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Plasmacytoid DCs (pDCs) and γδT cells are both critical players in immunosurveillance against pathogens and cancer due to their ability to sense microbes and cell stress through recognition of pathogen-associated molecular patterns or altered metabolism [phosphoantigens (PAgs)]. Their unique features, high functional plasticity and ability to interact with many immune cell types allow them to bridge innate and adaptive immunity, initiating and orientating widely immune responses, hence contributing to protective and pathogenic immune responses. Yet, despite strategic and closed missions, potential interactions between pDCs and γδT cells are still unknown. Here we investigated whether there is interplay between pDCs and γδT cells and the underlying molecular mechanisms. Purified human pDCs and γδT cells were cocultured in presence of TLR-L, PAg, and zoledronate (Zol) to mimic both infectious and tumor settings. We demonstrated that TLR7/9L- or Zol-stimulated pDCs drive potent γδT-cell activation, Th1 cytokine secretion and cytotoxic activity. Conversely PAg-activated γδT cells trigger pDC phenotypic changes and functional activities. We provided evidence that pDCs and γδT cells cross-regulate each other through soluble factors and cell-cell contacts, especially type I/II IFNs and BTN3A. Such interplay could be modulated by blocking selective immune checkpoints. Our study highlighted crucial bidirectional interactions between these key potent immune players. The exploitation of pDC-γδT cells interplay represents a promising opportunity to design novel immunotherapeutic strategies and restore appropriate immune responses in cancers, infections and autoimmune diseases.
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INTRODUCTION

Plasmacytoid DCs (pDCs) and γδ T cells are both critical players in immunosurveillance against pathogens and cancer and orchestrate immune responses (1, 2). These potent sentinels sense microbes and cell stress through recognition of pathogen-associated molecular patterns (PAMPs) or altered metabolism in a complementary manner: pDCs can directly recognize pathogenic motifs through Toll-like receptors (TLR), while γδ T cells sense stress-induced antigens such as phosphoantigens (PAgs) on transformed or infected cells via their T-cell receptor (TCR). They exhibit a rapid response through, respectively, massive type I or type II IFN secretion and subsequently initiate immune responses. Their unique features, high functional plasticity and ability to interact with many other immune cell types allow them to bridge innate and adaptive immunity, triggering efficient immune responses against pathogens and cancer. pDCs and γδ T cells owe essential contribution to many types of protective immune responses but also in immunopathology (3, 4). Notably, pDCs (4, 5) and γδ T cells (6–9) have been both involved positively or negatively in cancer, infections and autoimmunity: they have been shown to display pro- and anti-tumor effects, to be potent effectors against pathogens (especially viruses and bacteria), and to undergo hyperactivation in autoimmune and chronic inflammatory diseases. Both pDCs and γδ T cells are exploited as vector or target for immunotherapy of cancers and infectious diseases (10, 11). Yet, despite strategic and closed missions, potential interactions between pDCs and γδ T cells are still unknown.

pDCs play a crucial role in the initiation and orientation of anti-viral and anti-tumor immune responses and are major players in the regulation of immunity (1, 4, 5, 12, 13). The expression of TLR7 and 9 confers on them the ability to recognize pathogenic motifs (single stranded RNA, unmethylated CpG-containing DNA). Upon activation, pDCs exhibit robust IFN-α production and promote innate and adaptive immune responses. The functional plasticity of pDCs as well as their ability to interact with different immune cells allows them to direct immunity toward multiple profiles (immunity or tolerance) according to the microenvironment (5). pDCs promote antiviral responses and have been implicated in the pathogenesis of autoimmune diseases (12). pDCs also elicit anti-tumor responses by their ability to induce antigen-specific adaptive responses (14, 15) or by exerting a direct cytotoxic activity toward the tumor cells via TRAIL (16, 17), but are found to be subverted in many cancers and to contribute to the establishment of an immunosuppressive tumor microenvironment (18, 19).

γδ T cells are unconventional T cells playing a major role in immune responses against various microbes (parasites, bacteria, viruses), stressed cells and tumor cells (3, 8, 20). γδ T cells are crucial effectors in immunosurveillance of tumor (10, 21) and infections (2, 3, 8) due to their prompt activation, their capacity to recognize tumor- and stress-associated ligands neglected by conventional αβT cells in an MHC-unrestricted manner, their potential to kill transformed and infected cells through secretion of cytotoxic pro-apoptotic protease granzymes and pore-forming molecules perforin, and their ability to secrete immunostimulatory cytokines in particular IFNγ and TNFα regulating and potentiating the effectiveness of other immune cells leading to coordinated immune responses (20). γδ T cells can be subdivided based on their δ TCR chain. Tissue-associated γδ T cells harbor mainly the Vδ1 TCR and recognize stress-related antigens, whereas the majority of circulating γδ T cells bears the Vδ2 TCR. γδ T cells bearing the TCR Vγ9Vδ2 recognize unprocessed non-peptide molecules, PAg, derived from the isoprenoid/mevalonate or non-mevalonate pathways such as (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) produced by many pathogens, and isopentenyl pyrophosphate (IPP), which accumulate intracellularly during dysregulated metabolism in many tumors. Cells treated with aminobiphosphonates (ABP) such as Zol are potent activators of Vγ9Vδ2 T cells due to the accumulation of IPP upon inhibition of the IPP metabolizing farnesyl diphosphate synthase (FPPS). The activation of Vγ9Vδ2 T cells by PAg requires the contact with cells expressing CD277/butyrophilin-3 A1 (BTN3A1) molecule. Two major hypotheses explain PAg-mediated activation of Vγ9Vδ2 T cells (22). The “allosteric model,” which is supported by recent literature, suggests that PAg-binding to the intracellular domain of BTN3A1 provokes conformational changes in its extracellular domain, allowing the binding of BTN3A1 to Vγ9Vδ2 TCR and subsequent activation (23–27). The “antigen-presenting model” proposes that upon export in the extracellular microenvironment, PAg presented by BTN3A1 form BTN3A1-PAg complexes that directly bind the Vγ9Vδ2 TCR (28). Beside sensing the dysregulation of intracellular PAg levels, γδ T cells also recognize induced self-ligands such as stress-inducible MICA/MICB molecules, upregulated at the surface of stressed or tumor cells (29) through NKG2D (30). γδ T cells hence display a broad reactivity against tumors and pathogens by sensing microbial infections and metabolic changes found in transformed, infected, or drug-treated cells.

Cross-talks between DCs and γδ T cells are still not fully characterized. Bidirectional interactions between monocyte-derived DCs (moDCs) and γδ T cells have been described but with contradictory results (31). It has been shown that Zol-treated moDCs triggered the expansion of γδ T cells with effector and costimulatory activities (32). Besides, moDCs pre-incubated with different ABP were able to stimulate the proliferation, activation, and secretion of IFNγ by γδ T cells (33) but with no impact on their cytotoxic activity (34, 35). Conversely, Vγ9Vδ2 T cell lines stimulated with HMB-PP strongly promote moDC maturation and IL12 secretion (33, 36). One study highlighted that TLR-L stimulated moDCs or pDCs trigger IFNγ secretion by Vγ9Vδ2 T cell subset (37), that in turn promote DC polarization into IL12p70-producing cells, and another one highlighted that polyI:C-stimulated CD11c+ DCs activate γδT cells via type I interferons (38), underlying the potential cross-talk between γδ T cells and PAMP-activated DCs. Most studies relied on the use of ex-vivo generated moDCs, and almost no data are available for pDCs.

pDCs and γδ T cells represent critical players in immunology to tumors and pathogens due to their unique properties and functional plasticity. Yet, interactions between these potent players have never been deeply studied. A better understanding of the interactions between pDCs and γδ T cells could allow their exploitation for immunotherapy. Here we investigated whether there is interplay between pDCs and γδ T cells, the nature of the response induced on pDCs or γδ T cells by the other partner, and the underlying molecular mechanisms. Co-culture of purified human pDCs and γδ T cells were performed in presence of TLR-L, PAg, and Zol (that will induce PAg accumulation) to mimic both tumor and infectious settings. Our study highlights crucial bidirectional pDC-γδ T cell interplay. Such understanding may help harnessing and synergize the power of pDCs and γδ T cells to fight against cancer and infections. These findings will pave the way to manipulate these potent and promising cell partners to design novel immunotherapeutic strategies.



MATERIALS AND METHODS


Healthy Donor (HD)' Samples

Blood samples were obtained from 286 healthy volunteers. PBMCs were purified by Ficoll-Hypaque density-gradient centrifugation (Eurobio) and stored frozen in liquid nitrogen until use. All procedures were approved by the Ethics committee of the French Blood Agency's Institutional Review Board and declared under the reference #DC-2008-787. All participants gave written informed consent in accordance with the Declaration of Helsinki.



