fragments of grafted PDX, strongly limits the use of PDX models and its interest for establishing robust, homogeneous and reliable tumor mouse models (i.e., progressive loss of tumor heterogeneity and replacement of the human microenvironment disappears by a murine stroma) (53).

In the absence of relevant and robust in vitro tumor models, including the promising, but currently developed spheroid/organoid/3D tumor systems, the development of novel therapies still requires assessment steps in preclinical animal models before being proposed for therapy. Their use is expected to help predict selected therapeutic effects and analyze selected parameters such as feasibility, side effects and toxicity. In particular with regard to human Vγ9Vδ2 T cells, it is not possible to use syngeneic murine models due to the lack of counterpart of this lymphocyte subset in mice and its species specificity (4, 5). Mostly due to an elevated cost of care, non-human primates, which also contain PAg-reactive γδ T cells, are ill-developed for cancer therapy studies. Highly immunodeficient mice, such as nude or NSG mice, represent the most relevant strains of choice for developing human cancer and immunotherapy models. However, the downside is that most of these immunodeficient mouse models are not relevant for analyzing the contribution of the tumor environment and immune system components to the anti-tumor efficacy of immunotherapies. Rebuilding human immune system in mice remains possible, thanks to the systemic injection of human PBMC in irradiated mice (54). However, this approach might generate strong xenogeneic reaction against the host, which limits the relevance and the operational time window for using these humanized animal models. In addition, the management and reproducibility of these sophisticated models remains complicated. Right now, the mostly developed method of humanization remains the injection/grafting of human tumor cells into immunodeficient mice.



PATHS FOR THE DEVELOPMENT OF IMPROVED Vγ9Vδ2 IMMUNOTHERAPIES USING PRECLINICAL MODELS

Various preclinical strategies are currently developed to assess the therapeutic potential of novel optimized Vγ9Vδ2 immunotherapies targeting various pathways (which are summarized in Figure 2). In particular, several research and clinical groups aim at proposing immunotherapeutic strategies to enhance the reactivity and the cytolytic activity of human Vγ9Vδ2 T cells against tumor cells (16). Of note, the routes for treatment administration in preclinical models should be carefully selected. Most clinical treatments are either orally or systemically administered which might significantly contribute to an increased toxicity or alow therapeutic efficiency (e.g., low specificity). An increasing number of studies evidenced the benefits of local administrations for limiting the systemic toxicity while increasing therapeutic doses (55, 56). These principles should be applied, if clinically possible, for the adoptive transfer(s) of Vγ9Vδ2 T cells.
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FIGURE 2. Molecular axes foroptimization(s) of anti-tumor Vγ9Vδ2 immunotherapies. Human Vγ9Vδ2 T cells (left, blue) can sense human tumor cells (right, red) of diverse tissular origins, in independent or cooperative manners, through various molecular pathways implicating wild-type or engineered TCR, NKR, FcR/CD16, TLR, CAR. Following activation, the direct (cytolysis) and indirect (e.g., pro-inflammatory cytokines release) anti-tumor reactivity might be enhanced by either agonist compounds, such as aminobisphosphonates (NBP), standard chemo-radiotherapies or environment factors, such as cytokines (e.g., IL-21).


Following an initial assessment in vitro, both orthotopic and heterotopic preclinical models of human tumors from various types of tissues, have been implemented in mice and used for the following Vγ9Vδ2 T cell immunotherapy optimizations (Figure 2):

- Natural reactivity of allogeneic Vγ9Vδ2 T cells against some tumor cell types. For example, some human mesenchymal GBM cells naturally overexpress NKG2D ligands that induce a natural Vγ9Vδ2 T cell reactivity leading to the elimination of tumor cells in vivo (57);

- Transfer(s) of human Vγ9Vδ2 T cells combined to agonist compounds (e.g., aminobisphosphonate compounds) administration(s) to further increase the recognition of tumor cells by Vγ9Vδ2 T cells (47). These therapeutic components can be injected either systemically (e.g., intravenously) or close to the tumor sites (for solid tumors) in orthotopic models (50, 52);

- Transfer(s) of human Vγ9Vδ2 T cells combined to radio-chemotherapies. This strategy relies on the observations that these first-line standard treatments are proposed for most cancer indications and could promote cell stress events that could increase the reactivity of Vγ9Vδ2 T cells against human tumor cells (58–60);

- Transfer(s) of human Vγ9Vδ2 T cells combined to antibodies directed against inhibitory immune checkpoint molecules (e.g., PD-1) (61) or ADCC (Antibody-Dependent Cellular Cytotoxicity)-triggering molecules molecules (e.g., FcγRIIIA/CD16) (62, 63);

- Bispecific antibodies which are generated under various molecular formats and have a dual specificity for a selected tumor antigen (targeting) and for the Vγ9Vδ2 TCR (activation) (64).

- Agonist antibodies targeting Vγ9Vδ2 T cell activation molecules (e.g., ectodomain of BTN3A1) to induce a PAg-independent, but TCR-specific, reactivity of Vγ9Vδ2 T cells against tumor cells (65);

- Selected cytokines that can enhance the cytotoxic potential of Vγ9Vδ2 T cells, such as IL-21 (51, 66), or boost their proliferation during ex vivo amplification before adoptive transfer, such as IL-15 associated to Vitamin C (67).



CONCLUDING REMARKS

In terms of phenotype and functions, the human Vγ9Vδ2 T cell subset represents a unique and highly attractive T cell population for designing efficient cancer immunotherapies. However, initial clinical trials targeting this subset yielded mixed results with both encouraging (e.g., good feasibility, weak toxicity) and disappointing observations (e.g., modest clinical efficacy), that could be attributed to inappropriately designed strategies or incorrect therapeutic settings. Nonetheless, these studies clearly met on the urgent need for proposing improved therapies, an objective that should be achieved through the development of more relevant and physiological preclinical models. Although first in vivo models have been proposed decades ago, with a major bias toward rodents (ie. mouse), their use for designing Vγ9Vδ2 T cell-immunotherapies has long been severely hampered by the strict species-specific restrictions of this primate subset. However, the research in this field widely accelerated in the past years thanks to the emergence and development of immunodeficient murine strains as well as improved grafting, mouse humanization and high-dimension detection/“big data” analysis approaches. Importantly, animal-free in vitro models (e.g., spheroids, organoids) are currently developed and should also be used soon in this process. Altogether, these elements should accelerate the entry of this research field within a novel dimension, which should be evidenced by an increased number of successful immunotherapeutic trials in cancer patients.
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Gamma delta (γδ) T cells kill transformed cells, and increased circulating γδ T cells levels correlate with improved outcome in cancer patients; however, their function within the breast tumor microenvironment (TME) remains controversial. As tumors progress, they begin to express stem-cell associated proteins, concomitant with the emergence of therapy resistant metastatic disease. For example, invasive breast cancers often secrete the embryonic morphogen, NODAL. NODAL has been shown to promote angiogenesis, therapy resistance and metastasis in breast cancers. However, to date, little is known about how this secreted protein may interact with cells in the TME. Herein we explore how NODAL in the TME may influence γδ T cell function. We have assessed the proximity of γδ T cells to NODAL in a cohort of triple negative breast tumors. In all cases in which γδ T cells could be identified in these tumors, γδ T cells were found in close proximity to NODAL-expressing tumor cells. Migration of γδ and αβ T cells was similar toward MDA-MB-231 cells in which NODAL had been knocked down (shN) and MDA-MB-231 scrambled control cells (shC). Furthermore, Vδ1 γδ T cells did not migrate preferentially toward conditioned medium from these cell lines. While 24-h exposure to NODAL did not impact CD69, PD-1, or T cell antigen receptor (TCR) expression on γδ T cells, long term exposure resulted in decreased Vδ2 TCR expression. Maturation of γδ T cells was not significantly influenced by NODAL stimulation. While neither short- nor long-term NODAL stimulation impacted the ability of γδ T cells to kill MCF-7 breast cancer cells, the absence of NODAL resulted in greater sensitivity of targets to γδ T cell cytotoxicity, while overexpression of NODAL conferred resistance. This appeared to be at least in part due to an inverse correlation between NODAL and surface MICA/B expression on breast cancer target lines. As such, it appears that NODAL may play a role in strategies employed by breast cancer cells to evade γδ T cell targeting, and this should be considered in the development of safe and effective γδ T cell immunotherapies.
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INTRODUCTION

Breast cancer is the most common women's cancer in Canada with 27 400 expected diagnoses and a projected mortality rate of 6.1% of all cancer deaths in 2020 (1). Mortality is often due to treatment resistance, leading to recurrence and metastatic spread (2).

Immunotherapy using conventional or chimeric antigen receptor-transduced (CAR) T cells is on the cutting edge of advancement in cancer therapeutics (3, 4). However, γδ T cell immunotherapy constitutes an exciting alternative, offering several advantages over the use of conventional αβ T cells. Most importantly γδ T cells are broadly reactive to cancer cells but are not typically MHC-restricted, and thus do not cause graft-vs. host disease (5, 6). Their potent anti-cancer activity and excellent safety profile (7), combined with their non-reliance on tumor mutational loads (8), and improved expansion protocols (9–13) are catapulting γδ T cells into the limelight (14, 15).

Gamma delta T cells kill a wide range of malignancies (6). Their role in breast cancer has been recently reviewed (16). Specific to breast cancer, expanded γδ T cells kill MDA-MB-231, MCF-7 and T47D breast cancer cell lines (17–22). In a phase I clinical trial testing γδ T cell agonist Zoledronate in combination with IL-2 in advanced metastatic breast cancer patients, a significant positive correlation between peripheral γδ T cell numbers and clinical outcome was observed (23). Migration of infused γδ T cells to breast cancer tumors and metastases has been evidenced in both xenograft models (24) and patients (25).

While γδ T cell frequency in blood correlates with positive outcome (23), their prognostic value in breast tumors is unclear. In a comprehensive study including over 18,000 human tumors across 25 cancers, γδ T cell tumor infiltrating lymphocytes (TIL) were the most significant positive prognostic factor (26), although it has since been shown that the CIBERSORT algorithm used in this analysis could not properly discriminate γδ T cells from CD4+ and CD8+ T cells or NK cells; an optimized deconvolution that can reliably identify Vγ9Vδ2 TIL has now been reported (8). The authors of this study focussed on acute myeloid and chronic lymphocytic leukemias, colorectal and prostate cancers, confirming that γδ T cell TIL associate with positive patient outcome, but they did not reassess outcomes for breast cancer patients, which would be of great interest here (8). While a 2012 study proposed that γδ T cells are negative prognosticators in human breast cancer (27), a more recent investigation of TIL in breast cancer using various unbiased in silico approaches found that higher levels of γδ T cells correlated with better outcomes (28). In all cases, correlations were identified, but causality not determined.

Later studies have delved more deeply into the presence of γδ T cells infiltrating triple negative breast cancers (TNBC), revealing increased presence of γδ T cells compared to fibroadenomas or breast tissues from healthy individuals, suggesting active infiltration of γδ T cells into tumors (29), and that infiltrating γδ T cells are likely active (30).

The seemingly paradoxical data on γδ T cells in breast cancer highlight the importance of determining the role of γδ T cell TIL before γδ T cells are further developed as a cellular immunotherapy for breast cancer. Indeed, researchers now recognize the importance of determining how the TME influences the function of γδ T cells [reviewed in (31)]. We recently investigated γδ T cell function under hypoxia, a biophysical condition present in many tumors, and discovered that while γδ T cells were activated under low oxygen, breast tumor cells shed MICA to evade detection by γδ T cells (22).

NODAL is an embryonic morphogen secreted by tumor cells in the TME, whose aberrant expression is induced under hypoxia (32). NODAL has been correlated with breast cancer progression, and functionally promotes angiogenesis, invasion, tumor growth and metastasis, irrespective of ER, PR or HER2 status (33–36). NODAL promotes tumor growth in Nude mice bearing a partial immune system, but this effect diminishes when more immunodeficient models are used (33), suggesting a role for NODAL in immune evasion.

Thus, we decided to investigate whether γδ T cells can be found in proximity to NODAL expressing breast tumor cells in TNBC cases and, if so, what impact NODAL may have on γδ T cell function.



MATERIALS AND METHODS

Ethics Statement

This study was carried out in accordance with the recommendations of the Research Ethics Guidelines, Health Research Ethics Board of Alberta—Cancer Committee with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Health Research Ethics Board of Alberta—Cancer Committee.



Patients and Tissues

We assessed 20 surgically resected triple negative breast tumors from cancer patients diagnosed at the Cross Cancer Institute, Edmonton, AB in 2017. Patient and tumor characteristics are listed in Table 1.


Table 1. Characteristics of triple negative breast cancer cohort.
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Immunohistochemistry

We performed anti-human T cell antigen receptor (TCR)δ staining as reported (22, 37); however, we modified the protocol such as to perform dual staining for TCRδ and CAIX using the EnVision G12 Doublestain System, rabbit/mouse (Agilent Technologies Canada, Mississauga, ON, Canada). Briefly, 4 μm serial sections from formalin-fixed paraffin-embedded tumors were melted at 60°C for a minimum of 10 min on a slide warmer followed by de-paraffinization using fresh Citrus Clearing Solvent (Richard Allan Scientific Reagents, Kalamazoo, MI, USA). Hydration of sections was achieved with a series of graded ethanol (100, 95, 70, 60%) followed by brief incubation in water, then tris-buffered saline plus 0.05% Tween-20 (TBST). Target retrieval solution pH 9 (DAKO North America, Carpinteria, CA, USA) was utilized for antigen retrieval at 100°C for 20 min. After cooling to room temperature, tissues were circled with an ImmEdge pen (Vector Laboratories, Burlingame, CA, USA) and blocking and staining steps were performed as per the manufacturer's instructions. Primary antibody dilutions were 1:150 mouse monoclonal anti-human TCRδ antibody (clone H-41, Santa Cruz Biotechnology, Dallas, TX, USA) and 1:50 dilution of rabbit monoclonal anti-human CAIX [clone EPR4151(2), abcam, Cambridge, MA, USA] or corresponding isotype control diluted to the same antibody concentration. We included known positive controls and isotype controls with each batch for quality control. DAB chromogen bound anti-mouse HRP to indicate TCRδ-positive cells in brown; CAIX-positive cells were stained with permanent red chromogen. After staining with primary and secondary antibodies, we counterstained with Haematoxylin (DAKO), slides were rinsed in water and then dehydrated using a graded ethanol series (60, 70, 95, 100%). Slides were then cleared with Citrus Clearing Solvent, dried and coverslips mounted with VectaMount permanent mounting medium (Vector Laboratories). Serial sections were stained for NODAL as previously published (33).



Assessment of γδ T Cell Infiltration and Localization With Respect to NODAL and CAIX

Light microscopy and semi-quantitative scoring were performed by two pathologists. The entirety of each slide was assessed. Scores for CAIX were 0, absent; 1, weak and/or very focal staining; 2, strong but focal or moderate intensity; and 3, strong and extensive staining, as per our previous publication (22). The score reflects the intensity of staining observed in the majority of cells. NODAL was scored in the same manner on serial sections from the same cases. TCRδ staining was categorized as absent or present; when scored present, TCRδ+ cells were further identified as focal or diffuse. Only TCRδ+ cells within peri- and intratumoral stroma were considered. Co-localization between TCRδ+ cells and CAIX or TCRδ+ cells and NODAL was deemed positive or negative based on staining overlap. Proximity was defined as < 50 μm distance. Representative images were taken from a Nikon DS-U3 camera on Nikon eclipse 80i microscrope at 400 x (500 px bar = 40 μm). The Venn diagram in Figure 1F was created using a free online tool created by Dr. Tim Hulsen at http://www.biovenn.nl/venndiagram.tk/create.php, ©2003–2008.


[image: Figure 1]
FIGURE 1. γδ T cells and NODAL are co-localized in breast tumor tissues from patients. Representative example of paraffin-embedded serial sections from a triple negative breast tumor stained via immunohistochemistry for (A) H&E with hematoxylin staining nuclei dark blue-purple and eosin indicating cytoplasm in pink, (B) NODAL indicated by brown DAB staining, (C) TCRδ also stained brown with DAB, (D) Representative example of TCRδ (brown) found in a CAIX-positive region, stained pink with permanent red dye; scale bar = 40 μm. (E) Scoring for NODAL and CAIX expression in tumor sections in which γδ T cells were identified. Cases in which more than one slide was positive for TCRδ are indicated with −1, −2 designations. (F) Venn diagram depicting co-localization of γδ T cells (blue), NODAL (green), and CAIX (fuchsia). Percent overlaps are indicated.




Primary γδ T Cells

Primary human γδ T cells were derived from healthy donor blood as described (10). In brief, peripheral blood mononuclear cells were isolated and cultured in media containing 1 μg/ml Concanavalin A and 10 ng/ml IL-2 and IL-4. T cells expanded together for 6–8 days, and then conventional αβTc were depleted by magnetic cell separation. For Vδ1 cultures used in migration assays, Vδ2 T cells were depleted from mixed T cells at the same time as αβTc [1 μl anti-TCRαβ PE (Biolegend) plus 0.5 μl anti-TCRVδ2 PE (Miltenyi Biotec) per million cells, followed by anti-PE beads, (Miltenyi Biotec)], and cells were supplemented with conditioned medium after depletion. Viability and fold expansion were routinely assessed via Trypan Blue exclusion and cell counting. When fed, cells were diluted to one million cells/ml with complete medium (RPMI 1640 with 10% FBS, heat-inactivated, 1 × MEM NEAA, 10 mM HEPES, 1 mM sodium pyruvate, 50 U/ml penicillin–streptomycin, and 2 mM L-glutamine—all from Invitrogen™, Thermo Fisher Scientific, Waltham, Massachusetts, USA) supplemented with 10 ng/ml IL-2 and IL-4. Subset composition and γδ T cell culture purities are provided in Table S1.



Breast Cancer Cell Lines

Breast cancer target cell lines included MCF-7, T47D, and MDA-MB-231, all cultured in RPMI medium containing 10% FBS. MDA-MB-231 NODAL knockdown (shN) and scrambled control (shC) cell lines as well as T47D NODAL overexpresser (NOE) and empty vector (EV) control lines were established and characterized in our lab (33). They were cultured in RPMI containing 10% FBS and supplemented with 500 ng/ml Puromycin.



In vitro Migration Assays (35)

For the experiment shown in Figure 3A, 60,000 MDA-MB-231 shN or shC cells in 600 μl complete medium were plated in the lower chamber of transwell plates (Corning #3421, 6.5 mm diameter inserts, 5.0 μm pore size, tissue culture treated) and allowed to adhere overnight. 20,000 αβ or γδ T cells in 100 μl serum free medium were plated in the top chamber and incubated for 3 h. Transwells were then washed in PBS, and then fixed in cold methanol for 15 min. After three washes in PBS, filters were carefully excised, placed on microscope slides (J. Melvin Freed, Frosted, Cat# 7,525 MF) and one drop DAPI mounting medium (Molecular Probes Prolong Gold antifade P36935) applied before placement of coverslips. Slides were stored at 4 degrees in the dark until visualization. 600 μl conditioned medium from MDA-MB-231 shN or shC cells was placed in lower chamber. Biological replicates shown in Figure 3B were done as follows: 50,000 Vδ1 γδ T cells in 100 μl serum free medium were plated in the top chamber and incubated for 3 h. Washing and fixing of membrane was done as described above.

Images were acquired on the Zeiss Axio Observer Z1 microscope such that all fields of view were stitched together to obtain an image of the entire transwell insert.



Image Analysis

Images of migrated cells as identified by their DAPI-stained nuclei were analyzed using MetaXpress 6.0 software. Regions of interest (ROI) on 16-bit images were traced to encompass the entire filter; exemptions were drawn and subtracted to remove bubbles from the analysis. The value for net ROI, in pixels, was divided by one million. The net ROI was divided by one million to obtain a number below 100; this step is reflected in the 10−6 in the units. The Top Hat morphology filter (15–20 pixel diameter circle) was applied to remove artifacts. Nuclei with 10 −20 μm width displaying 10,000–15,000 intensity above background were considered to identify cells and were counted. True cells were defined with area ≤ 299 pixels. The total nuclei counted on the entire ROI from the insert were then divided by the ROI to achieve the # cells/pixel (x10−6) as depicted in the graphs. This was done to normalize the cell count to the area analyzed, to prevent skewing of results due to potential differences in excised filters or from loss of area due to bubbles.



NODAL Stimulations

Unless otherwise stated, cells were stimulated with 100 ng/ml recombinant human NODAL protein (R&D Systems, catalog number 3218-ND/CF) for 4 h (cytotoxicity assays), 24 h or 4–10 days as indicated. Controls were NODAL vehicle control (NVC, 4 mM HCl in dH2O), 1.7 ng/ml carrier-free recombinant human TGF-β1 (BioLegend), 5 μg/ml anti-CD3 antibody (BioLegend, clone OKT3) or 200 μM pervanadate (4.1 μl 50 mM sodium orthovanadate, 1.2 μl 30% H2O2 plus 4.7 μl PBS per ml cell suspension).



P19 Cell Stimulations

P19 mouse embryonal carcinoma cells were cultured and used periodically to verify the activity of recombinant human NODAL used in some assays. P19 cells were cultured in Alpha Minimum Essential Medium with ribonucleosides and deoxyribonucleosides, 7.5% bovine calf serum and 2.5% fetal bovine serum. P19 cells were seeded in 6 wells plate with 200,000 cells/well and grown in media with serum. The next day, media containing 10 μM SB431542 to suppress phosphoSMAD signals was added and incubated overnight. On the third day, the cells were washed with warm serum-free Alpha Minimum Essential medium and treated with rhNODAL 100 ng/mL (R&D system, cat#3218-ND/CF) for 1 hr at 37°C with 5% CO2 supplementation. After 1 h of treatment, cells were lysed and stored at −20°C for further western blotting analysis.



Western Blotting

Cell lysates were prepared by adding M-PER Mammalian Protein Extraction Reagent containing Halt™ Protease and Phosphatase Inhibitor (both from Thermo Fisher Scientific) at 10 μl lysis buffer per million γδ T cells or 10 μl lysis buffer per 0.28 million target cells followed by 10 min incubation at room temperature. Cell lysates were then centrifuged for 15 min at 13,000 rpm at 4°C, after which supernatants were collected and 5 × reducing sample buffer [0.0625 M Tris/HCl pH6.8, 2% SDS, 20% glycerol, 0.05% β-mercaptoethanol, 0.025% (w/v) Bromophenol Blue] was added. Samples were boiled for 5 min and briefly centrifuged in a benchtop centrifuge before running on 10% SDS-PAGE gels. The mixed MW program on the Trans-Blot Turbo Transfer System (Bio-Rad, Mississauga, ON, Canada) was used to transfer proteins onto Immobilon-FL PVDF membranes (Millipore). Membranes were blocked for 40 min in 3% milk in TBST, followed by primary antibody incubation overnight at 4°C. Membranes were then washed and incubated with the corresponding species-specific HRP-labeled secondary antibody for 1 h, followed by further washing and finally detection using Clarity™ Western ECL Substrate (Bio-Rad). Primary antibody baths were prepared using PBS containing 2% bovine serum albumin and 0.05% sodium azide at the following dilutions: 1:3,000 mouse anti-human β-Actin (Santa Cruz, Danvers, MA, USA, clone C4); 1:2,000 rabbit anti-human β-Actin (Cell Signaling Technologies, Danvers, MA, USA); 1:2500 mouse anti-human NODAL (R&D Systems, clone 784410), 1:1000 anti-phospho-Smad2 (Cell Signaling, clone 138D4). Secondary antibodies were diluted in 3% milk in TBST (Tris buffered saline with Tween, 20mM Tris, 150 mM NaCl, 0.1% Tween 20) 1:10,000 goat anti-mouse IgG HRP (Bio-Rad); 1:20,000 goat anti-rabbit IgG HRP (Bio-Rad). The presence of multiple bands in some NODAL blots reflects different NODAL species corresponding to pro-NODAL, as well as processed NODAL (glycosylated/sialylated), and differ depending on cell type and conditions (33).



Quantification of Bands on Western Blots

FIJI software (ImageJ Version 2.0.0-rc-15/1.49 m) was used to measure band intensities for phosphoSMAD2, Nodal and β-actin on 8-bit converted grayscale images using consistent rectangular regions of interest. Measured values for bands and background (region of same size beneath each band) were subtracted from 255, then net values for protein bands of interest and loading control bands (actin) were obtained by subtracting background values. Then, the ratios of the net protein bands to net loading control bands were calculated. Microsoft Excel version 15.3 (Microsoft, Redmond,WA, USA) was used for calculations.



Flow Cytometry


γδ T Cell Immunophenotyping (9, 10, 38)

Live γδ T cells were gated on forward- and side-scatter properties and live/dead ZA staining. We used fluorescence minus one controls to set gates. Samples were acquired on BD FACS CantoII or Fortessa SORP X20 analyzers. Data were analyzed using FlowJo™ software version 10.6.0 for Mac (Becton Dickinson & Company, Ashland, OR, USA). In cases where Vδ1 + Vδ2 combined gates are indicated (Figure 3A, Figures S3A–C), the FlowJo tool “make or gate” under the Boolean dropdown menu was used to combine these gates.



Antibodies

For surface marker staining of γδ T cells, the following anti-human antibodies from BioLegend (unless otherwise indicated) were employed: TCRγδ PE (clone B1, 1:25); TCRγδ PE (Miltenyi, clone REA591, 1:10); TCRγδ BV421(clone B1, 1:10); TCR Vδ1 FITC (Miltenyi, clone REA173, 1:10); TCR Vδ2 PE (Miltenyi, clone 123R3, 1:100); TCR Vδ2 PerCP (clone B6, 1:25); CD27 AF700 (clone M-T271, 1:25); CD27 APC (clone M-T271, 1:25); CD45RA FITC (clone HI100, 1:25); CD69 AF700 (clone FN50, 1:4); CTLA-4 APC (clone L3D10, 5 μl); and PD-1 BV421 (clone EH12.2H7, 1:20).

For breast cancer cell line surface staining, anti-human MICA/B PE (clone 6D4, 0.1 μg); ULBP-2,5,6 (R&D systems, clone 165,903, 0.2 μg); ULBP-3 (R&D systems, clone 166,510, 0.04 μg); ULBP-4 (R&D systems, clone 709,116, 0.1 μg).



Surface Marker Staining

γδ T cells and breast cancer cell lines were re-suspended at 10 × 106 cells/ml and stained with Zombie Aqua fixable viability dye in PBS (ZA, BioLegend) at a dilution of 1 μl/106 cells for 15–30 min at room temperature in the dark. For γδ T cell staining, cells were stained directly with fluorochrome-conjugated antibodies diluted in FACS buffer [PBS containing 1% FBS and 2 mM EDTA (Invitrogen)] as indicated above. For the target breast cancer cell lines, cells were re-suspended at 10 × 106 cells/ml and blocked with FACS buffer containing 50 μl/ml Trustain FcX (BioLegend) and incubated on ice for 30 min. Following blocking, cells were centrifuged and supernatants were removed such that 10 μl FACS buffer plus block remained. Antibodies and FACS buffer were added to 20 μl total volume, and cells incubated on ice 15–20 min followed by washing. Cells were then fixed in FACS buffer containing 2% paraformaldehyde (Sigma-Aldrich), stored at 4°C and acquired within 1 week.



Cell Trace Violet Proliferation Assay

γδ T cells were labeled as per the manufacturer's instructions with 1 μM Cell Trace Violet (Invitrogen), cultured for the indicated length of time, and were washed and re-suspended in FACS buffer prior to flow acquisition. Proliferation modeling was performed and statistics generated using FlowJo™ software, version 10.5.3.



Flow Cytometer Specifications

Cell samples were analyzed on a FACS CANTO II (Becton Dickinson, Mississauga ON) equipped with: an air-cooled 405-nm solid state diode, 30 mW fiber power output violet laser, with 450/50 and 510/50 band pass (BP) (502 long pass (LP) detector); a 488-nm solid state, 20-mW blue laser with 530/30 Bp (502 LP), 585/42 BP (556 LP), 670 LP (655 LP), and 780/60 BP (735 LP) filters; and a 633-nm HeNe, 17-mW red laser with 660/20 BP and 780/60 BO (735 LP) filters. Calibration was performed with CS&T beads (Becton Dickenson, Mississauga ON). Live singlets were gated based on forward and side-scatter properties and absence of fixable viability dye staining. Fluorescence minus one (FMO) controls were used to set gates. Analysis was performed using FlowJo™ software version 10.6.0.




Fluorescence-Based Blocking/Cytotoxicity Assays (10)


Target Cell Labeling With Calcein AM

As per the manufacturer's instructions, target cells were labeled with 5 μM Calcein AM (CalAM, Invitrogen/Thermo Fisher Scientific). Cells were diluted to 30,000 cells/100 μl medium for cytotoxicity assays. For blocking assays, 4 μg blocking antibody (MICA/B, Biolegend, clone 6D4) was added to 400 μl cell suspension for each test in Eppendorf tubes, and from this, 100 μl/well was plated in a 96-well round-bottomed plate in triplicate and incubated at 37°C, 5% CO2 for 30 min. Mouse IgG (Sigma-Aldrich) was used as a control. Effector γδ T cells were re-suspended at a dilution of 6 × 106 cells/ml in complete medium, then further diluted and added to target cells in 100 μl volumes to achieve the indicated effector:target (E:T) ratios; blocking assays were done at 20:1. Effectors and targets were incubated together at 37°C, 5% CO2 for 4 hr. Experimental controls were untreated and mouse IgG-treated cells (for the blocking assay). For CalAM fluorescence detection, plates were centrifuged and supernatants transferred to fresh 96-well plates (Costar, black plate, clear, flat bottom) and readings taken on a fluorimeter (FLUOstar Omega, BMG labtech). Controls were CalAM-labeled target cells incubated alone (spon = spontaneous release) and 0.05% Triton-X-100 (Thermo Fisher Scientific)-treated cells (max = maximum release). Percent lysis was calculated: [(test – spon)/(max – spon)] × 100%.



Flow Cytometric Cytotoxicity Assay (38)

Targets were labeled with 1 μM Cell Trace Violet 1 day prior to the assay. Targets were harvested and re-suspended in complete medium at 30,000/100 μl and plated 100 μl/well in a 96-well round-bottom plate. γδ T cells (effectors) were harvested and cell densities adjusted for each E:T ratio (1:1, 5:1,10:1, 20:1). Leftover γδ T cells were used for unstained, CTV only and Calcein AM Red Orange only staining controls. 100 μl effectors were added to targets and 100 μl/well media was added to target only wells; they were then incubated for 4 h at 37°C, 5% CO2. One Calcein AM Red Orange stock vial was reconstituted in 20 μl DMSO followed by further 1:5000 dilution in DMSO. Next, Calcein AM was diluted 1:100 in PBS. The 96-well plate containing effectors and targets was then centrifuged, pellets were re-suspended in 200 μl Calcein AM in PBS, and incubated at room temperature for 15 min in the dark. Finally, the plate was spun again, supernatants removed and pellets re-suspended in 200 μl FACs buffer [PBS containing 1% FBS and 2 mM EDTA (Invitrogen)]. Counting beads (Precision Count BeadsTM, Biolegend, Catalog # 424,902) were diluted 1:4 in FACs buffer and transferred to FACS tubes (200 μl/sample) on ice to which 200 μl cell suspensions were added prior to acquisition on the Fortessa X-20.



Statistics

Microsoft® Excel for Mac Version 15.30 was employed for paired 2-tailed Student's t-tests (Figure S3E). All other statistics were done using GraphPad Prism Version 8.2.1: Kruskal-Wallis and Dunn's multiple comparisons tests when Shapiro-Wilk normality tests failed because N was too small [(Figures S2A,C,D); one-way ANOVA analysis and Tukey's multiple comparisons (Figures 2A,B, Figure S2B)]; and two-way ANOVA with Bonferroni's pairwise multiple comparison post-hoc tests (Figure 4, Figure S4). The significance threshold was set at P < 0.05; asterisks indicate degrees of significance as indicated in the figure legends. Simple linear regression analyses were applied to data shown in Figures 5C–E, Figure S4P. The correlation matrix in Figure 5F shows calculated Pearson's correlation coefficients; the determined P-values were one-tailed.
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FIGURE 2. The NODAL-positive breast cancer cell secretome has no influence on γδ T cell migration. (A) No significant difference in migration of αβ and γδ T cells toward shN and shC plated in complete medium with 20,000 T cells in the top and 60,000 MDA-MB-231 cells in complete medium in the bottom chamber. Individual technical replicates are shown. (B) Compiled data from four independent Vδ1 migration assays toward medium or conditioned medium without or containing recombinant human NODAL (rhNODAL). Error bars are SEM.






RESULTS

γδ T Cells Are Found in Areas in Which NODAL Is Expressed in Triple Negative Breast Tumors

Previously, we determined that γδ T cells are enriched in areas of hypoxia, as indicated by expression of carbonic anhydrase IX (CAIX), in estrogen receptor positive (ER+) breast tumors (22). We thus extended our studies to primary tumor tissues from a cohort of TNBC patients (Table 1) from which we stained serial sections of up to four different pieces of TNBC tumors from each patient (case). Representative examples are shown (Figures 1A–D). The hematoxylin and eosin (H&E) image depicts the invasive front of a triple negative breast carcinoma with large pleomorphic tumor cells showing intimate relationship to the stromal and immune microenvironment (Figure 1A). The tumor cells show strong cytoplasmic NODAL expression (Figure 1B). Scattered γδ T cells are seen in the vicinity of invasive tumor cell clusters (Figure 1C). Other examples from a different case are shown in Figures S1A–C. An image of γδ T cells in a CAIX-positive region from a third case are also shown (Figure 1D). We found γδ T cells in 45% (9/20) of cases studied on 13/39 slides. Scores for expression of NODAL and CAIX on these 13 slides are shown (Figure 1E).

In all cases in which both NODAL and γδ T cells could be detected, γδ T cells were found in close proximity to NODAL-expressing tumor cells; proximity was defined by a distance of < 50 μm. NODAL expression was observed in 78% of cases (7/9) and 85% of slides (11/13, Figure 1F). γδ T cells were found in regions of CAIX positivity in 100% of cases in which CAIX staining was evident (44%, 4/9 cases; 7/13 slides). Of seven slides from four patient tumors where CAIX and γδ T cell infiltration were both evident, in six (86%) they were co-localized, also with NODAL (46%, 6/13). It should be noted that γδ T cells were also found in areas in which neither NODAL nor CAIX were present. On all slides in which NODAL and CAIX were detected, regardless of γδ T cell infiltration, they were co-localized.

While this patient cohort is small and not powered enough to perform statistics, there appears to be no correlation of γδ T cell infiltration with patient age, invasive ductal carcinoma (IDC) size, grade, stage, or lymph node status (Table 1). Of the nine patients whose tumors contained γδ T cells, one had passed away as of February 2020 (11%); three of the eleven patients whose tumors lacked γδ T cells (27%) are deceased. Since NODAL is correlated with breast cancer progression, (36) and we found γδ T cells in close proximity to NODAL-expressing tumor cells, we decided to investigate the impact of NODAL on γδ T cells.



NODAL Stimulation of γδ T Cells Does Not Alter Their Migration

Since chemotaxis is a major regulator of TME composition, we wanted to see whether NODAL had an influence on the migration of γδ T cells. In transwell assays, we tested migration of both αβ and γδ T cells toward MDA-MB-231 cells in which NODAL had been knocked down (γδ shN) compared to those in which NODAL was expressed (γδ shC) and observed no difference in the number of migrating cells (Figure 2A). A representative image of a transwell filter with migrated cells before, during and after processing for quantification is shown in Figures S2A–D, respectively. Since Vδ1 cells are often found within solid tumors (39) and investigators recently reported a majority of Vδ1 γδ T cell TIL in TNBC specifically, we enriched for Vδ1 γδ T cells and determined that they did not migrate preferentially toward conditioned medium from NODAL-expressing or NODAL knockdown cells. While the addition of recombinant human NODAL (rhNODAL) seemed to decrease migration somewhat, this difference was not significant. Compiled data from four independent migration assays with Vδ1 cells from four different donors are shown in Figure 2B. Results from the individual experiments in the compiled Figure 2B can be found in Figures S2E–H. Verification of NODAL expression in shN and shC cells used to produce conditioned medium for migration experiments can be found in Figures S2I,J.



NODAL Stimulation Does Not Impact Activation Marker Expression, Proliferation or Maturation Profiles of γδ T Cells, but Longer Stimulation Time Results in Decreased Vδ2 TCR Expression

Compared to vehicle control, exposure to 100 ng/ml rhNODAL for 24 h had no impact on expression of Vδ1 or Vδ2 TCR, CD69, or PD-1 on the surface of primary human γδ T cells cultured for 14 days (Figure 3A). CTLA-4 was not detectible on these cells (data not shown). The Vδ1 + Vδ2 populations shown are a combination of those two individually gated cell types, combined using the FlowJo Boolean “make or gate.” Since the anti-Vδ2 TCR antibody outcompetes pan-γδ TCR antibody for binding, we do not show results for pan-γδ TCR staining (which would not include Vδ2 cells), but rather chose to combine Vδ1 and Vδ2 as indicated. Stimulation with OKT3, an anti-CD3 antibody, was included as a positive control for activation marker expression. As expected, both Vδ1 and Vδ2 TCRs were downregulated upon anti-CD3 stimulation; however, Vδ2 surface expression decreased more dramatically. Interestingly, Vδ1 appeared to have more basal PD-1 expression than Vδ2; in contrast, Vδ2 expressed more CD69 (Figure 3A, top panel, compare NVC Vδ1 and Vδ2 plots). Fluorescence minus one gating controls are shown in Figure S3A. These results were consistent with two other biological replicates done with γδ T cells from different donors; one other example is shown in Figures S3B,C.
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FIGURE 3. NODAL stimulation has no impact on activation markers, proliferation or maturation of γδ T cells but longer term exposure to NODAL results in decreased Vδ2 TCR surface expression. (A), γδ T cells were subject to 24 h 100 ng/ml NODAL stimulation, and then surface expression of Vδ1 and Vδ2 TCR, PD-1, and CD69 were assessed via flow cytometry. NVC, NODAL vehicle control; anti-CD3 (OKT3) stimulation was done as a positive control for activation markers. This is a representative example of n = 3 independent experiments. (B), Long term NODAL stimulation has no impact on γδ T cell proliferation. γδ T cells from the same culture as in A were labeled with Cell Trace Violet, then stimulated one time with NODAL vehicle control (NVC) or 100 ng/ml recombinant human NODAL. Flow cytometry was performed on days 0, 4, 8, and 10. Proliferation modeling analyses for the day 4 time point are shown. (C), Cell numbers and median fluorescence intensities (MFI) of proliferation divisions for the experiment shown in B are shown; n = 2 technical replicates, error bars are SD. (D), A representative example of histogram overlays from the day 4 time point of the experiment shown in B and C; MFIs are indicated. (E), Cell counts on days 0, 4, 8, and 10 are plotted here for the two technical replicates done in the experiment shown in (B–D). No significant differences were observed. (F), Ten days after NODAL stimulation, cells cultured in parallel with the experiment in B-E were stained for Vδ1 and Vδ2 TCR expression; results from two technical replicates are shown. (G), Histogram overlays and MFIs of TCR expression for representative examples from the experiment shown in (F). (H), For the experiment shown in (F,G), maturation was assessed via CD45RA and CD27 staining; both technical replicates are shown. (I), Maturation assessment after stimulating γδ T cells for 4 days with 10, 50, or 100 ng/ml recombinant human NODAL.