Purification of pDCs and γδ T Cells

pDCs and γδ T cells were purified using, respectively, EasySep Human pDC enrichment kit and EasySep Human γδ T-cell enrichment kit (StemCell) according to manufacturer' instructions. The purity obtained was routinely above 90.5% for pDCs and 95% for γδ T cells.



Tumor Cell Lines

Human melanoma lines COLO829 and A375 were purchased from ATCC (LGC-Standards). Cultures were performed in RPMI1640-Glutamax (Invitrogen) supplemented with 1% non- essential amino-acids, 1 mM sodium pyruvate (Sigma), 100 μg/ml gentamycin and 10% fetal calf serum (FCS) (Invitrogen).



pDCs- γδ T Cells Coculture Experiments

Purified pDCs and γδ T cells were resuspended at 2 × 106/ml in complete RPMI 1640 10% FCS and cocultured in a 1:1 ratio 20 h at 37°C, 5% CO2 (1 × 106/ml final for each cell subset). Cocultures were performed as indicated in absence or presence of TLR7L (CL097, 1 μg/mL), TLR9L (CpGA, 1.5 μM) (Invivogen) and/or zoledronate (38.1 μM) (Novartis) to activate pDCs, IPP (80 μM) or HMB-PP (200 nM) (Sigma) together with IL2 (0.1 UI/ml) (Peprotech) and/or zoledronate (38.1 μM) to activate γδ T cells. Controls with only one partner (pDCs or γδ T cells alone) were performed in the same conditions. In some experiments, pDCs and γδ T cells were physically separated in different chambers by performing cocultures in the HTS Transwell-96 plates displaying a 0.4 μm polycarbonate membrane (Corning). To assess the impact of pDCs on γδ T cells, pDCs together with the activators were put in the upper compartment and γδ T cells in the lower chamber. To analyze the effect of γδ T cells on pDCs, γδ T cells together with the activators were put in the upper compartment and pDCs in the lower chamber. In some experiments, pDCs or γδ T cells were first pre-incubated 20 min with the following blocking antibodies [functional grade quality, no azide/low endotoxin (NA/LE)] alone or in different mixtures before adding the other cell partner: anti-IFNAR2 (pbl assay), -TNFR1, -GITR, -IFNGR1 (Thermofischer), -OX40L, -PD1, -TNFR2 (R&D Systems), -LAG3 (Adipogen), -ICOSL (Invitrogen), -TIM3, -NKG2D, -NKp30 (Biolegend) (all at 10 μg/mL), anti-41BB (antibodies online) (at 1 μg/mL), or mouse IgG and/or Goat IgG control isotypes (10–40 μg/mL depending on the corresponding amount of specific antibodies mixed together) (Thermofisher). When indicated, pDCs or γδ T cells were first pre-incubated 2 h with anti-BTN3A blocking antibody (clone 103.2, Creative Biolabs) at 10 μg/mL or mouse IgG control isotype (10 μg/mL).



pDC Restimulation

When assessing the impact of γδ T cells on pDCs, the ability of pDCs to respond to a subsequent TLRL stimulation was assessed following the first coculture. In this case, the γδ T cells-pDCs cocultures were harvested after 20 h, washed, counted and pDCs were resuspended at 1 × 106/ml and further cultured 24 h in absence or presence of TLR7L (CL097, 1 μg/mL) or TLR9L (CpGA, 1.5 μM) (Invivogen).



Phenotypic Analysis

The phenotype of pDCs and γδ T cells was assessed either in the basal state or upon the 20 h cocultures and after the subsequent restimulation for pDCs as indicated. Cell suspensions were labeled with anti-human antibodies and their isotype-matched controls in PBS 2% FCS. pDCs were defined as CD45+ HLA-DR+ BDCA4+. γδ T cells were identified as CD45+ CD3+ panTCRγδ+, and further divided into δ2+ and δ2- subsets. The activation status of the cells was determined using anti-CD40, -CD80 (Beckman), -CD86 (BD) Abs for pDCs, and anti-CD69 (BD), -CD25 (eBiosciences) antibodies for γδ T cells. The expression profile of immune checkpoints was analyzed using anti-OX40, -OX40L, -ICOS,−41BB,−41BBL, -PD1, -PDL1, -PDL2 (BD), -ICOSL, -TIM3, -CTLA4, -LAG3 (eBiosciences) Abs; activating and inhibitory NKR were depicted using NKG2D (BD), NKp30, NKp44 (Beckman) Abs. TRAIL expression was evaluated on pDCs using anti-TRAIL Abs (BD). The expression of BTN3A was assessed on pDCs and γδ T cells at the basal state and upon specific stimulation using anti-BTN3A Abs (clone BT3.1, Miltenyi Biotec). Anti-TNFαRI, -TNFαRII Abs (R&D Systems), and anti-IFNαRI, -IFNαRII Abs (Miltenyi Biotec) were used to assess the expression of the corresponding molecules on pDCs and γδ T cells at the basal state and upon specific stimulation. We analyzed either the percentage of positive cells or the mean fluorescence intensity (MFI) of the positive cells as indicated. Suspensions were analyzed by flow cytometry using a FACS CantoII and DIVA software (BD). To ensure quality control during the study, we performed a systematic standardization of the fluorescence intensities using cytometer setup and tracking beads (CST) (BD).



Cytotoxic Activity

γδ T cells cytotoxic activity was evaluated by a CD107 degranulation assay and perforin measurement upon coculture with target cells. Upon pDCs-γδ T cells 20 h cocultures, the cells were washed, γδ T cells were counted and further co-cultured with melanoma tumor cells (COLO829, A375) in a 20:1 ratio for 5 h. Anti-human CD107a/b Abs (BD) were added at the start of the coculture together with GolgiSTOP (BD) for the last 4 h. The cells were then labeled with CD45, CD3, panTCRγδ, TCRδ2 Abs (BD) before flow cytometry analysis. Perforin secretion was evaluated in the coculture supernatants using Human Perforin (PRF1) ELISA kit (AbCam).



Soluble Factors Dosage

Human soluble IL4, IL10, IL17-A, IFNγ, TNFα, IFNα, IP10, TGFβ, and granzyme B production were measured in the coculture supernatants by a Cytometric Bead Array assay (CBA, BD).



Statistical Analysis

The statistical analyses were performed by Graph Pad Prism software using the Wilcoxon matched t-test combined with Bonferroni correction or Mann-Whitney unpaired t-test.




RESULTS


TLR-L or Zol-Activated pDCs Trigger Activation and Functionality of γδ T Cells

We first evaluated the ability of pDCs to modulate the phenotype and functional activities of γδ T cells. Purified pDCs and γδ T cells from healthy donors' blood were co-cultured in absence or presence of TLR7L (CL097) or TLR9L (CpGA), together with Zol or not to promote accumulation of PAg and assess potential synergistic effect between TLR-L and Zol. Whole γδ T cells were used to investigate the ability of pDCs to impact on both δ2+ and δ2- subsets. The phenotypic and functional features of γδ T cells were then depicted (Figure 1A). When analyzing the whole population of γδ T cells, heterogeneity could rely on the fact that the frequencies of Vδ2+ and Vδ2- cells can differ considerably between donors, therefore we precisely analyzed each subset independently. pDCs drove a potent activation of γδ T cells as revealed by the upregulation of CD69 and CD25 activation markers following TLR7 or TLR9 stimulation, but also in presence of Zol (Figure 1B, Supplementary Figures 1A,B). These settings elicited also changes in immune checkpoint by γδ T cells as demonstrated by the upregulation of TIM3 (CD366), LAG3 (CD223), PD-1 (CD279), and 4-1BB (CD137) (Figure 1C, Supplementary Figure 1C). Other markers investigated [GITR (CD357), OX40 (CD134), ICOS (CD278), NKp30 (CD337), NKp44 (CD336), NKG2D (CD314)] were not significantly affected (Supplementary Figure 2A). In addition, TLR-L and/or Zol-treated pDCs elicited production of IFNγ and TNFα in cocultures (Figure 1D) and stimulated the cytotoxic activity of γδ T cells as illustrated by the upregulation of CD107 surface expression and secretion of perforin following culture with tumor cells (Figure 1E). These phenotypic and functional modulations were strongly induced on δ2+ T cells, whereas slightly triggered on δ2- T cells (Supplementary Figures 2B–E). We demonstrated that TLR7-/9-L drove a potent activation of pDCs associated with TRAIL expression and IFNα secretion, whereas Zol didn't have such impact on pDCs (Supplementary Figure 3A). The levels of modulation of γδ T cells induced by pDCs were similar to the one triggered by HMB-PP on γδ T cells alone, a strong stimulator of γδ T cells (Supplementary Figure 4A). Furthermore, we checked that, as expected, TLR7/9-L, Zol alone or in combination didn't have any direct impact on γδ T cells (Supplementary Figure 4B). Importantly, activation of pDCs was required as no modulation of γδ T cells was induced by unstimulated pDCs compared to γδ T cells cultured alone without pDCs (Supplementary Figure 5A). Altogether these data enlightened for the first time that TLR-L or Zol-activated pDCs trigger activation, cytokine secretion and cytotoxicity of γδ T cells.


[image: Figure 1]
FIGURE 1. pDCs trigger phenotypic modulation and functional activity of γδ T cells. Purified pDCs and γδ T cells from healthy donors' blood were cocultured in absence (white dots) or presence of TLR7L (CL097) (light gray symbols), TLR9L (CpGA) (dark gray symbols) together with zoledronate (Zol) (square symbols) or not (round symbols). The phenotypic features of γδ T cells were depicted by flow cytometry. (A) Experimental scheme. (B) Activation status of γδ T cells evaluated by assessing CD69 and CD25 expression (n = 13–26). (C) Expression of selected immune checkpoints by γδ T cells: TIM3, LAG3, PD1, and 41BB (n = 7–11). (D) IFNγ and TNFα cytokine secretions were quantified in the culture supernatants by CBA (n = 20–30). (E) The cytotoxic activity of γδ T cells was evaluated through CD107 surface expression and perforin secretion upon subsequent coculture with melanoma tumor cells (n = 7–21). P-values were calculated using the Wilcoxon matched pairs test with Bonferroni correction.




PAg-Activated γδ T Cells Drive Activation and Functionality of pDCs

We further examined the capacity of γδ T cells to modulate the phenotype and functional properties of pDCs. Purified γδ T cells and pDCs from healthy donors' blood were co-cultured in absence or presence of the phosphoantigens IPP or HMBPP together with Zol or not to promote accumulation of PAg and assess potential synergistic effect between PAgs and Zol. The phenotypic and functional features of pDCs were then depicted (Figure 2A). As the frequencies of Vδ2+ and Vδ2- cells can differ considerably between donors, this could bring some heterogeneity in the pDCs' features especially when Vδ2+-specific regimens are used. In the presence of HMB-PP or Zol but not IPP, γδ T cells induced the activation of pDCs as illustrated by the upregulation of CD40, CD80, and CD86 molecules (Figure 2B, Supplementary Figures 1D,E). PAg and Zol allowed γδ T cells to modulate the expression of some immune checkpoints on pDCs, especially GITR-L, 41BB/41BB-L, PDL1, LAG3, and OX40 (Figure 2C, Supplementary Figure 1F). Notably, PAg and/or Zol-treated γδ T cells elicited TRAIL upregulation on pDCs and production of IFNα and IP-10 (CXCL10) compared to γδ T cells—pDCs cocultured in absence of stimulation (Figures 3A,B). Granzyme B and TNFα could be produced both by pDCs or γδ T cells, but their levels were improved in presence of PAg and/or Zol. Furthermore, following coculture with PAg- and/or Zol-activated γδ T cells, the ability of pDCs to respond to a subsequent TLR7/9L stimulation was enhanced, as attested by increased CD80 expression and TRAIL exposure compared to coculture with unstimulated γδ T cells or to pDCs which didn't previously contact γδ T cells (Figures 3C,D). Such boosting of pDCs occurred in absence of Zol, only for HMB-PP-activated γδ T cells and TLR9-triggering of pDCs, and in presence of Zol, for unstimulated or activated γδ T cells and restimulation of pDCs with both TLR7-L and TLR9-L. However, it is worth mentioning that the ability of pDCs to produce IFNα was not improved by previous co-culture with γδ T cells. We demonstrated that HMB-PP drove a potent activation of γδ T cells associated with IFNγ secretion and CD107 exposure (Supplementary Figure 4A), whereas Zol didn't have such impact on γδ T cells (Supplementary Figures 4B,C), even so both activators were able to drive γδ T cell-dependent pDCs activation (Figure 2B). The levels of modulation of pDCs induced by γδ T cells were lower compared to the one triggered by TLR7/9L, strong stimulators of pDCs (Supplementary Figure 3A). Furthermore, we checked that HMB-PP, Zol alone or in combination didn't not have any direct impact on pDCs (Supplementary Figure 3B). Importantly, activation of γδ T cells was required as no evident modulation of pDCs was induced by unstimulated γδ T cells compared to pDCs cultured alone without γδ T cells (Supplementary Figure 5B). During γδ T cell/pDC cocultures, IFNγ was produced only in presence of phosphoantigens but not Zol alone (Supplementary Figure 5C). Thus, these observations unprecedently suggest that PAg-activated γδ T cells elicit pDCs' activation and functionality, even enhancing their potentialities.
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FIGURE 2. γδ T cells induce phenotypic modulation of pDCs. Purified γδ T cells and pDCs from healthy donor' blood were cocultured in absence (white dots) or presence of the phosphoantigens IPP (light gray symbols) or HMBPP (dark gray symbols) together with zoledronate (Zol) (square symbols) or not (round symbols). The phenotypic features of pDCs were depicted by flow cytometry. (A) Experimental scheme. (B) Activation status of pDCs evaluated by assessing CD40, CD80, and CD86 expression (n = 9–12). (C) Expression of selected immune checkpoints by pDCs: GITR-L, PDL1, LAG3, TIM3, 41BB, 41BB-L, and OX40 (n = 6–12). P-values were calculated using the Wilcoxon matched pairs test with Bonferroni correction.
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FIGURE 3. γδ T cells trigger functional activity of pDCs. Purified γδ T cells and pDCs from healthy donor' blood were cocultured in absence (white dots) or presence of the phosphoantigens IPP (light gray symbols) or HMBPP (dark gray symbols) together with zoledronate (Zol) (square symbols) or not (round symbols). (A) The cytotoxic capacity of pDCs was measured though expression of TRAIL and secretion of Granzyme B (n = 8–12). (B) IFNα, IP10, and TNFα cytokine secretions were quantified by CBA in the culture supernatants (n = 8–11). P-values were calculated using the Wilcoxon matched pairs test with Bonferroni correction. (C,D) The ability of pDCs to respond to a subsequent TLRL stimulation was evaluated by measuring CD80 expression, TRAIL exposure and IFNα secretion upon further culture in presence or not of TLR7L (CL097) or TLR9L (CpGA) and in absence (upper panels) or presence of Zol (lower panels) (n = 9). Bars represents mean ± SEM. P-values were calculated using the Wilcoxon matched pairs test.




Both Soluble Factors and Membrane Contacts Are Required for pDCs—γδ T Cells Reciprocal Interplays

We next investigated the implication of soluble factors and cell-cell contacts in the bidirectional cross-talk between pDCs and γδ T cells. Co-cultures were performed by physically separating the cells using Transwells (0.4 μm pores). In transwell conditions, the activation of γδ T cells triggered by TLR7/9-stimulated pDCs was partially (CD69) or totally (CD25) abrogated while IFNγ secretion and cytotoxicity were almost totally inhibited (Figure 4A). Similar results were obtained for δ2+ and δ2- T-cell subsets (Supplementary Figure 6). This suggests that both soluble mediators and membrane contacts are required for pDCs to tune γδ T cells. Furthermore, the modulation of pDCs elicited by PAg-activated γδ T cells didn't occur in transwell conditions, as revealed by the absence of upregulation of activation molecules, TRAIL exposure and IFNα secretion, even though IP-10 and TNFα secretions were strongly reduced but not totally (Figure 4B). These observations demonstrated that γδ T cells use mostly cell contacts to modulate pDCs, and to a lesser extend soluble mediators. In presence of Zol, the reciprocal impact of pDCs and γδ T cells on each other was totally abrogated when cells were physically separated (Figures 4A,B), suggesting exclusive cell-cell contacts. These results indicate that pDCs and γδ T cells cross-regulate each other through soluble factors and membrane contacts, the TLRL pathway requiring both signals whereas the PAg/Zol pathway mostly required cell contacts.