To assess longer term impact of NODAL on γδ T cells, cells were labeled with Cell Trace Violet (CTV) and followed for 10 days. Samples were taken on days 0, 4, 8, and 10 for flow cytometric analysis. Proliferation modeling of data acquired on day 4 indicated no differences in proliferation between NVC and NODAL stimulated cells (Figures 3B–D), with proliferation indices averaging 1.81±0.01 and 1.815 ± 0.015, respectively. Cell counts for all of the time points for both technical replicates are shown in Figure 3E. Proliferation was measured via cell counting in a similar manner for three other cultures from two other donors (Figures S3D–F), with only one experiment showing some evidence of decreased proliferation of NODAL-treated cells 2 and 7 days post-stimulation but not at the end of culture (Figure S3D). In parallel, with the same γδ T cell culture used in Figures 3A–E, but left unlabeled, cells were stimulated with NODAL or NVC and then stained for flow cytometric assessment of Vδ1 and Vδ2 TCRs as well as maturation markers CD45RA and CD27. Proportions of Vδ1 and Vδ2 T cells were unaffected by NODAL stimulation (Figure 3F), and Vδ1 TCR expression levels remained unchanged (Figure 3G top panel); however, Vδ2 TCR expression levels decreased (Figure 3G bottom panel). This appears to occur as early as 4 days post-stimulation (Figure S3G). Maturation did not appear to be affected by long term NODAL stimulation (Figure 3H, FMOs in Figure S3I). Maturation was similarly unaffected in two other γδ T cell cultures subjected to a similar assessment (Figure 3I, Figure S3J), although perhaps there was a trend toward greater conversion of CD45RA−CD27+ central memory (CM) cells to CD45RA−CD27− effector memory (EM) cells with higher NODAL doses after 4 days: at 10 ng/ml, CM/EM was 18.9/28.8 and at 100 ng/ml this was 15.6/34.0 (Figure 3I, FMOs in Figure S3K). An example of another 10-day NODAL stimulation is also shown, although it should be noted that cell viability for this culture by day 22 was no longer optimal and it appears that slightly more naïve cells were present in the NODAL-stimulated culture (Figure S3J).



NODAL Expression Is Inversely Proportional to γδ T Cell Cytotoxicity

Since NODAL is correlated with a poor prognosis in breast cancer, and prognosis is also associated with immune evasion, we chose to investigate whether NODAL is implicated in this resistance. Neither short- nor long-term stimulation of γδ T cells with exogenous recombinant human NODAL had any impact on γδ T cell cytotoxicity against MCF-7 breast cancer cells as shown in Calcein AM release assays (Figures 4A,B, Figures S4A–D). We then went on to investigate whether expression of NODAL in cancer cells could confer resistance, which constitutes a more physiologically relevant scenario, particularly since NODAL becomes upregulated under hypoxic conditions often found in tumors (32). For this, we made use of MDA-MB-231 NODAL knockdown and scrambled control cell lines as targets (35). Since these cell lines express GFP, which is not compatible with Calcein AM release assays, we turned to flow cytometric cytotoxicity assays to determine susceptibility of the lines to γδ T cell cytotoxicity. Indeed, we discovered that loss of NODAL confers susceptibility to γδ T cell killing, which is most significant at 10:1 and 20:1 effector:target ratios (Figure 4C, Figures S4E–I). We next utilized T47D cells [which have little endogenous NODAL expression (32)] transduced with an empty vector (EV) or a NODAL overexpression construct (NOE) as targets in our Calcein AM release cytotoxicity assays and found that NODAL overexpression confers resistance to γδ cell killing on T47D cells, again most prominently displayed at higher effector:target ratios of 10:1 and 20:1 (Figure 4D, Figures S4J–L). Verification of relative NODAL expression levels in these cell lines is depicted in Figure S4O. We plotted average percent lysis values for the 20:1 effector:target ratio for cytotoxicity assays shown in Figures 4C,D, Figures S4H,I,L,K—for which matched NODAL expression levels had been determined in Figure S4O—and performed linear regression analyses. The slope of the line of best fit was −21.33 and although the low r2 value of 0.3500 and position of data points outside the 95% confidence intervals indicated a poor fit, a significant negative association between % lysis and NODAL expression was nevertheless revealed (Figure S4P, P = 0.0427).


[image: Figure 4]
FIGURE 4. NODAL expression inversely correlates with susceptibility of breast cancer cells to γδ T cell cytotoxicity. (A), NODAL stimulation during a 4-h Calcein AM-release cytotoxicity assay does not impact γδ T cell cytotoxicity against MCF-7 cells. NVC, NODAL vehicle control; n = 3 independent experiments. (B), Long term NODAL stimulation has no impact on γδ T cell cytotoxicity against MCF-7 cells. γδ T cells were stimulated one time with NODAL vehicle control (NVC) or 100 ng/ml recombinant human NODAL, then 9 days later were co-incubated for 4 h with Calcein-AM labeled MCF-7 target cells at the indicated Effector:Target (E:T) ratio. (C), Representative example in which day 21 γδ T cells and shC or shN MDA-MB-231 target lines were co-incubated for 4 h at the indicated E:T, and acquired via flow cytometry. ***P = 0.0002, ****P < 0.0001; n = 6 independent experiments. (D), Overexpressing NODAL in T47D cells (NOE) confers significantly greater resistance to γδ T cell cytotoxicity as shown in a Calcein AM-release cytotoxicity assay; EV = empty vector control; A, B, D, Calcein AM assays; ***P = 0.0007; representative of n = 4 independent experiments. (A–D) Error bars are SD (3 technical replicates). P-values were calculated with 2 way ANOVA followed by Bonferroni multiple comparisons analysis.




Surface Expression of MICA/B Is Inversely Correlated to NODAL Expression

Flow cytometric assessment of the tumor surface antigens MICA/B, and UL-16 binding proteins (ULBP) 2–6 on shN and shC cells revealed that shN typically have higher surface MICA/B levels (Figure 5A, Figures S5A–C), but lower levels of all ULBPs tested compared to shC cells (Figure 5A). Similar analyses showed that the control EV line expressed higher levels of MICA/B (Figure 5B, Figures S5D–F), ULBP 2,5,6 and ULBP4 than NOE cells. Levels of ULBP3 were comparable on both lines (Figure 5B). As such, it appears that MICA/B surface expression and thus target cell susceptibility to γδ T cell cytotoxicity is inversely proportional to NODAL expression. We then blocked MICA/B on EV and NOE targets prior to cytotoxicity assays. Blocking EV with anti-MICA/B antibody reduced lysis down to a similar level to that of NOE targets (Figures S4M,N, compare EV MICA/B with NOE IgG), while blocking MICA/B on NOE targets had less impact than MICA/B blocking on EV (Figures S4M,N, compare IgG and MICA/B on EV and NOE). Linear regression analysis on averages from three independent cytotoxicity assays combined (Figure 4C, Figures S4K,L) indicated significantly decreased susceptibility to γδ T cell lysis of T47D NOE compared to EV targets (Figure 5C, p = 0.0007). After plotting relative MICA/B MFI over NODAL expression for the T47D EV and NOE cells used in Figure 5C, we performed simple linear regression. Narrowing this analysis to only T47D cells yielded a line of best fit with r2 = 0.7915 and a slope significantly different from 0 (Figure 5D, P = 0.0176). The same analysis of percent lysis at 20:1 vs. relative NODAL expression yielded a P-value of 0.0056 and r2 = 0.8801 (Figure 5E). Finally, analysis of percent lysis at 20:1, together with relative NODAL and MICA/B expression, yielded Pearson's correlation coefficients displayed in a matrix in which strong positive correlations were found between percent lysis and MICA/B expression (r = 0.72, P = 0.054) and negative correlations between percent lysis and NODAL expression (r = −0.94, P = 0.003) as well as NODAL and MICA/B expression (Figure 5F, r = −0.89, P = 0.009).
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FIGURE 5. Surface expression of MICA/B is inversely correlated to NODAL expression. (A), Representative examples of MICA/B, ULBP2/5/6, ULBP3, and ULBP4 tumor antigen surface expression on shC and shN MDA-MB-231 cells. Dashed lines are isotope controls. Median fluorescence intensity (MFI) values are indicated. (B), Representative examples of MICA/B, ULBP2/5/6, ULBP3, and ULBP4 tumor surface antigen expression on T47D EV and NOE cells. Dashed lines are isotope controls. Median fluorescence intensity (MFI) values are indicated. (C), Linear regression analysis on data from cytotoxicity assays shown in 4D, S4K,L. Avg = average. (D), Relative ratios of MFI for MICA/B stained cells over isotype controls were plotted against relative NODAL expression as determined by densitometry on protein expression in lysates from matched cells shown in Figure S4O. (E), Average percent lysis at 20:1 effector:target ratio from experiments shown in 4D, S4K,L were plotted against relative NODAL expression as determined by densitometry shown in Figure S4O. (F), Correlation matrix showing Pearson's correlation coefficients from multiple variables analysis of percent lysis at 20:1, relative NODAL and MICA/B expression from experiments shown in Figure 4D, Figures S4K,L.





DISCUSSION

Alternative therapies for TNBC are in great demand (40) and the impact of the TME on γδ T cells is of great interest to those wishing to further develop γδ T cell immunotherapy (31). For example, altered tumor cell metabolism was addressed in a recent study describing harmful effects of LDL cholesterol on Vδ2 γδ T cell cytokine production and cytotoxicity against MDA-MB-231 in vitro and in vivo, which may well occur in the TME (41). We previously found that while hypoxia activates γδ T cells, at the same time low oxygen serves to downregulate surface expression and/or increase shedding of MICA by breast cancer cell lines leading to less efficient target cell recognition (22). Since NODAL is induced by hypoxia (32) and is correlated with breast cancer progression (42), we chose to investigate these particular elements of the TME and their influence on γδ T cell function.

We obtained formalin-fixed paraffin-embedded sections from twenty TNBC cases from which, in some cases, we could access slides from different parts of the same tumor. Gamma delta T cells were not equally distributed among these slides; in other words, the presence of γδ T cells in one section did not predict their presence in other tumor sections from another part of the same patient tumor, underlining the heterogeneity of tumors and infiltrating lymphocytes (8). As this was a relatively small cohort of patient tumors, we could not apply statistics to infer prognostic value of γδ TIL; however, there were enough examples of γδ T cell proximity to NODAL-expressing tumor cells to warrant further investigation of the potential impact of NODAL on γδ T cell function.

Hidalgo et al. (29) carefully assessed localization of γδ T cell TIL in a cohort of 26 TNBC tumors, comparing 14 IDC to 12 medullary breast cancer (MBC) cases. They found that most γδ T cells were in the tumor stroma in IDCs, but that in individual cases the cells could be found both in parenchyma and stroma (29). More recent pathological assessments of breast tumors no longer classify malignancies as MBCs, but rather TNBC cases are designated IDCs; as such, we cannot confirm Hidalgo's comparison. We can confirm, however, that γδ T cells could be found in close proximity to tumor cells, some of which expressed NODAL, but that most γδ T cells were localized in the adjacent tumor stroma. Since NODAL is a secreted protein, which would not be captured by IHC, it is reasonable to infer that the NODAL produced by tumor cells would come into contact with γδ T cells in the TME.

We looked for these effects by stimulating one time with exogenously administered rhNODAL and harvesting cells at various time points to determine functional outcome of this stimulus. While in many of our functional assays there appeared to be no significant influence of NODAL on γδ T cells, there were a few exceptions.

Although statistical analysis of compiled Vδ1 T cell migration assays did not yield significant differences, there was a trend toward lesser migration of these cells in the presence of rhNODAL (Figure 2B, Figures S2E–H) that may have become more clear had we altered incubation times for these assays. We also recognize that the presence of γδ T cells near NODAL-expressing tumor cells suggests that, if there is an inhibitory effect of NODAL on γδ T cell migration to the tumor, γδ T cells are able to overcome this, at least partially. Further exploration into chemokine receptor expression on γδ T cells after NODAL stimulation may be warranted. It should also be noted that the activity of rhNODAL was assessed periodically via P19 assays to ensure that the lack of response we observed in our assays was not due to lack of rhNODAL activity (Figure S6).

Vδ2 cells expressed CD69 after anti-CD3 stimulation, which has been found by others to indicate activation in the form of degranulation and production of proinflammatory cytokines (43), whereas Vδ1 cells upregulated PD-1. Such subset-specific responses to anti-CD3 stimulation are reminiscent of the work of Kress et al. (44) who stimulated Vδ1 and Vδ2 cells with PMA/Ionomycin or LPS and measured resulting gene expression changes in the two subsets, which were considerable, with ~50% being subset specific. Unfortunately, access to the complete gene lists is no longer available online; as such, we were unable to determine whether CD69 or PD-1 were assessed in their analyses. While no noticeable TCR downregulation had occurred at 24 h post-NODAL stimulation (Figure 3A), 4 days later, Vδ2 TCR internalization was evident (Figure S3H), which was also seen in other experiments at 10 days post-stimulation (Figure 3G, Figure S3I). Typically, the TCR is internalized upon TCR stimulation, as seen in Figure 3A after exposure to anti-CD3, and so this decreased receptor expression indicates some form of activation that we have, as of yet, been unable to pinpoint. Vδ1 TCR expression remained unchanged. Such differential responses of Vδ1 and Vδ2 subsets to stimuli, which we can assess with our polyclonal γδ T cell cultures, may prove useful in the development of subset-specific γδ T cell immunotherapies. One limitation of our study was our use of activated expanding primary γδ T cells, which may have masked subtle effects of NODAL stimulation. In future studies, “untouched” γδ T cells could be used in stimulation assays and also extended to additional readouts such as cytokine release and CD107a degranulation assays.

Most γδ T cell immunotherapy development currently focusses on Vδ2 cells, yet Vδ1 cells are often found in solid tumors. In a very early study utilizing frozen sections from five breast carcinomas, Bank et al. (19) found both Vδ1 and Vδ2 γδ T cell TIL, with slightly higher prevalence of Vδ2 cells, but their cohort was small. In contrast, Peng et al. (45) generated tumor-derived TILs from breast, prostate and melanoma tumors, finding greater numbers of Vδ1 than Vδ2 γδ T cell TIL derived from the epithelial malignancies (breast and prostate), but not in cultures derived from melanoma. While the authors went on to show immunosuppressive qualities of Vδ1 TIL-derived γδ T cells, these assays were conducted only after expansion of cells in high levels of IL-2; considering the inherent plasticity of γδ T cells (46), these immunosuppressive effects may well have been induced by culture conditions and may not reflect the activity of the cells in situ.

In contrast, the activity of γδ T cell TIL in TNBC in situ has been painstakingly investigated in a recently published study in which γδ T cells were identified in frozen TNBC tumor sections from nine patients, isolated by laser capture microdissection and subjected to single cell sequencing analysis. These analyses confirmed a polyclonal population of γδ T cells had infiltrated TNBC tumors and that these expressed CD69 and the pro-inflammatory cytokines IFNγ and TNFα; only a minor fraction (<20%) expressed IL-17 (30). Since different combinations of TCRγ and TCRδ chains confer distinct antigen recognition capabilities (30), if the response of γδ T cells to NODAL stimulation is TCR dependent, effects on individual clones would have been lost in our current analyses. As such, a study of the impact of NODAL on clonal populations may be of interest, or single cell RNAseq (39) could be employed to tease out individual responses. This was beyond the scope of our current study, but could be considered moving forward.

While NODAL belongs to the TGF-β family, we did not observe the effects reported by Peters et al. (17) with respect to enhancement of γδ T cell cytotoxic activity. In contrast, we found no impact on cytotoxic activity upon addition of rhNODAL to our cytotoxicity assays (Figure 4A) or with longer-term γδ T cell stimulation prior to co-culture with targets (Figure 4B), although considering the shift from CM to EM observed after 4 days of NODAL stimulation (Figure 3B), this may have been evident had we assessed cytotoxicity after 4 days instead of 10 days, since by 10 days NODAL stimulation there was no difference in maturation status of γδ T cells compared to control NVC-stimulated cells (Figure 3I).

We found that the ability of target cells to produce NODAL decreases their susceptibility to γδ T cell killing (Figures 4C,D, Figures S4E–N,P). Previous work from our laboratory documented variable endogenous NODAL levels across breast cancer cell lines, and that MDA-MB-231 cells express more NODAL than T47D (42), which we have confirmed (Figure S4O). Furthermore, the MDA-MB-231 shN NODAL knockdown cells produce more NODAL than T47D EV cells (Figure S4O compare lanes 1, 3 and 5 with relative intensities for shN of 0.6, 0.3, and 0.2 to lanes 8, 10, 12, and 14 for EV, all 0). Linear regression analysis of percent lysis from cytotoxicity experiments performed with six different donor cultures vs. NODAL expression in 231 shN/shC and T47D EV/NOE targets revealed a significant negative correlation between NODAL expression and susceptibility to γδ T cell killing (Figure S4P). The data points are more closely clustered when applied only to T47D EV/NOE (Figure 5E), yet the slopes of the lines from these two analyses are nearly the same (−21.33 and −21.9).

There is a significant inverse correlation of NODAL with MICA/B on the tumor cell surface (Figures 5A,B,D,F). Blocking EV with anti-MICA/B antibody reduced lysis down to a similar level to that of NOE targets, suggesting that this is indeed an important mechanism by which γδ T cells recognize and target T47D breast cancer cells (Figures S4M,N); however, the greater resistance of MDA-MB-231 compared to T47D cannot be solely attributed to NODAL, and we unfortunately did not measure matched MICA/B expression levels for shN and shC targets concurrent with our cytotoxicity assays. MICA shedding played a significant role in the evasion of breast cancer cell lines to γδ T cell killing under hypoxia in our previous study (22). Altogether, our work confirms the findings of Aggarwal et al. (18) who showed that susceptibility of breast cancer cells to killing by Vδ2 γδ T cells was dependent on MICA/B surface levels. Considering that our assays were performed with primary γδ T cells expanded from many different donors (Table S1), which is expected to confer a great deal of inter-donor variability, we observed a remarkable negative correlation between the lysis of T47D targets and their expression of NODAL (Figures 5E,F). A very strong negative correlation between MICA/B and NODAL expression was also evident (Figures 5D,F). Thus, NODAL perhaps mediates tumor cell escape by somehow regulating expression of surface MICA, the exact mechanism of which remains to be determined. The interaction of NODAL with γδ T cells in the TME may well comprise another example of the tissue sensing adaptate function of γδ T cells (15), the understanding of which deserves further attention to optimize their clinical potential.
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Pancreatic ductal adenocarcinoma (PDAC) is characterized by an immunosuppressive tumor microenvironment with a dense desmoplastic stroma. The expression of β-galactoside-binding protein galectin-3 is regarded as an intrinsic tumor escape mechanism for inhibition of tumor-infiltrating T cell function. In this study, we demonstrated that galectin-3 is expressed by PDAC and by γδ or αβ T cells but is only released in small amounts by either cell population. Interestingly, large amounts of galectin-3 were released during the co-culture of allogeneic in vitro expanded or allogeneic or autologous resting T cells with PDAC cells. By focusing on the co-culture of tumor cells and γδ T cells, we observed that knockdown of galectin-3 in tumor cells identified these cells as the source of secreted galectin-3. Galectin-3 released by tumor cells or addition of physiological concentrations of recombinant galectin-3 did neither further inhibit the impaired γδ T cell cytotoxicity against PDAC cells nor did it induce cell death of in vitro expanded γδ T cells. Initial proliferation of resting peripheral blood and tumor-infiltrating Vδ2-expressing γδ T cells was impaired by galectin-3 in a cell-cell-contact dependent manner. The interaction of galectin-3 with α3β1 integrin expressed by Vδ2 γδ T cells was involved in the inhibition of γδ T cell proliferation. The addition of bispecific antibodies targeting γδ T cells to PDAC cells enhanced their cytotoxic activity independent of the galectin-3 release. These results are of high relevance in the context of an in vivo application of bispecific antibodies which can enhance cytotoxic activity of γδ T cells against tumor cells but probably not their proliferation when galectin-3 is present. In contrast, adoptive transfer of in vitro expanded γδ T cells together with bispecific antibodies will enhance γδ T cell cytotoxicity and overcomes the immunosuppressive function of galectin-3.
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INTRODUCTION

Galectin (gal)-3 is a member of β-galactoside-binding protein family that shares highly conserved carbohydrate recognition domains (CRD) (1, 2). The monomer gal-3 belongs to the chimera-type subgroup of the galectin family which contains one CRD that is connected to an extended non-lectin N-terminal domain. This exclusive gal-3 structure allows dimerization in the absence of binding ligands and a formation of pentamers in the presence of carbohydrate binding ligands such as N-glycans (3). As a multifunctional protein, gal-3 is involved in cell-matrix adhesion, cell proliferation, cell death, receptor turnover, and cell signaling as well as in malignant transformation depending on its subcellular localization (1–4). Gal-3 is found in the cytoplasm, shuttles between the cytoplasm and the nucleus, and can also be expressed at the cell surface or secreted into biological fluids via non-classical secretory pathways (3). Depending on the cellular component, gal-3 mediates both pro-and anti-apoptotic activity (5). Gal-3 overexpression as well as prominent protumorigenic effects have been shown in various tumors including pancreatic ductal adenocarcinoma (PDAC) (6). Differential expression profiling and microarray analysis revealed an enhanced gal-3 expression in the tissue of PDAC patients compared to that of chronic pancreatitis (CP) patients, and a slightly increased gal-3 expression in tissue of CP patients compared to healthy donors (7–9).

PDAC is 4th leading cancer-related death due to an aggressive growth, early metastatic dissemination and limited treatment options (10, 11). Mutations in the pro-oncogene K-Ras (rat sarcoma) together with a high Ras activity are suggested to be associated with the pathogenesis of PDAC (12, 13). An overexpression of gal-3 in pancreatic tumor tissue contributes to PDAC progression via gal-3 binding to retaining Ras at the plasma membrane maintaining Ras-signaling including phosphorylation of Extracellular-signal Regulated Kinases (ERK) and AKT and Ras-like (Ral) protein A activity (12–14).

In addition to the gal-3-mediated tumor transformation, gal-3 secreted by tumor cells regulates immune cell activities and contributes to immunosuppression (15). Extracellular gal-3 binds glycosylated T cell surface receptors including the receptor-linked protein tyrosine phosphatase CD45 expressed on all leukocytes, integrins like CD11a (αL integrin), CD29 (β1 integrin), and CD49c (α3 integrin) and the T cell interaction molecule CD7 (1, 16). Cross-linking glycoproteins at the T cell surface induces anergy or apoptosis (15, 17–19). Gal-3 induces anergy of CD8 T cells by distancing the T cell receptor (TCR) from the CD8 molecule, and impairs NK cell activity by inhibiting the interaction of the activating receptor natural-killer group 2, member D (NKG2D) expressed on NK cells and the heavily O-glycosylated tumor-derived MHC class I chain-related protein (MIC) A (15, 20, 21).

In this context, γδ T lymphocytes, which highly express NKG2D and infiltrate in PDAC tissues, are of high interest (22–25). In this study, we focused on Vδ2-expressing γδ T cells, which are specifically activated by pyrophosphate intermediates of the prokaryotic non-mevalonate pathway of cholesterol synthesis, and more importantly by dysregulated mevalonate-pathway metabolites of transformed eukaryotic cells (26, 27). Vδ2-expressing γδ T cells are a promising cell population for T cell-based immunotherapy due to their HLA-unrestricted target cell recognition and their enhanced cytotoxicity against PDAC cells after application of targeted biologicals such as bispecific antibodies (bsAb) (23, 28–30). Here, we were interested in a possible induction of anergy or apoptosis in Vδ2 γδ T cells by gal-3, which could explain the observed exhaustion of anti-tumor responses of Vδ2 γδ T cells against PDAC cells unless bsAb were applied (23, 30, 31).



MATERIALS AND METHODS

Cohort and Ethic Statement

The Department of Transfusion Medicine of the University Hospital Schleswig-Holstein (UKSH) in Kiel, Germany, provided leukocyte concentrates from healthy adult blood donors. In addition, heparinized blood, serum samples and tumor tissue from PDAC patients were obtained from the Department of General and Thoracic Surgery (UKSH, Campus Kiel) and from the Surgery Department of the Community Hospital in Kiel distributed by the Biobank BMB-CC of the PopGen 2.0 Biobanking Network (P2N; UKSH, Campus Kiel) supervised by Dr. C. Röder (Institute for Experimental Cancer Research, Kiel, Germany). In total, 19 patients with histologically verified PDAC (stage pT2-3, pN0-2, L0-1, V0-1) were enrolled. Serum samples of 9 patients with histologically verified advanced ovarian cancer (FIGO-stage IIIA-IV) were obtained from the Department of Gynecology and Obstetrics of the UKSH in Kiel. Pathological features of all tissues were assessed according to WHO classification and UICC TNM staging. None of the patients had undergone chemo- or radiotherapy before this investigation. In accordance with the Declaration of Helsinki, written informed consent was obtained from all donors, and the research was approved by the relevant institutional review boards (Ethic Committee of the Medical Faculty of the CAU Kiel, code number: D405/10, D445/18, and A110/99).



Ex vivo Isolation of Tumor-Infiltrating Lymphocytes and Tumor Cells

Tumor tissue of PDAC patients removed during surgery was dissected in the Institute of Pathology of the UKSH, Campus Kiel. Tumor tissues (1–2 cm3) were washed (in 10 cm dishes) with PBS to remove blood debris. Subsequently, the tumor tissues were minced into approximately 1 mm3 pieces and treated with components A, H, and R of the Tumor Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) for 1 h at 37°C in 5 mL PBS in a Gentle MACS (Miltenyi Biotec). Digested cell suspension was then passed through a 100 μm cell strainer (Falcon, BD Biosciences), visually controlled by light microscopy and centrifuged at 481 × g for 5 min. Tumor cells as well as tumor-infiltrating cells (TIL) were isolated by Ficoll-Hypaque (Biochrom, Berlin, Germany) density gradient centrifugation. The purity of the cells was determined by staining as described in the flow cytometry section. Cells were cultured in RPMI 1640 supplemented with 2 mM L-glutamine, 25 mM HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Karlsruhe, Germany) [complete medium].

Ex vivo isolated tumor cells and autologous TIL were characterized phenotypically and functionally as described under flow cytometry and functional assay section.



Separation of PBMC and T Cells and Generation of Short-Term Activated T Cell Lines

Peripheral blood mononuclear cells (PBMC) were isolated from leukocyte concentrates or heparinized blood from PDAC patients by Ficoll-Hypaque (Biochrom) density gradient centrifugation. CD4 αβ T cells, CD8 αβ T cells and γδ T cells were positively separated from freshly isolated PBMC by using the magnetic cell separation system (Miltenyi Biotec). To isolate CD4 and CD8 T cells, cells were labeled directly with specific microbead-coupled mAbs (CD4 and CD8 MicroBeads, Miltenyi Biotec). To isolate γδ T cells, an indirect two-step process (anti-TCR γδ micro-Bead Kit, Miltenyi Biotec) consisting of labeling the γδ T cells with a specific hapten-coupled mAb followed by staining the cells with FITC-labeled anti-hapten microbeads were applied. The purity of the cells was >98% after their magnetic separation.

To expand short-term activated CD4 or CD8 αβ T cell lines or γδ T cell lines, 106 cells/mL were cultured in 24-well plates in complete medium with 50 IU/mL rIL-2 (Novartis, Basel, Switzerland) and stimulated with Activation/Expander Beads (Miltenyi Biotec) with a one bead/one cell ratio for 3–4 days for αβ T cells and 5–10 days for γδ T cells. The beads were coated with 10 μg/mL each anti-CD3 and anti-CD28 mAbs and 0.5 μg/mL anti-CD2 mAb overnight and used as T cell receptor (TCR) stimulus. Alternatively, γδ T cell lines were expanded by stimulation of PBMC with 2.5 μM aminobisphosphonate (n-BP) zoledronic acid (Novartis), which induces a selective outgrowth of Vγ9 Vδ2-expressing γδ T cells. Since resting, initially stimulated γδ T cells produced only very low amounts of IL-2, 50 IU/mL rIL-2 was added every two day. After 2 weeks, Vγ9Vδ2-expressing γδ T cell lines had a purity of 60–99% and were labeled with anti-TCRαβ mAb clone IP26 (BioLegend, San Diego, CA) and subjected to magnetic separation in order to deplete remaining αβ T cells. After αβ T cell depletion, Vγ9 Vδ2 γδ T cell lines had a purity of 98–99%.



Established Tumor Cell Lines and Cell Culture Conditions

Human PDAC cell lines Panc-1, PancTu-I, BxPC3, MiaPaCa-2, Capan-2 cells derived from primary tumors as well as Panc89 and Colo357 cells derived from a lymph node metastasis were cultured in complete medium under regular conditions (5% CO2, humidified, 37°C) (32). The PDAC cell lines were kindly provided by Dr. C. Röder and Prof. Dr. A. Trauzold, Institute for Experimental Cancer Research, Kiel, Germany. 0.05% trypsin/0.02% EDTA was used to detach adherent PDAC cell lines from flasks. Absence of mycoplasma was routinely confirmed by RT-PCR (Venor® GEM classic, Minerva Biolabs GmbH, Germany) and genotype by short tandem repeat analysis.



Flow Cytometry

In total, 1–2 × 106 PBMC and ex vivo isolated TIL were stained by multi-color flow cytometry approach to distinguish between diverse T cell subpopulations within different CD45+ leukocyte populations. Directly conjugated mAbs included PerCP-labeled anti-CD45 clone 2D1, PE-Cy7-labeled anti-pan TCRγδ clone 11F2 (both BD Biosciences, Heidelberg), AF700-labeled anti-CD3 clone SK7, BV510-labeled anti-CD4 clone OKT4, APC-Cy7-labeled anti-CD8 clone SK1 (all three, BioLegend), VioBlue-labeled anti-Vδ1 clone REA173 (Miltenyi Biotec), PE-labeled anti-Vδ2 clone B6 (BD Biosciences), and corresponding isotype controls (BD Biosciences or BioLegend).

To determine purity and expression of tumor-associated antigens such as epithelial cell adhesion molecule (EpCAM) and human epidermal growth factor receptor (HER)-2, 2 × 105 ex vivo isolated tumor cells derived from tumor tissues were stained with mAbs as follows: PerCP-labeled anti-CD45 clone 2D1 (BD Biosciences), PE-Vio770-labeled anti-HER-2 clone 24D2 and APC-labeled anti-EpCAM clone REA-125 (both from Miltenyi Biotec) followed by intracellular staining with FITC-labeled anti-pan-Cytokeratin mAb clone CK3-6H5 (Miltenyi Biotec). All ex vivo isolated tumor cells were pan-Cytokeratin+, EpCAM+ and HER-2+, but did not express CD45. Additionally, TIL, ex vivo isolated tumor cells and established PDAC cell lines were also intracellularly stained with AF647-conjugated anti-gal-3 (clone M3/38) or an appropriate isotype control (an AF647-conjugated rat IgG2a mAb). Briefly, for the intracellular staining, 2–5 × 105 cells were washed with staining buffer, fixed and permeabilized with the Cytofix/Cytoperm kit (BD Biosciences) for 20 min following the procedures outlined by the manufacturer. Thereafter, cells were washed twice with Perm/Wash by centrifugation and stained with fluorochrome-conjugated anti-gal-3 mAb or isotype control for 30 min, washed and measured.

All samples were analyzed on a FACS Calibur and a LSR-Fortessa flow cytometer (both from BD Biosciences) using CellQuestPro, Diva 8, or FlowJo software.



Cell Death Analysis by Flow Cytometry

Cell death analysis of γδ T cells was performed by combined annexin-V FITC and propidium iodide (PI) staining. Briefly, 106/mL short-term activated γδ T cells were treated with medium or different concentrations (0.1 and 1 μg/mL) of gal-3 or galectin (gal)-9 (both from BioLegend) in complete medium in 24-well plates for 24 h. After incubation, cells were washed with annexin-V binding buffer (MabTag, Friesoythe, Germany) and stained with annexin-V FITC (1:10, MabTag) and PI (2 μg/mL, Serva; Heidelberg, Germany). After two washing steps, cells were analyzed by flow cytometry, and the proportion of viable (annexin-V− PI−), early apoptotic cells (annexin-V+ PI−) and late apoptotic/necrotic cells (annexin-V+ PI+) was determined.



RNA Interference

In total, 1.5 × 105 PDAC cells were seeded in 12-well plates, and incubated for 24 h in cell culture medium without antibiotics. To downregulate gal-3 expression, the cells were transfected with 12 pmol gal-3 Stealth RNAi™ siRNA or non-targeting control pool (gal-3 sense; # 10620318, non-targeting gal-3 antisense; # 10620319, both Thermo Fisher Scientific) using 2 μL Lipofectamine® RNAiMAX reagent (Thermo Fisher Scientific) in 200 μL Opti-MEM medium for 10–20 min according to manufacturer's protocol. The optimal time point of downregulation was analyzed by flow cytometry and by Western blot. The lowest gal-3 expression was detected 72 h after transfection.



Functional Cell Culture Assay

In total, 1.25 × 105 PBMC of healthy donors or PDAC patients were plated in complete medium with 50 IU/mL rIL-2 in 96-round well-plates. γδ T cells within PBMC were selectively activated by 300 nM phosphorylated antigen (PAg) bromohydrinpyrophosphate (BrHPP, Innate Pharma, Marseille, France) or 2.5 μM n-BP zoledronic acid in the absence or presence of different concentrations (0.01–10 μg/mL in logarithmic steps) of gal-3 (BioLegend). IFN-γ was determined in the supernatant after 48 h using ELISA (Supplemental Methods and Supplemental Figure 2). After 6–7 days, γδ T cell proliferation was analyzed as described in the Cell proliferation assay section. Alternatively, 5–10 × 103 established PDAC cells (wild type, control or gal-3 siRNA transfected cells) were plated in 96-well flat-bottom plates in complete medium. After 24 h, 2.5 × 105 PBMC were added together with 50 IU/mL rIL-2 at an effector/target (E/T) ratio of 50:1 (PBMC/tumor cells) representing an effective E/T of 15:1–40:1 for CD3 T cells/tumor cells or of 1:4–10:1 for Vγ9Vδ2 T cells/tumor cells. The effective E/T ratio was determined by staining PBMC with anti-CD3, anti-Vγ9 and anti-Vδ2 mAb using flow cytometry. In several experiments, resting or short-term activated CD4 and CD8 positively isolated αβ T cells or γδ T cells were used as effector cells at an E/T ratio of 50:1 for resting cells or 5:1–40:1 for activated T cells. αβ T cells were stimulated with Activation/Expander Beads (Miltenyi Biotec) coated with 10 μg/mL each of anti-CD3 and anti-CD28 mAbs and 0.5 μg/mL anti-CD2 mAb as αβ TCR stimulus or with 1 μg/mL bsAb [HER2xCD3], which targets HER-2 expressed on PDAC cells to CD3-expressing T cells (23, 30). γδ T cells were cultured with 50 IU/mL IL-2 (for resting cells) and 12.5 IU/mL (for activated cells), and were stimulated by 300 nM PAg BrHPP or 2.5 μM zoledronic acid or with the tribody [(HER2)2 xVγ9], which targets HER2-expressing PDAC cells to Vγ9-expressing γδ T cells (23, 30). As control, T cells were cultured and stimulated in the absence of PDAC cells. γδ T cell proliferation was analyzed after 6–7 days and αβ T cell proliferation after 3–4 days.

To analyze cell-cell contact dependency, 2 × 105 PancTu-I cells plated in 24-well plates were cocultivated with unstimulated or with PAg-stimulated short-term activated Vγ9Vδ2 γδ T cells in the presence of 12.5 IU/mL IL-2 at an E/T ratio 40:1 separated or not by a membrane with 0.4 μm pores. As control, Vγ9Vδ2 γδ T cells were cultured alone. After 24 h, gal-3 was measured in the cell culture supernatant as described in the ELISA section.

For blocking assays, 2.5 × 105 PBMC were pre-incubated in 110 μL of 10–20 μg/mL of neutralizing antibodies including anti-CD7 (clone M-T701), anti-CD11a (clone HI111), anti-CD29 (clone Mab 13), anti-CD49c (clone C3 II.I) (all from BD Biosciences) and anti-CD45 (clone HI 30, from BioLegend) as well as appropriate isotypes mIgG1 (MOPC-21, BioLegend), and rIgG2a (RTK2758, BioLegend). Alternatively, cells were pretreated with a combination of 10 μg/mL anti-CD29 mAb and 10 μg/mL anti-CD49c mAb or appropriate controls. After 2 h of incubation, 50 μL of pretreated PBMC were transferred to 5 × 103 PancTu-I cells adhered overnight and stimulated with 2.5 μM zoledronic acid and 50 IU/mL of rIL-2. γδ T cell proliferation was analyzed after 7 days.

For autologous assay system, 5 × 103 ex vivo isolated tumor cells of PDAC patients were plated in 96-well flat-bottom plates in complete medium. After 24 h, 2.5 × 105 autologous PBMC were added together with 50 IU/mL rIL-2 at an effector/target (E/T) ratio of 50:1 (PBMC/tumor cells) representing an effective E/T of 1:1 or 0.5:1 (Vγ9Vδ2 T cells/tumor cells). For coculturing of ex vivo isolated tumor cells of PDAC patients with autologous TIL, we used a lower E/T ratio. This reduced E/T ratio resulted from a low number of isolated TIL derived from 1 cm3 PDAC tissue and from a different distribution of the cells within the tumor tissue of PDAC patients. While 40–60% expressed pan-Cytokeratin (detected as tumor cells) and 10–30% CD45 (detected as leukocytes), residual cells are tumor-associated cells, which are part of the TIL population after Ficoll-Hypaque density centrifugation of digested tumor tissue. 1.5 × 105 ex vivo isolated tumor cells of PDAC patients were plated in 96-well flat-bottom plates in complete medium. After 24 h, 1.5 × 103 autologous TIL were added together with 50 IU/mL rIL-2 at an effector/target (E/T) ratio of 1:4 (TIL/tumor cells) representing an effective E/T of 1:40 or 1:400 (Vγ9Vδ2 T cells/tumor cells).

Functional read out systems included a proliferation assay and measurement of gal-3 release as described as follows.



Cell Proliferation Assay

Proliferation was determined by measuring the absolute cell number of viable CD3+ γδ or αβ T cells with a flow cytometric method termed standard cell dilution assay (SCDA) after 6–8 days of culture. SCDA has been reported as a precise method to specifically quantify any subset of phenotypically definable, viable cells in heterogeneous populations (33). Briefly, co-cultured T cells and tumor cells from 96-well round-bottom plates were washed and stained with fluorescein isothiocyanate (FITC)-labeled anti-CD3 mAbs (BD Biosciences, Heidelberg, Germany) or AF488-conjugated anti-Vγ9 mAb clone 7A5 (34). After one washing step, cells were resuspended in 100 μL sample buffer containing a defined number (104) of APC-labeled fixed standard cells and 0.2 μg/mL PI. The standard cells were purified T cells that had been stained with APC-labeled anti-HLA class I mAb clone W6/32 and anti-TCRαβ mAb clone IP26, and fixed in 1% paraformaldehyde. The analysis on a flow cytometer allowed us to simultaneously measure the expansion of viable CD3 or Vγ9 γδ T cells (FITC+ or AF488+ PI− APC−) and standard cells (FITC− or AF488− PI+ APC+). Based on the known number of standard cells, the absolute number of viable CD3 T cells or Vγ9 γδ T cells in a given microculture well could be determined as follows: T cell subset ratio = relative proportion of FITC+ or AF488+ PI− APC− stained T cells/relative proportion of FITC− or AF488− PI+ APC+ standard cells. The absolute number of FITC+ or AF488+-stained T cells can be determined by multiplying the T cell subset ratio with the number of standard cells per sample (104 per 100 μL), since there is a linear correlation between the T cell subset ratio and the absolute number of FITC+ or AF488+-stained T cells as previously described (33). All samples were analyzed on a FACS Calibur (BD Biosciences) using CellQuestPro (including Batch-Setup function). Data were transferred to MS-Excel for further analysis.



Enzyme-Linked Immunosorbent Assay

To quantify gal-3 released by PDAC cells (established cell lines or ex vivo isolated tumor cells) or T cells alone or after coculture of the different cell subsets, supernatants were collected after different incubation times (24–96 h) and stored at −20°C until use. Additionally, gal-3 was determined within serum samples of PDAC patients. Gal-3 was measured by sandwich DuoSet ELISA kit (# DY1154 from R&D System, Wiesbaden, Germany) in duplicates following the procedures outlined by the manufacturer.



51Cr-Release Assay

Control or gal-3 siRNA transfected PDAC cells were labeled with 50 μCi sodium 51Cr and 5 × 103 cells were used as targets in a standard 4 h 51Cr release assay with titrated numbers of short-term activated γδ T cells as effectors at an E/T ratio of 50:1, 25:1, 12.5:1, and 6.25:1. Cells were (co)cultured in medium or stimulated with the bsAb [(HER2)2xVγ9] for 4 h. Supernatants were measured in a MicroBeta Trilux β-counter (PerkinElmer, Hamburg, Germany). Specific lysis was calculated as [(cpm test–cpm spontaneous)/(cpm max–cpm spontaneous)] × 100, where spontaneous release was determined in medium only and maximal release was determined in Triton-X-100 lysed target cells. Spontaneous release did not exceed 15% of the maximal release.



Imaging Flow Cytometry

The localization of proteins and their colocalization with other proteins was quantified by an ImageStream®X Mark II (Merck Millipore, Burlington, MA, USA). This device combines flow cytometry with microscopy by using a camera (with 405, 488, 562, 658, and 732 nm lasers) which takes high-resolution images of each cell in up to six fluorescence channels and analyzes up to 5,000 cells/s. To investigate the localization of gal-3 in PDAC cells, 106 PDAC cells were stained with 10 μg/mL anti-gal-3 mAb clone Gal397 (BioLegend) followed by 10 μg/mL AF488-conjugated goat anti-mouse secondary Ab (Thermo Fisher Scientific) according to the protocol for intracellular staining (see section flow cytometry). These images were then analyzed using the IDEAS® image analysis software.



Analysis of Synapse Formation Between Tumor Cells and T Cells

To investigate the effect of synapse formation on the localization of gal-3, PancTu-I cells were pelleted in 15 mL Eppendorf tubes and an equal number of short-term activated Vγ9Vδ2 γδ T cells as effector cells were added. After 1, 3, 5, 10, 20, or 45 min, the cell conjugates were pelleted, fixed and permeabilized with Cytofix/Cytoperm kit (BD Biosciences), and transferred to 96-well plates for staining. Thereafter, cell conjugates were stained with 10 μg/mL anti-gal-3 Ab clone M3/38 (BioLegend) followed by staining with 10 μg/mL AF555-conjugated goat anti-rat secondary Ab according to the protocol for intracellular staining. After a further washing step, cell conjugates were stained with an Ab mixture of 0.6 μg/mL APC-conjugated anti-EpCAM mAb clone REA-125 (Miltenyi) for tumor cells, 5 μg/mL BV421-conjugated anti-CD3 mAb clone UCHT-1 (BD Biosciences) for T cells, and CruzFluor-488-conjugated phalloidin (1:5000, Santa Cruz, Heidelberg) for actin-filament staining which is condensed at the immunological synapse after tumor-T cell interaction. After washing, the cells were measured on ImageStream®X Mark II (Merck Millipore) and conjugates were analyzed using the IDEAS® image analysis software. Firstly, tumor-T cell conjugates were identified via EpCAM, CD3, and phalloidin expression. To define the cell periphery, a peripheral mask was then generated based on the EpCAM signal, which marks the surface of the tumor cell. For this purpose, a mask was defined with the Dilate-function of the software that is one pixel larger than the mask of the EpCAM signal. In addition, a mask was defined with the Erode-function of the software that is six pixels smaller than the mask of the EpCAM signal. Subtraction of the Erode-generated mask from the Dilate-generated mask provided a ring-shaped peripheral mask. The peripheral mask protrudes one pixel beyond the cell and six pixels into the cell that allows the determination of the gal-3 signal in the cell periphery.



Statistical Analysis

Shapiro-Wilk normality test was applied to analyze the normal distribution assumption. The statistical analysis was assessed by using Graph Pad Prism (Graph Pad Software, Inc., La Jolla, CA, USA). The assumption of normal distribution was given in all samples [Figures 1–4, 7, 8A,B (right panel)] with the exception of parts of Figures 5A, 7 (γδ T cells), 8B (left panel) as indicated in the appropriate figure legend. For parametric data of non-matched datasets, a one-way ANOVA followed by Tukey's multiple comparison test was carried out. For parametric data of matched datasets, a paired, two-tailed t-test was used. Non-parametric data of matched datasets were analyzed by Wilcoxon matched-pairs signed rank test. All statistical tests were two-sided and the level of significance was set at α ≤ 5%. Tests are indicated in the figure legends where appropriate.
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FIGURE 1. Intracellular galectin-3 expression in PDAC cells, and effect of recombinant galectin-3 on γδ T cell proliferation. (A) Histograms depicted are representative results of indicated PDAC cells. Thin and bold lines represent isotype control and gal-3 expression (clone M3/38), respectively. (B) Median fluorescence intensity (MFI) ± SD (n = 3, duplicates) of gal-3 expression corrected by the MFI of the isotype control is shown for the indicated PDAC cell lines measured by FACS Calibur. (C) PancTu-I cells were labeled with anti-gal-3 mAb (clone Gal397) and analyzed on the ImageStream® X Mark II. Five representative cells out of 5 × 103 recorded cells are shown with bright field image (left side) and fluorescence image of gal-3 (right side). Scale bars represent 10 μm. (D) 1.25 × 105 PBMC of paired healthy donors (n = 4, different closed symbols), additional healthy donors (n = 7, two conc. of gal-3, closed circles) and paired PDAC patients (n = 4, open symbols) were stimulated with 300 nM BrHPP with the different indicated concentrations of rgal-3 and 50 IU/mL rIL-2. After 6–7 days, the absolute cell number was determined as a percentage of the medium control of the Vγ9 γδ T cells using SCDA. The mean ± SD of duplicates is shown. Statistical comparison of non-matched samples was carried out parametrically by using one-way ANOVA followed by Tukey's multiple comparison test. Significances are shown as P-value; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





RESULTS

Galectin-3 as a Tumor-Suppressive Mediator of (γδ) T Cell Proliferation

Recently, we and others demonstrated that γδ T cells infiltrate the tumoral ducts of PDAC tissue (23, 24, 35). A possible reason for the weak anti-tumor response of tumor-infiltrating γδ T cells may be due to gal-3, which is described to be expressed by PDAC cells and to contribute to tumor-mediated immune suppression (13, 15). Regarding the expression of gal-3 in tumor cells, we examined PDAC cells of different origin and differentiation grade. Gal-3 was expressed very weakly in Panc1 and Panc89 cell lines derived from primary tumors as well as in Colo357 cells derived from a lymph node metastasis. Interestingly, all other primary PDAC cells expressed intracellularly gal-3 to a higher extent than Panc1, Panc89, and Colo357 cells (Figures 1A,B). In order to obtain further information on possible functions of gal-3, the localization of gal-3 in these PDAC cells was analyzed in more detail. PancTu-I cells which showed a high expression of gal-3 in comparison to Panc1 cells were labeled intracellularly with anti-gal-3 mAb and analyzed on an ImageStream® X Mark II. A clear cytoplasmic, vesicular localization of gal-3 was observed in all PDAC cells, also in Panc1 cells but to a much lesser extent (Figure 1C, data not shown). A partial colocalization of gal-3 with vesicular marker proteins such as the lysosomal membrane-associated proteins CD107a (LAMP-1) and CD63 (LAMP-3) as well as vesicle synaptosome-associated protein receptor Vti1b (expressed on vesicles of the trans-golgi network or late endosomes), respectively, was observed. The expression was found only in a small fraction of analyzed cells. However, no colocalization was found with the recycling endosomes-associated protein Rab11 (Supplemental Figure 1). This is in line with the described non-classical secretory pathways for gal-3. Interestingly, CD4 and CD8 TCRαβ T cells and TCRγδ T cells also showed a vesicular expression of gal-3 (data not shown).

To examine whether recombinant gal-3 has an influence on the proliferation of γδ T cells, PBMC of healthy donors and PDAC patients were stimulated with PAg BrHPP and IL-2 in the presence of different concentrations of recombinant gal-3. Whereas, BrHPP and IL-2 induced a selective outgrowth of γδ T cells within PBMC, the addition of increasing concentrations of gal-3 to stimulated γδ T cells significantly reduced their proliferation (Figure 1D). While the addition of 0.01 μg/mL gal-3 had no impact on γδ T cell proliferation, 0.1 and 1 μg/mL significantly impaired Vγ9Vδ2 T cell proliferation, respectively. In addition, 10 μg/mL gal-3 reduced the proliferation up to 60% compared to the medium control, suggesting a direct inhibitory effect on the proliferative capacity of γδ T cells. In contrast, the IFN-γ release after BrHPP and IL-2 stimulation was not significantly influenced in the presence of different gal-3 concentrations (Supplemental Figure 2).

The stimulation of PBMC with zoledronic acid induced an average 52-fold increase of the absolute cell number of viable γδ T cells within PBMC (medium) compared to day 0 (Figure 2A). Interestingly, coculturing these PBMC with weak gal-3 expressing Panc1 cells just leads to a minimal decrease of γδ T cell proliferation. Those primary PDAC cells, which expressed gal-3 to a higher extent, significantly suppressed γδ T cell proliferation during coculture (Figure 2A). Comparable results were obtained by stimulating all CD3-expressing T cells via their TCR. The TCR-induced CD3 T cell proliferation was not influenced by the coculture with Panc1 cells comparable to the stimulation without PDAC cells (medium), while the coculture with highly gal-3-expressing PancTu-I cells significantly reduced their proliferation (Figure 2B). Comparable results were obtained with other PDAC cells such as Capan-2 and BxPC3 both expressing gal-3 to a higher extent compared to Panc1 cells (data not shown). As already described, the suppression of γδ T cell proliferation in the presence of Colo357 cells is most likely due to an enhanced expression of cyclooxygenase-2 in Colo357 cells which induce prostagladin E2-mediated suppression (31, 36).
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FIGURE 2. Coculture of PDAC cells with PBMC induces galectin-3 release and inhibition of γδ T cell proliferation. (A–C) In total, 5 × 103 of the indicated PDAC cells were plated in complete medium. After 24 h (A,B) 2.5 × 105 PBMC (n = 4–7) or (C) 2 × 105 freshly isolated CD4 or CD8 αβ T cells or γδ T cells (Tc) (n = 6) were added or cultured alone (medium). Cells were stimulated (A) with 2.5 μM zoledronic acid in the presence of 50 IU/mL rIL-2, (B) with Activation/Expander Beads or (C) with Activation/Expander Beads (TCR), 300 nM BrHPP (PAg) plus rIL-2 or 1 μg/mL bsAb [HER2xCD3] for αβ T cells and [(HER2)2xVγ9] plus rIL-2 for γδ T cells. (A,B) Vγ9 γδ T cell proliferation was determined after 6–7 days and αβ T cell proliferation after 3–4 days by SCDA. The means ± SD of duplicates are shown. (C) Cell culture supernatants were collected after 72 h and released gal-3 was determined by ELISA. The bars represent the mean ± SD (n = 6), determined in duplicates. Statistical comparison of (A) non-matched samples was carried out parametrically by using one-way ANOVA followed by Tukey's multiple comparison test, and of (B,C) matched samples also parametrically by using paired, two-tailed t-test. P-value; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, non-significant.


When PDAC cells or isolated T cells were cultured separately or T cells were stimulated via TCR or by bsAb, the release of gal-3 was weak, respectively (Figure 2C, upper panel, cells alone). Determination of gal-3 release in supernatants after 24, 48, and 72 h revealed the highest gal-3 release after 72 h (Figure 2C). Furthermore, we observed a slight increase of gal-3 secretion after coculturing the T cells with Panc1 cells (Figure 2C, middle panel). Interestingly, the gal-3 release significantly increased after coculture of isolated γδ T cells with PancTu-I cells compared to coculture with αβ T cells (Figure 2C, lower panel, medium). After polyclonal stimulation of T cells via the TCR or by bsAb, an enhanced gal-3 secretion was observed in the presence of PancTu-I cells (Figure 2C, lower panel, TCR, bsAb).

Taken together, gal-3 was expressed in PDAC cells and T cells, but was released only in small amounts by either cell population. However, large amounts of gal-3 were released during coculture of T cells together with highly gal-3 expressing PDAC cells such as PancTu-I cells. PDAC cells with a high amount of gal-3 release as well as soluble recombinant gal-3 inhibited the proliferation of T cells.



Galectin-3 Released From Tumor Cells Inhibits γδ T Cell Proliferation

The release of gal-3 is drastically enhanced in the coculture of T cells and PancTu-I cells (Figure 2C). To examine whether the released gal-3 is responsible for the inhibition of T cell proliferation, gal-3 was knocked down by siRNA in PancTu-I cells. The functionality of different gal-3 siRNAs in PancTu-I cells was investigated on the basis of different applied concentrations and at the optimal time point using flow cytometry and Western blot analyses (Supplemental Figure 3). After 72 h, a knockdown of 85–90% of gal-3 expression could be shown after treatment with a concentration of 10–25 nM gal-3 siRNA in PancTu-I cells compared to control siRNA transfected cells (Supplemental Figure 3). Having defined the appropriate conditions, non-transfected and control or gal-3 siRNA transfected PancTu-I cells were cocultured with PBMC. After 6 days of coculture, a vigorous selective outgrowth of Vγ9 γδ T cells after stimulation with zoledronic acid compared to the control was observed by measuring absolute cell number of viable Vγ9 γδ T cells (Figure 3A). Because PBMCs from different donors contain varying numbers of Vγ9 Vδ2 γδ T cells, additionally, the x-fold increase of Vγ9 γδ T cells is presented (Supplemental Figure 4A). Non-transfected PancTu-I cells significantly inhibited the selective Vγ9 γδ T cell proliferation, while the coculture of gal-3 siRNA transfected PancTu-I cells partially, but significantly, restored the Vγ9 γδ T cell proliferation compared to the coculture with control siRNA transfected PancTu-I cells (Figure 3A). Similar results were obtained by applying BrHPP instead of zoledronic acid for stimulation of γδ T cell proliferation (Supplemental Figure 4B).
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FIGURE 3. Galectin-3 knockdown in PancTu-I cells partially restores γδ T cell proliferation within PBMC, and gal-3 release in coculture is cell contact-dependent. (A) In total, 5 × 103 PancTu-I cells left non-transfected or were transfected with either control siRNA or gal-3 siRNA and cultured in complete medium 72 h after transfection. After 24 h culture of PDAC cells, 2.5 × 105 PBMC were added (E/T 50:1) or cultured alone. After addition of 50 IU/mL rIL-2, cells were left unstimulated (med) or stimulated with 2.5 μM zoledronic acid (Z). After 6 days, the absolute cell number of the Vγ9 γδ T cells was determined using SCDA. The mean ± SD of duplicates from 5 donors are shown. (B) Short-term activated Vγ9Vδ2 T cells were cultured with 50 IU/mL rIL-2 alone and directly cocultured with 2 x 104 PancTu-I cells or indirectly separated by a semipermeable membrane with 0.4 μm pores of a transwell insert in 24-well plates at an E/T ratio of 40:1. Cells were left untreated or stimulated with PAg. After 24 h, gal-3 was measured in the cell culture supernatant using ELISA. The means ± SD of 3 donors are shown. (A,B) Statistical comparison of matched samples was carried out parametrically by using paired, two-tailed t-test. P-value; *P < 0.05, **P < 0.01, ns, not significant.


In contrast, Vγ9 γδ T cell proliferation after BrHPP or zoledronic acid stimulation of PBMC cocultured with non-transfected or control siRNA transfected Panc1 cells (with low gal-3 expression) did not differ from coculture with gal-3 siRNA transfected Panc1 cells (data not shown).

In order to induce a release of gal-3 by the PDAC cells during the coculture with T cells, soluble factors of T cells, a cell contact-dependent mechanism or both could play a role. To examine a possible cell-cell contact dependence of gal-3 release, PancTu-I cells were directly cocultured with short-term activated Vγ9Vδ2 γδ T cell lines or indirectly separated by a semipermeable membrane of a transwell insert for 24 h. When short-term activated Vγ9Vδ2 γδ T cell lines were cultured alone, only a small amount of gal-3 was released after stimulation. Release of gal-3 was significantly enhanced when cocultured with PancTu-I cells but not after separating the PDAC cells from the γδ T cell lines suggesting that the release of gal-3 is cell-cell contact-dependent (Figure 3B).

Similar effects were observed when using CD8 αβ T cell lines instead of γδ T cell lines or Capan-2 cells instead of PancTu-I cells (Supplemental Figure 5).

In sum, coculturing T cells and PDAC cells led to release of large amounts of gal-3. Knockdown of gal-3 in PDAC cells revealed that tumor cells were the source of gal-3 in coculture with T cells. The release of gal-3 by PDAC cells in coculture was dependent on cell contact with T cells, although it cannot be completely ruled out that next to direct cell contacts, soluble factors released by T cells may also be necessary to induce gal-3 release by the tumor cells.



α3β1 Integrin (CD49c/CD29) Is Involved in the Inhibition of T Cell Proliferation

Gal-3 can bind separately to various proteins expressed on T cells such as CD7, CD11a (α-L integrin), CD29 (β1 integrin), CD45 and CD49c (α3 integrin) which could be responsible for the functional interaction of T cells and PDAC cells (1, 15, 17, 37). Therefore, PBMC were pretreated with relevant antibodies against CD7, CD11a, CD29, CD45, and CD49c or appropriate isotype controls at the indicated concentrations for 2 h, respectively. Thereafter, PBMC were stimulated with zoledronic acid combined with rIL-2 in the presence or absence of PancTu-I cells. After 6 days of culturing, γδ T cell proliferation was measured. As expected, the presence of PancTu-I cells inhibited the zoledronic acid-induced γδ T cell proliferation, and pretreatment with anti-CD7 and anti-CD45 mAbs further enhanced this inhibition (Figure 4A). Interestingly, only pretreatment of PBMC with anti-CD29 or anti-CD49c mAbs partially restored the proliferation of γδ T cells (Figure 4A). The partial restoration can be explained by the observation that antibody pretreated PBMC in the absence of cocultured PDAC cells already lead to a slight reduction of γδ T cell proliferation compared to medium only (data not shown). However, pretreatment with anti-CD49c mAb restored the γδ T cell proliferation after coculture with PDAC cells to a higher extent than pretreatment with anti-CD29 mAb suggesting that α3 integrin plays a greater role than β1 integrin (Figure 4A).
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FIGURE 4. CD49c/CD29 play a role in the galectin-3 mediated inhibition of γδ T cell proliferation within PBMC. (A,B) In total, 5 × 103 PancTu-I cells were seeded for 24 h. 2.5 × 105 PBMC/well were pre-incubated with (A) the indicated concentrations of the displayed antibodies or appropriate isotype controls or (B) with 10 μg/mL anti-CD29 mAb together with 10 μg/mL anti-CD49c mAb or appropriated isotype controls for 2 h. (A,B) Thereafter, PancTu-I cells were transferred and stimulated with 2.5 μM zoledronic acid and 50 IU/mL rIL- 2. After 7 days, the absolute cell number of Vγ9 γδ T cells was determined using SCDA. (A) The means ± SD of duplicates of 2 donors are shown. (B) Each point represents an individual donor. Statistical comparison of matched samples was carried out parametrically by using paired, two-tailed t-test. P-value; *P < 0.05.


Interestingly, additional experiments that combined anti-CD29 and anti-CD49c mAbs also revealed only a partial but significant reconstitution of gal-3 mediated inhibition of γδ T cell proliferation (Figure 4B).

Taken together, gal-3-mediated Vγ9 γδ T cell inhibition by PDAC cells is partially and significantly restored by a combination of neutralizing anti-CD49c and anti-CD29 mAbs.



Enhanced Galectin-3 Release of Gal-3-Expressing PDAC Cells Cocultured With γδ T Cells

In this study, we demonstrated that gal-3 release by PDAC cells is enhanced after coculture with resting T cells compared to culture of either cell population alone. While T lymphocytes including γδ T cells in tumor patients are often suggested to be in an activated state, we examined whether the release of gal-3 differs in short-term activated T cells (Figure 5A) in comparison to resting T cells (Figure 2C). Again, when PDAC cells or short-term activated T cells were cultured in medium alone or after T cell stimulation via TCR or by bsAb, the release of gal-3 was very low (Figure 5A, upper panel, cells alone). While the coculture of short-term activated T cells with Panc1 cells revealed no increase in gal-3 release after 72 h (Figure 5A, lower left panel), gal-3 release was enhanced after coculturing short-term activated T cells with PancTu-I cells as well as after their stimulation via the TCR- or by bsAb (Figure 5A, right panel). In sum, we obtained similar results with short-term activated T cells compared to resting T cells.
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FIGURE 5. Coculture of PancTu-I cells with activated γδ T cells increases galectin-3 release and its localization in the tumor cell periphery. (A) In total, 5 × 103 indicated PDAC cells were plated in complete medium. After 24 h, 2 × 105 short-term activated CD4 or CD8 αβ T cells or γδ T cells (Tc) (n = 6) were added or cultured alone (cells alone). Cells were stimulated with Activation/Expander Beads (TCR), 300 nM BrHPP (PAg) plus 12.5 IU/mL rIL-2 or 1 μg/mL bsAb [HER2xCD3] for αβ T cells and [(HER2)2xVγ9] plus 12.5 IU/mL rIL-2 for γδ T cells. Cell culture supernatants were collected after 72 h and gal-3 was determined by ELISA. The means ± SD of duplicates are shown. Statistical comparison was carried out parametrically by using paired, two-tailed t-test. P-value; *P < 0.05. As samples of CD8 and γδ T cells cultured in medium in comparison to bsAb did not follow a normal distribution, a Wilcoxon non-parametric, matched-pairs signed rank test was applied, which revealed no significance (ns, non-significant). (B) PancTu-I cells alone or cocultured with short-term activated Vγ9 γδ T cells for the indicated time. Thereafter, cells were stained with anti-gal-3 mAb (clone Gal397) followed by secondary goat-anti-mouse Ab and anti-EpCAM mAb (clone REA-125) for tumor cells, anti-CD3 (clone UCHT-1) for T cells and phalloidin for actin-filament staining and analyzed on the ImageStream® X Mark II. The fluorescence image of gal-3 plus overlays with transmitted light image and peripheral mask of a representative PancTu-I cell with gal-3 expression predominately in the center or periphery is shown. In addition, the mean ± SD of the intensity of gal-3 expression in the periphery of PancTu-I cells after addition of γδ T cells (n =3) are presented.




Galectin-3 Is Relocalized Into the Cell Periphery of PDAC Cells in Coculture With T Cells

Hence, using ImageStream® X Mark II, we analyzed whether the release of gal-3 by PDAC cells was induced by the formation of an immunological synapse between interacting PDAC cells and T cells. To this end, short-term activated γδ T cells were cocultured with PancTu-I cells for 1–45 min. To distinguish between the two populations, T cells were stained with anti-CD3 mAb and PancTu-I cells with anti-EpCAM mAb. In order to demonstrate the formation of an immunological synapse, phalloidin was used as a marker for filamentous (F)-actin. In addition, gal-3 was stained to analyze whether gal-3 is released by PDAC cells when the immunological synapse is formed (Figure 5B). Regardless of the time point of γδ T cell addition, <1% of the PDAC and T cells formed conjugates (data not shown). This could indicate a “kiss and run mechanism” suggesting only a short contact between PDAC and T cells. Interestingly, a different gal-3 localization was observed depending on the coculture duration (Figure 5B). As described in the Materials and Methods section, a peripheral ring mask, which distinguishes between cell periphery and cell center, was used to analyze the intensity of gal-3 staining. Figure 5B shows two representative PancTu-I cells with considerable gal-3 expression in the cell center (Figure 5A, upper panel) as well as in the cell periphery (Figure 5A, lower panel). The intensity of gal-3 expression within the peripheral mask of PancTu-I cells (Tumor cells, TuC alone, n = 1) and of PancTu-I cells after the indicated times of coculture with Vγ9 γδ T cells (mean of n = 3 donors) was calculated (Figure 5B). The gal-3 expression decreased slightly in the cell periphery within the first 5 min after the addition of the γδ T cells which indicates a release of gal-3. Ten minutes after γδ T cell addition, a time-dependent increase of gal-3 expression intensity in the cell periphery was detected showing up to 30% enhanced gal-3 expression intensity after 45 min in comparison to PDAC cells culture in the absence of γδ T cells. These data indicate a possible relocalization of gal-3 from cell center toward cell periphery or cell surface.

Overall, these results indicate that PDAC cells transport gal-3 in vesicles to the cell surface after having direct cell contact with γδ T cells. Consequently, gal-3 is released and inhibits γδ T cell proliferation.



Bispecific Antibody Enhanced γδ T Cell Cytotoxicity Against PDAC Cells Independent of Galectin-3 Knockdown

We next analyzed whether the γδ T cell cytotoxicity was influenced by gal-3 released by PDAC cells. Therefore, short-term activated γδ T cells were cocultured with Cr51-labeled control or gal-3 siRNA transfected PDAC cells at different effector/target ratio, and cytotoxicity was analyzed using Cr51-release assay.

PancTu-I and Panc1 cells were almost resistant to γδ T cell-mediated lysis unless bsAb were added to the culture [Figure 6A and (38)]. The addition of bsAb significantly increased the γδ T cell cytotoxicity independent of the gal-3 knockdown (striped bars) in PDAC cells (Figure 6A) suggesting that gal-3 did not influence γδ T cell cytotoxicity against PDAC cells. In addition, CD107a-degranulation of γδ T cells was not significantly modulated by gal-3 knockdown (Supplemental Figure 6).
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FIGURE 6. Galectin-3 knockdown does not influence γδ T cell-mediated cytotoxicity against PDAC cells, and does not induce cell death in γδ T cells. (A) In total, 5 × 103 control (gray bars) or gal-3 siRNA transfected (striped bars) PancTu-I cells were labeled with 51Cr and used as targets in a standard 51Cr release assay. Short-term activated γδ T effector cells were titrated at the indicated E/T ratio and cultured in medium or stimulated with the bsAb [(HER2)2xVγ9]. Mean values of triplicates (SD < 10%) are calculated. Mean ± SD of 3 independent experiments with 3 different donors are shown. (B) 105 short-term activated γδ T cells were treated with the indicated concentrations of gal-3 or gal-9 for 24 h. The cells were then labeled with annexin-V and propidium iodide (PI) and analyzed by flow cytometry. The proportion of alive (black bars, annexin-V− PI−), early apoptotic (light gray bars, annexin-V+ PI−) and late apoptotic/necrotic (dark gray bars, annexin-V+ PI+) cells are shown as the mean value of 3 donors in 3 independent experiments. SD was <10%.


Moreover, γδ T cell cytotoxicity was not influenced by gal-3 in the presence or absence of bsAb. BsAb enhanced the cytotoxic activity as well as the release of granzyme A and B by γδ T cells (23, 24, 29). Similar to short-term activated γδ T cells, tumor-infiltrating γδ T cells expressed high amounts of granzymes suggesting a pre-activated state of these cells (39). While preactivated γδ T cells are more susceptible to cell death, we examined whether gal-3 induces apoptosis in these cells because extracellular gal-3 has been described to mediate T cell death (16, 40). To investigate apoptosis, short-term activated γδ T cells were treated with the indicated concentration of gal-3 and gal-9 as a control for 24 h. Annexin-V served as a marker for apoptotic cells and annexin-V together with PI as markers for late apoptotic cells (Figure 6B). Seventy percentage of the short-term activated γδ T cells were viable (annexin-V− PI−) after 24 h culture in medium, whereas 6% were apoptotic (annexin-V+ PI−) and 17% late apoptotic or necrotic (annexin-V+ PI+). The addition of gal-3 as well as gal-9 at a low concentration (0.1 μg/mL) for 24 h did not influence the viability of the short-term activated γδ T cells. Interestingly, the addition of 1 μg/mL gal-9 reduced the viability of the short-term activated T cells to 43%. In these cultures, the proportion of apoptotic cells increased to 9% and of late apoptotic cells to 48%. Taken together, in contrast to gal-9, gal-3 did not induce enhanced apoptosis in short-term activated γδ T cells.



Reduced Number of Vδ2 γδ TIL Are Suppressed in Their Proliferation by Galectin-3 Releasing Autologous PDAC Cells

In view of the gal-3 effects during the interaction of PDAC cells and T cells isolated from peripheral blood of healthy donors or PDAC patients, we speculated that the number of TIL could be reduced due to a relevant amount of soluble gal-3 present in PDAC patients.

By comparative immune profiling of TIL and PBMC of the same PDAC patients, we observed a slight decrease of the CD3 γδ T cell percentage within TIL compared to PBMC (Figure 7A). Additionally, we demonstrated an inversion of the Vδ1/Vδ2 T cell ratio within CD3 γδ T cells when we compared the percentage of the γδ T cell subsets of PBL and TIL from the same donor. Similar to the inversion of the Vδ1/Vδ2 T cell ratio, there was also an inversion of CD8/CD4 T cells within CD3 αβ T cells. We observed a significant increase of Vδ1 T cells and CD8 αβ T cells within TIL compared to PBMC, whereas Vδ2 TIL and the CD4 αβ TIL significantly decreased in comparison to PBMC from the same donor (Figure 7A). The distribution of CD8 and CD4 αβ T cells was calculated within the CD3 T cell populations by excluding pan γδ T cells.


[image: Figure 7]
FIGURE 7. Monitoring of T lymphocyte subsets within blood and PDAC tissue, and galectin-3 serum levels. (A) The relative percentage of different T cell subsets within ex vivo isolated PBMC and TIL of PDAC patients (n = 6) was determined by staining the cells with the indicated mAbs and analyzed by LSR Fortessa. A gate was set on lymphocytes based on the side scatter properties and CD45 leukocytes to analyze γδ T cells within leukocytes. To distinguish between Vδ1 and Vδ2 within the CD3/pan γδ TCR, a gate was set on CD3/pan γδ TCR-expressing T cells. For discrimination between CD4 and CD8 αβ T cells a gate was set on CD3 T cells excluding CD3/pan γδ TCR+ cells. The gating strategy is shown with PBMC of one patient. Each symbol presents the data of one donor, and the lines in the boxes represent the median of different independent experiments. Statistical comparison of matched samples was carried out parametrically by using paired, two-tailed t-test. P-value; *P < 0.05, **P < 0.01, ***P < 0.001. As γδ T cell samples did not follow a normal distribution, Wilcoxon non-parametric, matched-pairs signed rank test was applied. P-value n.s., non-significant. (B) Gal-3 concentrations in serum samples from PDAC patients (n = 22), Ovarian cancer patients (OvCa, n = 9) and age-matched healthy donors (HD, n =13) measured by ELISA are presented as dot plots. The filled dots are the patients presented also in (A). Samples present no significant differences.


Analyzing circulating gal-3 in serum of patients with PDAC or advanced ovarian cancer as well as in serum of age-matched healthy donors revealed that gal-3 concentrations did not differ between these groups (Figure 7B).

Since gal-3 serum levels did not differ between PDAC patients and healthy donors, we asked whether ex vivo isolated tumor cells release enhanced amounts of gal-3 after interaction with autologous PBMC or TIL of PDAC patients, and thereby inhibit γδ T cell proliferation. The stimulation of PBMC with zoledronic acid and IL-2 in the absence of autologous tumor cells induced a significant and selective outgrowth of Vγ9 T cells and PBMC released very low amounts of gal-3 (Figure 8A). By coculturing PBMC with autologous tumors cells without further stimulation, Vγ9 T cells did not proliferate, and gal-3 release was slightly enhanced in comparison to PBMC monoculture in the absence of tumor cells (Figure 8A). However, after stimulating the cocultured cells with zoledronic acid, γδ T cell proliferation was significantly inhibited and a significantly enhanced gal-3 release was observed (Figure 8A). We next asked if the proliferation of autologous γδ TIL is affected in a similar way as γδ PBMC of the same donor. Therefore, we cultured ex vivo isolated tumor cells with autologous TIL, which comprises tumor-associated cells, in IL-2 medium, and stimulated the culture with zoledronic acid or medium (Figure 8B). Interestingly, the absolute cell number of Vγ9 T cells within the TIL population was reduced after zoledronic acid stimulation and, again, we observed an increase in gal-3 release after addition of zoledronic acid to cocultured cells as well as a strong intracellular gal-3 expression in tumor cells and TIL in this autologous system (Figures 8B,C). Taken together, the absolute number of viable Vγ9 T cells within the TIL population was reduced comparable to the inhibition of Vγ9 γδ T cells within PBMC of the same donor after coculture with zoledronic acid-stimulated autologous tumor cells. Interestingly, zoledronic acid-stimulated autologous tumor cells cocultured with TIL released an enhanced amount of gal-3 compared to the medium control.


[image: Figure 8]
FIGURE 8. Coculture of ex vivo isolated PDAC cells with autologous PBMC or TIL inhibits γδ T cell proliferation and enhances release of galectin-3. (A) In total, 5 × 103 or (B) 1.5 × 105 ex vivo isolated tumor cells (TuC) and (A) 2.5 × 105 autologous PBMC or (B) 1.5 × 103 autologous TIL were cultured alone or together in complete medium or were stimulated with 2.5 μM zoledronic acid with 50 IU/mL rIL-2 (Z). At day 0 and 11 days after culture, the absolute cell number of the Vγ9 γδ T cells was determined using SCDA. Cell culture supernatants were collected after 96 h and galectin-3 was determined by ELISA. Each symbol presents the data of one donor, and the lines represent the median of 4 different independent experiments. (A) Statistical comparison of matched samples was carried out parametrically by using paired, two-tailed t-test. P-value; *P < 0.05, ***P < 0.001. (B) Wilcoxon non-parametric, matched-pairs signed rank test (left panel) or parametric, matched-pairs, two-tailed t-test (right panel) was carried out. Samples present no significant differences. (C) Histograms are showing intracellular gal-3 expression stained with anti-gal-3 Ab (gray) compared to the appropriate isotype-control (unfilled) in pan-Cytokeratin+ tumor cells and CD45+ leukocytes of 2 representative donors (PDAC #1 and #2) out of 4.





DISCUSSION

While an overexpression of gal-3 in PDAC tissues and a gal-3-mediated suppression of CD8 TILs have been already described, the gal-3 concentrations in the serum of pancreatic cancer patients is discussed controversially (8, 9, 41, 42). This study demonstrated that gal-3 is not increased in the serum of PDAC patients, but it is highly expressed in ex vivo isolated PDAC cells. In addition, gal-3 is not only expressed by PDAC cells but also by T cells within PBMC and TIL. While gal-3 is only released in small amounts by either cell population, the coculture of both populations significantly enhanced the release of gal-3. Interestingly, the stimulation of the cocultured cells further increased gal-3 release which could be of high relevance for clinical studies. Knockdown of gal-3 in PDAC cells demonstrated that PDAC cells are the main source of gal-3. Gal-3 is released by the majority of PDAC cells after interaction with T cells. It effectively inhibited T cell proliferation, but not T cell cytotoxicity regardless of presence of bsAb, which in turn potently enhanced γδ T cell cytotoxicity. We demonstrated that extracellular gal-3, released by PDAC cells after coculture with γδ T cells, binds glycosylated γδ T cell surface receptor α3β1 integrin, and contributes to inhibition of γδ T cell proliferation. This is of great interest for an in vivo application of PAg or zoledronic acid where the γδ T cell proliferation might be prevented if gal-3 is present.

Since the therapeutic options of PDAC treatment are very limited, and the efficacy of chemotherapeutic agents (e.g., gemcitabine) is unsatisfactory (10, 11), new therapeutic approaches including application of bsAb or silencing of gal-3 in PDAC cells could be of high clinical relevance (23, 30, 43, 44). BsAb are designed to target T cells to tumor cells, thereby enhancing T cell cytotoxicity against tumor cells. In contrast to PAg, bsAb significantly increased γδ T cell cytotoxicity against PDAC cells by inducing enhanced amounts of granzymes (23, 38). Additionally, we observed that bsAb did not further enhance gal-3 release of PDAC cells cocultured with γδ T cells, in contrast to PAg stimulation. Since the used bsAb are not designed to significantly enhance T cell proliferation, the low number of Vγ9 T cells within the tumors might be a problem. However, our preliminary results suggest that tribody [(HER2)2xVγ9] can potently enhance cytotoxic activity of low numbers of Vγ9 T cells with TILs, which coexpress Vδ2 as well as Vδ1 (unpublished observation). Since Vδ1 T cells are enriched within TIL of PDAC patients, the impact of gal-3 on Vδ1 T cells is of high interest. Unfortunately, the antigens which selectively induce a Vδ1 T cell proliferation are so far unknown. Therefore, Vδ1 T cell expansion within PBMC or TIL cannot be examined.

Regarding gal-3 as a potential novel target for PDAC therapy, a transient siRNA mediated silencing of gal-3 in PDAC cells suppresses their migration and invasion decreasing β-catenin, which represents an important tumor cell invasion signal (45). In addition, silencing of gal-3 in PDAC cells inhibits their proliferation and invasion, and reduced tumor size and volume in an orthotopic PDAC mouse model (13). The reports provide clear evidence for gal-3 being an important player in PDAC progression. In our study, we focused more on the role of gal-3 in the interaction of PDAC cells and T cells with special focus on γδ T cells, which infiltrate PDAC tissues, similarly to CD8 αβ T cells (22–24, 35). All T cell subsets including αβ and γδ T cells were inhibited in their proliferation after coculture with gal-3 secreting PDAC cells, independent of the T cell activation state. Recently, Kouo and colleagues reported about a gal-3-mediated inhibition in a CD8 T cell-based immunotherapy which aims to enhance the anti-tumor response of cytotoxic CD8 T lymphocytes. PDAC patients who respond to a granulocyte-macrophage colony-stimulating factor (GMC-SF)-secreting allogenic PDAC vaccine developed neutralizing gal-3 Ab after immunization. Gal-3 binds activated-committed CD8 T cells only in the tumor microenvironment and suppresses their anti-tumor response via Lymphocyte-activation gene (LAG)-3 and by inhibiting the expansion of plasmacytoid dendritic cells (42). Interestingly, gal-3 is described to contribute to a defect in cytokine-secretion by CD8 TIL which mediates an anergic state of these TIL due to defective actin rearrangement and a disturbed triggering of Lymphocyte function-associated antigen (LFA)-1 (αLβ2 integrin or CD11a/CD18) at the immunological synapse (46). In their previous publications, Demotte et al. observed a loss of colocalization of TCR and CD8 molecules on CD8 T cells that have low ability to bind tetramers and a reduced cytokine release (20, 47, 48). Galectin-glycoprotein lattices inhibited release but not intracellular cytokine expression by affecting actin regulators Coronin 1a and Cdc42 Rho GTPase and LFA-1 at the synapse (46).

Since gal-3 at physiological concentrations did not induce cell death in γδ T cells in our experiments, we hypothesized that, similar to CD8 T cells, gal-3 has an immunosuppressive function by inducing anti-proliferative signaling and consequently γδ T cell anergy. However, treatment with physiological gal-3 concentrations did not significantly modulate IFN-γ release or degranulation of γδ T cells, and the pre-treatment with lactose did not restore the gal-3-mediated inhibition of γδ T cell proliferation. Therefore, we suggest a different mechanism of gal-3 on γδ T cell proliferation (within PBMC or TIL). Knockdown of gal-3 in PDAC cells as well as neutralizing anti-CD49c CD29 (α3β1 integrin) mAbs partially restored gal-3-mediated inhibition of γδ T cell proliferation. Integrins such as LFA-1 binding to the intercellular adhesion molecule (ICAM, CD54) play an important role in the γδ T cell cytotoxicity toward PDAC cells (49). However, the role of CD49c/CD29 in the effector function of γδ T cells is less clear (50). CD49c/CD29 was expressed on the cell surface of resting γδ T cells, and was downregulated after activation (51). LFA-1, CD49a/CD29 (α1β1 integrin) and CD49c/CD29 are described to bind gal-3 (37, 52). The binding of gal-3 to CD49c/CD29 seems to be dependent on the glycosylation of the glycosyltransferase by β1,6-N-Acetylglucosaminyltransferase V (Mgat5) (53). Mgat5 is responsible for generating branched N-glycans that can be elongated with N-acetyl-D-lactosamine (LacNAc) sequences which bind the TCR. Gal-3 which also binds to LacNAc can compete with TCR binding thereby inhibiting TCR clustering (15). Knockdown of Mgat5 in mice prevents binding of gal-3 at the TCR, and improved the assembly of CD3 and TCR, and thereby T cell proliferation (54). Additionally, the interaction between poly LacNAc and gal-3 reduced the affinity of MHC class-I related chain (MIC) A to NK cell receptor Natural-killer group 2, member D (NKG2D), which impaired NK cell cytotoxicity against tumor cells (21). Beside CD49c/CD29, gal-3 can also bind to the γδ TCR or NKG2D expressed on Vδ2 γδ T cells, and thereby increase the threshold for γδ T cell activation. This results in an inhibition of T cell proliferation.