[image: Figure 4]
FIGURE 4. Membrane contacts and soluble factors are required for effective pDCs and γδ T cells cross-talk. Purified pDCs and γδ T cells from healthy donor' blood were cocultured together in the same well (white bars) or physically separated by a 0.4 μm membrane (transwell, gray bars) in absence or presence of TLR7L (CL097), TLR9L (CpGA), HMBPP or zoledronate (Zol) as indicated. The phenotypic and functional features of γδ T cells (A) and pDCs (B) were compared to identify the requirement for membrane contacts and/or soluble factors for their cross-talks. (A) CD69 and CD25 expression as well as IFNγ secretion by γδ T cells (upper panels, n = 8); CD107 surface exposure and perforin secretion by γδ T cells upon subsequent coculture with melanoma tumor cells (lower panels, n = 8). (B) Activation status of pDCs evaluated by measuring CD40, CD80, and CD86 expression (n = 8) and TRAIL expression by pDCs (upper panels, n =8); IFNα, IP-10, and TNFα cytokine secretion in the supernatants of cocultures (lower panels, n = 8). Bars represents mean ± SEM. P-values were calculated using the Wilcoxon matched pairs test.




pDCs and γδ T Cells Express BTN3A

The BTN3A molecule is known to mediate the activation of γδ T cells by PAg. As its expression by pDCs is totally unknown, we next examined the expression of BTN3A by pDCs as well as by γδ T cells. We found that BTN3A was expressed by around 40% of pDCs (Figures 5A,B), and this level was not modulated by TLR7/9-L or Zol (Figure 5C). As expected, γδ T cells, including both δ2+ and δ2- T-cell subsets, also express BTN3A for 80% (Figures 5A,B) whose level stays stable in presence of HMB-PP or Zol (Figure 5D). Thus, Zol-treated pDCs, by accumulating PAg, are well-equipped to activate γδ T cells through BTN3A/PAg complexes.
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FIGURE 5. BTN3A is expressed by pDCs and γδ T cells at basal state and remained stable upon specific stimulation. The expression of BTN3A was evaluated by flow cytometry on pDCs and γδ T cells within PBMC of healthy donor at basal state (A,B) and on purified pDCs and γδ T cells upon specific stimulation (C,D). (A) Representative flow cytometry analysis of BTN3A expression by γδ T cells and pDCs. Upper panels: dot plots gated on γδ T cells or pDCs; lower panels: histograms of BTN3A expression or control isotype on γδ T cells or pDCs. (B) Basal expression of BTN3A by γδ T cells (including δ2+ and δ2- T-cell subsets) and pDCs (n = 9). (C) Expression of BTN3A by purified pDCs either unstimulated or activated by TLR7L (CL097), TLR9L (CpGA), or zoledronate (Zol) (n = 6). (D) Expression of BTN3A by purified γδ T cells either unstimulated or activated by HMB-PP or zoledronate (Zol), both δ2+ and δ2- T-cell subsets were analyzed (n = 6). Bars represents mean ± SEM. P-values were calculated using the Wilcoxon matched pairs test with Bonferroni correction.




TLR-L-Dependent pDC-Induced γδ T Cells Activation Requires Soluble IFNα, TNFα, Membrane OX40L and Slightly BTN3A, Whereas Zol-Dependent pDC-Induced γδ T Cells Full Potency Necessitates Mostly BTN3A and IFNα

To further gain insight into the mechanism of pDCs—γδ T cells interplay, we explored the nature of the soluble factors and membrane molecules required for pDCs to modulate γδ T cells. For each condition of stimulation (TLR7L, TLR9L, Zol), we performed the co-culture in presence of antibodies blocking the receptors for soluble factors or by pre-incubating pDCs with blocking antibodies directed toward specific surface molecules (Supplementary Figure 7A). Molecules were selected based on their expression by pDCs and/or modulation of expression upon TLR7/9 triggering (data not shown), and on the expression of the corresponding receptors on γδ T cells. Hence, IFNα and TNFα could be potential soluble candidates, and ICOSL, TIM3, PDL1, 41BB, GITRL, LAG3, OX40L, and BTN3A possible membrane candidates. γδ T cells express some levels of ICOS, PD1, 4-1BB, GITR, and OX40 (Figure 1C, Supplementary Figure 2A). We evaluated the expression of TNFαRI, TNFαRII, and IFNαRI/RII on both partners. Under steady state, pDCs expressed TNFαRI, TNFαRII and high level of IFNαRII, whereas γδ T cells expressed low levels of TNFαRI, TNFαRII, and IFNαRII (Supplementary Figure 8A). During pDC/ γδ T-cell co-cultures (Supplementary Figure 8B), we observed a down-modulation of TNFαRII and IFNαRII on pDCs in presence of HMB-PP, CLO97, or CpGA probably due to the presence of the corresponding cytokine on the receptors and/or its modulation of expression by the cytokine. The expression of TNFαRII on γδ T cells increased in presence of HMB-PP, whereas the expression of IFNαRII remained low. These results suggest that TNFα and IFNα could potentially trigger signaling in γδ T cells. We observed that single blocking of IFNAR, TNFAR, or OX40L inhibited at least one of the pDC-induced features of γδ T cells following TLR7-L stimulation or Zol addition but not TLR9 triggering, whereas single blocking of ICOSL, TIM3, PDL1, 41BB, GITRL, or LAG3 had rather an enhancing impact (Figure 6A). Interestingly, the blocking of some immune checkpoint, especially LAG3, dramatically enhanced the activation and functionality of γδ T cells induced by pDCs. By mixing the blocking antibodies displaying a negative (“mix –”) or positive (“mix +”) impact, the effect on γδ T cells' potentialities was stronger: the activation, IFNγ secretion and/or cytotoxicity of γδ T cells in presence of TLR7/9L were significantly inhibited by simultaneously blocking IFNα, TNFα, and OX40L, whereas γδ T cells' features were enhanced in presence of the mixture of anti-ICOSL, TIM3, PDL1, 41BB, GITRL, and LAG3 antibodies (Figure 6B). In Zol condition, only IFNγ secretion was strongly abrogated by the “mix –.” Very interestingly, the features of γδ T cells induced by TLR7/9L-activated pDCs were slightly but significantly impacted by the blocking of BTN3A, whereas this setting totally abrogated Zol-dependent triggering of γδ T cells (Figure 6C). We then elaborated a “Supermix” by combining the mixture of antibodies displaying an inhibitory impact (IFNAR, TNFAR and OX40L) together with anti-BTN3A1 antibodies. Strikingly, the Supermix totally abrogated the activation, IFNγ secretion and cytotoxicity of γδ T cells triggered by TLR7/9L- or Zol-activated pDCs (Figure 6D). Importantly, blocking of BTN3A alone or use of the Supermix didn't impact the ability of pDCs to upregulate activation molecules or secrete IFNα in response to TLR7/9L stimulation (Supplementary Figure 9). By directly comparing the BTN3A and Supermix conditions (Supplementary Figure 10), we observed that, in presence of TLR-L, BTN3A has a slight inhibitory impact that can be further improved by the blocking of the molecules targeted by the Supermix, whereas in presence of Zol, BTN3A is the major player involved in the cross-talk as its effect cannot be further improved by the Supermix. Thus, these observations revealed that TLR-L-dependent pDC-induced γδ T cells triggering required soluble IFNα, TNFα, membrane OX40L and slightly BTN3A, whereas Zol-dependent pDC-induced γδ T cells full potency relies mostly on BTN3A and IFNα.
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FIGURE 6. Revealing the molecular mechanisms involved in the pDCs- γδ T cells cross talk. Purified pDCs from healthy donors' blood were pre-incubated with single or mixtures of blocking antibodies and cocultured with purified γδT cells in the presence or not of TLR7-L (CL097) (light gray bars/symbols), TLR9-L (CpGA) (dark gray bars/symbols) or zoledronate (Zol) (black bars/symbols) as described in Figure S7. The features of γδT cells were then depicted: the activation status (CD25 and CD69 expression) and the cytotoxic activity (CD107 surface exposure) were analyzed by flow cytometry; IFNγ secretion was measured by CBA in the supernatants. (A) Blocking with single antibodies: anti-IFNAR2, -TNFAR1/TNFAR2, -ICOS-L, -TIM3, -PD1,−41BB/41BB-L, -GITR, -LAG3, OX40/OX40-L antibodies. Results were standardized toward the stimulated isotype-matched control condition (n = 12–16). (B) Blocking with a mixture of antibodies. For TLR7/9L and Zol stimulation, the “mix –” is composed of anti-IFNAR2, -TNFR1/TNFR2, and -OX40 antibodies, and the “mix +” composed of anti-TIM3, -PD-1,−4-1BB, -GITR antibodies (n = 6–10). The groups “ctrl –” and “ctrl +” correspond to the mixture of isotype control Abs corresponding, respectively, to the “mix –” and “mix +” groups. (C) Blocking with single anti-BTN3A antibodies (n = 12). (D) Blocking with a Supermix composed of the inhibitory mixture (mix—as in B) together with anti-BTN3A blocking antibody (n = 12). Bars represents mean ± SEM. P-values were calculated using the Wilcoxon-matched pairs test. Lines: comparison between the stimulated condition and the unstimulated one. Stars: comparison within the stimulated conditions between the specific blocking and the corresponding control isotype (*p < 0.05, **p < 0.01, ***p < 0.001); only significant statistics are reported.




PAg-Dependent γδT Cells-Induced pDC Stimulation Requires Exclusively BTN3A and IFNγ

To decipher the mechanism of γδ T cells—pDCs interplay, we further investigated the nature of the soluble factors and membrane molecules required for γδ T cells to modulate pDCs. For each condition of stimulation (HMB-PP, Zol), we performed the co-culture in presence of antibodies blocking the receptors for soluble factors or by pre-incubating γδ T cells with blocking antibodies directed toward specific surface molecules (Supplementary Figure 7B). Molecules were selected based on their expression by γδ T cells and/or modulation of expression upon HMB-PP stimulation (data not shown). Hence, IFNγ could be a potential soluble candidate, and NKG2D, NKp30, PD1, 41BB, GITR, LAG3, OX40, and BTN3A1 possible membrane candidates. We observed that single blocking of IFNγR inhibited IP-10 secretion upon HMB-PP stimulation (Figure 7A). The single blocking of NKp30 and GITR had also a slight negative impact on at least one of the pDC-induced features of γδ T cells, whereas single blocking of 41BB, NKG2D, or LAG3 had rather an enhancing impact in both HMB-PP and Zol conditions (Figure 7A). By mixing the blocking antibodies displaying a negative (“mix –”) impact, the effect on pDCs' potentialities was stronger: the activation, TRAIL exposure, IFNα and IP10 secretion of pDCs in presence of HMB-PP or Zol were significantly inhibited by simultaneously blocking IFNγ, NKp30, and GITR (Figure 7B). However, by mixing the blocking antibodies displaying a positive (“mix +”) impact (anti-41BB, -NKG2D, and -LAG3 antibodies), pDCs' features were not modified in presence of the mixture (not shown). Importantly, the use of the mix—didn't impact the ability of γδ T cells to upregulate activation molecules, secrete IFNγ or exhibit cytotoxicity in response to HMB-PP or Zol stimulation (Supplementary Figure 11A). As the blocking of BTN3A1 directly on γδ T cells prevented their activation in response to HMB-PP (not shown), we pre-activated γδ T cells with HMB-PP and Zol during 4 h before mixing them with pDCs pre-blocked with anti-BTN3A Abs to assess the involvement of BTN3A in the γδ T cells-pDC cross-talk. In these settings, γδ T cells responded to HMB-PP stimulation even though to a lesser extent than in control conditions (Supplementary Figure 11B). Strikingly, in these settings, the features of pDCs induced by HMB-PP-activated γδ T cells were partially (for CD40 and IP10 secretion) or totally (for TRAIL and IFNα secretion) abrogated by the blocking of BTN3A1, whereas the inhibitory effect of BTN3A blocking was total for all parameters in the presence of Zol (Figure 7C). Cultures were then performed in presence of the Supermix composed of the inhibitory mix together with anti-BTN3A antibodies. γδ T cells were pre-activated with HMB-PP and Zol during 4 h in presence of the inhibitory mix for the last 2 h and mixed with pDCs pre-blocked with single anti-BTN3A antibodies for 2 h. Remarkably, pDCs activation, TRAIL expression, IFNα and IP10 secretion were totally abrogated in presence of the Supermix (Figure 7D). By directly comparing the BTN3A and Supermix conditions (Supplementary Figure 12), we observed that BTN3A has a major inhibitory impact that can be slightly further increased by the blocking of the molecules targeted by the Supermix (especially for CD40, TRAIL, and IP10). Altogether, these observations enlightened that HMB-PP/Zol-dependent γδ T cells—induced pDCs triggering required mostly soluble IFNγ and membrane BTN3A1. Such interplay could be further enhanced by NKp30 and GITR.
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FIGURE 7. Revealing the molecular mechanisms involved in the γδ T cells-pDCs cross talk. Purified γδT cells from healthy donor' blood were pre-incubated with single or mixtures of blocking antibodies and cocultured with purified pDCs in the presence or not of phosphoantigen (HMBPP) (light gray bars/symbols) or zoledronate (dark gray bars/symbols). The features of pDCs were then depicted: the activation status (CD40) and cytotoxic properties (TRAIL) were analyzed by flow cytometry, whereas the cytokine secretion (IFNα, IP10) was assessed by CBA in the supernatants. (A) Blocking with single antibodies: anti-IFNγR,-NKG2D,-NKp30,-PD-1,-41BB/41BB-L,-GITR,-LAG3,-OX40/OX40-L antibodies. Modulations were standardized toward the isotype-matched control condition (n = 15). Bars represents mean ± SEM. (B) Blocking with a mixture of blocking antibodies composed of anti-IFNγR, -NKp30, and -GITR antibodies (n = 10). (C) Pre-activated γδT cells with HMB-PP and Zol during 4 h were mixed with pDCs pre-blocked with single anti-BTN3A for 2 h (n = 8). (D) Cultures were performed in presence of the Supermix composed of the inhibitory mix together with anti-BTN3A. γδT cells were pre-activated with HMB-PP and Zol during 4 h in presence of the inhibitory mix for the last 2 h and mixed with pDCs pre-blocked with single anti-BTN3A for 2 h (n = 9). Lines: comparison between the stimulated condition and the unstimulated one. Stars: comparison within the stimulated conditions between the specific blocking and the corresponding control isotype (*p < 0.05, **p < 0.01; only significant statistics are reported.





DISCUSSION

Based on their outstanding features, both pDCs and γδ T cells can be considered as sentinels and orchestrators of immune responses, able to trigger and orientate immune responses against pathogens and tumors. However, these two actors can be corrupted by pathogens or tumor cells, leading to pathogenic immune responses. We explored the interplay between pDCs and γδ T cells and highlight for the first time the existence of reciprocal interactions between these key potent immune players, deciphering the mechanisms underlying such cross-talk (Figure 8).
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FIGURE 8. Graphical summary. (A) Cellular interactions between pDCs and γδ T cells. pDCs stimulated with Zol probably undergo a BTN3A conformational change (steps 1–2). pDCs stimulated with TLR7L or TLR9L upregulate CD40, CD80, CD86 and secrete IFNα, TNFα, and IP10 (steps 3–4). These changes drive γδ T cell activation, modulation of immune checkpoint expression together with IFNγ secretion and trigger their cytotoxic potential (steps 5–6). γδ T cells stimulated in presence of Zol (steps a–b) or with PAgs (step c) probably undergo a BTN3A conformational change that subsequently elicit activation molecules, cytotoxic potential and IFNγ secretion (step d). Such modifications trigger pDC activation, modulation of immune checkpoint expression together with secretion of IFNα, TNFα, and IP10 and upregulation of TRAIL (step e), and potentiate their response to a subsequent TLR-L triggering (step f). (B) Molecular mechanisms involved in the bidirectional cross-talk between pDCs and γδ T cells. pDC-triggered γδ T cell activation involves soluble factors (IFNα, TNFα) and surface molecules (OX40L and BTN3A). γδ T cell-triggered pDC activation involves soluble factors (IFNγ) and surface molecules (BTN3A). Both cross-talks can be modulated negatively or positively by immune checkpoints.


We demonstrate that TLR7/9L- or Zol-stimulated pDCs drive potent γδ T cells activation, enhancing Th1 cytokine secretion and cytotoxic activity. We also show that γδ T cells activated by PAg trigger pDC phenotypic changes and elicit their functional activities. Moreover, we provide evidence that these interactions require cell-cell contact and soluble factors, and identify the underlying mechanism of their interplay. The features of γδ T cells triggered by pDCs activated by ABP (Zol) or TLRL were comparable in intensity to the DC-independent ones elicited by PAg such as HMB-PP. However, while PAg activate only the Vδ2+ T cell subset, pDCs were able to additionally activate the Vδ2- T cell subset. Interestingly, we point out that γδ T cells activated by pDCs displayed some differences compared to γδ T cells activated by moDC. Indeed, previous studies, mostly relying on the use of ex-vivo generated moDCs, highlighted that in presence of Zol, moDCs can induce the activation, proliferation and immunoregulatory functions of γδ T cells without enhancing their cytotoxicity (34, 39). In turn, γδ T cells promote DC maturation and improve their capacity to trigger adaptive αβ T cell responses (3). We demonstrate that pDCs can elicit the cytotoxic function of γδ T cells, whereas most studies using moDCs revealed that cytotoxicity was not induced. Also, compared to previous studies that exclusively used ABP, we enlightened that TLRL-activated pDCs can drive potent γδ T cells' activation and functionality. This is in accordance with one study that demonstrated that mDCs and pDCs activated by TLR3L, TLR7/8L, or TLR9L can trigger IFNγ secretion by Vγ9δ2 T cells (37). In our hands, pDCs activate both Vδ2+ and Vδ2- T cells, provoke major phenotypic changes (upregulation of CD25 and CD69, modulation of immune checkpoint expression) and drive their cytotoxicity toward tumor cells. We also demonstrate that in turn IPP or HMB-PP stimulated-γδ T cells triggered major phenotypic and functional changes in pDCs, driving their activation (CD40, CD80, CD86), cytokine release (IFNα, IP10), and cytotoxicity (TRAIL upregulation). We used both IPP and HMB-PP to decipher whether phosphoantigens from different sources (bacterial/mammalian) could have similar effects on the pDC/ γδ T cell cross-talk. Even though IPP and HMB-PP exhibit the same potency on γδT/pDC cross-talk but with different magnitude, this is not a matter of doses because we chose the optimal dose for each of them, within the μM range for IPP and within the nM range for HMB-PP. HMB-PP is a more potent stimulator at doses 1,000 times inferior. Actually, it has been demonstrated that IPP and HMB-PP have a different affinity for the B30.2 intracellular domain of BTN3A, IPP exhibiting an affinity of 672 mM and HMB-PP was found to bind with an affinity of 1.1 mM, explaining the 1,000- to 10,000-fold difference in bioactivity of the two molecules (25, 40). Another study revealed that, upon a 6-day coculture, CpGB-activated pDCs triggered the proliferation of Vγ9δ2 T cells with a preferential expansion of the memory subsets (both central memory and effector memory), and induced their polarization toward IL-17 secretion (41). We also found a slight (but not significant) increase in IL17 secretion in cocultures of pDC- γδ T cells in presence of TLR7L+Zol compared to unstimulated cocultures (data not shown), which may confirm the tendency of pDCs to drive Th17-oriented γδ T cells. Notably, we also reported that pDC- γδ T cells interplay can be strongly enhanced or inhibited by blocking selective immune checkpoints, offering opportunities to further modulate and orientate the outcomes of these cross-talks.