Chang et al. reported that α3β1 and α6β1 integrins mediate laminin/merosin binding and function as costimulatory molecules for human thymocyte proliferation (55). Our results suggest that the binding of gal-3 to α3β1 integrin prevents the proliferation-promoting effect of CD49c/CD29 on γδ T cells. A blockade of the gal-3 α3β1 integrin interaction mediated by applying a CD49c/CD29 mAb could also have an impact on the proliferation-promoting effect of α3β1 integrin. This fact together with binding of gal-3 to the TCR and/or NKG2D could be an explanation for the incomplete restoration of the γδ T cell proliferation after coculture with gal-3 secreting PancTu-I cells after application of a neutralizing CD49c/CD29 mAb.

For the release of gal-3 by PancTu-I cells a direct cell contact with T cells was necessary, which underscores the high importance to examine the influence of cell-cell interactions. In this study, the gal-3 intensity in the cell periphery of the PancTu-I cells was decreased 1–3 min after interaction with γδ T cells, and then increased again within the next 45 min. These data suggest that stored gal-3 can be released very rapidly by tumor cells after interaction with T cells and, thereafter, relocalization of gal-3 toward the cell periphery is required. Interestingly, very few synapses were formed between PDAC cells and γδ T cells during this process indicating that gal-3 hindered the formation of synapses between PDAC cells and T cells or a “kiss and run mechanism” is involved in which γδ T cells bind briefly to the tumor cell, kill it and move to the next tumor cell.

Since gal-3 has no signal sequence, the release via the endoplasmic reticulum/trans-golgi network is very unlikely (56). Furthermore, inhibitors of the classic secretory pathway such as brefeldin A and monensin did also not inhibit the gal-3 release by kidney cells suggesting that other mechanisms are involved (57). In this context, the release by proteolysis or by exosomes could be possible mechanisms. Gal-3 was already identified in exosomes of tumor cells (58). Matrix metalloproteinases-2 and−9, which both cleave gal-3, could release gal-3 bound to receptors or extracellular matrix (59, 60). Exosomes are an important component in immunological synapses between T cells and antigen-presenting cells (61). An association of gal-3 with ALIX at the immunological synapse was shown in Jurkat T cells. ALIX is a protein that is involved in the formation of exosomes (62, 63). Therefore, we analyzed the localization of gal-3 which was observed in vesicles of PDAC cells. To characterize these vesicles in more detail, the colocalization of gal-3 with the vesicular marker proteins CD107a (LAMP-1), CD63 (LAMP-3), Rab11 and Vti1b was examined. Gal-3 has been described in macrophages as a binding partner of the lysosomal membrane-associated protein CD107a (64). However, our results indicate that gal-3 did only slightly colocalize with CD107a in PDAC cells. Differences in the colocalization of gal-3 and CD107a in PDAC cells compared to macrophages may be due to different glycosylation patterns of CD107a in both cell populations. Different glycosylation patterns of CD107a associated with a change in gal-3 colocalization has been shown during the maturation of immature to mature dendritic cells (DC) (65). In addition, gal-3 slightly colocalizes with other vesicular marker proteins such as lysosomal membrane-associated protein CD63 and vesicle synaptosome-associated protein receptor Vti1b expressed on vesicles of the trans-golgi network or late endosomes was observed in only a fraction of cells, but not with Rab11 expressed on recycling endosomes. In other studies, gal-3 was detected in exosomes from DCs as well as from bladder carcinoma cells, which suggests that the gal-3 containing vesicles in PDAC cells may contain or resemble exosomes (58, 66).

For PDAC, survival rates have not changed significantly in the recent years and also treatment with immune checkpoint inhibitors did not achieve improvements as observed in other tumor entities (67). To enhance overall responsiveness of immunotherapy, several clinical trials have started to combine treatment with immune checkpoint inhibitors together with galectin-3 inhibitor DG-MD-02 or GR-MD02 to enhance therapeutic effects in other tumor entities (42). Thus, another promising approach is the usage of bsAb which are able to restore T cell cytotoxicity against PDAC cells of previously non-reactive T cells. Our results indicate that gal-3 has an immunosuppressive function on the proliferation of circulating as well as tumor-infiltrating T cells and that T cell cytotoxicity against PDAC cells can be significantly enhanced by bsAb.

BsAb targeting γδ T cells provide a tool to enhance cytotoxic capacity of γδ T cells, and gal-3 inhibitors to overcome suppression of proliferation. Clinical studies are certainly required to further investigate the therapeutic potential of combing bsAb and galectin inhibitors.
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The butyrophilins (BTNs) represent a unique family of immunoglobulin. They were considered to be involved in milk lactation after their discovery in 1981. With the development of research, an increasing number of research revealed that BTNs play important roles in immune regulation [1992–2019]. Our research aimed to summarize the BTN research status and their relationship with lung cancers and breast cancers by bibliometrics and bioinformatics methods. Our results indicate that the researches on immune-regulatory functions of BTNs gradually developed from 1992 to 2006, whereas they increased quickly after 2007. There are international cooperations among 56 countries, of which the United States is the most active one with the highest number of studies as well as highest citations. By coauthorship and cocitation analysis, we showed that Adrian Hayday, who is active in γδ T-cell field, was an active author in BTN publications with average year of 2015 and led a subfield. By keywords co-occurrence analysis, we found that γδ T cell, which is an important cancer immune regulator, is one important hotspot. Finally, we found that several BTN members' expression levels were significantly correlated with prognosis of lung cancer and breast cancer patients. Thus, these BTNs might play immune regulatory effects and could serve as potential biomarkers for cancer.

Keywords: butyrophilin, γδ T cells, bibliometrics, VOSviewer, lung cancer, breast cancer


INTRODUCTION

The modulatory effects of T-cell activation are significantly mediated by costimulatory molecules expressing on antigen-presenting cells. Recent discoveries show that another superfamily of immunoglobulin, the butyrophilin (BTN) family, which is similar to B7 family, has been involved in immune modulation (1). Initially, the BTN, which was discovered in 1981, was found in milk-secreting epithelial cells and constituted the milk protein (2, 3). With the identification of additional members of this family, increasing evidence shows that BTNs play roles in immune regulation (4). To date, the human BTN superfamily has been found to include 7 BTN genes (BTN1A1, BTN2A1, BTN2A2, BTN2A3, BTN3A1, BTN3A2, BTN3A3), 5 BTN-like genes (BTNL2, BTNL3, BTNL8, BTNL9, BTNL10), and the SKINT-like factor (SKINTL). Twenty-one genes have been found in mice in this superfamily: Btn1a1, Btn2a2, Btnl1, Btnl2, Btnl4, Btnl5, Btnl6, Btnl7, Btnl9, Btnl10, and Skint1, Skint2, Skint3-11 (1). Growing numbers of researches have shown that BTNs play a role in autoimmune diseases (5), infections (6), metabolic disorders (7), and cancers (8, 9) through immune stimulation and inhibition.

Despite many advances in understanding the role of BTNs, there is still a lack of global and comprehensive report that helps researchers to get a quick overview and find meaningful research directions. Bibliometrics analysis is defined to analyze the open publications in a statistical way that could summarize the current research status (10, 11) and foresee future trends quantitatively and qualitatively (12). In this research, we aimed to analyze the progression of BTN researches with the visualization techniques, VOSviewer, based on bibliometrics method and explore the relationships between BTN family members and cancers.

Members of BTN family serve as important regulators of different T-cell subsets, especially the γδ T cells, in humans and mice (4, 13, 14). Different BTN family members can stimulate corresponding γδ T-cell subsets potentially through interaction with specific T cell receptor (TCR). Previous research revealed that BTN3A1 was required in the activation of human Vγ9Vδ2 T cells (15), and BTNL3 and BTNL8 were found to bind Vγ4+ TCR (16, 17). In mice, Skint1, the new member of BTN family, was required for positive selection of Vγ5+ T cells in the embryonic thymus and contributed to normal levels of these dendritic epidermal T cells in skin, which play an important role in wound healing and preventing cancer (18, 19). BTNL1 and BTNL6 jointly regulated intestinal Vγ7 γδ T-cell function in mice, and human gut epithelial cells expressed BTNL3 and BTNL8 and stimulated Vγ4 γδ T cells (17). Moreover, γδ T cells represent a strong protective factor among leukocytes, which correlates with better prognosis of cancer (20). Collectively, these results let us hypothesize that BTNs in tumor microenvironment regulate γδ T-cell functions and serve as biomarkers for cancer prognosis.

Lung cancer is the top one cause of cancer deaths worldwide, leading to 1.6 million deaths every year (21–23). Non-small cell lung cancer (NSCLC) is the most common type of lung cancer. Lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are two major subtypes of NSCLC, which accounts for almost 85% of cases (23). Programmed death protein 1 (PD-1) and programmed death ligand 1 (PD-L1), the two famous members of B7 family, were found to be important immune checkpoints and immunotherapy, which aimed to produce encouraging responses for NSCLC by reversing their expression levels (24–26). However, the usage of PD-1/PD-L1 inhibitors also has limitations and reality that most patients still do not benefit from their use (27). Moreover, a clinical trial showed that PD-L1 expression was not predictive of good outcomes that low expression could also observe benefit from its inhibitor treatment (28). This might be because the interaction between tumor microenvironment and immune system also involves other regulators apart from PD-1/PD-L1 axis. Thus, identification of novel predictive biomarkers and targets for therapy is important. Genome-wide analysis revealed the association between encoding BTNL2, a member of BTN family, and LUAD (29–31). Considering the TCR-specific regulatory effects of BTN family members on γδ T cells, which play critical roles in cancer, our research aimed to evaluate the prognostic values of BTNs in LUAD and LUSC, as well as breast cancer.

In this research, we summarized publications of BTNs and analyzed the publication amount, citation, coauthorship, and trends of research area. Additionally, we analyzed the expression of every BTN member in LUAD, LUSC, and breast cancer. Several BTN members showed significant correlation with overall survival (OS). These results suggested a functional role of BTNs in tumor immunity.



METHODS


Database and Search Design

We utilized Scopus (Elsevier, Amsterdam, The Netherlands), the largest abstract database of keyword searching and citation analysis coverage, as our main database (32–34). The following searching words: TITLE-ABS-KEY (“butyrophilin*”) AND PUBYEAR > 1979 AND PUBYEAR <2020 were used in Scopus. The database search was done on a single day, January 10, 2020, so as to avoid significant fluctuations in citations, as well as numbers of studies. Four hundred thirty-five studies were acquired through this step.

Titles, abstracts, and keywords of these 435 studies were screened and infiltrated manually. Full texts were further checked if necessary. The inclusion criteria were as follows: (1) a clear correlation with BTN, (2) focus on human or mice subjects, (3) not editorial notice, such as erratum, and (4) focus on immune modulation. In total, 260 studies were included after filtration by two authors independently. The publication type, annual publication numbers, and total citations were analyzed. The publication list (of the 260 articles in csv file) was used for bibliometrics analysis, and xls file is shown in the Supplementary Table 1.



Analysis With VOSviewer

The csv file containing these 260 studies on immune modulation in human or mouse was imported to VOSviewer to perform coauthorship, co-occurrence, and cocitation analysis.


Country Coauthorship

Country coauthorship was performed by VOSviewer in coauthorship analysis in the unit of countries. Circle labels were used to represent the country elements, which were analyzed. The areas of the circles (not the diameter) were proportional to the numbers of total publication citations of each country. The minimum number of total citations of a country was set to 4 to be shown.



Author Coauthorship

Author coauthorship was performed by VOSviewer in coauthorship analysis in the unit of authors. The circle labels represented different authors, and their area showed the total citations of each author. The minimum number of citations of an author was set to 4 to be shown.



Author Cocitation

Author cocitation was performed by VOSviewer in cocitation analysis in the unit of cited authors. The minimum number of citations of an author was set to 50 to be shown.



Author Keywords Co-occurrence Analysis

We uniformed “γδ T cells, γδT cells, gamma delta T cell, gamma delta T cells, and gamma delta T lymphocyte” to “γδ T cell.” In addition, “butyrophilin-like 2” was uniformed to “btnl2” when “btnl2” was not found in the author keywords of the same publication. “Butyrophilins” was uniformed to “butyrophilin.” “Butyrophilin 3a1” was uniformed to “btn3a1” when “btn3a1” was not found in the author keywords of the same publication. “T cells” and “T lymphocytes” were uniformed to “T cell.” Then the csv file was imported to VOSviewer to perform co-occurrence analysis in the unit of author keywords. The minimum number of occurrences of a keyword was set to 2 to be shown. Total strength of the co-occurrence links with other keywords was calculated.




Estimation of Prognostic Values of BTN Family Members on LUAD and LUSC

The Kaplan–Meier plotter (http://kmplot.com/analysis/) was employed to perform the survival analysis of BTN family members with gene chip data in 719 patients with LUAD, 524 patients with LUSC, and 3,951 patients with breast cancer. The plotter separated patients into high and low expression groups according to the gene transcription level of each specific gene and created Kaplan–Meier plots. In the meantime, the hazard ratio (HR) with the 95% confidence interval and the log-rank p-value were calculated and marked on the chart. The numbers at risk of each group at different time points are displayed under the curves. When p-values were below 0.05, they were considered statistically significant.




RESULTS


The Publication Time and Citation of the Studies of BTNs on Immune Modulation

With the interest of human and mouse studies, the composition of the 317 studies is shown in Figure 1A. Studies on immune regulation in human or mouse accounted for 81.8% (260 studies). Immune-unrelated studies accounted for 18.0% (57 studies), including milk-related studies, studies on metabolism, circulation, urology, cell biology, and developmental biology. The publications (totally 260 studies, listed in the Supplementary Table 1) of BTNs in immune regulation in human or mouse were utilized for the following analysis. For the publication types of the 260 studies, research articles accounted for 74% (192 studies), which were the majority. Reviews accounted for 17% (45 studies), which were the second largest part. The remaining 9% were other types of documents, including book chapter (2%, five studies), notes (2%, six studies), short surveys (2%, five studies), letters (1%, three studies), and conference papers (2%, four studies).


[image: Figure 1]
FIGURE 1. The overview of the studies of butyrophilins on immune modulation. Studies in butyrophilins were acquired from Scopus. (A) The composition of the 317 studies acquired from Scopus studying human and mouse butyrophilins is shown. (B) The number of studies of immune-related butyrophilins for each year (from 1992 to 2019) was calculated and shown. (C) Annual total citations of studies every year was calculated and shown. (D) The article citation distributions were calculated and shown. The ranges of citation numbers were divided into 0, 0–10, 10–20, 20–30, 30–40, 40–50, 50–100, 100–200, and 200–1,200.


Annual number of studies is shown in Figure 1B. Although the time period we searched was from 1980 to 2019, the research of BTNs in immune modulation did not arise until 1992. Generally, the annual publications could be divided into two time stages. The researches on BTNs on immune modulation increased slowly in 1992–2006, whereas they increased quickly after 2007 and reached a peak of publications in 2016.

Total citations of all BTN studies on immune modulation had fluctuations over the years (Figure 1C). In the first stage, two obvious peaks in 1997–2002 are shown with two highly cited articles in each year (35, 36). Total citations increased slowly during the second stage when total publications increased quickly, considering the fact that recently published papers need time to accumulate citations.

The average citation of all the studies was 37.77 times through dividing the total citation times (9,820) by 260. Figure 1D demonstrates the distributions of the number of citations of different ranges. One hundred sixty-one studies accounting for 61.9% were cited fewer than 20 times, of which 22 studies were not cited by any other studies. Twenty-one studies received more than 100 citations, among which the highest citation was 1,190. Among the top 15 highly cited articles, four studies were about γδ T cells (15, 18, 37, 38), including one paper about epidermal γδ T cells (18). The 15 top-cited articles are shown in Table 1.


Table 1. Top-cited articles for butyrophilins as immune regulators.
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The Coauthorship Analysis in the Unit of Countries

The 260 articles, studying BTNs in human and mouse, included authors from 56 countries in total. With the minimum number of documents and citations of a country was set to 4; 18 countries of these 56 countries met the thresholds.

The overlay visualization map (Figure 2) of country coauthorship analysis showed the coauthorship of the 18 countries, which indicated close cooperation among different countries. The United States has the highest total citations and has cooperation relationships with many countries. The map also reveals that China and South Korea are countries that started working on the immune-related functions of BTNs more recently than other countries.


[image: Figure 2]
FIGURE 2. The overlay visualization map of country coauthorship analysis. The 260 studies on immune modulation in human and mouse (listed in the Supplementary Table 1) were analyzed by VOSviewer, and overlay visualization map was shown. Countries were represented by circle labels. The distance between two circles indicated the relatedness of their link. The strength of the coauthor link between two countries was represented by the thickness of the connecting curve lines. The area of the circle was determined by the numbers of the total citations contained by each country. Different colors of the circles indicated the average year of the studies according to the bar on the lower right corner. Color range indicated average year of publications in each country.




Coauthorship Analysis and Cocitation Analysis

With the minimum number of documents and citations of an author was set to 4, and 34 authors met the thresholds. Five authors of them had no linkage with others. The remaining 29 authors are shown in the map (Figure 3A).


[image: Figure 3]
FIGURE 3. Coauthorship analysis and cocitation analysis. The 260 studies on immune modulation in human and mouse (listed in the Supplementary Table 1) were analyzed by VOSviewer, and coauthorship analysis and cocitation analysis are shown. (A) The overlay visualization map of author coauthorship analysis. The area of the circle was determined by total citations of each author. Colors of the circles indicated the average year of the studies according to the symbol on the lower right corner. The distance between circles indicated their relatedness. The strength of the coauthor link between two countries was represented by the thickness of the connecting curve lines. (B) The network visualization map of author cocitation analysis. Different colors of the circles represented clusters divided by cocitations. The area of circles indicated the total citation number of each author.


The overlay visualization map (Figure 3A) of author coauthorship analysis showed the cooperation among authors, the total citations of each author, and the average year of their publications. It revealed that Adrian Hayday was among the authors who published studies on the average year of 2015, suggesting an active researcher in BTN field.

As for the cocitation analysis, 87 authors met the threshold with the minimum number of citations of an author set to 50. The network visualization map (Figure 3B) of author cocitation analysis through cited authors showed the similarities between different studies and the influence of authors.



Keywords Co-occurrence Analysis

When the minimum number of occurrences of a keyword was set to 2, 90 keywords met the threshold among the 541 keywords in total. Five keywords of them had no linkage with others. The remaining 85 keywords are shown in the map. The overlay visualization map scaled by occurrences (Figure 4) showed the hotspots in the field of immune modulations exerted by BTNs. As depicted in the chart, “γδ T cell” ranked one of the top keywords with the second most occurrence with the average publication year of 2017, suggesting a new hotspot in BTN field. Although “Btnl2” has significant occurrence, with average publication year of 2012, it is inclusive in BTN family. Of note, “costimulation” represents an important keyword that appeared with BTNs, with the average publication year of 2008. This is consistent with the important discoveries that emphasized the regulatory function of BTNs for αβ T cells (4, 14).


[image: Figure 4]
FIGURE 4. The overlay visualization map of author keywords co-occurrence analysis. Figure was generated by VOSviewer from the data of the 260 studies on immune modulation in human or mouse (listed in the Supplementary Table 1). The area of the circle was determined by occurrences of each keyword. Colors of the circles indicated the average year of the keyword occurrences according to the symbol on the lower right corner.




The Association Between BTN Levels and Prognosis of Lung Cancer and Breast Cancer

Because of the facts that BTNs are reported to activate γδ T cells through specific TCR, and γδ T-cell number represents the best correlate of OS of a broad range of carcinomas, we analyzed correlation between the transcriptomic expression levels of BTN members with the prognosis of lung cancer and breast cancer patients. Kaplan–Meier OS survival curves of LUAD, LUSC, and breast cancer cases according to gene expression levels of BTN family members were plotted. Results showed that high expression of BTN1A1 (HR = 1.65, p = 2.1e-05), BTN2A3 (HR = 1.59, p = 9.8e-05), BTNL2 (HR = 1.33, p = 0.016), BTNL3 (HR = 1.9, p = 7.7e-08), and BTNL8 (HR = 1.32, p = 0.019) were significantly correlated with worse OS of LUAD (Figure 5A). However, low expressions of BTN2A1 (HR = 0.51, p = 6e-08), BTN2A2 (HR = 0.52, p = 7.2e-08), BTN3A1 (HR = 0.77, p = 0.032), BTN3A2 (HR = 0.51, p = 3.2e-08), BTN3A3 (HR = 0.48, p = 9.7e-10), and BTNL9 (HR=0.54, p = 9.1e-07) were significantly correlated with worse OS of LUAD (Figure 5A). Low expression of BTN3A3 (HR = 0.73, p = 0.0088) was significantly correlated with worse OS of LUSC (Figure 5B). These results suggested specific BTNs could serve as prognosis biomarkers for lung cancer. Because γδ T cells are involved in breast cancer (39, 40), we compared survival in high vs. low expression of BTN family in breast cancer and found low expressions of BTN1A1 (HR = 0.73, p = 1.3e-08), BTN2A1 (HR = 0.75, p = 3.7e-07), BTN2A2 (HR = 0.83, p = 0.00056), BTN2A3 (HR = 0.73, p = 2.2e-08), BTN3A1 (HR = 0.72, p = 2.3e-09), BTN3A2 (HR = 0.89, p = 0.042), BTN3A3 (HR = 0.86, p = 0.0064), BTNL2 (HR = 0.78, p = 8e-06), BTNL3 (HR = 0.71, p = 1.2e-09), and BTNL9 (HR = 0.62, p = 9.4e-10) were significantly correlated with worse OS of breast cancer (Figure 5C). These collectively showed that certain BTNs serve as biomarkers for cancer and potentially therapeutic targets.
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FIGURE 5. Kaplan–Meier overall survival (OS) survival curves of LUAD and LUSC cases according to gene expression levels of butyrophilin family members. The Kaplan–Meier plotter (http://kmplot.com/analysis/) was employed to calculate survival of butyrophilin family members expression high vs. low in gene chip data on LUAD (n = 719), LUSC (n = 524), and breast cancer (n = 3,951) patients. (A) Overall survival curves of LUAD patients based on BTN1A1, BTN2A1, BTN2A2, BTN2A3, BTN3A1, BTN3A2, BTN3A3, BTNL2, BTNL3, BTNL8, and BTNL9 expression levels. (B) Overall survival curve of LUSC patients based on BTN3A3 expression levels. (C) Overall survival curve of breast cancer patients based on BTN1A1, BTN2A1, BTN2A2, BTN2A3, BTN3A1, BTN3A2, BTN3A3, BTNL2, BTNL3, and BTNL9 expression levels. Statistical difference (when log-rank p < 0.05) is shown. HR, hazard ratio.





DISCUSSION

There remain notable gaps in our knowledge of the function of BTNs in immune system, although several discoveries about the modulation in T cells were found (14). The receptor of each BTN member is not well-defined, making the identification of BTN ligands a priority (14). Meantime, several studies showed that the BTNs function before identifying the structural interaction with the unknown receptors. Phosphorantigens (IPP or BrHPP) could activate human γδ T cells, whereas the mechanisms remained unclear for a long time (14). Recently, Yang et al. (41) showed that BTN3A-pAg sensing mechanism involved and triggered the inside-out signaling to activate Vγ9Vδ2 T cells, using a structural approach. Moreover, BTN2A1 was found to directly bind to Vγ9Vδ2 TCR and involved in human γδ T-cell activation (42). These studies defined BTNs as important regulators of γδ T-cell function.

Both human and mouse γδ T cells have several subsets classified by their TCR chain, and each subset of γδ T cells plays distinct roles in many diseases (43). Our previous research in mice has proven that Vγ4 γδ T cells play a protective role in tumor immunity (44, 45), whereas Vγ1 γδ T cells suppress this function via interleukin 4 (IL-4) production (46). Also, our research indicated that Vγ4 γδ T cells play a protective role in the Con A–induced hepatitis through limiting natural killer T-cell activation by secretion of IL-17 (47). Collectively, these researches indicated different γδ T-cell subsets have intrinsic functional difference. However, how these γδ T-cell subsets were regulated remains unclear. Recent research has suggested specific BTN selects or shapes specific γδ T-cell subset in its specific location and time (17), and it is critical to further characterize the interactions between γδ T cells and BTNs. Based on the facts that γδ T cells have extraordinary capacity for tumor cell killing (43) and BTNs can activate γδ T cells (17), and structure of BTNs is closely sharing the fractions of B7 family, which plays a critical role in cancer immunity (4), we postulate BTNs play potential roles in cancer immunology and may serve as biomarkers for prognosis, although the accumulated publication amount of BTNs is much less than that of PD-1.

Through survival analysis of lung cancer and breast cancer patients with mRNA expression in gene chip data of BTNs, as we expected, several BTN members were proven as playing important roles in the prognosis of LUAD, LUSC, and breast cancer. Our results showed that high expressions of BTN1A1, BTN2A3, BTNL2, BTNL3, and BTNL8 were significantly correlated with worse OS of LUAD (Figure 5A). However, low expressions of BTN2A1, BTN2A2, BTN3A1, BTN3A2, BTN3A3, and BTNL9 were significantly correlated with worse OS of LUAD (Figure 5A). Low expression of BTN3A3 was significantly correlated with worse OS of LUSC (Figure 5B). In breast cancer, low expressions of BTN1A1, BTN2A1, BTN2A2, BTN2A3, BTN3A1, BTN3A2, BTN3A3, BTNL2, BTNL3, and BTNL9 were significantly correlated with worse OS (Figure 5C). These suggested a potential function of γδ T cells in cancer, which is regulated by BTNs. Currently, mechanisms of the effects are not clear; it is possible that different signal pathways are involved in specific immune microenvironment. With the impacts of Nobel Prize in 2018 (48), immune-checkpoint inhibition has been further utilized, and more researches have been done for the field. However, large amounts of people are unresponsive to immune therapy (27, 28). Based on previous research results, BTNs play important roles in cancer immunity, which might serve as new targets or therapeutic strategies and may be effective for anti–PD-1 or anti–cytotoxic T-lymphocyte-associated protein 4–unresponsive patients.

In summary, this research focuses on the immune regulation of BTNs and their correlation with the prognosis of lung cancer patients and provides a new aspect of gene therapy or immune intervention. Further efforts are still needed in investigation of the specific BTN receptor, mechanism of BTNs instructing local immune response (especially T-cell function), and the expression pattern of BTNs.
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Autologous T cells engineered to express a chimeric antigen receptor (CAR) against the CD19 antigen are in the frontline of contemporary hemato-oncology therapies, leading to high remission rates in B-cell malignancies. Although effective, major obstacles involve the complex and costly individualized manufacturing process, and CD19 target antigen loss or modulation leading to resistant and relapse following CAR therapy. A potential solution for these limitations is the use of donor-derived γδT cells as a CAR backbone. γδT cells lack allogenecity and are safely used in haploidentical transplants. Moreover, γδT cells are known to mediate natural anti-tumor responses. Here, we describe a 14-day production process initiated from peripheral-blood mononuclear cells, leading to a median 185-fold expansion of γδ T cells with high purity (>98% CD3+ and >99% γδTCR+). CAR transduction efficacy of γδ T cells was equally high when compared to standard CAR-T cells (60.5 ± 13.2 and 65.3 ± 18.3%, respectively). CD19-directed γδCAR-T cells were effective against CD19+ cell lines in vitro and in vivo, showing cytokine production, direct target killing, and clearance of bone marrow leukemic cells in an NSG model. Multiple injections of γδCAR-T cells and priming of mice with zoledronate lead to enhanced tumor reduction in vivo. Unlike standard CD19 CAR-T cells, γδCAR-T cells were able to target CD19 antigen negative leukemia cells, an effect that was enhanced after priming the cells with zoledronate. In conclusion, γδCAR-T cell production is feasible and leads to highly pure and efficient effector cells. γδCAR-T cell may provide a promising platform in the allogeneic setting, and may target leukemic cells also after antigen loss.

Keywords: gamma-delta T cells, chimeric antigen receptor, leukemia, immuno oncology, B cell malignancies


INTRODUCTION

Transduction of T cells with a chimeric-antigen receptor (CAR) enables the targeting of extracellular domains, leading to CAR-induced T cell cytotoxicity, and cytokine production, in an MHC-independent manner (1). Autologous CAR-T cells directed against the pan-B-cell antigen CD19 have been approved for acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma (NHL), after showing high remission rates in heavily pretreated patients, which in some may be durable (2, 3). Still, many patients do not respond to CAR-T cells or experience a relapse, through an orchestra of mechanisms including loss of transferred T cells in some patients and alterations in target antigen expression or density in others (4, 5). Thus, further multi-targeting approaches have been proposed, usually via dual CARs (5, 6), but sequential antigen loss has also been shown following CAR-mediated multi-targeting (7, 8). In addition these cellular therapies are still autologous products, necessitating complex, and individualized production associated with a significant financial burden.

Lymphocytes bearing the γδT cell receptor (γδT) are a small subset of peripheral blood cytotoxic T cells, which do not require antigenic presentation by MHC molecules for recognition and function (9, 10). In vitro and in vivo expansion of these cells is feasible, especially when exposing them to amino bisphosphonates such as zoledronate (11, 12). γδT cells are known to function across MHC-barriers, and do not cause graft-vs.-host disease (13). Moreover, anti-tumor activity has been demonstrated using expanded Vγ9Vδ2 T cells in preclinical studies and early phase clinical trials (14), though effects against ALL and NHL remain modest at most (13, 15, 16).

Since γδT cells can be safely applied in the allogeneic setting and exhibit natural anti-tumor reactivity, arming γδT cells with a CAR may provide a way to safely use allogeneic CARs and can potentially target minor clones with lower antigen density, which may not be eliminated by the standard CAR T cells. Here, we report our protocol to use γδ T lymphocytes as a platform for CAR-T cells. We show that γδCAR-T cells are effective against CD19 malignancies in vitro and in vivo, and have activity against leukemic clones lacking CD19 expression.



MATERIALS AND METHODS


Ethics

Patient material was obtained as part of a clinical trial previously reported (NCT02772198) (17, 18) and approved by the Sheba Medical Center IRB and the Israeli Ministry of Health. All animal experiments were approved by Institutional Ethical Review Process Committees and were performed under Israel Institutional Animal care and use committee approval (1131/17/ANIM).



Cell Culture

Leukemia cell lines Nalm6, CCRF-CEM, Toledo, and K562 were kindly provided by Steve Feldman, and grown in standard culture conditions, using RPMI medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamate, Sodium Pyruvate, Hepes buffer 0.1 M (all from Biological Industries), and 100 U/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich) (“target cell medium”). For activation and transduction, T cells were cultured in RPMI supplemented with 10% FBS, 2 mM L-Glu, 100 U/mL penicillin, and 100 μg/mL streptomycin and interleukin-2 (IL-2, 100 IU/ml, Novartis Proleukin) (“T cell medium”). 293T cells used for viral production were cultivated in DMEM high glucose medium supplemented with 10% FBS, 2 mM L-Glutamate, Sodium Pyruvate, Hepes buffer 0.1 M, and non-essential amino acids solution (all from Biological Industries). Alternatively, medium can be supplemented with human AB serum instead of FBS.



CAR-T Cell Production

Peripheral-blood mononuclear cells (PBMCs) were isolated using centrifugation on LymphoprepTM density gradients (Alere technologies) and were activated in T cell medium with 100 IU/ml IL2 and either OKT3 50 ng/ml (Invitrogen) for standard T cell expansion (previously published) (17), or zoledronic acid 2.94 uM (Novartis) for γδT cell expansion. On day 5 of culture, activated cells were transduced with the CD19 CAR retrovirus, based on an MSGV backbone transduced with an FMC63-CD28-CD3zeta plasmid, kindly provided by Steve Feldman. For this purpose, non-tissue culture treated 6-well-plates (Falcon) were pre-coated with 20 ug Retronectin per well (10 ug/ml, Takara-Clontech) for 3 days at 4°C followed by a 20 min incubation with a 2.5% BSA solution (Caisson labs, BSA fraction V) in PBS (Biological Industries) and a single wash with PBS. Plates were loaded with 4 ml of virus diluted 1:1 with T cell medium per well and centrifuged at 2,000 g for 2 h at 32°C. Following centrifugation, the supernatant was collected leaving only 1 ml/well. Plates were then seeded with the OKT-3 or zoledronic acid activated PBMCs, between 2 and 2.5 × 106 cell/well, centrifuged at 1,000 g for 20 min at 32°C and incubated overnight at 37°C. Un-transduced γδT cells and standard T cells were treated the same way, just without addition of virus and served as negative control. On Day 9 γδT and γδCAR-T cells underwent αβTCR+ cell depletion using MACS LD depletion magnetic columns, FcR Blocking reagent, anti-TCRa/b-Biotin, and anti-biotin MicroBeads (all from Miltenyi). The remaining γδT cells and standard CAR-T cells were further expanded in IL-2 containing T cell medium until day 13–15.

Standard CAR T cells for the clinical setting were produced the same way as standard CAR T described here, with the only differences that clinical CAR T production utilizes 300 IU/ml IL-2 (instead of 100 IU/ml), transduction is performed on day 2 (instead of day 5) and human AB serum is supplemented to the culture medium (instead of FBS) (17).



Co-culture, Cytokine Levels, and Cytotoxic Assays

Co-cultures were carried out in flat bottom 96-well-plates. For IFN-γ secretion tests T cells and targets were plated 100,000 cell/well each overnight in target cell medium. ELISA for the detection of human IFN-γ was carried out using Biolegend's Elisa MAX™ Deluxe kit. For cytotoxic assays, targets were stained by CellTrace™ Violet according to manufacturer's instructions and seeded 40,000 cells/well. T cells were then added at 160,000 cells/ml. After 2.5–3 h at 37°C, cells were collected from wells and stained for apoptosis by Annexin V-Cy5 reagent (Biovision). CellTrace positive cells were assessed for AnnexinV staining by flow cytometry.



Flow Cytometry

Flow cytometry was performed on a Beckman Coulter's Gallios. For detection of the CD19 CAR receptor we used a biotinylated anti-mouse FAB as a primary antibody (Jackson), Mouse Gamma Globulin as a blocking reagent (Jackson) and Anti-Biotin-Viogreen as a secondary antibody (Miltenyi). The following antibodies were used for additional staining: Anti Human CD3 –FITC, Anti Human TCRa/b-APC, Anti Human TCRg/d-PE, Anti Human CD19-PE, Anti Human CD10-PE-Cy7, Anti Human CD45 viogreen, Anti mouse CD45 APC, and for dead cell exclusion Ghost Red 780 Viability Dye (all from Miltenyi). All antibodies were incubated with samples for 20 min at 4°C. Analysis was done using the FlowJo analysis software V10.



Nalm6 CRISPR CD19 KO

We generated a Lenti virus expressing CAS9 and a sgRNA targeting CD19. The sgRNA sequence 5′-TGGAATGTTTCGGACCTAGGTGG-3′ (19) was cloned into pL-CRISPR.EFS.GFP (addgene Plasmid #57818 - Lentiviral CRISPR-Cas9 delivery for SpCas9 and sgRNA. Co-expresses eGFP via P2A cleavage site). Envelope plasmid was pMD2.G (addgene Plasmid #12259) and packaging plasmid psPAX2 (addgene Plasmid #12260). Plasmids were transfected to 293T cell line using the calcium Phosphate Profection Mammalian Transfection System (Promega cat#E1200). Viral supernatant was used for infection of Nalm6 cells with addition of Polybrene (8 ng/ml). CD19 positive cell were depleted using PE conjugated anti-CD19 antibody and anti-PE magnetic beads, on a MACS LD depletion column (Miltenyi), followed by single cell culture by plating. CD19 negative single-clones were confirmed by flow cytometry and wells were sequenced for the CD19 KO locus.



Animals and in vivo Models

For all in vivo experiments, 8–15-weeks-old NOD-SCID-IL-2Rγ- (NSG) female mice, purchased from the Jackson laboratories, were used. Mice were tail-vein injected with 1 × 106 Nalm6 cells for leukemia inoculation, followed by intravenous (IV) injections of effector cells with or without intraperitoneal (IP) injections of zoledronate (20).



Statistical Analysis

All statistical analyses were performed using the Prism v8 (GraphPad Software). Statistical comparisons between two groups were determined by two-tailed parametric or non-parametric (Mann–Whitney U-test) t-tests for unpaired data or by two-tailed paired Student's t-tests for matched samples (produced from same donor). P < 0.05 were considered statistically significant.




RESULTS


Generation of Human CD19 CAR Expressing γδT Cells From Peripheral Blood

We first devised and calibrated a protocol for the generation of γδT cells expressing the CD19 CAR and depletion of αβ-TCR+ cells (Figure 1A). On average, γδT cells consisted of 3.4% (± 0.73%) of CD3-positive cells in the initial starting material of PBMCs (Figure 1B). Activation with Zoledronate on day 0 led to specific proliferation of γδT cells, whilst the total number of cell remained similar. On Day 5, cells were transduced with the CD19 CAR, followed by αβTCR+ depletion on day 9 and further proliferation of γδCAR-T for a total of 13–15 days. Un-transduced γδT cells served as control. The final products of transduced as well as un-transduced γδT cells contained 98% (±1.77%) and 98.1% (±1.49%) CD3 positive cells, respectively, with high purity of γδT cells, accounting for 99.5% (±0.5%) of the CD3+ cells (n = 6, Figures 1C,D). The median fold change of the γδT cells was 185 (range, 29–1,376) for transduced cells compared with a median of 363 (range, 81–2,350) for un-transduced γδT cells, with a variable range between different donors (Figure 1E, p = 0.2 paired T-test). As controls, we ran in parallel a standard CAR-T cell (sCAR-T) production for each donor, using a protocol as for the clinical setting (17), just in a smaller scale and transduction performed on day 5 instead of 2. CAR transduction efficacy ranged between 40 and 80% (Figure 1F), and did not differ between sCAR-T and γδCAR-T (60.5% ± 13.2 and 65.3% ± 18.3, respectively). A representative FACS dot plot is presented in Figure 1G. Of note, the sCAR-T cell product had also γδT cells and γδCAR-T cells (Figures 1G,H). We analyzed 25 infusion products administered to leukemia and lymphoma patients enrolled on a clinical trial for γδTCR expression. Final products had an average of 1.15% γδT and 0.77% γδCAR-T (Figure 1G). The, percentage of γδCAR-T in the final product was not associated with response (17). To summarize, using this protocol we are able to produce a pure fraction of γδT cells lacking αβ T cells, with high expression of the CD19 CAR, and this within a course of 2 weeks.
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FIGURE 1. Production of γδCAR-T cells: (A) Production scheme, showing total cell expansion (by fold change) along the protocol. Day 0 is the collection of blood, PBMCs isolation, and T cell activation. Each line represents a different healthy donor. (B) γδ-T/ αβ-T cells composition of donors' blood out of CD3 positive cells (n = 5). (C) CD3 positive cells in the final product of un-transduced γδ-T and transduced γδCAR-T cells (n = 6). (D) Purity of γδTCR+ cells in the final product of both protocols (n = 6). (E) γδ-T cells fold change expansion during the γδCAR-T production protocol (n = 5). (F) CAR transduction efficiency by flow cytometry gated on CD3 positive cells, of the standard CAR (sCAR) and γδCAR-T cell products (n = 6). (G) Dot plots of a representative sample showing CAR expression in γδ and αβ-T cells populations in the final product of sCAR and γδCAR-T cell protocols. (H) γδTCR positive cells gated on CAR positive cells in the final composition of sCAR-T cells (blue squares, n = 6), γδCAR-T cells production protocol (black circles, n = 6) and the clinically manufactured sCAR-T cells (red triangles, n = 25). Bars are at the median value, and error bars represent interquartile range.