We deciphered the mechanism of such interplay, and highlight differential TLRL- or Zol-dependent pathways. Previous reports have demonstrated that interplay between moDC and γδ T cells involved both soluble and membrane-bound signals. Such interaction was found to be dependent on PAg (IPP) (32, 42, 43), cytokines (IL12, IL15, TNFα, IFNα/β) (34, 37, 39) and cell contact (adhesion molecules CD54-CD11a, CD86-CD28) (33, 35). Reciprocally, Vγ9Vδ2 T cell lines stimulated with HMB-PP promote moDC maturation and IL12 secretion (33, 36), which was found to depend on CD1c and TNFα (44) or IFNγ (45) or cell contact (33). Neither immature moDCs nor their mature counterparts were capable of activating γδ T cells, but they acquired this ability when stimulated with zoledronate (32). We also point out that the cross-talk between pDCs and γδ T cells occurs only upon activation of one partner. Our study revealed that TLR-L dependent pDC-induced γδ T cells triggering required soluble IFNα, TNFα, membrane OX40L and slightly BTN3A, whereas Zol-dependent pDC-induced γδ T cells full potency necessitated mostly BTN3A and IFNα. ABP target the intracellular mevalonate pathway and by blocking the farnesyl pyrophosphate synthase induces the accumulation of metabolites (such as IPP). ABP triggers a DC-dependent activation of γδ T cells. Even though Zol had no direct effect on pDCs activation or cytokine secretion, it most likely elicits accumulation of IPP that further activate γδ T cells through BTN3A. It would be also critical to investigate the TCRγδ-dependency of activation of γδ T cells in pDC/γδ T cells cross-talk, even though we can expect, based on BTN3A blocking experiments, that the TCRγδ is likely to be slightly involved in the activation of the γδ T cells by TLR-L-stimulated pDCs, but strongly required in the pDC-dependent activation of γδ T cells in presence of Zol. We show for the first time that human pDCs express BTN3A molecules, hence being potent mediators of PAg-induced γδ T cells activation. Zol treatment of pDCs may lead to accumulation of IPP, which either provokes a conformational change of BTN3A or is released through ABCA1 transporter, mediating activation of γδ T cells. It has been recently demonstrated that intracellular IPP, accumulated following mevalonate pathway inhibition, is released by Zol-treated DCs through the ATP-binding cassette transporter A1 (ABCA1) in cooperation with apolipoprotein A-I (apo-I) and BTN3A1 (46). Regulation of BTN3A1 stability together with protein trafficking and expression of the transporter ABCA1 within tumor microenvironment, as shown for doxorubicin (47), may be crucial to trigger optimal cross-talks between DCs and γδ T cells. Conformational changes of BTN3A1 might represent a key step in the detection of infection or tumorigenesis by γδ T cells (48). Depending on the isoform, BTN3 molecules could have stimulatory or inhibitory activity, suggesting that they might be considered as novel immune checkpoint to be targeted to potentiate the anti-tumor/viral activity of γδ T cells (49). The mandatory role of BTN3A in pDCs/ γδ T cells bidirectional cross-talks that we highlight here renders it central in the regulation of immune responses toward infected or tumor cells, and very promising to design or optimize immunotherapeutic strategies.

Interestingly, it has been demonstrated that MICA and MICB can be expressed by DCs under certain conditions and function as activator ligands for NK and γδ T cells. Indeed, in response to IFNα, DCs are able to express MICA/B and activate NK cells following ligation of NKG2D (50), and Mycobacterium tuberculosis-infected DCs were shown to express MICA and subsequently activate Vδ2+ T cells (51). The ability of pDCs to express MICA/B still remains to be determined, but this is likely that pDCs may express MICA/B upon TLR-L stimulation that drive IFNα production, and further regulate γδ T cells through NKG2D.

Our study highlights that the interactions between pDCs and γδ T cells could play a role in the therapeutic activity of ABP. Such cross-talk may participate to the beneficial immune effects of Zol administration in cancer (9). ABP drugs used as adjuvant cancer therapy for the treatment of malignant osteolytic bone disease, could activate the anti-tumor effector functions of γδ T cells via pDCs. Interestingly, it has been shown in colorectal cancer that Zol can induce the expression of BTN3A1 within the tumor microenvironment thus stimulating effector γδ T cells with antitumor activity (52).

Therapies exploiting the potential of either pDCs or γδ T cells are currently emerging (53–55). Indeed, anti-cancer therapies can exploit the power of γδ T cells (56) through indirect stimulation by ABP (zoledronate, pamidronate) of Vδ2+ cells or adoptive transfer of ex-vivo expanded γδT cells that revealed promising clinical efficacy. Besides, pDCs can be mobilized by administration of TLRL leading to protective antitumor responses (57), or can be directly used as vectors for vaccination (11, 58, 59). The interplay between pDCs and γδ T cells could be exploited to achieve reciprocal activation and pave the way for novel immune-based strategies, influencing pDCs through modulation of γδ T cells and reciprocally affecting γδ T cells by impacting pDCs. Our findings provide rationale for combinatorial therapy engaging both cell types, by simultaneously targeting pDCs and γδ T cells using both TLR agonists and ABP for synergistic activity. The expanded knowledge on pDC—γδ T cells interactions brings opportunities for new immunotherapies harnessing their potential.

All studies including ours were performed ex vivo, but we can envision that pDCs and γδ T cells have the opportunity to meet and interact in vivo in pathophysiologic conditions. Indeed, pDCs can be located in blood and lymphoid tissues, and accumulate at inflammatory sites. γδ T cells, which are found in the circulation and in tissue (such as epidermis, dermis, intestine, lung, uterus), express chemokine receptor allowing them to migrate to inflamed tissues (CXCR3, CCR5) or lymph nodes (CCR7, CD62L) (60) and are able to migrate to sites of infections (61) where they could meet pDCs. Furthermore, both pDCs and γδ T cells infiltrate tumors and could meet within tumor microenvironment. Strikingly, there are in vivo evidences that the cross-talk between DCs and γδ T cells is involved in many physiopathological situations. For example, the DC/ γδ T cells cross-talk can be exploited by pathogens for immune evasion. HIV-infection of moDCs inhibits Vγ9Vδ2 T cell functions (proliferation, cytokine production) and reciprocal DC activation (62). On the opposite, DC/ γδ T cells cross-talk can initiate/boost immune responses to pathogens. γδ T cells promote the maturation of DCs and subsequent T-cell priming during West Nile Virus infection (63), and BCG-infected DCs can prime and expand cytotoxic γδ T cells (39). Such DC/ γδ T cells cross-talk is also central in host-microbiota interactions as shown for microbiota-activated CD103+ DCs that can elicit γδT17 (64) and therefore is central in IL17-driven inflammatory diseases. In addition, DCs activated by ABP can empower γδ T cells with anti-tumor immunity (43, 65, 66) (activation of γδ T cells in turn elicit TAA-specific CD8 T cell responses). The cross-talk between pDCs and γδ T cells has never been address in vivo. Investigating γδ T cell function in mice deficient for pDCs, and pDC function in mice deficient for γδ T cells in the context of infection or cancer would provide significant relevance for the phenomena that we described in vitro. The understanding of the cross-talk between DCs and γδ T cells is crucial to better exploit it for immunotherapy.