γδCAR-T Cells Show CD19 Dependent Activity Against Tumor Cell Lines

To test for the efficacy of the γδCAR-T cells in comparison to the sCAR-T cells in vitro, co-culture assays against CD19 positive and negative cell lines were performed. Un-transduced activated γδT cells, γδCAR-T cells, and sCAR-T cell were co-incubated with the B-ALL cell line Nalm6, the B-NHL cell line Toledo, and with K562 transduced to express CD19 (K562-CD19). Antigen-negative controls were the T-ALL cell line CCRF-CEM and K562-NGFR cell line. Testing for IFNγ secretion after over-night incubation at a T cell/target ratio of 1:1 revealed γδCAR-T cells are highly reactive against CD19 expressing tumor cells (Figure 2A). γδCAR-T and sCAR-T cells exhibited substantially higher levels of CD19 dependent IFNγ secretion relative to un-transduced γδT (γδCAR-T vs. γδT, p = 0.005, p = 0.01, and p = 0.001; sCAR-T vs. γδT, p < 0.001, p < 0.001, and p = 0.001, for NALM6, Toledo, and K562-CD19, respectively). The level of IFNγ in the supernatant of co-cultures with γδCAR-T cells was lower than measured in the co-culture with sCAR-T cells in the case of Nalm6 and Toledo cell lines (p = 0.007 and p = 0.02, respectively), but not with the artificially-expressing K562-CD19 cell line (p = 0.08, Figure 2A).
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FIGURE 2. γδCAR-T cells demonstrate CD19 target dependent activity. (A) IFNγ levels in co-culture medium of listed effectors with CD19 positive and negative target cells. (B) Cytotoxic activity of effector cells against CD19 positive Nalm6 cells and CD19 negative CCRF-CEM cells. Cell trace violette pre-stained targets were evaluated for Annexin binding by FACS analysis. Blue bars, sCAR; Gray bars, γδCAR-T; White bars, γδ-T cells. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, Two tailed paired T-test. Error bars represent standard deviation.


In order to test for cytotoxic activity, targets were evaluated for annexin staining after a co-culture for 2.5 h at a T cell/target ratio of 5:1. Both γδCAR-T and sCAR-T cells demonstrate enhanced cytotoxic activity against the CD19 positive Nalm6, leading to 92% (±2.8%), and 93% (±1.8%) annexin expression on targets in comparison to activated γδT cells (29 ± 13.8%, n = 3, p < 0.001). No difference was seen in annexin expression of CD19 negative targets (Figure 2B).



γδCAR-T Cells Show Enhanced in vitro Cytotoxicity Against CD19 Negative Target Cells

A major barrier of CAR-T therapy is loss of target antigen, by various mechanisms. γδT cells are known to exert an anti-leukemic activity, especially after priming with zoledronate (13). Thus, we hypothesized that utilizing non-specific mechanisms may result in cytotoxicity also against CD19-negative targets. To further investigate this finding, we generated a CD19 knock-out B-ALL cell line Nalm6 (Figure 3A). γδCAR-T, γδT, sCAR-T, and un-transduced activated T cells were co-cultured with Nalm619neg for a period of 3 h at a T cell:target ratio of 4:1. Both γδT cells and γδCAR-T cells demonstrated enhanced cytotoxicity against Nalm619neg cells compared to standard T cells or sCAR-T cells (Figures 3B,C, p < 0.001 for all comparisons of γδT or γδCAR-T vs. un-transduced T or sCAR-T). Priming with Zoledronate further enhanced this effect, leading to higher target annexin expression of Nalm619neg cells incubated with γδT (57% after priming vs. 41% without zoledronate, p = 0.007) as well as γδCAR-T (55% after priming vs. 42% without zoledronate, p = 0.02, Figure 3C), eluding to a potential effect that may target minor CD19-negative clones.
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FIGURE 3. γδCAR-T cells demonstrate activity against CD19 negative clones. (A) Generation of Nalm6 CD19 KO cells via CRISPR yields CD10 positive CD19 negative cells (Nalm619neg). (B,C) Activity of γδCAR-T cells against Nalm619neg cells is further enhanced by priming the target cells with zoledronate. (B) Dot plot representation showing Annexin staining of targets cells (cell-trace violet stained Nalm619neg) co-cultured with sCAR-T cells (top) or γδCAR-T cells (bottom). (C) Specific cytotoxicity of different effectors against Nalm619neg cells. γδ-T and γδCAR-T cells in gray bars, sT, and sCAR-T cells in blue bars. Un-transduced cells in unstained circles and CAR-T cells in filled circles. *P ≤ 0.05, **P ≤ 0.01, Two tailed paired T-test. Error bars represent interquartile range.




γδCAR-T Cells Exhibit in vivo Activity Against Tumor Cell Lines

To investigate the in vivo efficacy of γδCAR-T, NSG mice were tail-vein injected with 1 × 106 Nalm6 cells, and treated on day 2 with either 4 × 106 γδCAR-T cells, sCAR-T, or γδT cells per mouse. CAR transduction efficacy was 75–85% in all experiments. Non-treated leukemia-bearing mice served as controls. Two weeks after the injection of effector cells, mice were sacrificed for evaluation of leukemic involvement of the bone marrow. The leukemic burden in the bone marrow of non-treated mice and of γδT cell treated mice was substantial (a median of 62 and 55% of bone marrow cells, respectively). The presence of human un-transduced γδT cells did not reduce significantly leukemia in this model (p = 0.89, Mann-Whitney). Treatment with either γδCAR-T or sCAR-T cells lead both to a drastic reduction in the leukemic burden in the bone marrow of recipient mice (to 5 and 0.1%, respectively, p < 0.001 compared to untreated or γδT cell treated mice), demonstrating in vivo activity of γδCAR-T cells (Figure 4A). Nevertheless, traces of leukemia were noted to be higher in recipients of γδCAR-T cells in comparison with the sCAR-T treated mice. In an intent to further improve the in vivo anti-tumor reactivity of γδCAR T cells, mice were conditioned with zoledronate, known to prime targets of γδT cells, and a second dose of γδCAR-T cells was administrated, both previously shown to improve anti-tumor effect of un-transduced γδT cells (21). Intraperitoneal injection of zoledronate (1.0 ug/gr) to leukemia-bearing mice on days −1, 2, 6, 8, and 10, still resulted in a median of 3% remaining leukemic cells in the bone marrow (Figure 4B). However, adding a second dose of γδCAR-T cells on day 7, 3 × 106 T cells per mouse, in addition to zoledronate administration regimen lead to further reduction in Nalm6 burden in the marrow to almost 1% (p = 0.06, Figure 4B).
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FIGURE 4. In vivo activity of γδCAR-T cells. (A) Human leukemia (Nalm6) gated on CD45+ CD10+ in the bone marrow of NSG-mice either untreated or treated with un-transduced γδT cells, γδCAR-T, or sCAR-T cells after 14 days. (B) Human leukemia (Nalm6) gated on CD45+ CD10+ in the bone marrow of NSG-mice either untreated or treated with zoledronate (Zol) alone, Zol with γδCART cells, or repeated dose of Zol and γδCAR-T. (C) Human effector cell persistence of.i.v. injected sCAR-T, γδCAR-T, and un-transduced γδ-T cells in mice bone marrow (upper panel) and spleen (lower panel), 3 days post injection. **P ≤ 0.01, ***P ≤ 0.001, Two tailed paired T-test. Bars are at the median value, and error bars represent interquartile range.


Since early loss of effector T cells may be associated with target-positive relapse, we next tested the persistence of the infused effector cells within the mice. Cell-trace violet stained γδT, γδCAR-T, and sCAR-T cells (5 × 106 per mouse) were injected to leukemic mice. After 3 days, bone marrow and spleen were harvested and tested for presence of dye positive cells (Figure 4C). Lower number of human effector T cells were found in both the spleen and the bone marrow of murine recipients of γδCAR-T and γδT cells compared to recipients of sCAR-T cells (p < 0.001 for both comparisons in the bone marrow and p < 0.01 for both comparisons in the spleen). Thus, in the NSG model, we noted good anti-leukemic activity but limited persistence of γδCAR-T cells.




DISCUSSION

In this work we demonstrated the ability to effectively transduce and expand γδT cells with a CAR targeting CD19. γδCAR-T were effective against CD19+ tumor cell lines, both in vivo and in vitro. Moreover, we could see an effect against CD19- clones, which was CAR-independent.

Lack of allogenicity and potential of 3rd party-use make γδ cells excellent candidates as a CAR-T cell backbone. Attempts of γδT cell transduction with CARs have been previously reported, via zoledronate-based expansion of 1st-generation CARs (15) or proliferation of polyclonal γδT cells transduced with CD19 on an antigen-presenting cells (22). Both methods include a selection process, to ensure purity of the γδT cells, similar to our protocol. Of note, both methods showed in vitro efficacy against CAR target, but this was not compared to standard CAR-T cells, which in current days of commercially available CAR-T cells is essential. We preformed head-to-head comparison of the γδCAR-T to sCAR-T, showing comparable transduction efficacy and in vitro cytotoxicity against CD19 positive targets, and an in vivo effect that was profound, but inferior to that of sCAR-T. We also demonstrated the presence of γδCAR-T cells in clinical products, though at low percentages. The Sadelain group has previously showed comparable activity of γδCAR-T and sCAR-T in vitro and in vivo, against an intraperitoneal Raji tumor model (23). Raji, a Burkitt-NHL cell line, is known to express co-stimulatory molecules (24), which may have assisted in vivo killing by the γδCAR-T cells. Similar to others (22), we too could not show complete clearance of the aggressive Nalm6 ALL cell line in murine models treated with γδCAR-T cells, which might be explained by the limited persistence of γδCAR-T cells in comparison to sCAR-T cells. Indeed repeated infusion of the γδCAR-T improved anti-leukemic results. Loss of γδCAR-T may be a result of several factors, including lack of a supporting microenvironment for these cells in an immune-suppressed mouse, which may be improved with cytokine supplementation such as IL-2 (25). Another possible contribution may be due to increased activation-induced cell death (AICD) known to occur with activated γδT cells. These challenges should be addressed in further work.

The loss of CD19 is a major problem in relapsed patients with persisting CAR-T cells, or patients with prior CD19-directed therapy (26). Current models of using two (or more) CARs transduced on a single cell (by various methods) (27) show some success in preclinical models, but clinical results have not yet matured. Also, sequential antigen loss has been shown in patients with NHL or ALL. Utilizing the natural non-MHC restricted targeting optional by γδT cells has shown anti-leukemic activity, which can be enhanced after priming with zoledronate (13). We showed that this effect is retained after CAR transduction of γδT cells, and is independent of CAR activation by its ligand, as demonstrated by targeting antigen-negative cells. Thus, exploiting this non-specific MHC-independent targeting mechanism on top of the CAR specificity may prevent antigen loss and subsequent relapse and requires further investigation.

In conclusion, we established a rapid and robust protocol for γδCAR-T cell production. These cells demonstrated anti-tumor activity in vitro and in vivo. γδCAR-T cell may provide a promising platform in the allogeneic setting, and may target antigen-negative clones. Further challenges, including improving in vivo persistence, are to be addressed prior to clinical application. The equations should be inserted in editable format from the equation editor.
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Vγ9Vδ2 T cells are known to be efficient anti-tumor effectors activated through phosphoantigens (PAg) that are naturally expressed by tumor cells or induced by amino bisphosphonates treatment. This PAg-activation which is TCR and butyrophilin BTN3A dependent can be modulated by NKG2D ligands, immune checkpoint ligands, adhesion molecules, and costimulatory molecules. This could explain the immune-resistance observed in certain clinical trials based on Vγ9Vδ2 T cells therapies. In NSCLC, encouraging responses were obtained with zoledronate administrations for 50% of patients. According to the in vivo results, we showed that the in vitro Vγ9Vδ2 T cell reactivity depends on the NSCLC cell line considered. If the PAg-pretreated KRAS mutated A549 is highly recognized and killed by Vγ9Vδ2 T cells, the EGFR mutated PC9 remains resistant to these killers despite a pre-treatment either with zoledronate or with exogenous BrHPP. The immune resistance of PC9 was shown not to be due to immune checkpoint ligands able to counterbalance NKG2D ligands or adhesion molecules such as ICAM-1 highly expressed by PC9. RHOB has been shown to be involved in the Vγ9Vδ2 TCR signaling against these NSCLC cell lines, in this study we therefore focused on its intracellular behavior. In comparison to a uniform distribution of RHOB in endosomes and at the plasma membrane in A549, the presence of large endosomal clusters of RHOB was visualized by a split-GFP system, suggesting that RHOB rerouting in the PC9 tumor cell could impair the reactivity of the immune response.
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INTRODUCTION

Gamma delta (γδ) T lymphocytes expressing the T cell receptor (TCR) Vγ9Vδ2 are a prominent γδ T cell subset in human peripheral blood representing 1–3% of blood mononuclear cells. Upon activation with non-peptide phosphoantigens (PAgs), these Vγ9Vδ2 T cells proliferate, produce chemokines and cytokines, and mediate cell cytotoxicity against a large spectrum of tumor cells (1). These molecules are metabolites from the methyl erythritol phosphate pathway in microbial pathogens (2) and from the eukaryotic mevalonate pathway in tumor cells which are thus spontaneously recognized and killed by Vγ9Vδ2 T cells (3, 4). In humans, treatment with aminobisphosphonates such as zoledronate can exacerbate Vγ9Vδ2 T cell reactivity through the upregulation of the endogenous biosynthesis of PAgs in mammalian cells (5). This PAgs activation was clearly shown to be TCR-dependent. However, as Vγ9Vδ2 T cells express different activator and inhibitor receptors such as immune checkpoint inhibitors and natural killer (NK) receptors, their reactivity can also be exacerbated or curbed by ligands expressed by target cells (6, 7). Thus, even overproduction of endogenous PAgs might reflect the metabolic biases of cancer cells, and presumably occurs in most if not all types of tumors, some of which are resistant to Vγ9Vδ2 T killing. Accordingly, tumor-infiltrating γδ T cells have been detected in several solid and hematopoietic malignancies but are not always correlated with a good prognosis (8, 9). However, these cells remain very attractive candidates for cancer immunotherapies regarding a tumor regression associated with their significant amplification in the blood for some clinical trials based on PAg treatment or adoptive transfers of Vγ9Vδ2 T cells (10–12). In patients with non-small cell lung cancer (NSCLC), administration of zoledronate was correlated with an increase of Vγ9Vδ2 T cells in blood and a higher overall survival (13). A phase I clinical study showed the safety and potential anti-tumor effect of reinfused ex-vivo expanded Vγ9Vδ2 T cells in patients with advanced NSCLC refractory to or intolerant to current conventional treatment (14). These partial responses and the inevitable relapse with classical treatments make NSCLC incurable pathologies for which many mechanisms of acquired resistance have been elucidated, but the recurrent immune-resistance remains obscure. RHOB is a known tumor suppressor in lung cancer, and its downregulation, frequently observed in aggressive tumors (15), is associated with decreased overall survival (16). More recently, RHOB has also been shown to confers resistance to EGFR-tyrosine kinase inhibitors in NSCLC (17), suggesting different roles of this GTPase depending on the oncogenic and/or therapeutic context. Interestingly, RHOB was recently shown to mediate endogenous PAg recognition by the Vγ9Vδ2 TCR (18). RHOB interaction with endogenous PAg in the target cell could induce a modification of the conformation of the membrane butyrophilin BTN3A1 which then activates the Vγ9Vδ2 TCR (19). Here, we investigated the role of RHOB in the response to PAg-mediated γδ T cell activation in two NSCLC cell lines with the most represented oncogenic mutations KRAS and EGFR. After showing that A549 was well-recognized and killed by Vγ9Vδ2 T cells compared to PC9, we found different patterns of surface molecule expression for these two NSCLC cell lines. However, the resistance of PC9 to Vγ9Vδ2 T cell killing could be due to a rerouting of RHOB in late/degradation compartments that may prevent its function with BTN3A1 at the plasma membrane in PC9 cells.



MATERIALS AND METHODS


Reagents and Antibodies

Antibodies for flow cytometry analysis: BV310 anti-CD3, FITC anti-TCRVγ9Vδ2, PE or PeCy5 anti-CD107a, PeCy7 anti-IFNγ, PE anti-TIM3, PE anti-Galectin9, PeCy7 anti-PD1, APC anti-PDL1, PeCy5 anti-CD80, PE anti-CD80, PeCy5 anti-HLAABC, AF647 anti-CD31, PeCy7 anti-CD38, FITC anti-CD226, FITC anti-CD112, FITC anti-CD155, PE anti-LFA1, and isotype controls (BD Biosciences, Pont de Claix, France); BV421 anti-CD69 and isotype control (Miltenyi Biotech, Paris, France); PE anti-HLAE (eBiosciences); PE anti-ULPB2,5,6 (R&D Systems, Minneapolis, USA); APC anti-MICA/B (Biolegend, St-Quentin-en-Yvelines, France); PE anti-ICAM1 and PE anti-ICAM3 (Immunotech, Marseille, France); PE anti-LFA3 (Beckman Coulter, Fullerton, CA, USA).

Blocking antibodies: anti-BTN3A1 1 h at 10 μg/mL (103.2 clone, kindly gifted by ImCheck Therapeutics, Marseille, France), anti-γδTCR 1 h at 0.5 mg/mL (B1 clone, Biolegend), anti-ICAM1 (W-CAM-1 clone, Thermo fisher, Villebon sur Yvette, France) and anti-CD31 1 h at 10 μg/mL (HEC7 clone, Thermo fisher, Villebon sur Yvette, France). The exoenzyme C3 transferase was used as RHO inhibitor I overnight at 2 μg/mL (Cytoskeleton, Inc. Denver, USA).



Flow Cytometry Analysis

Cells were labeled with 5 μg/ml antibodies or isotype controls for 20 min at 4°C and analyzed on an LSRII cytometer (BD Biosciences, Pont de Claix, France). Data were analyzed using BD FACSDiva software, FlowJo software or FlowLogic software.



Vγ9Vδ2 T Cell Cultures

Primary Vγ9Vδ2 T cell cultures were generated from peripheral blood mononuclear cells (PBMCs) isolated from blood of healthy donors (Etablissement Français du Sang, Toulouse, France). Briefly, PBMC were stimulated with BrHPP (3 μM) and rhIL-2 (300 IU/ml) in complete RPMI 1640 culture medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% fetal calf serum (Hy1, Thermo Scientific, USA), 100 g/ml streptomycin, 100 IU/ml penicillin and 1 mM sodium-pyruvate (Cambrex Biosciences, Rockland, ME, USA) for 14 days. Purity of the Vγ9Vδ2 T cells was >95% as determined by flow cytometry using an anti-TCRVγ9Vδ2 mAb.



Lung Cancer Cell Lines

The human NSCLC cell lines A549, H1299, H827, and PC9 were previously obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS) and were maintained at 37°C in a humidified chamber containing 5% CO2.

For the RHOB KO A549 and PC9, the TALEN sequences targeting RHOB were designed by CELLECTIS (Paris, France), and inserted into two plasmids comprising CMV and T7 promoters. Triple transfection of the two TALEN-encoding plasmids with a Puromycin selection cassette upstream RHOB gene was performed using the JetPrime® transfection agent (Polyplus transfection) according to the manufacturer's recommendations. Puromycin selection was performed for 48 h after transfection and the pool of surviving clones was subcloned by limit dilution in 96-well plates. For each subclone, RHOB DNA levels and RHOB protein expression were analyzed by PCR and Western Blot.



Cytotoxicity Assay

Lung cancer cell lines were treated at 70% of confluence with BrHPP (1 μM, 4 h, Innate Pharma, Marseille, France) or Zoledronic acid monohydrate (Zometa, 5 μM, overnight, Sigma Aldrich, Saint Louis, USA). After washing, treated cancer cells were co-cultured in 96-wells plates with overnight IL-2-deprived Vγ9Vδ2 T cells (E:T ratio 1:1) in complete medium with anti-CD107a mAb or IgG1 control (5 μg/ml). Brefeldin A (10 μg/ml, Sigma Aldrich, St Quentin Fallavier, France) was added at 2 h of co-culture. After 4 h of co-culture cells were washed, stained and analyzed by flow cytometry. When mentioned, contact between γδ T cells and target cells was prevented thanks to a Transwell® system (Corning). For intracellular IFNγ expression, cells were fixed with PBS 2% paraformaldehyde and permeabilized with PBS containing 5% FCS and 1% saponin (Sigma-Aldrich) prior to staining for 30 min with the specified mAb for flow cytometry analysis.



Trogocytosis Analysis

Lung cancer cells were stained with the lipophilic green-emitting dye PKH67 (Sigma-Aldrich, Saint Louis, USA) according to the manufacturer's instructions. Then, PKH67-positive cells were co-cultured for 4 h in complete culture medium with PKH67-negative Vγ9Vδ2 T cells in 96-well U-bottom culture plates at a cell ratio of 1:1. After gentle centrifugation (110 g for 1 min) and co-cultures for 3 min or 4 h at 37°C, cells were washed with 0.5 mM PBS/EDTA. Trogocytosis was measured as the acquisition of PKH67 fluorescence, which was characterized via the increase of the mean fluorescence intensity (mfi) of PKH67 by a flow cytometry.



Monitoring RHOB Activity With a Split-GFP Reporter System

To evaluate the effect of PAg, A549, and PC9 cell lines were engineered to express the tripartite split-GFP biosensor system previously developed to monitor RHOB activity in single cells (20). To generate the split-GFP reporter cell line, sequential transductions were performed with lentiviruses encoding for GFP1-9, the detector fragment of the split-GFP system and the chimeric construct that coexpress both RHOB fused to the strand 10 of trisfGFP (GFP10-RHOB) and the RHO-binding domain of Rhotekin (RBD) fused to strand 11 of trisfGFP (RBD-GFP11) in A549-rtTA or PC9-rtTA cells. After recovery, cells were induced with 0.25 μg/mL doxycycline for 24 h and sorted by FACS based on GFP fluorescence. To improve the GFP fluorescence signal upon split-GFP complementation, a GFP nanobody (21) was expressed from a lentiviral expression vector on optimized cell lines.

For both fluorescence quantifications of RHOB activity and analysis of RHOB localization, reporter cells were grown on μ-Slide 8-well ibiTreat chambered coverslips (Ibidi, Biovalley). Cells were seeded at a density of 15,000 cells/well for PC9 and 35,000 cells/well for A549 for 24 h. Split-GFP reporter expression was induced for 24 h with 0.25 μg/ml Doxycycline in RPMI culture medium supplemented with 2% serum (PC9) and 10% serum (A549), and subsequently treated with PAg for 16 h with Zoledronic acid monohydrate or 4 h of BrHPP. To stop the experiment, cells were fixed with 4% PFA, PBS then stained with a cytoplasmic cell mask, HCS CellMaskTM Blue Stain (Thermo Fisher Scientific) according to the supplier's instructions. Quantitative image acquisition was performed using an Operetta high-content imaging system (Perkin Elmer) with a 20× objective lens in the 488/525 nm (GFP) and 360/405 nm (cell mask) channels. Analysis was performed with Harmony® software on an average of 1500 cells/well. The number of objects and the sum of cell area was determined from the cell mask staining. The percentage of GFP cells was calculated as: percentage GFP cells = (number of GFP-positive cells/number of all objects) ×100, where GFP-positive cells are defined by cells following this criteria: mean of fluorescence intensity (MFI) of the object>mean of MFI in the control wells without doxycycline. GFP intensity sum/cell area was defined as the (GFP intensity sum of GFP+ cells)/(HCS intensity sum of GFP+ cells).

For confocal analysis, cells were fixed with 3.7% PFA and permeabilized with 0.1% Triton X-100 in PBS buffer. Blocking was performed with 8% BSA, PBS for 30 min before adding primary antibodies. Anti-GFP10 polyclonal antibody (20) was used at 1:1,000 dilution for 1 h, followed by secondary antibody Alexa fluor 594 conjugate anti rabbit IgG (Life technologies) for 40 min. For labeling endosomes, the following primary antibodies were used: Rab7 [(D95F2) XP 9367, Cell signaling] 1:50, LAMP1 (H5G11) sc-18821, Santa Cruz Biotechnology 1:50. After overnight incubation, secondary antibodies were added Alexa fluor 594 conjugate anti rabbit IgG (Life technologies) and Alexa fluor 647 conjugate anti mouse IgG (Life technologies). Microscopy images were acquired using LSM 780 or LSM 880 (Zeiss, Oberkochen, Germany) confocal laser scanning microscopes using a 488 Argon laser with a 490–553 nm emission filter (GFP) Alexa 594 and DAPI labeling were acquired with Argon laser (543 nm) and 405 UV diode lasers, respectively, using 20x and 63× /1.4 oil immersion objectives. Image analysis was performed with ImageJ® software.



Statistical Analysis

Data are expressed as means ± SEM. For comparison of two series of normally distributed variables, we used paired and one-tailed Student's t-tests with α = 0.05 for statistical significance. Statistical analysis were performed with Prism software.




RESULTS


Differential Activation of Vγ9Vδ2 T Cells by Different PAg-Treated NSCLC Cell Lines

To analyze the role of RHOB in Vγ9Vδ2 T cell reactivity against NSCLC, we first screened the basal reactivity of Vγ9Vδ2 T cells against four cell lines with different mutation statuses: A549 (KRAS mutant), H1299 (HRAS mutant), PC9 and H827 (EGFR mutant). The expression of CD107a and IFNγ by Vγ9Vδ2 T cells after co-cultures with the different tumor cell lines was measured by flow cytometry. Compared to the Daudi control target cells, which induced CD107a and IFNγ expression by Vγ9Vδ2 T cells, no basal reactivity was detected with the four NSCLC cell lines (Figures 1A,B black dots). However, incubation of these cell lines with zoledronate (red dots) or with an exogenous synthetic PAg, BrHPP (blue dots), induced a high increase of the percentage of IFNγ and CD107a positive Vγ9Vδ2 T cells in co-culture with A549, H827, and H1299 but not with PC9 (Figure 1B). We then checked that this reactivity was due to an immunological synapse following a contact between Vγ9Vδ2 T cells and NSCLC target cells and not to PAg excreted in the co-culture medium. Vγ9Vδ2 T cells were thus incubated for 4 h with A549 or PC9, previously treated with PAg, and separated by a Transwell (TW) membrane or with their conditioned medium. As shown in Figure 1C, no CD107a expression was detected in Vγ9Vδ2 T cells in the TW condition or in the conditioned medium condition (CM) (Figure 1C for a representative experiment and Supplementary Figure 1 for pooled experiments). Trogocytosis was also evaluated to confirm the contact dependent reactivity of Vγ9Vδ2 T cells against A549. Trogocytosis is the transfer of membrane patches following the establishment of an immunological synapse between a T lymphocyte and a target cell. The membrane transfer was measured by the increase of green (PKH67) fluorescence expressed by the Vγ9Vδ2 T following contact with the A549 cell line previously stained with the PKH67 fluorescent probe stably inserted into the plasma membrane. Vγ9Vδ2 T cells expressed PKH67 fluorescence after 4 h of contact with PAg-treated PKH67+A549 compared to 5 min of contact (Figure 1D for a representative experiment and Supplementary Figure 2 for pooled experiments). CD107a and IFNγ expression by Vγ9Vδ2 T cells, and their trogocytosis in reaction to A549 were correlated with the death of A549 (Figure 1E and Supplementary Figure 3A). On the contrary, PC9, even treated by phosphoantigens was relatively resistant to Vγ9Vδ2 T cell killing (Figure 1F and Supplementary Figure 3B).
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FIGURE 1. PAg-treated NSCLC cell lines activate Vγ9Vδ2 T cells in a contact dependent manner. Flow cytometry analysis of the IFNγ and CD107a expression by Vγ9Vδ2 T cells in co-culture for 4 h with four different NSCLC cell lines without pretreatment (A) or with zoledronate (red dots) or BrHPP (blue dots) pretreatment [(B), n > 4 independent experiments], with Transwell system or tumor cell lines conditioned medium in case of A549 and PC9 as target (C). Flow cytometry analysis of the trogocytosis of the PKH67+ PAg-treated A549 cell line by the Vγ9Vδ2 T cells after 5 min or 4 h of co-culture, i.e., PKH67 expression by the Vγ9Vδ2 T cells (D). Measure by flow cytometry of the 7-AAD positive PAg-treated-A549 (E) or -PC9 (F) after co-culture with Vγ9Vδ2 T cells for 4 h. *indicates p < 0.05, Student's paired t-test; ns: no significant.


Vγ9Vδ2 T cells can thus be highly activated to kill A549 but not PC9, when previously treated with phosphoantigens.



Expression of Different Patterns of Surface Ligands and Adhesion Molecules on A549 and PC9

The immunological synapse between Vγ9Vδ2 T cells and tumor cells involves different surface molecules such as activator and inhibitor ligands/receptors, and adhesion molecules. Expression of these molecules at the surface of A549, PC9, and the Vγ9Vδ2 T cells was performed by flow cytometry analysis. With regard to the adhesion molecule pattern, LFA-1, LFA-3, and CD155 were expressed at the same level by A549 and PC9 whilst ICAM-3, CD112, CD31, and the costimulatory ligands CD80/CD86 were not expressed (Figure 2A and Supplementary Figure 4A). However, PC9 expressed high levels of the adhesion molecule ICAM-1 compared to A549, and A549 expressed high level of CD38 compared to PC9. The corresponding receptors were checked at the surface of Vγ9Vδ2 T cells which thus expressed LFA-1, ICAM-1, ICAM-3, CD2, LFA-3, CD226, CD38, and CD31 (Figure 2B). Considering the activator and inhibitor ligands, A549 expressed less ULBPs and PDL1 than PC9 but more HLA-A,B,C whereas MICA/B and galectin-9 were not expressed neither by A549 nor by PC9 (Figure 2A), Vγ9Vδ2 T cells expressed the corresponding receptors NKG2A, NKG2D, PD1, and Tim-3 (Figure 2B). The level of expression of all these ligands/receptors on A549 and PC9 were not statistically affected by PAg treatment (Supplementary Figure 4B). We then investigated which surface molecules were involved in Vγ9Vδ2 T cell activation using blocking antibodies. We showed that blocking the LFA-3/CD2 axis decreased IFNγ expression by Vγ9Vδ2 T cells in contact with A549 pretreated either with zoledronate or with BrHPP whilst blocking ICAM-1/LFA-1 or CD31/CD38 had no effect (Figure 2C). On the contrary, the weak Vγ9Vδ2 T cell activation by PC9 was decreased at the level of the ICAM-1/LFA-1 axis, whilst blocking of LFA-3/CD2 and of CD31/CD38 had no effect (Figure 2D). Moreover, neither the blocking of NKG2D nor PD1 had an impact on Vγ9Vδ2 T cell activation by A549 or PC9.
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FIGURE 2. Vγ9Vδ2 T cells activation by PAg-treated-A549 or -PC9 is dependent on different adhesion molecules. Flow cytometry analysis of the expression of surface markers (black) by PC9 and A549 cell lines (A) or by the Vγ9Vδ2 T cells (B) compared to the respective isotypic control (gray). CD107a expression by the Vγ9Vδ2 T cells after 4 h of co-culture with zoledronate-treated A549 [(C), red] or BrHPP-treated A549 [(C), blue] or with zoledronate-treated PC9 [(D), red] or BrHPP-treated PC9 [(D), blue] in the presence of different blocking antibodies normalized to the control condition (CTL) without blocking antibody. *indicates p < 0.05.


Finally, A549 and PC9 displayed different patterns of surface ligands and adhesion molecules and involved different surface molecules in PAg-dependent activation of Vγ9Vδ2 T cells. However, these differences cannot be sufficient to explain the different activation of Vγ9Vδ2 T cells by PC9 compared to A549. Indeed, PC9 expresses a high proportion of the inhibitory PDL1 and a high amount of ICAM-1 and ULBPs which are supposed to favor a productive immunological synapse. Conversely, A549 expresses CD38 but also expresses the inhibitory ligand HLA-A,B,C and a weak amount of ULBPs.

As the difference in surface markers of the two NSCLC cell lines did not explain the difference in Vγ9Vδ2 T cells activation, we decided to explore inside the cells.



RHOB Deletion in PAg-Treated A549 Cell Lines Decreases Vγ9Vδ2 T Cell Activation

BTN3A1 was previously shown to be involved in Vγ9Vδ2 T cell TCR-dependent activation. BTN3A1 may interact with the Vγ9Vδ2 TCR upon association with RHOB activated by its interaction with endogenous phosphoantigens (18). Thus, we investigated the role of RHOB in Vγ9Vδ2 T cell activation by these NSCLC cell lines. Firstly, A549 and PC9 cell lines were shown to express BTN3A1 at the transcriptomic and protein level (Figures 3A,B). Interestingly, PAg treatment of these cell lines had no impact on their BTN3A1 expression. We then determined whether Vγ9Vδ2 T cell activation by zoledronate- or BrHPP-treated NSCLC cell lines was BTN3A1-dependent using a blocking antibody (103.2 clone). The percentage of Vγ9Vδ2 T cells expressing IFNγ, CD107a and CD69 following contact with BrHPP- or zoledronate-treated A549 was highly decreased by the presence of anti-BTN3A1 during the co-culture (Figure 3C for a representative experiment and Figure 3D for pooled experiments). BTN3A1 blocking also abrogated the weak activation of Vγ9Vδ2 T cells by the PC9 cell line (Figure 3E for a representative experiment and Figure 3F for pooled experiments). Thus, the high activation of Vγ9Vδ2 T cells by PAg-treated A549 and the weak activation by PAg-treated PC9 are totally dependent on BTN3A1. As RHOB has been implicated in the regulation of the immune response through BTN3A1 modulation (18), we studied the implication of this GTPase in Vγ9Vδ2 T cell activation by NSCLC cell lines. RHOB was knocked out in the A549 and PC9 cell lines by the TALEN gene silencing method (Supplementary Figure 5). We then assessed the effect of this knockdown (KO) on Vγ9Vδ2 T cell activation by measuring IFNγ and CD107a expression, and trogocytosis after co-culture with the PAg-treated RHOB KO A549 or the PAg-treated RHOB KO PC9. IFNγ and CD107a expression by Vγ9Vδ2 T cells was lower in the co-culture with A549 RHOB KO treated either by zoledronate or BrHPP compared to the co-culture with PAg-treated A549 wild type (WT) (Figure 4A for a representative experiment and Figure 4B for pooled experiments). Trogocytosis of A549 by Vγ9Vδ2 T cells was also reduced when RHOB was knocked down which was correlated with reduced death of A549 RHOB KO compared to A549 WT (Figures 4C,D).
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FIGURE 3. PAg-treated A549/PC9 cell lines activating Vγ9Vδ2 T cells is BTN3A1 dependent. (A) mRNA expression of the BTN3A1 by A549 and PC9 cell lines among cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE). (B) Flow cytometry analysis of the BTN3A1 expression by A549 and PC9 pre-treated or not (black) by zoledronate (red) or BrHPP (blue) and compared to the isotypic control (gray). (C–F) Flow cytometry analysis of the IFNγ, CD107a, and CD69 expression by Vγ9Vδ2 T cells in co-culture for 4 h with A549 [(C,D): six independent experiments] or PC9 [(E,F): six independent experiments] without pretreatment (black) or with zoledronate (red) or BrHPP (blue) pretreatment. *indicates p < 0.05.
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FIGURE 4. Decrease of the Vγ9Vδ2 T cells activation by A549 with RHOB knock down. Flow cytometry analysis of the IFNγ and CD107a expression by Vγ9Vδ2 T cells in co-culture for 4 h with A549 wild type (WT) or knock down for RHOB (KO) with zoledronate (red) or BrHPP (blue) pretreatment [(A): one representative experiment, (B): n > 10 independent experiments]. (C) Flow cytometry analysis of the trogocytosis of the PKH67+ PAg-pretreated-A549 cell line WT or KO by the Vγ9Vδ2 T cells (ratio of the Vγ9Vδ2 T cells expressing PKH67 4 h/5 min). (D) Flow cytometry analysis of the 7AAD expression by the WT or KO A549 cell line PAg-treated (zoledronate: red, BrHPP: blue) or not (black) in co-culture for 4 h with the Vγ9Vδ2 T cells. (E,F) CD107a expression by the Vγ9Vδ2 T cells analyzed by flow cytometry after 4 h of contact with PAg-pretreated A549 in the presence or not of the CT04 inhibitor [(E): one representative experiment, (F): n > 4 independent experiments]. *indicates p < 0.05.


Furthermore, we used a RHO GTPase inhibitor, the exoenzyme C3 transferase (CT04) that specifically inhibits RHOA, B, C. We showed that inhibition of RHO GTPases abrogated CD107a expression by Vγ9Vδ2 T cells in co-culture with A549 previously treated with zoledronate or BrHPP (Figure 4E for a representative experiment and Figure 4F for pooled experiments).

Moreover, the weak activation of Vγ9Vδ2 T cells by PAg-treated PC9 was also dependent on RHOB (Supplementary Figure 6).



Rerouting of RHOB in Endosomal Clusters Could Impair the PAg-Dependent Vγ9Vδ2 T Activation in PC9 Cells

We then postulated that the PAg-treatment of tumor cell lines and/or their co-culture with Vγ9Vδ2 T cells could have an impact on RHOB activity using a fluorescent reporter based on the tripartite split-GFP system (22) which monitors the binding of activated RHOB to RBD, one of its effector domains (20). A549 and PC9 cells were engineered to stably express RHOB GTPase fused to strand 10 of trisfGFP (GFP10-RhoB) and the Rho-binding domain of Rhotekin (RBD) fused to strand 11 (RBD-11). The GFP1-9 detector fragment allows detection of the RHOB-GTP and RBD interaction (Figure 5A). Reporter cell lines were pre-treated with zoledronate (5 μM, overnight) or BrHPP (1 μM, 4 h) and co-cultured or not with Vγ9Vδ2 T cells. Treatment of A549 with these PAg induced and increased the number of fluorescent cells and their fluorescence intensity only in the presence of Vγ9Vδ2 T cells indicating a significant increase of RHOB activity in this tumor cell line (Figure 5B, representative images and Figure 5C quantification). Conversely, in PC9 cells, RHOB activity was not modulated by PAg treatment and slightly modulated in co-culture with Vγ9Vδ2 T cells, suggesting a different RHOB regulation mechanism in this cell line (Figures 5B,C). To take a closer look at RHOB function, we performed confocal imaging in untreated and PAg-treated conditions, in the presence or not of Vγ9Vδ2 T cells and we analyzed the distribution of active RHOB (Figure 5D, membrane localization full bars and endosomal localization hatched bars). Surprisingly, active RHOB was significantly twice as abundant in the endosomal compartment of A549 cells compared to PC9 cells (Figure 5D, quantification). High resolution microscopy allowed us to analyze endosomal organization in PC9. Untreated reporter PC9 showed faint plasma membrane localization of RHOB/RBD complexes. Interestingly, treatment with zoledronate or BrHPP induced an accumulation of large endosomal clusters (Figure 5E, representative images). Quantification of the number of these structures indicated an increase of activated RHOB located in endosomal clusters in PAg-treated PC9 co-cultured or not with Vγ9Vδ2 T cells (Figure 5F). These endosomal clusters were reported randomly in PC9 cells co-cultured with Vγ9Vδ2 T cells independently of the treatment. Interestingly, these endosomal structures did not appear in the PAg-treated A549 co-cultured or not with Vγ9Vδ2 T cells (Supplementary Figure 7), suggesting that this endosomal reorganization was not due to the treatment with P-Ag mevalonate inhibitors. To identify the nature of these structures, we analyzed the localization of activated RHOB with different endosomal markers. Representative images and plot profile analysis on confocal stacks indicated a co-localization partly with late endosomal marker Rab7 and to a lesser extend with the LAMP1 lysosomal marker only after PAg-treated PC9 were co-cultured with Vγ9Vδ2 T cells independently of the treatment (Figure 6). These results indicate that in PC9 cells, endosomal RHOB is located in the late endosomal and on route to the lysosomal compartment.
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FIGURE 5. Membrane localization of RHOB favored in A549 cells in contact with Vγ9Vδ2 T cells. (A) A549 and PC9 cells were engineered to stably express RHOB GTPase and monitor active RHOB using a split GFP system. Induction by Doxycycline of the tripartite split-GFP system in A549 and PC9, with or without (UT) pretreatment with zoledronate (zol) or BrHPP, and co-cultured or not with Vγ9Vδ2 T cells. Active RHOB (green fluorescence) was visualized by confocal microscopy (B) and quantified by Operetta [(C): zoledronate: red, BrHPP: blue]. (D) Percentage of endosomal (hatched bars) or membrane (full bars) active RHOB quantified by confocal microscopy in A549 and PC9 cell lines PAg-treated (zoledronate: red, BrHPP: blue) or not (black) co-cultured with Vγ9Vδ2 T cells. (E,F) Confocal microscopy of total (red) and active (green) RHOB in PC9 cell line after PAg-treatment (zoledronate: red, BrHPP: blue) or not (black) and co-cultured or not with Vγ9Vδ2 T cells [(E): representative images; (F): % of PC9 presenting endosomal clusters based on 3 independent experiments among 30 cells]. *indicates p < 0.05, Student's paired t-test; ns: no significant.
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FIGURE 6. Rerouting of RHOB in endosomal clusters in PAg-treated PC9 cells in contact with Vγ9Vδ2 T cells. Co-localization analysis by confocal microscopy of active RHOB (green), Rab7 (red) for late endosome/MVB marker and LAMP-1 (pink) as lysosomal marker, in PC9 cells pre-treated or not (UT) with zoledronate (zol) or BrHPP, and co-cultured (lower) or not (upper) with Vγ9Vδ2 T cells (representative image, crop on the key zone, and plot profile analysis beside showed by yellow arrows).