Together, pDCs and γδ T cells have strategic locations covering all epithelial barriers (skin, intestine, lung), circulation and lymph nodes, and sense all potential danger directly on pathogens or on infected/transformed cells through PRR or TCR by recognizing different types of PAMPs, thereby widening the scope of immune responsiveness. pDCs and γδ T cells display a large panel of cytokine secretion especially type I and II IFN, offer distinct combinations of functional potentials, and may finally decide the tolerogenic or immunogenic nature of the response to elaborate. The cross-talk between these key cellular partners may help refining the type of immune response to elicit to precisely adjust it to the danger to face. Knowing the crucial involvement of pDCs and γδ T cells in immunopathologies (cancer, infections, autoimmunity) and given their key role in bridging innate and adaptive immunity through regulation of any other cell function, a better understanding of the interplay between pDCs and γδ T cells can bring opportunities to control the outcome of immune responses against tumors, pathogens, and autoantigens. Our study reveals that pDC and γδ T cells have the capacity to harness each other potential and to synergise through diverse pathways involving soluble factors and membrane contacts. Acting on such synergy represents a promising way to restore appropriate immune responses in cancers, infections, and autoimmune diseases. These fascinating cell types with unique and crucial functions unveil an additional facet of their potential.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by French Blood Agency's Institutional Review Board (reference #DC-2008-787). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

CA conceived the project and directed research. CA and PG designed the experiments and wrote the manuscript. PG, BP, and CA performed the experiments. PG, BP, CA, and LC analyzed the data. LC and JC provided research input and contributed to data interpretation and manuscript editing.



FUNDING

This work was supported by the Etablissement Français du Sang (EFS) AuRA, ANRT, Ligue contre le Cancer, and the Societe Française de Dermatologie (SFD).



ACKNOWLEDGMENTS

We thank Dr. D. Legrand and her staff at EFS Auvergne Rhone-Alpes for providing healthy volunteers' blood samples. We are grateful to the donors who accepted to participate in this study. We thank Dr. Olivier Manches for advices with statistical analyses, Leana Corneloup for experimental help, and Dr. Nathalie Bendriss-Vermare and Dr. Myriam Capone for stimulating discussions and precious advices.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00861/full#supplementary-material



REFERENCES

 1. Colonna M, Trinchieri G, Liu YJ. Plasmacytoid dendritic cells in immunity. Nat Immunol. (2004) 5:1219–26. doi: 10.1038/ni1141

 2. Hayday AC. γδ T cell update: adaptate orchestrators of immune surveillance. J Immunol. (2019) 203:311–20. doi: 10.4049/jimmunol.1800934

 3. Vantourout P, Hayday A. Six-of-the-best: unique contributions of γδ T cells to immunology. Nat Rev Immunol. (2013) 13:88–100. doi: 10.1038/nri3384

 4. Reizis B. Plasmacytoid dendritic cells: development, regulation, and function. Immunity. (2019) 50:37–50. doi: 10.1016/j.immuni.2018.12.027

 5. Lande R, Gilliet M. Plasmacytoid dendritic cells: key players in the initiation and regulation of immune responses. Ann NY Acad Sci. (2010) 1183:89–103. doi: 10.1111/j.1749-6632.2009.05152.x

 6. Lalor SJ, McLoughlin RM. Memory γδ T cells-newly appreciated protagonists in infection and immunity. Trends Immunol. (2016) 37:690–702. doi: 10.1016/j.it.2016.07.006

 7. Khairallah C, Dechanet-Merville J, Capone M. γδ T cell-mediated immunity to cytomegalovirus infection. Front Immunol. (2017) 8:105. doi: 10.3389/fimmu.2017.00105

 8. Lawand M, Dechanet-Merville J, Dieu-Nosjean MC. Key features of gamma-delta T-cell subsets in human diseases and their immunotherapeutic implications. Front Immunol. (2017) 8:761. doi: 10.3389/fimmu.2017.00761

 9. Silva-Santos B, Mensurado S, Coffelt SB. γδ T cells: pleiotropic immune effectors with therapeutic potential in cancer. Nat Rev Cancer. (2019) 19:392–404. doi: 10.1038/s41568-019-0153-5

 10. Hannani D, Ma Y, Yamazaki T, Dechanet-Merville J, Kroemer G, Zitvogel L. Harnessing γδ T cells in anticancer immunotherapy. Trends Immunol. (2012) 33:199–206. doi: 10.1016/j.it.2012.01.006

 11. Tel J, van der Leun AM, Figdor CG, Torensma R, de Vries IJ. Harnessing human plasmacytoid dendritic cells as professional APCs. Cancer Immunol Immunother. (2012) 61:1279–88. doi: 10.1007/s00262-012-1210-z

 12. Gilliet M, Cao W, Liu YJ. Plasmacytoid dendritic cells: sensing nucleic acids in viral infection and autoimmune diseases. Nat Rev Immunol. (2008) 8:594–606. doi: 10.1038/nri2358

 13. Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic cells. Nat Rev Immunol. (2015) 15:471–85. doi: 10.1038/nri3865

 14. Salio M, Cella M, Vermi W, Facchetti F, Palmowski MJ, Smith CL, et al. Plasmacytoid dendritic cells prime IFN-gamma-secreting melanoma-specific CD8 lymphocytes and are found in primary melanoma lesions. Eur J Immunol. (2003) 33:1052–62. doi: 10.1002/eji.200323676

 15. Villadangos JA, Young L. Antigen-presentation properties of plasmacytoid dendritic cells. Immunity. (2008) 29:352–61. doi: 10.1016/j.immuni.2008.09.002

 16. Chaperot L, Blum A, Manches O, Lui G, Angel J, Molens JP, et al. Virus or TLR agonists induce TRAIL-mediated cytotoxic activity of plasmacytoid dendritic cells. J Immunol. (2006) 176:248–55. doi: 10.4049/jimmunol.176.1.248

 17. Matsui T, Connolly JE, Michnevitz M, Chaussabel D, Yu CI, Glaser C, et al. CD2 distinguishes two subsets of human plasmacytoid dendritic cells with distinct phenotype and functions. J Immunol. (2009) 182:6815–23. doi: 10.4049/jimmunol.0802008

 18. Sisirak V, Faget J, Gobert M, Goutagny N, Vey N, Treilleux I, et al. Impaired IFN-alpha production by plasmacytoid dendritic cells favors regulatory T-cell expansion that may contribute to breast cancer progression. Cancer Res. (2012) 72:5188–97. doi: 10.1158/0008-5472.CAN-11-3468

 19. Aspord C, Leccia MT, Charles J, Plumas J. Melanoma hijacks plasmacytoid dendritic cells to promote its own progression. Oncoimmunology. (2014) 3:e27402. doi: 10.4161/onci.27402

 20. Bonneville M, O'Brien RL, Born WK. Gammadelta T cell effector functions: a blend of innate programming and acquired plasticity. Nat Rev Immunol. (2010) 10:467–78. doi: 10.1038/nri2781

 21. Lafont V, Sanchez F, Laprevotte E, Michaud HA, Gros L, Eliaou JF, et al. Plasticity of γδ T cells: impact on the anti-tumor response. Front Immunol. (2014) 5:622. doi: 10.3389/fimmu.2014.00622

 22. Karunakaran MM, Herrmann T. The Vγ9Vδ2 T cell antigen receptor and butyrophilin-3 A1: models of interaction, the possibility of co-evolution, and the case of dendritic epidermal T cells. Front Immunol. (2014) 5:648. doi: 10.3389/fimmu.2014.00648

 23. Gu S, Nawrocka W, Adams EJ. Sensing of pyrophosphate metabolites by Vγ9Vδ2 T Cells. Front Immunol. (2014) 5:688. doi: 10.3389/fimmu.2014.00688

 24. Harly C, Peigne CM, Scotet E. Molecules and mechanisms implicated in the peculiar antigenic activation process of human Vγ9Vδ2 T cells. Front Immunol. (2014) 5:657. doi: 10.3389/fimmu.2014.00657

 25. Sandstrom A, Peigne CM, Leger A, Crooks JE, Konczak F, Gesnel MC, et al. The intracellular B30.2 domain of butyrophilin 3A1 binds phosphoantigens to mediate activation of human Vγ9Vδ2 T cells. Immunity. (2014) 40:490–500. doi: 10.1016/j.immuni.2014.03.003

 26. Vantourout P, Laing A, Woodward MJ, Zlatareva I, Apolonia L, Jones AW, et al. Heteromeric interactions regulate butyrophilin (BTN) and BTN-like molecules governing γδ T cell biology. Proc Natl Acad Sci USA. (2018) 115:1039–44. doi: 10.1073/pnas.1701237115

 27. Yang Y, Li L, Yuan L, Zhou X, Duan J, Xiao H, et al. A structural change in butyrophilin upon phosphoantigen binding underlies phosphoantigen-mediated Vγ9Vδ2 T cell activation. Immunity. (2019) 50:1043–53 e1045. doi: 10.1016/j.immuni.2019.02.016

 28. Vavassori S, Kumar A, Wan GS, Ramanjaneyulu GS, Cavallari M, El Daker S, et al. Butyrophilin 3A1 binds phosphorylated antigens and stimulates human gammadelta T cells. Nat Immunol. (2013) 14:908–16. doi: 10.1038/ni.2665

 29. Wrobel P, Shojaei H, Schittek B, Gieseler F, Wollenberg B, Kalthoff H, et al. Lysis of a broad range of epithelial tumour cells by human gamma delta T cells: involvement of NKG2D ligands and T-cell receptor- versus NKG2D-dependent recognition. Scand J Immunol. (2007) 66:320–8. doi: 10.1111/j.1365-3083.2007.01963.x