DISCUSSION

The anti-tumor effect of Vγ9Vδ2 T cells depends on the phosphoantigens expressed by tumor cells but also on certain activator ligands (MICA/B and ULBPs) and adhesion molecules, essential to stabilize the immunological synapse. As PAg is not expressed by all tumor cells, treatment with exogenous PAg such as BrHPP or with aminobisphosphonates which induce endogenous PAg production such as isopentenyl pyrophosphate (IPP), is required to activate the anti-tumor functions of Vγ9Vδ2 T cells. However, Vγ9Vδ2 T cell activation can also be lowered by inhibitory signals that can be expressed by the tumor microenvironment and in particular by tumor cells. In this study, none of the NSCLC cell lines were able to spontaneously activate Vγ9Vδ2 T cells. However, pre-treatment with BrHPP or zoledronate sensitized some of them to Vγ9Vδ2 T cell killing. Indeed, amongst them, A549 was able to strongly activate IFNγ and CD107a expression by Vγ9Vδ2 T cells whereas PC9 induced a weak activation of these lymphocytes. Interestingly, these two cell lines express RHOB but wear different mutation, KRAS for A549 and EGFR for PC9. However, nothing was described concerning some phenotypic specificities which could explain the different sensitivity of these cells toward Vγ9Vδ2 T killers.

Surprisingly, exploring their surface molecule pattern, we showed that these two NSCLC cell lines could differentially express NKG2D ligands, immune checkpoint ligands, and adhesion molecules. PC9 highly expressed ICAM-1, ULBPs, and PDL1 whereas A549 highly expressed CD38 and HLA-A,B,C, the two cell lines expressed LFA-1, LFA-3, and CD155 but not ICAM-3, CD112, MICA/B, HLA-E, or galectin-9. The presence of ULBPs ligands could partially explain the reactivity of Vγ9Vδ2 T cells against NSCLC cell lines. However, blocking NKG2D expressed at the surface of Vγ9Vδ2 T did not decrease their activation which is thus only induced here by PAg and not by other activator ligands. Furthermore, we showed that blocking of ICAM-3/LFA-3 decreased the cytolytic activity of Vγ9Vδ2 T against A549 and blocking of ICAM-1/LFA-1 decreased this activity against PC9. For these two cell lines, stabilization of the immunological synapse around TCR/BTN3A1 is thus coordinated by two different adhesion systems. If LFA-1 engagement by ICAM-1 is sufficient to activate iNKT cells (23) in this model of lung cancer/Vγ9Vδ2 T, interactions of adhesion molecules are not sufficient to induce an activating signaling in Vγ9Vδ2 T cells. However, according to the literature, these interactions are necessary when their inhibition highly decreases Vγ9Vδ2 T activation (9, 24). But this does not explain the difference between A549 and PC9. First, we thought that the high expression of PDL1 by PC9 could explain the inhibition of Vγ9Vδ2 T activation. However, PD1 blocking did not induce an increase in CD107a or IFNγ expression by Vγ9Vδ2 T cells. As surface inhibitor markers were not at the origin of the weak activation of Vγ9Vδ2 T cells, we focused on RHOB inside the cells. According to the literature (18) and thanks to NSCLC cell lines with a RHOB KO, we showed that RHOB was involved in the Vγ9Vδ2 T activation through endogenous PAg induced by a zoledronate treatment but also through exogenous PAg such as BrHPP. The non-reactivity of Vγ9Vδ2 T cells with the conditioned medium of BrHPP pre-treated tumor cells or in co-culture with these cells separated by a porous membrane (Transwell), demonstrated that BrHPP was able to penetrate inside the tumor cell and to activate membrane BTN3A1 shown to be essential for this activation (19). RHOB is thus also involved in the activation of Vγ9Vδ2 T cells through the exogenous PAg, BrHPP. Interestingly, the ICAM-1 signaling cascade is also highly dependent on RHO proteins, as ICAM-1 crosslinking induces actin reorganization which involves RHOB proteins (25). PC9 expresses a high amount of ICAM-1 which is involved in the immunological synapse with Vγ9Vδ2 T but does not efficiently activate the latter. To explain the weak reactivity of Vγ9Vδ2 T cells against PAg-pretreated PC9, we examined RHOB activity and its localization. The similar reactivity of Vγ9Vδ2 T cells against A549 and PC9 pulsed with the 20.1 BTN3A1 agonist (Supplementary Figure 8) supports the important role of RHOB in the PAg-induced response in this model. Our results show that active RHOB is localized in endosomes and at the plasma membrane of both A549 and PC9 cell lines. This is in agreement with previous reports of GFP-RHOB fusions in human epithelial cells (26). Our results indicate that active RHOB is increased in PAg-treated A549 cells co-cultured with Vγ9Vδ2 T cells, whereas only a slight increase of active RHOB is observed in PC9 cells co-cultured with Vγ9Vδ2 T cells independently of PAg treatment. It is important to note that the activation of RhoB in co-culture of A549 and Vγ9Vδ2 T is mainly dependent on the treatment by the PAg (Figure 5C). It has been previously established that treatment with PAg induces an increase of active RHOB that will modify the conformation of the BTN3A1 at the plasma membrane, which allows the activation of Vγ9Vδ2 T cells (18). The fact that the presence of Vγ9Vδ2 T cells further increases RHOB activity suggests that RHOB may be activated by exogenous stress signals and cytokines that would come from activated Vγ9Vδ2 T cells. Indeed, in other contexts involving immune cells, RHOB has been shown to be upregulated by environmental stress, cytokines, and LPS, and regulating this latter signaling (27–29). Our hypothesis would be that signals secreted by activated Vγ9Vδ2 T cells would contribute to RHOB activation in a cooperative manner with PAg. These results corroborate with the Vγ9Vδ2 T cell activation observed with A549 or -PC9 treated with PAg (Figure 1 and Supplementary Figure 1). Altogether this indicates that the reactivity of these cell lines is strongly linked to RHOB function. In terms of subcellular localization, both cell lines contain active RHOB at the plasma membrane, with a stronger distribution in PC9 cells. A higher proportion of active RHOB is present in the endosomal compartment in A549 compared to PC9, however they differ strongly in terms of endosomal distribution. Whereas in A549, endosomal RHOB is diffusely distributed, in PC9 endosomal active RHOB was found in large clusters that co-localized with late Rab7 endosomal and LAMP-1 lysosomal markers. It is known that Vγ9Vδ2 T cell activation occurs at the plasma membrane through the involvement of BTN3A1 that is addressed by RHOB vesicles from the endosomes to the plasma membrane (18). In our model, PAg treatment of PC9 cells is not sufficient to trigger an increase in RHOB activation but requires the contact with Vγ9Vδ2 T cells, as untreated conditions in the presence of Vγ9Vδ2 T cells did not induce a significant increase in RHOB activity. One hypothesis of the weaker activation of RHOB in PC9 cells is that beyond the mode of recognition with T cells, the organization of endosomal RHOB-mediated signaling is not efficient for addressing important signaling molecules such as BTN3A1 at the plasma membrane. It was reported that RHOB interacts with the intracellular domain of BTN3A1 at the plasma membrane (18). BTN3A1 was shown as essential to Vγ9Vδ2 T cell recognition but not sufficient for this process as its homologous BTN2A1, the phosphoantigens being also essential. Actually, it was recently described that BTN2A1 synergized with BTN3A1 in sensitizing PAg-exposed cells for Vγ9Vδ2 TCR-mediated responses, these two butyrophilins beings key ligands that bind possibly two different domains of this TCR (30, 31). As for BTN3A1, the level of expression of BTN2A1 mRNA in PC9 is very close to that in A549 (Supplementary Figure 9). Thus, we can expect that these two cell lines express a similar level of BTN2A1 at their membrane, the BNT3A1 expression being equivalent (Figure 3B). Therefore, the weak activation of the Vγ9Vδ2 T cell by the PC9 cell line should not be due to the lack of BTN2A1. RHOB has not yet been shown to be associated to the intracellular B30.2 domain of the BTN2A1. Actually, it could be interesting to know if RHOB, as for BNT3A1, can be involved in the modification of the conformation of the BTN2A1. The organization of endosomal RHOB could then have an impact also on the BTN2A1. Further investigations should be pursued to evaluate whether such a mechanism is preserved in PC9. This endosomal signaling could be favored due to the genetic background of these cells, i.e., as they express an activated EGFR mutant whose expression may modify intracellular RHOB mediated trafficking. Indeed, RHOB is known to prolong endosomal signaling of EGFR following its internalization (32). RHOB is a short-lived protein that is rapidly degraded through the endo-lysosomal pathway (33) and its degradation is delayed by inhibition of its isoprenylation. Treatment with PAg, while necessary for the activation of Vγ9Vδ2 T cells, contributes to a rerouting of RHOB in late/degradation compartments that may accelerate its degradation and prevent its function in endocytic trafficking to the plasma membrane in PC9 cells.

This study demonstrates for the first time that Vγ9Vδ2 T cell activation by PAg-treated tumor cells can be variable depending on several factors such as oncogenic mutation, RHOB activity, and surface markers. Our results indicate that this response is strongly influenced by RHOB function. Therefore, the regulation of endocytic traffic by RHOB in the tumor cell could be decisive for the immune response and may explain the resistance of some tumor cells that nevertheless highly express RHOB.
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AUTHOR'S NOTE

The precise mechanism of Vγ9 T cells phosphoantigen (PAg)-activation remains elusive even the butyrophilin BTN3A and the RHOB GTPase are known as essential in this activation. RHOB which can have a dualistic role in cancer, was shown as conferring resistance to EGFR-tyrosine kinase inhibitors in lung cancer and frequently downregulated in aggressive lung cancer. Besides, Vγ9 T cells based therapies could be an issue for advanced lung cancers refractory to or intolerant of current conventional treatment. The role of RHOB in the PAg-activation of Vγ9 T cells in lung cancer has to be depicted when Vγ9 T cells reactivity depends on the lung tumor cell lines status.
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Increasing attention has been paid to human γδ T cells expressing Vγ2Vδ2 T cell receptor (also termed Vγ9Vδ2) in the field of cancer immunotherapy. We have previously demonstrated that a novel bisphosphonate prodrug, tetrakis-pivaloyloxymethyl 2-(thiazole-2-ylamino)ethylidene-1,1-bisphosphonate (PTA), efficiently expands peripheral blood Vγ2Vδ2 T cells to purities up to 95–99% in 10–11 days. In the present study, we first examined the effect of PTA on farnesyl diphosphate synthase (FDPS) using liquid chromatography mass spectrometry (LC-MS) to analyze the mechanism underlying the PTA-mediated expansion of Vγ2Vδ2 T cells. We find that the prodrug induced the accumulation of both isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), direct upstream metabolites of FDPS. This indicates that not only IPP but also DMAPP plays an important role in PTA-mediated stimulation of Vγ2Vδ2 T cells. We next analyzed TCR-independent cytotoxicity of Vγ2Vδ2 T cells. When human lung cancer cell lines were challenged by Vγ2Vδ2 T cells, no detectable cytotoxicity was observed in 40 min. The lung cancer cell lines were, however, significantly killed by Vγ2Vδ2 T cells after 4–16 h in an effector-to-target ratio-dependent manner, demonstrating that Vγ2Vδ2 T cell-based cell therapy required a large number of cells and longer time when tumor cells were not sensitized. By contrast, pulsing tumor cell lines with 10–30 nM of PTA induced significant lysis of tumor cells by Vγ2Vδ2 T cells even in 40 min. Similar levels of cytotoxicity were elicited by ZOL at concentrations of 100–300 μM, which were much higher than blood levels of ZOL after infusion (1–2 μM), suggesting that standard 4 mg infusion of ZOL was not enough to sensitize lung cancer cells in clinical settings. In addition, Vγ2Vδ2 T cells secreted interferon-γ (IFN-γ) when challenged by lung cancer cell lines pulsed with PTA in a dose-dependent manner. Taken together, PTA could be utilized for both expansion of Vγ2Vδ2 T cells ex vivo and sensitization of tumor cells in vivo in Vγ2Vδ2 T cell-based cancer immunotherapy. For use in patients, further studies on drug delivery are essential because of the hydrophobic nature of the prodrug.

Keywords: bisphosphonate, cytotoxicity, mass spectroscopy, prodrug, Vγ2Vδ2 T cells


INTRODUCTION

Cancer is the leading cause of deaths in developed countries. Despite recent successes in cancer immunotherapy harnessing programmed death-1 (PD-1) (1–5) and cytotoxic T lymphocyte-associated protein-4 (CTLA-4) immune checkpoint inhibitors (6), significant limitations exist for the antibody-based immunotherapies. It is thus imperative to develop additional approaches to increase the efficacy of cancer treatments. Adoptive transfer of T cells expressing T cell receptors (TCRs) that recognize tumor cells is one such strategy that shows promise (7, 8).

TCR is a membrane-anchored heterodimeric protein consisting of either α and β or γ and δ chains expressed as part of a complex with cluster of differentiation 3 (CD3). Most αβ T cells expressing α and β TCR chains recognize antigenic peptides in the context of the major histocompatibility complex (MHC) class I or class II molecules with the help of CD4 or CD8 co-receptors, whereas other αβ T cell subsets respond to lipid antigens and vitamin B precursors bound to monomorphic MHC class I-related proteins, such as CD1 family members and MR1 (9). By contrast, the mechanism underlying the antigen recognition by γδ T cells expressing γ and δ chains remains unclear. In humans, most circulating γδ T cells express Vγ2Vδ2 (also termed Vγ9Vδ2) and recognize foreign phosphoantigens (pAgs) like (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) derived from pathogenic microbes (10–12) and self pAgs like isopentenyl diphosphate (IPP) (13–15). Recently, it has been demonstrated that pAgs bind to the intracellular B30.2 domain of butyrophilin (BTN) 3A1 (16–24) and the interaction between pAgs and B30.2 is sensed by Vγ2Vδ2 TCR in a BTN2A1-dependent manner (25). However, the precise mode of recognition by Vγ2Vδ2 T cells of the BTN complex has not been fully elucidated (26, 27).

Because HMBPP and IPP are pyrophosphomonoesters that can be readily hydrolyzed by esterases, nitrogen-containing bisphosphonates (N-BPs) are often utilized as stimulators for Vγ2Vδ2 T cells (28–30). N-BPs such as pamidronate (PAM) and zoledronic acid (ZOL) inhibit farnesyl diphosphate synthase (FDPS) in the mevalonate pathway (31–33), resulting in the accumulation of upstream metabolites that are recognized by Vγ2Vδ2 T cells in the context of BTN2A1 and BTN3A1. Although, ZOL is one of the most potent inhibitors of FDPS, its membrane permeability is limited because it is negatively charged. We thus previously designed and synthesized a series of N-BP prodrugs and demonstrated that treatment of antigen-presenting cells with tetrakis-pivaloyloxymethyl 2-(thiazole-2-ylamino)ethylidene-1,1-bisphosphonate (PTA) inhibited intracellular FDPS, leading to the deprivation of geranylgeranylated Rap1A, and efficiently expanded peripheral blood Vγ2Vδ2 T cells (34–37).

In the present study, we examined the mechanism by which PTA induced the stimulation of Vγ2Vδ2 T cells using mass spectrometry and determined the TCR-independent, natural (NK)-like cellular cytotoxicity, and TCR-dependent cellular cytotoxicity of PTA-expanded Vγ2Vδ2 T cells against lung cancer cells.



MATERIALS AND METHODS


Mass Spectrometry

Tetrakis-pivaloyloxymethyl 2-(thiazole-2-ylamino)ethylidene-1,1-bisphosphonate (PTA, Techno Suzuta Co., Ltd., Heiwa-machi, Nagasaki, Japan) was dissolved in deoxymethyl sulfoxide (Nacalai Tesque, Inc., Nakagyo-ku, Kyoto, Japan) at a concentration of 1 mM and the stock solution was stored at −80°C until used. Raji Burkitt's lymphoma cells were obtained from the Japanese Collection of Research Bioresources Cell Bank (JCRB) of the National Institutes of Biomedical Innovation, Health, and Nutrition, Sennan, Osaka, Japan. Raji cells were grown in RPMI1640 medium (Merck & Co., Inc., Kenilworth, NJ), containing 10% fetal calf serum (FCS, Merck & Co., Inc.), 10−5 M 2-mercaptoethanol (Wako Pure Chemical Industries, Ltd., Chuo-ku, Osaka, Japan), 100 μg/ml streptomycin (Meiji Seika Pharma Co., Ltd., Chuo-ku, Tokyo, Japan), 100 U/ml of penicillin (Meiji Seika Pharma Co., Ltd.) (complete RPMI1640 medium) in 75 cm2 flasks (Corning Inc., Corning, NY). The cells (1 × 106 cells) were treated with 0, 50, 100, 200, or 500 nM PTA in 1 ml of the complete RPMI1640 medium in 15 ml conical tubes (AGC Techno Glass Co., Ltd., Haibara, Shizuoka, Japan) at 37°C with 5% CO2 for 2 h. The cell suspensions were centrifuged at 600 × g at 4°C for 5 min. After the supernatants were removed, the cell pellets were dispersed by tapping and resuspended in 5 ml of cold Dulbecco's phosphate buffered saline (-) (PBS, Nissui Pharmaceutical Co., Ltd., Taito-ku, Tokyo, Japan). The cell pellets were washed two more times with cold PBS and placed in liquid nitrogen and stored at −80°C.

For the analysis of IPP and DMAPP in cell lysates, anionic metabolites were measured using an Orbitrap-type MS (Q-Exactive Focus; Thermo Fisher Scientific) connected to a high-performance ion-chromatography (IC) system (ICS-5000+; Thermo Fisher Scientific) that enables highly selective and sensitive metabolite quantification due to IC-separation and the Fourier-transform MS principle (38). The IC was equipped with an anion electrolytic suppressor (Thermo Scientific Dionex AERS 500; Thermo Fisher Scientific) to convert the potassium hydroxide gradient into pure water before the sample entered the mass spectrometer. Separation was performed using a Thermo Scientific Dionex IonPac AS11-HC, with a 4-μm particle-size column. The IC flow rate of 0.25 ml/min was supplemented post-column with 0.18 ml/min makeup flow of MeOH. The potassium hydroxide gradient conditions for IC separation were as follows: from 1 to 100 mM (0–40 min), 100 mM (40–50 min), and 1 mM (50.1–60 min), at a column temperature of 30°C. The Q-Exactive Focus mass spectrometer was operated under an ESI negative mode for all detections. Full mass scan (m/z 70–900) was used at a resolution of 70,000. The automatic gain control target was set at 3 × 106 ions, and the maximum ion injection time was 100 ms. Source ionization parameters were optimized with a spray voltage of 3 kV, and other parameters were as follows: transfer temperature of 320°C, S-Lens level of 50, heater temperature of 300°C, Sheath gas at 36, and Aux gas at 10.



Preparation of PBMC

Peripheral blood samples were obtained from healthy adult volunteers and lung cancer patients after approval of the Institutional Review Board of Nagasaki University Hospital and with written informed consent. All protocols were performed in accordance with the Guidelines and Regulations of Nagasaki University Hospital. The blood samples were treated with 1/100 volume of heparin sodium (Mochida Pharmaceutical., Co., Ltd., Shinjuku-ku, Tokyo, Japan) and diluted with an equal volume of PBS. The diluted blood (20 ml) was loaded on 20 ml of Ficoll-PaqueTM PLUS (GE Healthcare BioSciences AB, Uppsala, Sweden) in a 50 ml conical tube (Corning Inc.), which was centrifuged at 600 × g at room temperature for 30 min. The fluffy layer was collected into a 50 ml conical tube and diluted with 2.5 volumes of PBS. The diluted peripheral blood mononuclear cells (PBMC) were centrifuged at 900 × g at 4°C for 10 min and the supernatant was removed. The cell pellets were dispersed by tapping and resuspended in PBS in a 15 ml conical tube, which was centrifuged at 600 × g at 4°C for 5 min. After the supernatant was removed, the cell pellets were dispersed by tapping and resuspended in 7 ml of Yssel's medium (39), consisting of Iscove's modified Dulbecco's medium (Thermo Fisher Scientific, Waltham, MA), supplemented with 10% human AB serum (Cosmo Bio Co., Ltd., Koto-ku, Tokyo, Japan), 3.6 × 10−2 M NaHCO3 (Nacalai Tesque Inc.), 3.3 × 10−5 M 2-aminoethanol (Nacalai Tesque Inc.), 40 mg/l transferrin apo form (Nacalai Tesque Inc.), 5 mg/l human recombinant insulin (Merck & Co., Inc.), 2 mg/l linoleic acid (Merck & Co., Inc.), 2 mg/l oleic acid (Merck & Co., Inc.), 2 mg/ml palmitic acid (Merck & Co., Inc.), 100 μg/ml streptomycin, 100 U/ml of penicillin or RPMI1640 medium.



Expansion of Vγ2Vδ2 T Cells

To 1.5 ml of PBMC (1–2.5 × 106 cells/ml of Yssel's medium) in a well of a 24-well plate (Corning Inc.) was added 1.5 μl of 1 mM PTA stock solution to give a final concentration of 1 μM. The cells were incubated at 37°C with 5% CO2 for 24 h, to which was added interleukin-2 (IL-2, Shionogi Pharmaceutical Co., Ltd., Chuo-ku, Osaka, Japan) to give a concentration of 100 U/ml. After incubation at 37°C with 5% CO2 for one more day, the medium was replaced with Yssel's medium containing 100 U/ml IL-2. On day 2 through day 5, 100 U/ml of IL-2 was added to the medium and Vγ2Vδ2 cells were expanded. On day 6, 1.5 ml of Yssel's medium was added to the well. After being mixed well with a pipet, 1.5 ml of the cell suspension was transferred to another well. On day 7, the medium was replaced with the complete RPMI1640 medium plus 100 U/ml IL-2 and Vγ2Vδ2 T cells were expanded by day 11 and stored in liquid nitrogen until used. Cells were observed under a microscope (Nikon Corp., Minato-ku, Tokyo, Japan) on day 5 and the proportion of Vδ2 cells was determined by flow cytometry on days 0, 8, and 11 as described below. IFN-γ production was determined on day 2 as described below.



Flow Cytometric Analysis

PBMC and PTA-expanded cells (2 × 105 cells) were dispensed into a 96-well round bottom plate (Corning Inc.) and incubated with 50 μl of PBS containing 2% FCS and monoclonal antibodies (mAbs), including fluorescein isothiocyanate (FITC)-conjugated anti-TCR Vδ2 mAb (BD Biosciences, San Diego, CA) or anti-CD27 mAb (BioLegend, San Diego, CA) and phycoerythrin (PE)-conjugated anti-CD3, CD86, CD94, or CD161 mAbs (BD Biosciences), or anti-CD25 mAb (Tombo Biosciences, Co., Ltd., Kobe, Hyogo, Japan), or anti-CD45RO, CD69, NKG2D, DNAM-1, TRAIL, Fas-L, CD56, HLA-DR, HLA-DQ, or CD45RA mAbs (BioLegend), on ice for 15 min. To the wells were added 200 μl of PBS containing 2% FCS and the plate was centrifuged at 600 × g at 4°C for 2 min. After the supernatants were removed, the cell pellets were dispersed by vortexing and resuspended in 200 μl of PBS/2% FCS. The cells were washed two more times with 200 μl of PBS/2% FCS and resuspended in 400 μl of PBS/2% FCS. The cells were analyzed using a FACSCalibur flow cytometer (Becton Dickenson, Franklin Lakes, NJ) and the cell population was visualized using FlowJo ver. 10 (FlowJo LLC, Ashland, OR).



Enzyme-Linked Immunosorbent Assay for IFN-γ

For determination of IFN-γ production from peripheral blood Vγ2Vδ2 T cells in response to PTA or ZOL, PBMC suspensions (4.35 × 105 cells in 100 μl of Yssel's medium) were placed in a 96-well flat-bottom plate (Corning Inc.), to which was added 100 μl each of PTA at concentrations of 1, 3, 10, 30, 100, 300, or 1,000 nM, or zoledronic acid (ZOL, Novartis International AG, Basel, Switzerland) at concentrations of 10, 30, 100, 300, 1 μM, 3 μM, or 10 μM. The plate was incubated at 37°C with 5% CO2 for 24 h. To each well was added IL-2 at a final concentration of 100 U/ml. After additional 24 h incubation, the cell suspensions were mixed and the plate was centrifuged at 600 × g at 4°C for 2 min. The supernatants were transferred into a 96-well round bottom plate and placed at −80°C for 16 h. The samples were thawed and interferon-γ (IFN-γ) levels were determined by enzyme-linked immunosorbent assay (ELISA, Peprotech, Rocky Hill, NJ) according to the manufacturer's instruction.

For determination of IFN-γ production from PTA-expanded Vγ2Vδ2 T cells in response to PTA or ZOL, PBMC derived from a healthy adult volunteer was stimulated with 1 μM PTA for 11 days and the PTA-expanded Vγ2Vδ2 T cells were frozen as described above. PC-9 human lung adenocarcinoma was obtained from RIKEN BioResource Research Center (Tsukuba, Ibaraki, Japan), PC-6 human lung small cell carcinoma from Immuno-Biological Laboratories, Fujioka, Gunma, Japan), and H1975 human lung adenocarcinoma and H520 human lung squamous cell carcinoma from American Type Culture Collection (Manassas, VA). The human lung cancer cell lines were grown in 30 ml of the complete RPMI1640 medium at 37°C with 5% CO2 in 75 cm2 flasks. After the culture supernatants were removed and the cells were washed with 10 ml PBS, 2 ml each of 0.25 w/v% trypsin/1 mM ethylenediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific) was added to the flasks, which were placed at 37°C with 5% CO2 for 2 min. To the flasks was added 10 ml each of the complete RPMI1640 medium and the cell suspensions were transferred into 15 ml conical tubes. After being centrifuged at 600 × g at 4°C for 5 min, the supernatants were removed and the cell pellets were dispersed by tapping. The cells were resuspended in 5 ml of the complete RPMI1640 medium, washed twice, and resuspended in the complete RPMI1640 medium. The cell suspensions (1.4 × 106 cells/ml) were treated with PTA at final concentrations of 15.625, 31.25, 62.5, 125, 250, 500, or 1,000 nM, or with ZOL at final concentrations of 15.625, 31.25, 62.5, 125, 250, 500, or 1,000 μM at 37°C with 5% CO2 for 2 h. The cells were washed three times with 5 ml of the complete RPMI1640 medium and resuspended in 350 μl of the complete RPMI1640 medium. The tumor cell suspensions (4 × 105 cells/100 μl) were dispensed into a 96-well round bottom plate, containing PTA-expanded Vγ2Vδ2 T cells (4 × 105 cells/100 μl). The plate was incubated at 37°C with 5% CO2 for 16 h. Then, the cell suspensions were mixed and the plate was centrifuged at 600 × g at 4°C for 2 min. The supernatants were transferred into a 96-well round bottom plate and placed at −80°C for 16 h. The samples were thawed and interferon-γ (IFN-γ) levels were determined by ELISA according to the manufacturer's instruction.



Luminescence-Based Cytotoxicity Assay

For determination of NK-like activity of PTA-expanded Vγ2Vδ2 T cells, PC-9, PC-6, H1975, and H520 human lung cancer cell suspensions (2 × 104 cells/200 μl) were dispensed into a 96-well flat bottom plate, which was incubated at 37°C with 5% CO2 for 16 h. After the culture supernatants were aspirated, PTA-expanded Vγ2Vδ2 T cells were added to each well at effector-to-target (E/T) ratios of 0.3125:1, 0.625:1, 1.25:1, 2.5:1, 5:1, 10:1, 20:1, 40:1, or 80:1, and incubated at 37°C with 5% CO2 for 4 or 16 h. Then, the culture supernatants were aspirated and the wells were gently washed three times with 200 μl of the complete RPMI1640 medium. To the wells was added 100 μl each of CellTiterGlo® Reagent (PerkinElmer Inc., Waltham, MA), and the cell lysates were transferred into a 96-well optiplate (PerkinElmer Inc.). Luminescence was measured through an ARVO multi-plate reader (PerkinElmer Inc.). All measurements were performed in triplicate.

For determination of cellular cytotoxicity of PTA-expanded Vγ2Vδ2 T cells against PTA- or ZOL-treated PC-9, PC-6, H1975, and H520, the human lung cancer cell suspensions (2 × 104 cells/200 μl) were dispensed into a 96-well flat bottom plate, which was incubated at 37°C with 5% CO2 for 16 h. After the culture supernatants were aspirated, 200 μl of a serially-diluted PTA was added to each well in triplicate at concentrations of 0, 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50, or 100 nM, or a serially-diluted ZOL at final concentrations of 0, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500, or 1,000 μM. The plate was incubated at 37°C with 5% CO2 for 2 h. After the supernatants were aspirated, 200 μl of PTA-expanded Vγ2Vδ2 T cells (3 × 105 cells) were added to each well. The plate was incubated at 37°C with 5% CO2 for 4 or 16 h. Then, the culture supernatants were aspirated and the wells were gently washed three times with 200 μl of the complete RPMI1640 medium. To the wells was added 100 μl each of CellTiterGlo Reagent® (PerkinElmer Inc.), and the cell lysates were transferred into a 96-well optiplate (PerkinElmer Inc.). Luminescence was measured through an ARVO multi-plate reader (PerkinElmer Inc.).



Time-Resolved Fluorescence-Based Cytotoxicity Assay

Vγ2Vδ2 T cell-mediated cellular cytotoxicity was determined using a non-radioactive cellular cytotoxicity assay kit (Techno Suzuta Co., Ltd.). PC-9, PC-6, H1975, and H520 human cancer cell lines (1 × 106 cells/ml) in 15 ml conical tubes were treated with 0, 3, 10, 30, 100, 300, or 1,000 nM of PTA, or 0, 3, 10, 30, 100, 300, or 1,000 μM of ZOL at 37°C with 5% CO2 for 2 h and then pulsed with 2.5 μl of 10 mM bis(butyryloxymethyl) 4′-(hydroxymethyl)-2,2′:6′,2″-terpyridine-6,6″-dicarboxylate (BM-HT, Techno Suzuta Co., Ltd.) at 37°C with 5% CO2 for 15 min. During the incubation, BM-HT was hydrolyzed by intracellular esterases to give 4′-(hydroxymethyl)-2,2′:6′,2″-terpyridine-6,6″-dicarboxylate (HT) (40). To the conical tubes was added 5 ml of the complete RPMI140 medium and the tubes were centrifuged at 600 × g at 4°C for 5 min. After the supernatants were removed, the cell pellets were dispersed by tapping and resuspended in 5 ml of the complete RPMI1640 medium. The cells were washed two more times and resuspended in 20 ml of the complete RPMI1640 medium. The tumor cell suspensions (5 × 103 cells/100 μl) were dispensed into a 96-well round bottom plate, to which were added 4 × 105 Vγ2Vδ2 T cells/100 μl at an E/T ratio of 80:1. The plate was centrifuged at 200 × g at ambient temperature for 2 min and then incubated at 37°C with 5% CO2 for 40 min. Detergent (Techno Suzuta Co., Ltd.) at a final concentration of 5 × 10−5 M was added to wells for the determination of the maximum release. After the cell suspensions were mixed, the plate was centrifuged at 600 × g for 2 min and the supernatants (25 μl each) were removed to a new 96-well round bottom plate containing 250 μl of europium (Eu) solution (Techno Suzuta Co., Ltd.). After the Eu/HT complex solution was mixed, 200 μl samples were transferred to a 96-well optical plate (Thermo Fisher Scientific Inc.). Time-resolved fluorescence was measured through an ARVO multi-plate reader (PerkinElmer Inc.). All measurements were performed in triplicate. Specific lysis (%) was calculated as 100 × [experimental release (counts) – spontaneous release (counts)]/[maximum release (counts) – spontaneous release (counts)].



Intracellular Staining for IFN-γ

PC-9 human lung cancer cells (1 × 106 cells/ml) were treated with 1 ml of the complete RPMI1640 medium or the medium containing 1 μM PTA or with 1 mM ZOL at 37°C with 5% CO2 for 2 h. The cells were washed three times with 5 ml of the complete RPMI1640 medium and resuspended in 100 μl of the complete RPMI1640 medium. The tumor cell suspensions (5 × 105 cells/50 μl) were dispensed into a 96-well round bottom plate, containing PTA-expanded Vγ2Vδ2 T cells (5 × 105 cells/50 μl). The plate was incubated at 37°C with 5% CO2. After 2 h, brefeldin A (Merck & Co., Inc.) was added to each well at a final concentration of 10 μg/ml and the plate was incubated at 37°C with 5% CO2 for 2 more hours. Then, the cell suspensions were mixed and the plate was centrifuged at 600 × g at 4°C for 2 min. After the supernatants were removed, the plate was vortexed, to which was added 200 μl of PBS/2% FCS. The cells were washed two more times with 200 μl of PBS/2% FCS. Then, the cells were stained with FITC-conjugated anti-TCR Vδ2 mAb in 50 μl of PBS/2% FCS. After incubation on ice for 15 min, the cells were washed four times with PBS and fixed with 200 μl of 1% paraformaldehyde in PBS. After incubation at ambient temperature for 15 min, the plate was centrifuged at 600 × g at 4°C for 2 min. After the supernatants were removed, the plate was vortexed, to which was added 200 μl of PBS/2% FCS/0.5% saponin (Wako Pure Chemical Industries, Ltd.)/0.1% sodium azide (Merck & Co. Inc.) or Tween 20 (Nacalai Tesque). After incubation at ambient temperature for 30 min, the cells were stained with PE-conjugated anti-IFN-γ mAb (BD Biosciences) in 50 μl of PBS/2% FCS/0.5% saponin/0.1% sodium azide. After 15 min, the cells were washed three times with 200 μl of PBS/2% FCS/0.5% saponin/0.1% sodium azide and examined for intracellular IFN-γ using a FACSCalibur flow cytometer and the cell population was visualized using FlowJo ver. 10. For intracellular staining of IFN-γ in PBMC, freshly isolated PBMC were stimulated with 1 μM of PTA for 2 days and examined for the production of IFN-γ as described above.




RESULTS


Intracellular Accumulation of IPP and DMAPP in PTA-Treated Target Cells

Nitrogen-containing bisphosphonates (B-BPs) inhibit farnesyl diphosphate synthase (FDPS) as illustrated in Figure 1A. Whereas, two metabolites, isopentenyl diphosphate (IPP), and dimethylallyl diphosphate (DMAPP) exist in the direct upstream of FDPS, attention has been paid only to IPP, because IPP and DMAPP are structural isomers and it has been difficult to isolate and identify these two molecular species on mass spectrometry (MS). We introduced a novel liquid chromatography-mass spectrometry (LC-MS) system and attempted to separate these isomers on LC-MS. After Raji Burkitt's lymphoma cells were treated with tetrakis-pivaloyloxymethyl 2-(thiazole-2-ylamino) ethylidene-1,1-bisphosphonate (PTA), an N-BP prodrug, the cell lysates were examined for IPP and DMAPP. As shown in Figure 1B, both IPP and DMAPP were markedly increased after treatment of the cells with 50 or 100 nM of PTA for 2 h in the extracted ion chromatogram (XIC) for m/z = 244.9985. Standard IPP was eluted at the retention time of 29.9 min and DMAPP at 30.3 min (Figure 1C), confirming their structural identity, which was further corroborated by daughter ion analysis (Figures 2A,B).
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FIGURE 1. Accumulation of IPP and DMAPP in target cells after treatment with PTA. (A) The mevalonate pathway and the metabolites in the upstream of FDPS. Isoprenoid metabolites are synthesized from acetyl- CoA via mevalonate through IPP and DMAPP. By the action of isomerase, IPP is converted into DMAPP. FDPS, a target of PTA, catalyzes the synthesis of GPP from IPP and DMAPP, and that of FPP from GPP and IPP. Metabolites in the direct upstream of FDPS are IPP and DMAPP. (B) Mass spectrometric analysis of IPP and DMAPP in target cells after treatment with PTA. After treatment of Raji Burkitt's lymphoma cells with PTA (0, 50, 100 nM) for 2 h, the samples were analyzed through LC-MS and the extracted ion chromatograms (XIC) for m/z = 244.9985 were depicted. (C) Identification of IPP and DMAPP using standard compounds. The retention time for the standard IPP was 29.9 min and that for standard DMAPP was 30.3 min.



[image: Figure 2]
FIGURE 2. Identification and quantitative analysis of IPP and DMAPP. Daughter ion analyses of IPP (A) and DMAPP (B). The molecular species eluted at the retention time of 29.9 and 30.3 were analyzed using IC-ESI-MS (Q-Exactive Focus; Thermo Fisher Scientific, Bremen, Germany). Molecular identification by fragmentation patterns was conducted with referring METLIN database (https://metlin.scripps.edu). Quantitative analysis of IPP and DMAPP in Raji Burkitt's lymphoma cells and P31/FUJ monocytic cells treated with PTA (C) or ZOL (D). Cell lines (106 cells each) were treated with 1 ml of a half-log serial dilution of PTA or ZOL at 37°C for 2 h and then IPP and DMAPP (nmol/106 cells) were quantified using the respective standard controls.


In order to examine the dose-dependent effect of PTA on the intracellular accumulation of IPP and DMAPP, Raji cells (1 × 106 cells) were treated with a half-log serial dilution of PTA at 37°C for 2 h and the intracellular IPP and DMAPP concentrations were quantified through LC-MS with synthetic IPP and DMAPP being used as references and expressed as nmoles/106 cells. As illustrated in the left panel of Figure 2C, both IPP and DMAPP accumulated in the cells in a PTA dose-dependent manner: 0.010 ± 0.001 nmole at 0 nM, 0.084 ± 0.003 nmole at 10 nM, 0.152 ± 0.012 nmole at 30 nM, 0.222 ± 0.005 nmole at 100 nM for IPP and 0.000 ± 0.000 nmole at 0 nM, 0193 ± 0.011 nmole at 10 nM, 0.352 ± 0.020 nmole at 30 nM, 0.485 ± 0.022 nmole at 100 nM for DMAPP. The concentrations of DMAPP in Raji cells were consistently higher than those of IPP at any concentrations of PTA. When the P31/FUJ monocytic cell line was examined for IPP and DMAPP accumulation, essentially the same results were obtained: 0.009 ± 0.000 nmole at 0 nM, 0.072 ± 0.004 nmole at 10 nM, 0.158 ± 0.006 nmole at 30 nM, 0.222 ± 0.007 nmole at 100 nM for IPP, and 0.000 ± 0.000 nmole at 0 nM, 0.115 ± 0.006 nmole at 10 nM, 0.226 ± 0.002 nmole at 30 nM, 0.330 ± 0.014 nmole at 100 nM for DMAPP as depicted in the right panel of Figure 2C. In PTA-treated P31/FUJ cells, the concentrations of DMAPP were higher than those of IPP at any PTA concentrations, as observed in Raji cells. Interestingly, zoledronic acid (ZOL), one of the most potent commercially available N-BPs, induced a low level of IPP and DMAPP in both cell lines even at a concentration of as high as 1,000 μM within 2 h of pulsing (Figure 2D). Although only a low level of DMAPP was observed in Raji cells after ZOL treatment for 2 h, the accumulation was dependent on ZOL concentrations: 0.000 ± 0.000 nmole at 0 μM, 0.001 ± 0.000 nmole at 100 μM, 0.002 ± 0.000 nmole at 300 μM, 0.07 ± 0.000 nmole at 1,000 μM. These results clearly demonstrated that PTA induced intracellular accumulation of IPP and DMAPP more efficiently than ZOL.



Expansion by PTA of Vγ2Vδ2 T Cells Derived From Healthy Adults and Lung Cancer Patients

Because intracellular accumulation of IPP and DMAPP by PTA leads to the recognition by Vγ2Vδ2 T cells, we next attempted to expand Vγ2Vδ2 T cells. Before implementing the expansion using PTA, we first examined the effect of media on the expansion of Vγ2Vδ2 T cells by ZOL. We compared RPMI1640 medium, one of the most frequently-used media, with Yssel's medium (39) used for the expansion of human natural killer (NK) cells and killer αβ T cells. After PBMC were stimulated with ZOL and expanded in the presence of IL-2, significant cell clustering was observed under a microscope as shown in Figure S1A. Regarding the initial phase of stimulation, RPMI1640 medium induced more pronounced responses in PBMC than Yssel's medium. When it comes to the proportion of Vγ2δV2 T cells, the initial percentage of Vδ2 T cells was 0.94% among the lymphocyte gate of PBMC. After expansion by ZOL in RPMI1640 medium, the proportion of Vδ2 T cells was increased up to 39.3% on day 6 and 42.8% on day 7. In case of Yssel's medium, the proportion was 43.0% on day 6 and 65.8% on day 7, respectively (Figure S1B), indicating that YM medium supported the specific expansion of Vγ2Vδ2 T cells. After expansion for 11 days, the total number of Vδ2 T cells in Yssel's medium was greater than that in RPMI1640 medium (Figure S1C). Taken together, Yssel's medium was superior to RPMI1640 medium for the specific expansion of Vγ2Vδ2 T cells.

We next compared PTA and ZOL in the expansion of Vγ2Vδ2 T cells in Yssel's medium. When PBMC were stimulated with a serial dilution of PTA or ZOL in the presence of IL-2, cell clustering was observed on day 5 as shown in Figure 3A. Consistent with the dose-dependency in the intracellular accumulation of IPP and DMAPP (Figure 2C), 31.25 nM of PTA was sufficient to induce cell clustering in PBMC, whereas 5 μM of ZOL was required for cell clustering on day 5. The difference between PTA and ZOL in the induction of cell clustering in PBMC was 160-fold (31.25 nM vs. 5 μM). As shown in Figure 3B, the proportions of Vγ2Vδ2 T cells on day 8 were 3.87, 12.6, 54.5, and 70.1% when stimulated with 0, 156.25 nM, 1.25 μM, and 5 μM of ZOL, and 69.6, 86.7, and 94.8% with 31.25, 125 nM, and 1 μM of PTA, respectively, demonstrating that PTA induced the specific expansion of Vγ2Vδ2 T cells to a greater degree than ZOL.
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FIGURE 3. Comparison of PTA and ZOL in the expansion of peripheral blood Vγ2Vδ2 T cells. (A) Microscopic observation of PBMC from a healthy adult stimulated with PTA or ZOL. PBMC derived from a healthy donor (HD02) were stimulated with a serial dilution of PTA or ZOL and the cell clustering was observed under a microscope on day 5. (B) Flow cytometric analysis of PBMC stimulated with PTA or ZOL. PBMC derived from HD02 was stimulated as in (A) were examined for the expression of CD3 and Vδ2 on day 8. (C) IFN-γ production by Vγ2Vδ2 T cells in response to PTA or ZOL. After stimulation of PBMC with PTA or ZOL for 2 days, IFN-γ was measured through ELISA. (D) Intracellular staining of IFN-γ in PBMC stimulated with PTA. PBMC stimulated with PTA in (C) was examined for intracellular IFN-γ through flow cytometry. (E) Expansion of Vγ2Vδ2 T cells by PTA (D). Flow cytometric analysis was performed on days 0 and 11 after stimulation of PBMC with 1 μM of PTA derived from lung cancer patients (LC01 and LC02). (F) Clinical characteristics of the LC01 and LC02 lung cancer patients.


We next examined the IFN-γ production from PBMC stimulated with PTA or ZOL for 2 days. As depicted in Figure 3C, the half maximal concentration of PTA for inducing IFN-γ in PBMC was about 5 nM and that of ZOL was 200 nM, demonstrating that the difference between PTA and ZOL in the induction of IFN-γ production from peripheral blood Vγ2Vδ2 T cells was 40-fold. When PTA-treated PBMC was examined for IFN-γ by intracellular staining on flow cytometry, Vδ2+ T cells producing IFN-γ were detected (Figure 3D). Non-Vδ2+ T cells also produced a low level of IFN-γ by inflammatory cytokines possibly derived from dendritic cells, consisting with previous reports (41, 42). We then examined the effect of PTA on the expansion of Vγ2Vδ2 T cells in lung cancer patients (Figure 3E). The initial proportions of Vδ2+CD3+ T cells in peripheral blood lymphocytes derived from lung cancer patients LC01 and LC02 were 1.43 and 2.91%, respectively. After stimulation with PTA and IL-2 for 11 days, the proportions of Vδ2+CD3+ T cells were increased to 98.39 and 99.74%, respectively. The demographic data of these lung cancer patients is shown in Figure 3F. The results demonstrated that Vγ2Vδ2 T cells of lung cancer patients could be efficiently expanded by PTA, which might be used for adoptive transfer therapy.



TCR-Independent Cellular Cytotoxicity Elicited by PTA-Expanded Vγ2Vδ2 T Cells

Human Vγ2Vδ2 T cells exhibit at least three types of cellular cytotoxicity, TCR-independent, TCR-dependent, and antibody-dependent cytotoxicity. We first analyzed cell surface markers expressed on PTA-expanded Vγ2Vδ2 T cells through flow cytometry. As shown in Figure S2, the purity of Vγ2Vδ2 T cells after expansion with PTA and IL-2 for 11 days was 99.2 and 98.5% in healthy adult volunteers HD01 and HD02, respectively. Most of the PTA-expanded Vγ2Vδ2 T cells exhibited a CD45RA−CD27+ phenotype and were categorized into effector memory cells. The expression of NKG2D (CD314) C-type lectin receptor was detected on almost all the cells, while another C-type lectin receptor, CD94, was expressed in a subset of Vγ2Vδ2 T cells. DNAM-1 (CD226), an immunoglobulin superfamily receptor was expressed on almost all the cells, demonstrating that NK cell-like effector functions are expected in the PTA-expanded Vγ2Vδ2 T cells, in addition to Vγ2Vδ2 TCR-dependent killer activity. It is noteworthy that the PTA-expanded Vγ2Vδ2 T cells expressed antigen-presenting cell-related molecules like CD86, HLA-DR, and HLA-DQ, suggesting that tumor antigen-presentation by Vγ2Vδ2 T cells are expected after killing of tumor cells. In the present study, therefore, we further analyzed TCR-independent and -dependent cytotoxicity of the PTA-expanded Vγ2Vδ2 T cells.

We then examined TCR-independent, NK-like activity exhibited by PTA-expanded Vγ2Vδ2 T cells against lung cancer cells. When PC-9 human lung adenocarcinoma, PC-6 human lung small cell carcinoma, H1975 human lung adenocarcinoma, and H520 human lung squamous cell carcinoma cells were challenged by Vγ2Vδ2 T cells, no explicit cytotoxicity was observed in 40 min as shown in Figure S3, indicating that Vγ2Vδ2 T cells could not kill lung cancer cells in an early phase (within 40 min) even at an effector-to-target (E/T) ratio of 80:1.

When the incubation was extended to 4 h, 20–30% of specific lysis was observed in all the four lung cancer cell lines at an E/T ratio of 80:1. Further extension of the culture to 16 h gave more extensive cellular cytotoxicity even at an E/T ratio of 10:1 as shown in the left panels of Figure 4. It is thus likely that Vγ2Vδ2 T cells require relatively long time to kill lung cancer cells when TCR is not involved in the recognition.
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FIGURE 4. Vγ2Vδ2 T cell-mediated cytotoxicity against human lung cancer cells. (Left panels) TCR-independent cytotoxicity mediated by Vγ2Vδ2 T cells against lung cancer cell lines. PC-9 human lung adenocarcinoma, PC-6 human lung small cell carcinoma, H1975 human lung adenocarcinoma, and H520 human lung squamous cell carcinoma cells lines were challenged by PTA-expanded Vγ2Vδ2 T cells at E/T ratios of 0.3125:1, 0.625:1, 1.25:1, 2.5;1, 5;1, 10:1, 20:1, 40:1, and 80:1. After incubation for 4 h (⚬) or 16 h (•), the amount of adenosine triphosphate in viable, adherent cells were quantified by using a luciferase assay system and the specific lysis (%) was determined. (Middle panels) Early phase of TCR-dependent cellular cytotoxicity by Vγ2Vδ2 T cells against human lung cancer cells. Human lung cancer cell lines PC-9, PC-6, H1975, and H520 were pretreated with PTA (•) at concentrations of 3, 10, 30, 100, 300, and 1,000 nM, or ZOL (⚬) at concentrations of 3, 10, 30, 100, 300, and 1,000 μM and challenged by PTA-expanded Vγ2Vδ2 T cells at an E/T ratio of 80:1. After incubation for 40 min, the amount of 4′-(hydroxymethyl)-2,2′:6′,2″-terpyridine-6,6″-dicarboxylate (HT), a hydrolyzate derived from PTA by the action of intracellular esterases, released from dead target cells was quantified by harnessing Eu-based time-resolved fluorescence and the specific lysis (%) was determined. (Right panels) Later phase of TCR-dependent cellular cytotoxicity by Vγ2Vδ2 T cells against human lung cancer cells. PC-9, PC-6, H1975, and H520 human lung cancer cells (2 × 104 cells) were pretreated with PTA (•) at concentrations of 0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50, or 100 nM, or ZOL (⚬) at concentrations of 7.8125, 15.625, 31.25, 62.5, 125, 250, 500, or 1,000 μM and challenged by PTA-expanded Vγ2Vδ2 T cells (3 × 105 cells). After incubation for 4 h, the amount of adenosine triphosphate in viable, adherent cells were quantified by using a luciferase assay system and the specific lysis (%) was determined.




TCR-Dependent Killing of Lung Cancer Cells by Vγ2Vδ2 T Cells

We next compared PTA and ZOL in the TCR-dependent killing of lung cancer cells by Vγ2Vδ2 T cells. When PTA- or ZOL-pulsed lung cancer cell lines were challenged by Vγ2Vδ2 T cells for 40 min at an E/T ratio of 80:1, the specific lysis rate attained to around 30% in all the lung cancer cell lines as shown in the middle panels of Figure 4. The concentrations required for the half maximal specific lysis rates were 10–30 nM for PTA and 100–300 μM for ZOL, with the difference between the two compounds in the sensitization of tumor cells being ~10,000-fold.

When the incubation was extended to 4 h, more than 50% of PTA- or ZOL-pulsed lung cancer cells were killed by Vγ2Vδ2 T cells at an E/T ratio of 15:1, with the drug concentrations required for the half-maximal specific lysis rates being essentially the same as those for 40 min as shown in the right panels of Figure 4. Further prolongation of the incubation time to 16 h resulted in the maximal specific lysis rate of 80% or greater, and the drug concentrations required for the half-maximal specific rates were essentially the same as those for 40 min and 4 h (Figure S4).



IFN-γ Production From Vγ2Vδ2 T Cells in Response to PTA-Pulsed Lung Cancer Cells

Finally, we compared PTA and ZOL in the induction of IFN-γ in Vγ2Vδ2 T cells. When PTA- or ZOL-pulsed lung cancer cells were incubated with Vγ2Vδ2 T cells, IFN-γ was secreted from Vγ2Vδ2 T cells in a compound dose-dependent manner, in which the drug concentrations required for the half-maximal IFN-γ production were 10–30 nM for PTA and 100–300 μM for ZOL (Figure 5A), consistent with the results observed in cellular cytotoxicity assay. The secretion of IFN-γ from Vγ2Vδ2 T cells was confirmed by intracellular staining of IFN-γ as shown in Figure 5B, in which the amount of IFN-γ secreted from Vγ2Vδ2 T cells in response to PTA-pulsed lung cancer cells was more than that to ZOL-pulsed target cells.
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FIGURE 5. Comparison of PTA and ZOL in the induction of IFN-γ from Vγ2Vδ2 T cells. (A) Determination of IFN-γ produced by Vγ2Vδ2 T cells in response to lung cancer cell lines pulsed with PTA or ZOL. Human lung cancer cells, PC-9, PC-6, H1975, and H520 (4 × 105 cells), pretreated with PTA (•) at concentrations of 15.625, 31.25, 62.5, 125, 250, 500, or 1,000 nM, or ZOL (⚬) at concentrations of 7.8125, 15.625, 31.25, 62.5, 125, 250, 500, or 1,000 μM were challenged by PTA-expanded Vγ2Vδ2 T cells (4 × 105 cells). After incubation for 16 h, the culture supernatants were examined for IFN-γ levels through ELISA. (B) Intracellular staining of IFN-γ in Vγ2Vδ2 T cells in response to human lung cancer cells pretreated with PTA or ZOL. PC-9 human lung cancer cells (1 × 106 cells/ml) were treated with 1 ml of the complete RPMI1640 medium or the medium containing 1 μM PTA or with 1 mM ZOL at 37°C with 5% CO2 for 2 h. Then, the cells were examined for intracellular IFN-γ using a FACSCalibur flow cytometer and the cell population was visualized using FlowJo ver. 10.





DISCUSSION

Since the success of CTLA-4 and PD-1 immune checkpoint inhibitors, increasing attention has been paid to cancer immunotherapy (1, 5). Adoptive transfer of immune effector cells is one of the most promising strategies, because the critical phase of cancer immunotherapy is the killing of tumor cells by immune effector cells. Whereas, a variety of immune effector cells are involved in the eradication of tumor cells, it is generally difficult to prepare a large number of functionally robust immune effector cells for adoptive immunotherapy. For instance, NK cells occupy 10–20% of peripheral blood mononuclear cells. When NK cells are stimulated, nearly 100-fold expansion is observed in 10 days (43). Prolonged culture, however, leads to the accumulation of functionally altered or exhausted phenotype of NK cells, resulting in the limitation of NK cell-based immunotherapy (44). Regarding CD8+ αβ T cells, the proportion of tumor antigen-specific CD8+ αβ T cells in tumor-infiltrating T lymphocytes (TILs) is only 10% and it is difficult to expand a large number of functional tumor antigen-specific CD8+ T cells for adoptive immunotherapy (45). By contrast, it is relatively easy to expand Vγ2Vδ2 T cells using pyrophosphomonoester pAgs or N-BPs for adoptive immunotherapy. Previously, we synthesized PTA, a novel N-BP prodrug, and demonstrated that PTA induced an efficient expansion of Vγ2Vδ2 T cells. Because the mechanism underlying the responses of Vγ2Vδ2 T cells to PTA was, however, not fully elucidated, we first examined the effect of PTA on the activity of FDPS in tumor cells as a model system, a possible target of PTA, at a molecular level.

Since the discovery that metabolites in the mevalonate pathway in human and other animal cells and the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) non-mevalonate pathway in microbial pathogens, attention has been paid to IPP as an endogenous ligand and HMBPP as a foreign PAg (46). After it was found that PAM and ZOL inhibited FDPS in the mevalonate and non-mevalonate pathways, N-BPs, especially ZOL, have been used for the expansion of Vγ2Vδ2 T cells in the laboratory and for clinical trials, because the inhibition of FDPS by N-BPs leads to the intracellular accumulation of IPP, which is the metabolite upstream of FDPS and has activity in stimulating Vγ2Vδ2 T cells in a BTN2A1/3A1-dependent manner (31–33, 47, 48).

Whereas, both IPP and DMAPP are the direct upstream metabolites of FDPS, DMAPP has not been studied extensively, because it is difficult to distinguish DMAPP from IPP in N-BP-pulsed target cells on MS analyses. We recently developed a methodology to isolate and identify the two metabolites. In this study, we applied this strategy to detect IPP and DMAPP in tumor cells pulsed with PTA, an N-BP prodrug, which by itself has no inhibitory activity for FDPS. PTA is a hydrophobic prodrug compound and readily permeates target cell membranes. Once PTA is incorporated into target cells, intracellular esterases hydrolyze the prodrug to give (thiazole-2-ylamino)ethylidene-1,1-bisphosphonate (TA), a hydrophilic compound that directly inhibits FDPS. It is difficult for TA to permeate the membrane, resulting in the accumulation of the compound within the target cells (36).

Based on the present LC-MS study, it is clear that both IPP and DMAPP accumulate in tumor cells pulsed with PTA and that the amount of DMAPP in the PTA-pulsed cells is ~2-fold greater than that of IPP in Raji Burkitt's lymphoma cells and ~1.5-fold in P31/FUJ monocytic cells. Since the Vγ2Vδ2 T cell-stimulating activity of IPP is 2 to 3-fold higher than that of DMAPP (15), the physiological significance of the intracellularly accumulated DMAPP in the tumor sensitization for Vγ2Vδ2 T cells is equivalent to that of IPP. Taken together, it is most likely that both IPP and DMAPP are equally functional and important in stimulating Vγ2Vδ2 T cells when antigen-presenting cells are pulsed with PTA.

For developing adoptive transfer of Vγ2Vδ2 T cells, it is imperative to establish an efficient protocol for preparing Vγ2Vδ2 T cells, in which the number and purity are the two major issues. We examined the effect of medium on the expansion of Vγ2Vδ2 T cells. Since ZOL is commonly used to expand Vγ2Vδ2 T cells in the laboratory, we used ZOL as a stimulant. In order to establish or maintain human NK cells and CD8 killer T cells, Yssel's medium is often used (39). We thus compared Yssel's medium with one of the most commonly used RPMI1640 medium in the expansion of Vγ2Vδ2 T cells. Based on the present study, stimulation of PBMC with ZOL/IL-2 in RPMI1640 medium resulted in non-specific, stimulatory effects on lymphocytes including NK cells and αβ T cells at the initial phase of expansion until day 4–5, but the non-specific stimulation failed to sustain longer expansion of Vγ2Vδ2 T cells. In contrast, non-specific stimulation of lymphocytes was limited in Yssel's medium at the initial phase and specific expansion of Vγ2Vδ2 T cells was observed until day 11, resulting in the high number and purity of Vγ2Vδ2 T cells.

It was previously shown that negatively-charged N-BPs taken up by monocytes or dendritic cells through fluid-phase endocytosis inhibited FDPS, resulting in the depletion of the downstream metabolites including geranylgeranyl diphosphate (49). One of the metabolites derived from geranylgeranyl diphosphate is geranylgeraniol that might stabilize proaspase-1 (50). Procaspase-1 is a precursor of caspase-1 that converts pro-interleukin-1 (IL-1β) into mature IL-1β and pro-IL-18 into mature IL-18. Since IL-1β induces inflammation and IL-18 enhances the inflammation, the depletion of geranylgeraniol might induce inflammation. Furthermore, it was demonstrated that soluble factors such as IL-18 derived from dendritic cells pulsed with ZOL enhanced the production of IFN-γ in non-Vδ2 cells like NK cells when PBMC were treated with ZOL/IL-2 (41, 42). In addition, the inhibition of FDPS by PTA results in the accumulation of IPP and DMAPP, followed by the condensation of IPP and adenosine monophosphate (AMP) to yield triphosphoric acid 1-adenosin-5′-yl ester 3-(3-methylbut-3-enyl) ester (APPPI) (51). It was demonstrated that mitochondrial and lysosomal membrane permeabilization was inhibited by APPPI, resulting in cell death and subsequent inflammation. The present study indicates that Yssel's medium somehow prevents the inflammation caused by IL-1β/IL-18/IFN-γ and APPPI and sustains the specific expansion of Vγ2Vδ2 T cells triggered by accumulation of IPP and DMAPP in a BTN2A1/3A1-dependent manner.

We then compared PTA and ZOL in the stimulation and expansion of peripheral blood Vγ2Vδ2 T cells. The half-maximal concentration of PTA required for stimulating circulating Vγ2Vδ2 T cells was ~30 nM, whereas that of ZOL was ~5 μM, demonstrating that PTA was about 100-fold more effective in stimulating peripheral blood Vγ2Vδ2 T cells than ZOL. In stimulating peripheral blood Vγ2Vδ2 T cells with ZOL, the major subsets of antigen-presenting cells are adherent cells, such as monocytes and dendritic cells (52). These cells can take up many small molecules including positively- or negatively-charged compounds through fluid-phase endocytosis (49, 53). Although ZOL is negatively-charged under a physiological condition, the drug can be taken up by monocytes and dendritic cells at a clinical concentration of 2 μM (54). Based on the findings in the present study, it is reasonable to use ZOL for the expansion of Vγ2Vδ2 T cells, whereas PTA is more convenient and efficient to obtain a large number of highly purified Vγ2Vδ2 T cells for adoptive transfer therapy for cancer and possibly for infectious diseases, because the number and purity of PTA-expanded Vγ2Vδ2 T cells are higher than those of ZOL-stimulated Vγ2Vδ2 T cells. Phenotypic analysis of the PTA-expanded Vγ2Vδ2 T cells revealed that most of them exhibited effector memory phenotype (55) and expressed NK cell receptors like NKG2D and DNAM-1. As previously reported, antigen-presenting cell-related molecules such as CD86, HLA-DQ, and HLA-DR were also expressed, suggesting that Vγ2Vδ2 T cells might serve as antigen-presenting cells as well as immune effector cells.

When N-BP-expanded Vγ2Vδ2 T cells are used for adoptive cell therapy for cancer, TCR-dependent recognition of tumor cells is not anticipated, except for particular malignant cells, such as Dauid Burkitt's lymphoma and RPMI8226 multiple myeloma cells, based on previous studies (56). In this study, we examined the TCR-independent, NK-like cellular cytotoxicity of Vγ2Vδ2 T cells against lung cancer cell lines. Since human NK cells kill malignant cells including K562 erythrocytoma cells in 40 min (43), we employed the same 40 min protocol for the killing by Vγ2Vδ2 T cells of lung cancer cell lines, including PC-9 human lung adenocarcinoma, PC-6 human lung small cell carcinoma, H1975 human lung adenocarcinoma, and H520 human lung squamous cell carcinoma cells. Based on the time-resolved fluorescence assay, the lung cancer cell lines were resistant to NK-like activity of Vγ2Vδ2 T cells in a relatively short period of incubation.

Vγ2Vδ2 T cells-mediated NK-like cytotoxicity against lung cancer cells became apparent after 4 h of incubation at an E/T ratio of 80:1, based on luminescence-based assay. Further extension of the incubation increased the specific lysis rates even at an E/T ratio of 2.5:1. These results demonstrate that Vγ2Vδ2 T cells can kill lung cancer cells in an NK-like manner, whereas a higher E/T ratio and a longer incubation time are required for the manifestation of the Vγ2Vδ2 TCR-independent, NK-like cellular cytotoxicity, compared to those for conventional human NK cells against K562 cells.

It was previously demonstrated that commercially available N-BPs such as PAM and ZOL could sensitize not only monocytes and dendritic cells, but also tumor cells (52, 57). In this assay system, N-BP-sensitized tumor cells were killed by Vγ2Vδ2 T cells in a TCR-dependent manner (56). We then compared PTA and ZOL in the sensitization of lung cancer cells, PC-9, PC-6, H1975, and H520, for Vγ2Vδ2 T cells. In the 40-min assay, the concentrations required for the half-maximal specific lysis rates were 10–30 nM for PTA in all the lung cancer cell lines. By contrast, 100–300 μM of ZOL was required for the same level of cellular cytotoxicity, with the difference between PTA and ZOL being ~10,000-fold. Further extension of incubation time to 4 or 16 h also resulted in essentially the same difference between the two compounds.

It is worthy of note that 100–300 μM of ZOL is required for the sensitization of lung cancer cells for Vγ2Vδ2 T cells, which is much higher than the plasma concentration (1–2 μM) after infusion of 4 mg of ZOL (54). This finding confirms that ZOL can be used for the expansion of Vγ2Vδ2 T cells, because antigen-presenting cells like monocytes and dendritic cells can take up ZOL efficiently through fluid-phase endocytosis (49, 53). It is, however, unlikely that ZOL can sensitize lung cancer cells for Vγ2Vδ2 T cells, since the plasma ZOL concentration (1–2 μM) is not enough to fully inhibit FDPS in lung cancer cells.

By contrast, PTA readily permeates tumor cell membranes, where esterases hydrolyze the prodrug to yield an active TA that can efficiently inhibit FDPS (36). It is thus prerequisite to develop N-BP prodrugs for successful Vγ2Vδ2 T cell-based immunotherapy for lung cancer. Although pivaloyloxymethyl group-protected prodrugs of N-BPs exhibit a high level of activity for sensitizing Vγ2Vδ2 T cells, they are generally too hydrophobic and suitable drug delivery system has to be developed in the future.
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Though a healthy immune system is capable of recognizing and eliminating emergent cancerous cells, an established tumor is adept at escaping immune surveillance. Altered and tumor-specific expression of immunosuppressive cell surface carbohydrates, also termed the “tumor glycocode,” is a prominent mechanism by which tumors can escape anti-tumor immunity. Given their persistent and homogeneous expression, tumor-associated glycans are promising targets to be exploited as biomarkers and therapeutic targets. However, the exploitation of these glycans has been a challenge due to their low immunogenicity, immunosuppressive properties, and the inefficient presentation of glycolipids in a conventional major histocompatibility complex (MHC)-restricted manner. Despite this, a subset of T-cells expressing the gamma and delta chains of the T-cell receptor (γδ T cells) exist with a capacity for MHC-unrestricted antigen recognition and potent inherent anti-tumor properties. In this review, we discuss the role of tumor-associated glycans in anti-tumor immunity, with an emphasis on the potential of γδ T cells to target the tumor glycocode. Understanding the many facets of this interaction holds the potential to unlock new ways to use both tumor-associated glycans and γδ T cells in novel therapeutic interventions.
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INTRODUCTION

The cornerstone of a healthy immune system is the ability to distinguish “self” from “nonself,” to mount a response to “nonself” while minimizing the reactivity to “self” (1). A tumor originates from cells that remain mostly “self.” Thus, identifying meaningful differences between pathological and healthy cells has been difficult in the dynamic tumor microenvironment (TME). Nonetheless, the erratic pattern of gene expression, altered metabolism, deregulated signaling pathways, and often high mutational burden results in the presentation of neoantigens on the surface of tumor cells. These novel antigens can be recognized by both the innate and adaptive arms of the immune system, although this response can be counteracted by the TME via immunoediting, immunoevasion, and immunosuppression. For example, tumors can exploit inhibitory receptors on T-cells by inducing an unresponsive or exhausted state (2).

Research in the area of novel immunotherapies has been focused on deploying, re-educating or enhancing immune defenses to overcome the suppressive, detrimental TME. The past decade has witnessed a revolution in the application of immunotherapy for the treatment of cancer, resulting in the approval of immune checkpoint blockade (ICB). ICB uses monoclonal antibodies (mAbs) directed against the inhibitory receptors (IRs) present on the surface of T cells, or the natural ligands of IRs, often expressed by cancer cells. The blockade of IR-ligand interactions reduces the inhibitory regulation of T cells. ICB against cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) and programmed death 1 (PD-1) or the PD-1 ligand (PD-L1) have produced survival benefits for an ever-expanding list of malignancies (3). However, only a limited subset of patients benefit from ICB, and there are, at times, toxic side effects due to inflammation and autoimmunity (4). Thus, there is a need to understand the mechanisms used by cancer cells to suppress and shape immune responses and to involve novel immune cell subsets in the design of anti-tumor targeted therapies. Here, we discuss the role of glycans in the context of immunity.

The changes in gene expression that accompany malignant transformation have a significant impact on the glycome, glycoproteome and glycolipidome—the glycocode of cancer cells—leading to the overexpression and de novo expression of novel glycan epitopes (5). These have been studied extensively in the context of promoting tumor cell-intrinsic aspects of proliferation, signaling and metastasis. Relatively recently, the glycocode of tumor cells has been implicated in suppressing anti-tumor immunity, emerging as a novel immune checkpoint, and, thus, a target for immunotherapy. While now recognized as an axis of immune modulation with druggable and therapeutic potential (6), its potential has remained underdeveloped clinically. Moreover, the subset of immune cells that attack carbohydrate targets remains poorly understood. In this review, we discuss the way in which γδ T cells have the potential to become effectors against carbohydrate moieties on cancer cells.



GLYCOSYLATION IN THE TUMOR-IMMUNE CELL INTERPLAY

All cells are covered with a dense coat of glycans, chains of carbohydrates that are covalently attached to proteins or lipids (7). Glycan diversity is immense, stemming from the numerous monosaccharide building blocks that can be assembled into linear or branched chains of various lengths by multiple types of chemical bonds, and diversified further by coupling to proteins, nucleic acids or lipids (8). This diversity creates a unique glycan “landscape” of expression for each cell and constitutes a major aspect of the molecular interface between cells and their environment. Glycans are also important for the transport of nascent proteins to the surface of cells as well as, in a larger context, the maintenance of tissue structure and extracellular matrix organization, cell membrane integrity, cell-cell adhesion, and cellular signaling. To immune cells, surface glycans serve as an identifying feature of a cell, a calling card of sorts (9, 10).

Aberrant glycosylation is a hallmark feature of cancer cells (11–13). Key among the distinguishing features of a tumor's “glycan topography” is the anomalous expression of sialic acid–carrying glycans (sialoglycans) (14). Sialic acids are a family of negatively charged, nine-carbon sugar molecules linked to mucins, extracellular matrix, cell surface glycoproteins (N- and O-linked oligosaccharide chains), or glycolipids by α-2,3; α-2,6 and α-2,8 linkages (15).

Tumor cells are covered with a dense layer of sialoglycans, some of which are uniquely associated with malignancy (16). This coating protects tumor cells from being recognized and eradicated by the immune system, as it can both mask their “non-self” immunogenicity and interfere with immune cell function (17, 18). For instance, elevated sialylation of cancer cells disrupts the interaction of the NK-activating receptor natural killer group 2D (NKG2D) with ligands on the tumor cells, reducing NK-activating signals derived from tumor cells (19). This strategy by tumor cells is reminiscent of sialic acid coatings used by parasites and other pathogens to evade immunity (20). Despite these examples linking protein sialylation to pathology, we note that this post-translational modification is not always deleterious. Sialylation of some proteins is associated with neuroprotective signals (15).


The Sialic Acid-Siglec Axis of Tumor Immunomodulation

As “self-associated molecular patterns” (SAMPs), sialic acids are recognized by sialic acid-binding Ig-type lectins (Siglecs). Twenty years of study document the importance of sialic acids in discriminating “self” and “non-self,” showing the existence of natural antibodies to a variety of sialidase-treated immune cells in human serum [reviewed in (21)]. In humans, the Siglec family comprises 14 members. These are subdivided into the conserved Siglecs:−1 (Sialoadhesin/CD169),−2 (CD22),−4 (Myelin-associated glycoprotein/MAG),−15, and the CD33-related Siglecs−3,−5 to−11,−14 and−16 (22). The Siglecs are composed of modular immunoglobulin-like (Ig-like) domains, usually with the V-like domain at the N-terminus mediating binding to sialic acids. This domain shows a high degree of sequence similarity to other Ig-like domains in the receptor family with the exception of the C-2 set Ig domains near the plasma membrane. The cytoplasmic domains have immunoreceptor tyrosine-based inhibition motifs (ITIMs) that bind to the protein tyrosine phosphatases src homology region 2 domain-containing phosphatases 1 and 2 (SHP-1 and SHP-2). SHP-1 has a clear negative signaling role, while SHP-2 has been shown to play both positive and negative roles in immune cells.

Functionally, Siglec binding to sialic acid facilitates tolerance to cell membrane antigens expressed by the same cell. In B cells, for example, Siglec-sialic acid binding suppresses B cell activation and stimulates B cell apoptosis (23–25). While a key physiological mechanism to prevent autoimmunity, inhibitory Siglec-sialic acid interaction illustrates how an immunological fail-safe can be hijacked by tumors to escape host immunity. The engagement of Siglec-7 and Siglec-9 on NK cells by tumor-associated sialic acids inhibits NK cell activation (26–28). Conversely, the loss of Siglec-7 expression on an NK cell line promotes sustained cytotoxic activity against leukemia cells in vitro (29). Furthermore, the binding of the cancer-associated sialylated glycoform of MUC1 to Siglec-9 on macrophages resulted in their differentiation to immunosuppressive so-called M2 macrophages with upregulated PD-L1 expression (30). Tumor-associated macrophages were also shown to express Siglec-15, and the interaction between Siglec-15 on M2 macrophages and tumor-associated sialyl-Tn (sTn) antigen elevated macrophage-produced TGF-β, a known pleiotropic mediator of pro-tumor responses (31). Recently, tumor-expressed CD24 (a highly sialylated glycoprotein) was shown to hinder the ability of tumor-associated macrophages to phagocytize tumors via binding to Siglec-10 (32). The expression of multiple members of the Siglec family was shown on myeloid-derived suppressor cells (MDSCs) of glioma patients, although the functional consequences of this expression on this already immune suppressive cell type are unclear (33).

The innate and adaptive arms of the immune system can influence each other, thus the effects of sialoglycan-Siglec interactions may indirectly affect the activation status and function of the cells of adaptive immunity. For example, the interaction between sialylated antigens and Siglec-E (murine ortholog of human Siglec-9) on dendritic cells can influence the T cell population, favoring differentiation of antigen-specific regulatory T cells and reducing the numbers of effector T cells (34). Although the expression of Siglecs on normal T cells is low, these can become elevated in tumor-infiltrating lymphocytes (TILs), resulting in suppressed anti-tumor T cell function (35, 36). In melanoma, Haas et al. identified Siglec-9 expression on tumor-infiltrating, but not peripheral, CD8+ cells (36). By disrupting the sialoglycan-Siglec pathway between tumor cells and T cells, Stanczak et al. demonstrated a delay of tumor growth and an increased infiltration of CD8+ T cells in a mouse model of colorectal cancer (35).

Given the role of tumor sialylation in the establishment of an immunosuppressive TME, both sides of the sialoglycan-Siglec axis have been targeted therapeutically. To reduce the sensitivity of immune cells to tumor sialoglycans, Siglec function can be blocked with monoclonal antibodies (mAbs). MAbs have been tested pre-clinically against Siglec-7 (26), Siglec-9 (35), and Siglec-15 (37). A challenge of this approach is to confine the response to the tumor setting, as deregulated immune activation might have detrimental consequences outside of TME. The expression of Siglec-9, for example, is restricted to TILs, thus its systemic inhibition by a mAb is unlikely to impact peripheral cytotoxic CD8+ T cell function. However, Siglec-9 is also abundantly expressed by neutrophils and a blocking antibody could result in their uncontrolled and potentially damaging activation. An alternative direction is to target the causative agents of immunosuppression, namely sialoglycans on the tumor cells, rather than on receptors of immune cells. Stalling de novo sialic acid synthesis, via the use of glycomimetic sialic acid analogs that cannot be attached to the glycan chain, has been shown to reduce the density of sialoglycans on the tumor surface and delay of tumor growth and metastasis (38, 39).

Finally, the sialoglycan coverage on tumor cells might be “shaved” using sialidases, sialic acid trimming enzymes. In the 1960s and 1970s, it was found that injecting a tumor-bearing animal with growth-arrested tumor digests treated with sialidases—a very early form of cancer vaccination—impeded the growth of the pre-existing tumor in mouse (40) and dog (17) cancer models (41). Despite promising results in early trials on advanced patients using sialidase-treated cancer cells to boost the immune response, this form of immunotherapy did not become a standard of care (42, 43). In recent years, in an approach the authors termed precision glycocalyx editing, a pre-clinical study coupled a recombinant sialidase to a therapeutic mAb against the human epidermal growth factor receptor 2 (HER2) (44). The antibody directed the effects of the sialidase to the HER2-expressing tumor cells, simultaneously reducing Siglec-mediated NK cell suppression and exposing the tumor cells to NK cell-mediated antibody-dependent cytotoxicity.




GANGLIOSIDES AS PART OF THE TUMOR “GLYCOCODE”

Among the key sialic acid-containing glycocompounds found on the surface of tumors are the gangliosides—a family of glycosphingolipids with one or several sialic acid molecules attached to the extracellular carbohydrate chain. Though named after the cell type from which they were first isolated— “Ganglienzellen,” neurons—gangliosides are ubiquitously expressed on the membranes of all eukaryotic cells, typically clustering in cholesterol-rich lipid microdomains or rafts (45). Indeed, evidence suggests that gangliosides co-localize with signaling molecules and adhesion molecules in glyco-signaling domains on the cell surface (46).

It is the unique glycan tree-structure that defines each different ganglioside. In ganglioside nomenclature, the prefix G stands for “ganglio” while the letters M (mono-), D (di-), T (tri-) and Q (quad-) denote the number of sialic acid molecules. Further classification is made on the basis of thin layer chromatography migration and is represented by Arabic numerals and lower case letters reflecting the order of migration of each corresponding type (47). GM1 is expressed on most eukaryotic cells and has a prominent role in the activation of intracellular signals in neuronal and lymphoid cells. In particular, GM1 represents the major ganglioside component of the brain (48), with several key neuronal functions becoming compromised as a consequence of decreasing GM1 levels during, for example, aging (49, 50). In contrast, GD2 and GD3 are almost exclusively expressed in tumor cells (51). As such, GD2 and GD3, are examples of a subset of gangliosides referred to as tumor marker gangliosides (TMGs), a family comprising about 20 different gangliosides present preferentially or almost exclusively and at high density on the cell surface of certain cancers (Table 1).


Table 1. Tumor marker ganglioside targets.
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Ganglioside biosynthesis begins in the endoplasmic reticulum, with the synthesis of the ceramide precursor, common to all glycosphingolipids, and continues in the Golgi apparatus where the ceramide is converted to glucosylceramide. Sugar residues—galactose, glucose and sialic acids—are added, one by one, catalyzed by specific glycosyltransferases. Some gangliosides can also result from the removal of a sugar or sugar branch by glycosidases. As several enzymes or pathways can generate a ganglioside, their biosynthesis is hard to target. Nonetheless, this strategy has been explored in pre-clinical studies. The inhibition of glucosylceramide synthase, the enzyme which catalyzes the first step in glycosphingolipid synthesis, by N-butyldeoxynojirimycin (NB-DNJ) has been shown to temporarily delay tumor onset in a mouse melanoma model (110). However, prolonged treatment with NB-DNJ is toxic, and in the absence of the inhibitor, ganglioside levels rapidly recovered. Targeting GD3 synthase, the enzyme responsible for the biosynthesis of GD2 and GD3, reduced tumor stem cell functionality, abrogated in vivo tumor formation (111), and interfered with the epithelial-to-mesenchymal transition and metastasis in murine models (112).

Upon export to the plasma membrane, the sphingolipid (ceramide) part of the molecule—two lipid tails consisting of the long-chain amino alcohol sphingosine coupled to a fatty acid—anchors the ganglioside to the cell surface, while the glycan moiety is exposed to the external environment. Apart from the plasma membrane, their main cellular location, gangliosides are also detected in other cellular organelles, including the nuclear envelope (113) and mitochondria (114). Importantly, they can also be actively “shed” and taken up by other cells (115). The excretion of gangliosides from a cell into the extracellular environment is poorly studied, and may be the result of release in the form of exosomes, microparticles, or as micelles given the physical properties of the gangliosides (hydrophobic tail and hydrophilic head). Extracellular gangliosides improve tumorigenicity of poorly tumorigenic cells in mouse models (116) and have been implicated as a mechanism by which tumors suppress immune cell function (117, 118).


Biology and Function of Tumor Marker Gangliosides

As the term “tumor marker” suggests, TMG expression is tightly associated with malignant cells. Table 1 summarizes the cancer types with a high TMG prevalence across patients. However, in addition to their status as biomarkers of malignancy, GD2 and GD3 play active roles during cancer development, with proven links to tumor growth, metastasis, and immune evasion.

Because of their accumulation on the outer leaflet of the plasma membrane (with the sugars being extracellular), gangliosides participate in cellular communication. The carbohydrate “head” of gangliosides can interact with proteins, lipids, and glycans present in the extracellular matrix and on other cells. It can also interact laterally within the membrane to regulate lipid rafts or microdomain formation (119). As components of rafts, gangliosides affect signaling processes during cancer progression. For example, GD2 and GD3 promote ligand-independent activation of wild type receptor tyrosine kinases (RTKs), including EGF-R, TrkA, TrkB, PDGF-R, IGF1-R, MET, as well as cytoplasmic src-related kinases (e.g., Src, Lck) (98, 120, 121). The expression of GD2 and GD3 can therefore be viewed as pro-oncogenic and may be etiological in tumors where oncogenic mutations are not clearly identified.

The pro-tumor roles of tumor gangliosides have been implicated at all stages of tumor development. GD2 expression was linked to breast cancer stem cell phenotypes, while suppression of its biosynthesis in breast cancer cell lines decreased mammosphere formation and tumor initiation (111). In vitro experiments have connected ganglioside production to an increase in cancer cell migration and invasion (98). Conversely, a mAb against GD2 was shown to induce apoptosis in small cell lung cancer cells (83, 122) and an anti-GD3 antibody inhibited the growth of human melanoma cells in vitro (123). Cancer cells devoid of GM2 and GM3 synthases formed avascular tumors, suggesting the involvement of TMGs in angiogenesis during tumor growth (124). Additionally, the exogenous addition of GD3 to glioma cells stimulated VEGF production, suggesting a role for tumor-shed gangliosides in de novo blood vessel formation (125). In patient-derived melanoma cells, ganglioside expression is tightly linked to melanoma aggressiveness and patient survival, with patients expressing GD3 having the shortest survival (126).

Building on the discussion of glycan-containing sialic acids as a segment of the tumor glycocode used by the tumor to evade anti-tumor immunity, GD2 and GD3 can be regarded as immunosuppressive, even in cases where other immune escape proteins such as PD-1 or PD-L1 are absent. Indeed, the observations that TMGs can inhibit antibody production and lymphocyte proliferation were first made decades ago (127, 128). This is increasingly relevant in modern immunotherapy as it is possible that the high failure rate of conventional ICB therapy in melanoma (targeting PD-1 or PD-L1) is associated with high GD2/GD3 expression, a hypothesis that we are evaluating experimentally. As sialic acid-containing compounds, GD2 and GD3 can interact with Siglecs (129–131). Siglec-7, in particular, displays a strong affinity for the α2,8-linked disialic acids found on GD2 and GD3 (132). Additionally, TMGs influence the recruitment and function of immune cells in Siglec-independent ways. TMGs interfere with IL-2/IL-2R binding, key to T cell proliferation (133). They have also been shown to induce apoptosis in T cells (90) and dendritic cells (134), and impair antigen presentation in human monocytes (135). In a tumor model engineered to lack GM3, GM2, GM1, and GD1a, the observed impairment of tumor growth was attributed to a reduction, and decreased activity, of MDSCs (136). Intriguingly, the presence of MDSCs could be restored by exogenous supplementation of gangliosides which suggests a direct connection between tumor-produced gangliosides and the recruitment of immunosuppressive MDSCs to the TME.



TMGs as Therapeutic Targets

In 2009, GD2 was “ranked” by the NCI as 12th in priority of all clinical cancer antigens, with additional three gangliosides (GD3, fucosyl-GM1, and N-acetyl GM3) included in the list of 75 prioritized antigens (137). The high expression of GD2 and GD3 in cancer makes these promising targets for therapeutic intervention. Moreover, when GD2 or GD3 are present in a cancer, tumor cells express them stably and homogeneously, and tumor microheterogeneity with regards to TMG expression has not been reported. GD2 or GD3 persist throughout tumor progression, and expression does not appear to downregulate after chemotherapy, in at least the reported studies of neuroblastoma (138), osteosarcoma (139), and in the ex vivo examination of several cell lines (140).

The etiological role of GD2/GD3 in oncogenesis and immune suppression are additional features that would make these glycolipids ideal therapeutic targets for clinical translation. However, exploiting GD2 or GD3 has been challenging. Monoclonal antibodies against GD2 [Dinutuximab/Ch14.18 mAb (141–143) and 3F8 mAb (144)] and GD3 [BEC2 (145), R24 (146)] achieved partial success in cancer therapy as passive immunity (i.e., the administration of purified antibodies against a target). However, they cause serious adverse effects, such as high-grade visceral pain, that is not blocked by morphine (147). While Ch14.18 mAb, in combination with GM-CSF and IL-2, stimulates antibody-dependent cell-mediated cytotoxicity and improves overall survival in neuroblastoma (141), in clinical trials it had low efficacy or exhibited a low therapeutic index [reviewed in (148)]. More recently, engineered chimeric antigen receptors (CAR) expressing an anti-GD2 mAb sequence in T or NK cells, were used in combination with ICB inhibitors and cytokines (149), but the cells did not persist in circulation and the treatment showed no efficacy (150). The failure is not surprising given that the CAR was engineered from mAbs that also exhibit a low therapeutic index in passive immunity. In addition to the clinical CAR T cell studies performed in neuroblastoma and melanoma, pre-clinically, CAR anti-GD2 T cells have recently been tested against breast cancer (151) and diffuse midline glioma (152).

Historically, the development of anti-GD2 or anti-GD3 vaccines has been tried without success. Glycolipids are poorly immunogenic and are not thought to be processed by antigen presenting cells or presented by MHC antigens. While lipids can be recognized by specialized CD1 (MHC class I-like molecules)–restricted T cells, each ganglioside does not have a unique type of lipid. In fact, the lipid tails can be heterogeneous within a single ganglioside (ranging in carbon chain length, oxidation and saturation state). Hence, only subtle differences exist between normal GM1 and tumor GD2 and GD3 carbohydrate heads, and their lipid tails can be shared or can exhibit heterogeneity across all gangliosides whether they are normal or TMGs. Thus, when using whole TMGs as immunogens, there are concerns with regards to tolerance, cross-reactivity or transient and ineffective immune reactions.

Notwithstanding the aforementioned concerns, initial attempts at developing GD2/GD3 vaccines used native GD2 or GD3 glycolipids chemically conjugated to carriers (153, 154). These were somewhat immunogenic and induced humoral responses that delayed tumor growth in mice via a complement-dependent cytotoxicity (CDC) mechanism. However, anti-ganglioside antibody titers were not long-lasting even after multiple immunizations, and there was no correlation between humoral titer and tumor therapeutic efficacy (147).




THE POTENTIAL OF γδ T CELLS IN TARGETING THE “GLYCOCODE”

γδ T cells, expressing the gamma and delta chains of the T-cell receptor (TCR) coupled to the CD3 invariant signaling chains, are a subclass of T lymphocytes whose defining characteristic is their ability to display traits of both the innate and adaptive immune systems (155). They express a TCR whose engagement with its target mediates T cell activation. Human γδ T cell subsets—the subsets in other species will differ—are classified according to the Vδ chain in the TCR. Vδ(1-8) together with one of 6 different Vγ chains (2–5, 8, and 9) forms the mature TCR via V(D)J recombination. In this manner, they generate TCR diversity similarly to conventional αβ T cells.

On the other hand, the TCRs of the γδ type recognize qualitatively distinct antigens, with kinetics, antigen recognition mechanisms and tissue localization fundamentally distinct from αβ T cells. While some γδ T cells can found in circulation, with the Vγ9Vδ2 being the major subset corresponding to about 5% of total CD3+ cells in the periphery (156), the two other main γδ T cell subsets, Vδ1 and Vδ3, are predominantly tissue-resident. Like innate immune cells, γδ T cells recognize targets with broad patterns of pathogen-encoded or dysregulated-self signatures, as opposed to the specificity displayed by the αβ T cells.


Antigen Recognition by γδ T Cells

Unlike αβ T cells, γδ T cells do not rely on peptide presentation by the MHC complex of antigen-presenting cell to become activated. The precise mechanisms behind γδ T cell antigen recognition remains a field of intense research, complicated by the vast array of structurally diverse classes of self and non-self-ligands recognized by the γδ TCR (157). This includes soluble and membrane-bound proteins and peptides of a wide range of sizes, as well as non-protein targets such as phospholipids, non-peptidic antigens and carbohydrates.

Although often referred to as MHC-unrestricted, some of the most well-characterized targets of γδ-TCR include the non-classical class I MHC molecules. The MHC-I related molecules T10 and T22, found specifically in mice, were the first ligands whose binding to the γδ-TCR was confirmed biochemically (158, 159). Recognition of lipids presented by the CD1 family of MHC class I-like proteins was established a few years later (160–162) and is a key aspect of TME-related γδ T cell biology. Vδ1 and Vδ3 T cells can recognize the sphingolipid α-galactosylceramide (α-GalCer) presented by CD1d and, as a consequence, upregulate cytokine production characteristic of Th0 (i.e. IFNγ and IL-4), Th1 (i.e., IFNγ) and Th2 (i.e., IL-4) cells (163, 164). Recently, a third type of non-classical class I MHC molecule, the MHC-related protein 1 (MR1), was shown to be a target of γδ-TCR (165). This protein is involved in the presentation of microbial metabolites related to vitamin B2 biosynthesis and is known to stimulate a special subset of αβ T cells known as mucosal-associated invariant T cells (MAIT cells). Intriguingly, the resolved crystal structure of a γδTCR–MR1–antigen complex revealed a key difference to the previously proposed modes of TCR-ligand recognition. The γδ TCR was found to bind underneath the MR1 antigen-binding cleft, suggesting a new “antigen-agnostic” mode of TCR-target interaction, the biological implications of which are not yet understood.

In addition to targets presented as a part of non-classical MHC molecules, several types of non-peptidic antigens have been described to activate T cells with γδ TCRs. Tumor cell recognition, in particular, is enhanced by the ability of γδ T cells to recognize such antigens, which often are by-products of dysregulated tumor processes (and which do not bind MHC molecules). Phosphoantigens, or phosphorylated non-peptide antigens, are the classical example of this principle. The phosphoantigen isopentenyl pyrophosphate (IPP) accumulates in tumor cells due to the deregulated mevalonate pathway (166), and specifically and potently activates Vγ9Vδ2 T cells (167). Although phosphoantigens were originally thought to activate the γδ TCR directly, new evidence shows that this recognition requires the participation of Ig superfamily family members known as the butyrophilins. In addition to the previously implicated butyrophilin 3A1 (168–170), two recent studies identified butyrophilin 2A1 as key for the recognition of phosphoantigens by γδ T cells (171, 172). Rigau et al. propose a model in which the phosphoantigen production by a target cell modifies a complex composed of butyrophilin 3A1 and butyrophilin 2A1 causing it to co-bind and activate the Vγ9Vδ2 TCR.

In addition to TCR receptor-mediated activation, it should be emphasized that γδ T cells also express other activating receptors, such as the NK cell receptors (173, 174). Building on an early study showing susceptibility to carcinogenesis in the absence of γδ T cells (175), Strid et al. showed that activation of NKG2D receptor by ligand Rae-1 (known as MICA in humans) on tissue-resident Vγ5Vδ1 γδ T cells inhibits skin cancer in a mouse model (176). In addition to skin, the role of NKG2D for γδ T cell activation was further shown in peripheral Vγ9Vδ2 cells (177). In NK cells, the NKG2D receptor has previously been mentioned in this text as being disrupted by elevated levels of sialylation on tumor cells. Given its now known functional roles in γδ T cells, it is thus possible that the immunosuppressive effects of elevated cancer cell sialylation can extend to impaired γδ T cell function.



γδ T Cell Targeting of Carbohydrates in Tumor Gangliosides

The broad repertoire of targets recognizable by the γδ TCR as well as other receptors on the γδ T cells is suggestive of their potential use against specific carbohydrate targets on tumor cells, such as TMGs. However, this is an emergent field and concrete examples of such carbohydrate reactivity remain scarce.

The role of CD1d in γδ T cell activation provides an indirect example in which the spheres of γδ T cells and TMGs intersect. In one study, ovarian tumor-shed GD3 inhibited NKT-cell activation, with GD3 binding with high affinity to both human and murine CD1d. In vivo administration of GD3 suppressed α-GalCer-induced NKT cell activation in a dose-dependent manner, leading to the establishment of an immunosuppressive TME (94). While experimentally proven only in the context of NKT cells, it is possible that anti-GD3 blockade of the GD3-CD1d interaction would free up its recognition by, and subsequent activation of, γδ T cells, providing an additional therapeutic benefit. It should be noted that GD3-CD1d interaction can conversely have an immune activating effect. In melanoma, GD3 has been shown to activate NKT cells in a CD1d-dependent manner (178, 179).

Key to the potential of γδ T cells in targeting tumor-associated glycans is the fact that they do not require MHC presentation of antigens. This is relevant to tumor glycobiology because pure carbohydrates are typically not presented by MHC (180). While αβ T cells can recognize MHC-processed glycopeptides (peptides attached to a glycan), an early study determined the MHC-unrestricted carbohydrate specificity of γδ T cells (181). In addition, some MHC-restricted T-cell epitopes can be unaffected by glycosylation. An H-2Kb-restricted peptide retains an ability to be presented in its glycosylated form (hence, presentation is unaffected by peptide glycosylation) as the tethered carbohydrate fits in the central region of the TCR binding site. Hence, manipulation of γδ or αβ TCRs may yield previously unexploited strategies to target non-protein antigens in an MHC-unrestricted manner.

We recently reported the generation of synthetic GD2 and GD3 carbohydrate head-groups displayed on a multivalent polyamidoamine scaffold (PAMAM-GD2 and PAMAM-GD3). The PAMAM-GDs are lipid-free, water-soluble, inexpensive to produce, well-characterized chemically and structurally (including a crucial β-configuration at the first sugar), and identical to native carbohydrate head-groups on the surface of tumors (182, 183). These products (hereafter, called vaccines) are potent immunogens—when inoculated in mice, they stimulate B- and T cell immunity. The vaccines, as monotherapy, are therapeutic against four aggressive and metastatic syngeneic cancer models, significantly reducing primary tumors, metastatic burden, and importantly extending overall survival. Unexpectedly, this study revealed the expansion of γδ T cells mediated by a pure carbohydrate dendrimer. This occurs rapidly after vaccination in mice (independent of tumor presence) and in tumor-bearing mice (or upon tumor challenge) was followed by the expansion of the CD8+ T cells in vivo. Adoptive transfer of a relatively low number of the T cells isolated after vaccination is also therapeutic in tumor models (182).

The data support the notion that vaccination can expand and activate γδ T cells directly (and perhaps through APCs), which then bypass the immunosuppressive TME and become TILs (Figure 1). Expansion of γδ T cells is detected in tumor-bearing as well as in non-tumor-bearing mice. Hence while the vaccine may also block the immune-suppressive action of TMGs upon T cells this mechanism is unlikely to account for the initial expansion, but may be relevant to anti-tumor efficacy. The initial expansion of γδ T cells is followed by a second wave of expansion and recruitment of CD8+ effector TILs. The ability of γδ T cells to activate other T cell subsets has been shown previously (184, 185). It is possible that the second wave of CD8+ effector TILs recognize neoantigens presented, or shed, by injured or stressed tumor cells. We note that while in vivo T-cell memory generated by glycomimetic vaccines was not evaluated, the anti-TMG humoral immunity matures and class-switches from IgM to IgG, and is a surrogate marker of memory.
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FIGURE 1. TMG glycomimetic vaccine mechanisms of immune activation. After systemic delivery of the vaccine antigens, (1) there is a rapid expansion of γδ T cells. It is unknown whether γδ TCRs expand by binding directly to the vaccine glycomimetic product, or whether the antigen is presented by DCs. Expansion of γδ T cells is independent of whether mice bear tumors expressing TMGs, so while the vaccine may also block the immune-suppressive action of TMGs upon T cells this mechanism is unlikely to account for the initial expansion. (2) In mice bearing TMG-expressing tumors, vaccination affords a significant increase in γδ T cells TILs. (3) The effector activity generates secondary antigens or neoantigens. (4) Putative neoantigens (not yet identified) circulate and are presented to CD8+ αβ T cells which (5, 6) expand as a second wave mainly comprising CD8+ T cells that also become TILs. The generation of in vivo T-cell memory in glycomimetic vaccines was not evaluated. However, anti-TMG humoral immunity (evaluated as a surrogate marker) matures and class-switches from IgM to IgG.


The mechanism of action of the PAMAM-GD2 and GD3 vaccines and the role of γδ T cells in mediating immunity against TMGs is paradigm-shifting, because virtually all previous experimental and clinical data using vaccines directed against TMGs have focused on humoral immunity rather than on cellular immunity. Such bias was perhaps motivated by the early promising results of using anti-TMG mAbs as therapeutic agents.

The γδ T cells are susceptible to PD-1–mediated inhibition (186, 187), and the tumor models where the vaccines were evaluated express high levels of PD-L1. The high therapeutic efficacy suggests that the vaccines partially overcome the inhibitory effects of PD-L1 upon γδ T cells. Ongoing studies are evaluating whether combination therapy with ICB might augment the anti-cancer effects of vaccines.

Adoptive transfer of T cells isolated from vaccinated mice resulted in the appearance of γδ T cells as TILs, and in a high therapeutic index. However, the study did not evaluate the sequence of γδ TCRs that were expanded, and did not address whether the glycomimetic vaccine products bind directly to the γδ TCRs or are presented via CD1, for example. Moreover, the antigens and the mechanism causing a second wave of CD8+ T cell expansion, whether it is γδ T cell dependent, and whether it is relevant therapeutically, are key for the proper development of a future cancer vaccine. The TMG glycomimetic cancer vaccine is an exciting approach that requires further evaluation of immune-mechanisms and connections between TMG and γδ T cells. Also, it is noteworthy that the concept of harnessing γδ T cells and targeting sugars for cancer therapy has been under examination for non-cancer pathologies ranging from anti-viral, anti-bacteria, and anti-parasitic therapy (188–191) to autoimmune diseases (192).




THERAPEUTIC TARGETING OF γδ T CELLS

The scientific literature regarding the clinical efficacy of γδ T cell therapy is overall positive, supporting the further exploration of their use in a clinical setting (156, 193). Studies performed thus far included patients with hematological malignancies (follicular lymphoma, multiple myeloma and acute myeloid leukemia), and non-hematological tumors, such as renal cell, breast and prostate cancer (194). Vδ1+ cells have shown promising results pre-clinically (195), and the infiltration of these cells correlated with necrotizing tumors and patient survival in melanoma (196). However, the bulk of clinical studies have used Vγ9Vδ2 T-cells due to their relatively high availability in the peripheral blood and their potential to be cultured, expanded and activated ex vivo. To activate the Vγ9Vδ2 T-cells, the butyrophilin-mediated reactivity of the Vγ9Vδ2 TCR to phosphoantigens can be exploited, using chemical compounds to elevate or mimic the expression of phosphoantigens either on tumor cells or on antigen-presenting cells in the TME. Such compounds include aminobisphosphonates (for example pamidronate and zoledronate) or synthetic phosphoantigen analogs (197, 198). The approach offers a useful tool for expansion, but is not necessarily a useful therapeutic approach, because the expanded Vγ9Vδ2 T cells are nearly monoclonal and are not specific for a desired antigen. Indeed, the clinical response in the trials conducted thus far has been minimal [reviewed in (199) and (200)]. Therefore, these experiments are an interrogation of γδ T cell biology, with some examination of safety parameters. Furthermore, the clinical data strongly point to the need for a combinatorial approach with other immune-based therapies for maximum efficacy (193, 201). Even with these limitations, the early results reported are encouraging (193).


CAR γδT cell Therapy

T cells engineered to express chimeric antigen receptors (CARs) comprise a branch of immunotherapy that combines the antigen specificity of monoclonal antibodies with the signaling motifs of receptors to promote the proliferation of cytotoxic effector T cells. CAR therapy has been successfully applied in several types of hematologic malignancies (202–204), and while translation to solid tumors has been somewhat limited there is some success reported with CARs in breast cancer (151) and diffuse midline glioma (152).

It is possible that engineered CAR T cells, just as naturally occurring T cells, are restricted by the immunosuppressive TME. This could impair T cell recruitment, function, and survival. In this context, γδ CAR T cells are an intriguing alternative target. Transduction of γδ T cells with CARs might direct their cytotoxic activity specifically against a tumor antigen, while retaining their other advantageous features such as the ability to cross-present antigen to αβ T cells. Moreover, a key advantage of the non-MHC restricted nature of γδ T cells is that CAR γδ T-cell preparations can be generated and expanded from pooled healthy donors.

To maximize the efficacy of the CAR therapy, an ideal antigen for CAR generation would need to be tumor-specific, highly and stably expressed by all malignant cells, and etiological to tumor development. Highlighting the therapeutic potential of TMGs, one of the first studies to engineer γδ CAR T cells used the GD2-antigen (205). The authors reported that GD2-CARs of both Vδ1 and Vδ2 subsets were expanded in sufficient numbers for clinical studies. The expression of the GD2-CAR by γδ T cells enhanced their innate cytotoxicity by directing its effects against GD2-expressing tumor cells. Further amplifying the anti-tumor immune response, expanded CAR-transduced Vδ2 cells retained the ability to internalize and cross-present tumor antigens to αβ T lymphocytes.

γδ T cells were originally thought to lack memory, and this was a concern in the design of CAR γδ T cell therapies. A lack of memory potentially translates into short-lived anti-tumor responses, but this may be overcome by using the CAR γδ T cell therapy in multiple treatment cycles. Encouragingly, recent data from mouse and human studies suggest that γδ T cells indeed have characteristics reminiscent of memory αβ T lymphocytes, promoting antigen-specific adaptive immunity (206–209). For example, in mice infected with B. pertussis, lung resident memory γδ T cells were shown to expand upon secondary infection with increased production of the cytokine, IL-17 (207). In humans, Vδ1+ and Vδ2+ γδ T cells are evidenced to promote microbial-specific adaptive immunity (208, 209).




CONCLUDING REMARKS

The concept of the “glycocode” (6, 210) poses that protein glycosylation—with sialic acids appearing to be key—regulates biological events that are crucial to immunity and cancer progression, comparable to, but beyond, the PD-1–type of checkpoint inhibition. This concept extends to the glycosylation of membrane and matrix proteins, mucins, and gangliosides, where TMGs represent a glyco-immune-checkpoint. Vaccines, antibodies, small molecules, soluble glycoproteins, enzymatic cleavage of sialic acids, or soluble competitors targeting the glyco-immune-checkpoint would be a promising approach to therapy (211).

It will be important to consider γδ T cell biology in the context of strategies targeting the glycocode and sialic acid-containing protein and ganglioside targets. Table 2 shows a comparison of the features of different cancer immunotherapies, including many that have a γδ T cell mechanism of action. Table 2 lists our view of their relative advantages and disadvantages. We present an overview of their current stage of development, which we view as a benchmark of the time that each approach has been in development (factoring time and investment of resources) and the degree of expectation of success. However, based on history, most approaches are expected to perhaps find a narrow niche or indication where they may be of utility. Unfortunately, most will either fail clinically, or will face difficult regulatory hurdles, or become untenable in the marketplace.


Table 2. Immunotherapeutic approaches involving γδ T cells or γδ TCRs.

[image: Table 2]

Our work in developing glycomimetic vaccines surprisingly resulted in early activation of γδ T cells in vivo, and in high therapeutic efficacy in cancer. In addition to cancer, conceptually, this advance is applicable to therapies for other pathologies (e.g., antivirals) that could benefit from the activation of the innate and the adaptive immune systems by targeting sialic acids and other glycans.
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Number Percentage (%) Median  Range

Total 46 100
Gender

Male 33 72

Female 13 28

Age at diagnosis, years 92 0622
Age at transplant, years 109 1222
Disease

BCP-ALL 26 57

T-ALL 7 15

AL 11 24

MPAL ] 4

Phase of disease

CRi 13 28

CcR2 23 50

>CR2 8 18

Active disease 2 4

Genetic abnormalities

19:22) 2 4
Complex karyotype 2 4

FLT3-TD 2 4

Cytogenetic abnormalities 3 7

involving 11q23"

Previous HSCT 7 15

Conditioning regimen

TBl-based 37 80

Chemo-based 9 20

Cell dose infused

CD34+ x 10%kg 16.4 6.5-40.6
TCRap+ x 10%/kg 0.04 0.001-0.099
TCRys+ x 108/kg 77 08427
NK+ x 10%/kg 233  2.0-1416
CD20+ x 10%kg 003  0.001-0.18
Donor Characteristics

Age (years) 39 21-56
Type of donor

Mother 27 59

Father 18 39

Brother 1 2

Sex mismatch (F->M) 23 50

NK alloreactivity (KIR-KIR-L 19 4

model)

KIR genotype B/X 36 78

“1 case each of 1(6;11), 1(9;11) and (10;11).
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Features and mechanisms

HLA-independent
Can present antigens

Can expand endogenous cytotoxic cells
Polyclonal responses

Genetic engineering required

Target translates from animal models to humans.
Validated targets

Target has known etiology in cancer

Invariant expression of tumor target

Target expression may be quantified (personalized
medicine)

Adjuvant or multiple dosing required
Platform addressing multiple molecular targets
May be applied to multiple indications

Time to manufacture

Manufacturing costs

Lymphodepletion or chemotherapy or cytokine
treatment required

FDA regulatory hurdies
Examples of late preciinical or ciinical development

Ganglioside
Vaccines

Yes
Yes
Yes
Yes
No

Yes
Yes
Yes
Yes
Yes

No

Yes

Yes

Short
Lower/low
No

Lower
Academic
programs.

Cancer immunotherapy approaches

mAbs, CAR-T, TiLs, protein vaccines,
antigen-pulsed dendritic cells, neoantigens.

No

No/Poor

No/Poor

Yes in some, No in others
Yes in some, No in others

Often variable and model-or target-clependent
Yes in some, No in others

Yes in some, Noin others:

No

Yes in some, Noin others:

Yes

Yes in some, no in others
Mostly no

Long

High

Yes

Higher

Gritstone, Targovax, Gradalis, Agenus, Jounce,
BioNTech, Neon, Precision Biologics, Vaccibody, Juno,
Aurora, Triumvira, Adicet, Kite, etc

Therapeutic y3 T cells

Yes

Yes/No

Yes
No/unknown

Yes in some
No in others

In progress
YYes/unknown
Yes/unknown
Unknown

No/unknown

Unknown
No

No.

Long

High
Yes/unknown

Higher

GammaDeta, Incysus, Gadeta,
Lymphact, Immatics, etc

The relative advantages and disadvantages of each are listed. The experience is evolving rapidly, and this list is only presented as an example, not meant to be comprehensive.
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Part1(n=14)
Cycling power (watts) 170.71 % 4354
Heart rate (bpm) 1628+ 11.2
Systolic blood pressure (mmHg) ND
Diastolic blood pressure (mmHg) ND
Lactate (mM) 328 1.47
VO, (ml/kg/min) ND
VE (Umin) ND
RPE (6-20 Borg Scale) 145 £ 1601

Placebo

150 + 51.67
164.5 + 4.72
166.7 £+ 10.88

73+7.21

227 £0.63
33.14 £+ 10.96
64.72 £ 216
1383 £ 1.6

Part2 (n=6)

Bisoprolol

150 + 51.67

127.5 & 10.84*
141.33 £ 5.54*
7233 £ 5.79
267 £ 088
348 +987
7247 £ 212
15+ 1.67

Nadolol

150 + 51.67
1205 & 822
137.33 £ 8.52*
736+ 7.48
252 £0.73
36.156 £ 9.15
7127 £ 228
15.5 + 1.87*

Trial F (p-value)

ND
99.954 (o < 0.001)
63.801 o < 0.001)
0.114 (o = 0.893)

1,534 (o = 0.255)
0807 (p = 0.469)
3567 (0 = 0.064)
6.676 (p =0.011)

Measures of heart rate, oxygen uptake (VOg), and ventiation (VE) were averaged during the last Smin of exercise, while rating of perceived exertion (RPE), capillry blood lectate
concentration, and blood pressure were recorded immediately prior to exercise cessation. Data are mean = SD. D, not determined. Main effects of tral are reported for the Part 2

participants. Statistical differences from placebo are indicated by *p < 0.05.
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Baseline
LYMPHOCYTES
Part 1 ND
Part2  Placebo  1816.7 62508
Bisoprolol  1791.7 + 442.1
Nadolol 1675  448.1
Trial effect: F=0.16
p=0851
CD3+ T-CELLS
Part 1 ND
Part2  Placebo 18069 % 483.4
Bisoprolol  1313.1 + 444.9
Nadolol 12168 & 421.9
Trial effect: F=014
p=0872
CD4+ T-CELLS
Part1 ND
Part2  Placebo 82653715
Bisoprolol  832.8  874.2
Nadolol ~ 767.9 4 330.1
Trial effect: F=0.11
p =089
CD8+ T-CELLS
Part 1 ND
Part 2 Placebo 385.6 £ 178.7
Bisoprolol  385.7 % 1718
Nadolol ~ 359.2 % 1463
Trial effect: F=004
CD4-/CD8- T-CELLS
Part 1 ND
Part2  Placebo  91.3=47.2
Bisoprolol 905+ 52.9
Nadolol 874554
Trial effect: F=001
p=0989
Vyovs2 T-CELLS
Part 1 ND
Part2  Placebo 575+ 42
Bisoprolol 58 49.6
Nadolol ~ 52.340.4
Trial effect: F=0.03
p=097
CD3-CD56+
Part 1 ND
Part 2 Placebo 161 £ 66.6
Bisoprolol 162+ 53.6
Nadolol 1452 £ 514
Trial effect: F = 0003
p=0997

Pre-Ex Post-Ex

1617.9+245.4 31357 + 664.9"
1700 +327.1 8025 + 479.3"#~
2016.7 +:388.2 3183.3 + 677.3*
1808.3 & 327.8 2716.7 & 805.4*"
F=073 F=186
p =0.485 p=0213

1086.2 +224.2 17855 + 448.6"

1188.5:226.6 1789.5 & 356.8'~
1461 £361.2 1908.5 + 476.2""
133233262 1666  442.5°~
F=088 F=07
p=0426 p=0507
6469169  1026.1 325"
722£1885  980.7 + 2652
8803237  1001.4 %203~
8239247.4  1014.4 435954
F=062 F=001
p=0549 p=0987
33811177 5829 186"
36741486  588.2 + 186.4°*~
460.3+257.3  694.8 & 379.6*
40221634  500.8 £ 1639
0.387 F=1644
p=0683 p=0215
7744373 166.9 + 85.6"
958435 2051+ 1008
106.3+60.7  207.2 + 69.6""
101.8 4 44.1 145 £ 59.4*
F=006 F=271
p=0942 p=0083
428£329 1156 67.6
565+384 1456+ 805
703+ 61.3 147 £ 67.3"S
56.7 £332 79.4.£ 47
F=0.19 F=453
p=0829 p=002
18554 622 7463 % 244.9%
161.6+£64.9 6572 4312.1%
18344751 7326 +433.2°3
1303+ 497  343.7 £ 2529
F=0.16 F=94
p=0855 p <0001

1h-Post

1641.7 £ 365.5
1810 3863
1760 + 451.9
1790 £ 449.2

F=003
p=0971

1199 4 263.3"
18223 274.3"
1849.8 + 412.8"
18559 & 411.2*

F=002
p=0976

7602 +2225
847.7 £240.7
8509 + 285.6
8417 £817.7
F=001
p=0987

3588+ 129
373.7 £ 1656
405.7 + 2283
410.4 £ 181.6
F=003
p=0974

762 +36.6
95.6 +36.7
885+ 41.7
97.8 £53.8
F=0.08
p=0920

37.9+26.1
449+24.2
479434
533322
F=0.07
p=0935

121+443
942£245
94.1£282
74.7 £19.8"
F=002
p=0982

Time effect F (p-value)

F = 8037 (<0.001)
F=16.71(<0.001)
F = 1899 (<0.001)
F = 9.7 (<0.001)

F = 89,62 (<0.001)

F = 11.86(<0.001)

F = 13.18 (<0.001)
F = 6.23(0.001)

F = 25.94(<0.001)
F = 5.48(0.002)
F=8.17(0.082)
F =56.17 (0.003)

F =36.8 (<0.001)
F=11.42(<0.001)
21.19 (<0.001)
F=8720(0.017)

26.95 (<0.001)

= 21,85 (<0.001)

F =21.93(<0.001)
F = 4.42/(0.008)

F = 3132 (<0.001)

F = 22.36(<0.001)

F = 20,37 (<0.001)
F = 1.58 (0.206)

F=71.41 (<0.001)
F = 17.28(<0.001)
F = 2201 (<0.001)
=13.24(0.09)

Main effects

Time Trial Interaction

F=4395
p <0.001

F=045
p=0643

F=076
p=0602

F=2884
p <0.001

F=021
p=0816

F=121
p=0316

F=118
p <0.001

F=004
p=0959

F=102
p=0424

F=231.64
p <0.001

F=4333
p <0.001

F=017
p=0845

F=243
p=0038

F=8633
p <0.001

F=043
p=0.857

F=899
p=0002

F=387.66 F=221
p <0001 p=0.141

F=241
p=0040

Baseline blood samples were collected from the part 2 participants prior to drug/placebo administration then again 3 h later immediately prior to exercise onset (Pre-Ex). For the part 2
participants, main effects of time, trial, and time x trial interaction effects are shown with the planned contrasts for time and trial. Data are mean + SD. ND, not determined. Differences
from baseline, Pre-Ex, and 1 h post are indicated by *, #, ~, respectively (p < 0.05). Differences from the nadolol trial are indicated by $(p < 0.05).





OPS/images/fimmu-11-564499/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-03082/fimmu-10-03082-g004.gif





OPS/images/fimmu-11-564499/fimmu-11-564499-g001.gif
Mechanism of Action of anti-TMG Vaccine

™G g 2
Glycomimetic Afferent / A
S
nd —_—
- : =%
4
;
e (* <ve [
effector activity generates. O u Tumor-derived
b 5 i

2o

‘ ®
g = e%e

AT g o ot vt
% ey e






OPS/images/fimmu-10-03082/fimmu-10-03082-g005.gif
MicA/mics

uLep s

wsp2/s/s

Pyye—






OPS/images/fimmu-11-564499/fimmu-11-564499-t001.jpg
Malignancy GD2 GD3 Fucosyl-GM1 GM2 GMm3 PolySia (52)  Sialyl Lewis X

Neuroblastoma (653-55) (55) (56) (67, 58) (59) (60, 61)
Melanoma (55) (65,62) ©3) (©4) (65)

Glioma (66) (67-69) 62,70) (71-73) (74)

Non-small cell lung cancer (NSCLC) @5) (76) (77,78) (79, 80) ©1,82)
Small cell lung cancer (SCLC) ©3) ©3) (75,83, 84) ©3)

Breast carcinoma (85) 85-87) ©5) ©5) ©8) ©1,82)
Renal cell cancer ©9) (©0) ©1) (2)
Ovarian cancer (©3) (©4) ©3) (©3) (95)

Soft tissue sarcomas (96) (96)

Osteosarcoma ©7) (©8,99)

Ewing’s sarcoma (100, 101) ©9) (102)

Desmoplastic Round Cell (103) ©9)

Rhabdomyosarc. (©9) ©9)

Retinoblastoma (104) (105)

Wilms tumor ©1, 106) (107)

Medullary thyroid cancer (108)

Prostate Cancer (109)

Gastric cancer (109) (109) ®1)
Endometrial (109) (62, 109)

Pancreatic (109) (109) @)
Colon Cancer (109) 1,82)
Esophageal @)
Head and neck 1,82)

Select cancers where there is evidence for TMG expression in >50% of all patients in the indicated malignancy. This teble is shown to exempliy the prevalence of TMGs. The cells
with o entry reflect <50% prevalence, or that we omitted literature that we deem unrelizble for this review because very few biopsies were phenotyped. The list ranges from ~95%
(Neuroblastoma), to ~80% (Melanoma), to ~50% (Head and Neck) of patients. When expressed in a patient the TMGs are present homogeneously in tumor nodiles and cells. Gold
color denotes literature from many laboratories, or evidence confirmed by the authors of this review.
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Article title

A candidate gene for familial Mediterranean
fever

Sarcoidosis is associated with a truncating
splice site mutation in BTNL2

Skintl, the prototype of a newly identified
immunoglobulin superfamily gene cluster,
positively selects epidermal yb T cells

A genome-wide association study identifies
two new susceptibilty loci for lung
adenocarcinoma in the Japanese population
The B7-CD28 superfamiy

The intracellular B30.2 domain of butyrophilin
3A1 binds phosphoantigens to mediate
activation of human VyOVs2T Cells
Coinhibitory pathways in the B7-CD28
ligand-receptor famiy

Role of human-milk lactadherin in protection
against symptomatic rotavirus infection

Key implication of CD277/butyrophilin-3
(BTNBA) in cellular stress sensing by a major
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member of the immunoglobuiin superfamily

Butyrophilin 3A1 binds phosphorylated
antigens and stimulates human y3 T cells

Myelin/oligodendrocyte glycoprotein is a
member of a subset of the immunoglobulin
superfamily encoded within the major
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Antibodies to neuron-specific antigens in
children with autism: possible cross-reaction
with encephalitogenic proteins from milk,
Chlamyaia pneumoniae and Streptococcus
group A

BTNL2, a butyrophilin-iike molecule that
functions to inhibit T-cell activation
Evolutionary study of multigenic families
mapping close to the human major
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NA, number of highly cited articles; NC, number of citations; IE. 2018 impact factor; Rank, rank by NC.
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Zoledronic Acid infusions > 2
Age at HSCT (< or > 10.9 years)
Disease (ALL vs. AML)

Hazard
ratio
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265

Lower

95% Cl

0.074

0.082
0.107
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Upper
95% CI

1.0356
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14.510

p-value

0.056

0.083
0.110
0.260
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n n (% of 9 cases

(% of 20 cases) with ys TIL)
Age at diagnosis—Median (range) 67.5 (48-91) 63.6 (50-91)
Histology

Invasive ductal carcinoma (IDC) 14 (70) 5(56)

Multfocal IDC 5(25) 3(33)

Apocrine carcinoma 16) 1(11)
IDC size (cm)—Median (range) 1.7 (0.6-5.5) 1.1 (0.6-5.5)

Not specified 7(35) 2(22)
< 7(35) 4(a4)
25 5(25) 2(22)
=5 1(6) 1(11)
Tumor grade
Not specified 16)
2/3 2(10) 1(11)
33 17 (85) 8(89)
Tumor stage
Not specified 2(10)
1 7(35) 4(a4)
2 7(35) 3(33)
3 2(10) 1(11)
4 2(10) 1(11)
Lymph node status
Postive 9(45) 3(33)
Negative 11(65) 6(67)

Deceased as of February 2020 4(20) 1(11)