 30. Rincon-Orozco B, Kunzmann V, Wrobel P, Kabelitz D, Steinle A, Herrmann T. Activation of V gamma 9V delta 2 T cells by NKG2D. J Immunol. (2005) 175:2144–51. doi: 10.4049/jimmunol.175.4.2144

 31. Scotet E, Nedellec S, Devilder MC, Allain S, Bonneville M. Bridging innate and adaptive immunity through gammadelta T-dendritic cell crosstalk. Front Biosci. (2008) 13:6872–85. doi: 10.2741/3195

 32. Fiore F, Castella B, Nuschak B, Bertieri R, Mariani S, Bruno B, et al. Enhanced ability of dendritic cells to stimulate innate and adaptive immunity on short-term incubation with zoledronic acid. Blood. (2007) 110:921–7. doi: 10.1182/blood-2006-09-044321

 33. Conti L, Casetti R, Cardone M, Varano B, Martino A, Belardelli F, et al. Reciprocal activating interaction between dendritic cells and pamidronate-stimulated gammadelta T cells: role of CD86 and inflammatory cytokines. J Immunol. (2005) 174:252–60. doi: 10.4049/jimmunol.174.1.252

 34. von Lilienfeld-Toal M, Sievers E, Bodemuller V, Mihailescu C, Marten A, Gorschluter M, et al. Coculture with dendritic cells promotes proliferation but not cytotoxic activity of gamma/delta T cells. Immunol Lett. (2005) 99:103–8. doi: 10.1016/j.imlet.2005.02.001

 35. Devilder MC, Maillet S, Bouyge-Moreau I, Donnadieu E, Bonneville M, Scotet E. Potentiation of antigen-stimulated V gamma 9V delta 2 T cell cytokine production by immature dendritic cells (DC) and reciprocal effect on DC maturation. J Immunol. (2006) 176:1386–93. doi: 10.4049/jimmunol.176.3.1386

 36. Dunne MR, Madrigal-Estebas L, Tobin LM, Doherty DG. (E)-4-hydroxy-3-methyl-but-2 enyl pyrophosphate-stimulated Vgamma9Vdelta2 T cells possess T helper type 1-promoting adjuvant activity for human monocyte-derived dendritic cells. Cancer Immunol Immunother. (2010) 59:1109–20. doi: 10.1007/s00262-010-0839-8

 37. Devilder MC, Allain S, Dousset C, Bonneville M, Scotet E. Early triggering of exclusive IFN-gamma responses of human Vgamma9Vdelta2 T cells by TLR-activated myeloid and plasmacytoid dendritic cells. J Immunol. (2009) 183:3625–33. doi: 10.4049/jimmunol.0901571

 38. Kunzmann V, Kretzschmar E, Herrmann T, Wilhelm M. Polyinosinic-polycytidylic acid-mediated stimulation of human gammadelta T cells via CD11c dendritic cell-derived type I interferons. Immunology. (2004) 112:369–77. doi: 10.1111/j.1365-2567.2004.01908.x

 39. Martino A, Casetti R, Sacchi A, Poccia F. Central memory Vgamma9Vdelta2 T lymphocytes primed and expanded by bacillus calmette-guerin-infected dendritic cells kill mycobacterial-infected monocytes. J Immunol. (2007) 179:3057–64. doi: 10.4049/jimmunol.179.5.3057

 40. Rhodes DA, Chen HC, Price AJ, Keeble AH, Davey MS, James LC, et al. Activation of human gammadelta T cells by cytosolic interactions of BTN3A1 with soluble phosphoantigens and the cytoskeletal adaptor periplakin. J Immunol. (2015) 194:2390–8. doi: 10.4049/jimmunol.1401064

 41. Lo Presti E, Caccamo N, Orlando V, Dieli F, Meraviglia S. Activation and selective IL-17 response of human Vγ9Vδ2 T lymphocytes by TLR-activated plasmacytoid dendritic cells. Oncotarget. (2016) 7:60896–905. doi: 10.18632/oncotarget.11755

 42. Gober HJ, Kistowska M, Angman L, Jeno P, Mori L, De Libero G. Human T cell receptor gammadelta cells recognize endogenous mevalonate metabolites in tumor cells. J Exp Med. (2003) 197:163–8. doi: 10.1084/jem.20021500

 43. Cabillic F, Toutirais O, Lavoue V, de La Pintiere CT, Daniel P, Rioux-Leclerc N, et al. Aminobisphosphonate-pretreated dendritic cells trigger successful Vgamma9Vdelta2 T cell amplification for immunotherapy in advanced cancer patients. Cancer Immunol Immunother. (2010) 59:1611–9. doi: 10.1007/s00262-010-0887-0

 44. Leslie DS, Vincent MS, Spada FM, Das H, Sugita M, Morita CT, et al. CD1-mediated gamma/delta T cell maturation of dendritic cells. J Exp Med. (2002) 196:1575–84. doi: 10.1084/jem.20021515

 45. Ismaili J, Olislagers V, Poupot R, Fournie JJ, Goldman M. Human gamma delta T cells induce dendritic cell maturation. Clin Immunol. (2002) 103(3 Pt. 1):296–302. doi: 10.1006/clim.2002.5218

 46. Castella B, Kopecka J, Sciancalepore P, Mandili G, Foglietta M, Mitro N, et al. The ATP-binding cassette transporter A1 regulates phosphoantigen release and Vγ9Vδ2 T cell activation by dendritic cells. Nat Commun. (2017) 8:15663. doi: 10.1038/ncomms15663

 47. Rhodes DA, Chen HC, Williamson JC, Hill A, Yuan J, Smith S, et al. Regulation of human γδ T cells by BTN3A1 protein stability and ATP-binding cassette transporters. Front Immunol. (2018) 9:662. doi: 10.3389/fimmu.2018.00662

 48. Boutin L, Scotet E. Towards deciphering the hidden mechanisms that contribute to the antigenic activation process of human Vγ9Vδ2 T cells. Front Immunol. (2018) 9:828. doi: 10.3389/fimmu.2018.00828

 49. Blazquez JL, Benyamine A, Pasero C, Olive D. New insights into the regulation of γδ T cells by BTN3A and other BTN/BTNL in tumor immunity. Front Immunol. (2018) 9:1601. doi: 10.3389/fimmu.2018.01601

 50. Jinushi M, Takehara T, Kanto T, Tatsumi T, Groh V, Spies T, et al. Critical role of MHC class I-related chain A and B expression on IFN-alpha-stimulated dendritic cells in NK cell activation: impairment in chronic hepatitis C virus infection. J Immunol. (2003) 170:1249–56. doi: 10.4049/jimmunol.170.3.1249

 51. Das H, Groh V, Kuijl C, Sugita M, Morita CT, Spies T, et al. MICA engagement by human Vgamma2Vdelta2 T cells enhances their antigen-dependent effector function. Immunity. (2001) 15:83–93. doi: 10.1016/S1074-7613(01)00168-6

 52. Zocchi MR, Costa D, Vene R, Tosetti F, Ferrari N, Minghelli S, et al. Zoledronate can induce colorectal cancer microenvironment expressing BTN3A1 to stimulate effector γδ T cells with antitumor activity. Oncoimmunology. (2017) 6:e1278099. doi: 10.1080/2162402X.2016.1278099

 53. Vivier E, Ugolini S, Blaise D, Chabannon C, Brossay L. Targeting natural killer cells and natural killer T cells in cancer. Nat Rev Immunol. (2012) 12:239–52. doi: 10.1038/nri3174

 54. Eggermont A, Robert C, Soria JC, Zitvogel L. Harnessing the immune system to provide long-term survival in patients with melanoma and other solid tumors. Oncoimmunology. (2014) 3:e27560. doi: 10.4161/onci.27560

 55. Ugurel S, Rohmel J, Ascierto PA, Flaherty KT, Grob JJ, Hauschild A, et al. Survival of patients with advanced metastatic melanoma: the impact of novel therapies. Eur J Cancer. (2016) 53:125–34. doi: 10.1016/j.ejca.2015.09.013

 56. Kobayashi H, Tanaka Y. γδ T cell immunotherapy-a review. Pharmaceuticals. (2015) 8:40–61. doi: 10.3390/ph8010040

 57. Speiser DE, Lienard D, Rufer N, Rubio-Godoy V, Rimoldi D, Lejeune F, et al. Rapid and strong human CD8+ T cell responses to vaccination with peptide, IFA, and CpG oligodeoxynucleotide 7909. J Clin Invest. (2005) 115:739–46. doi: 10.1172/JCI23373

 58. Aspord C, Leccia MT, Salameire D, Laurin D, Chaperot L, Charles J, et al. HLA-A(*)0201(+) plasmacytoid dendritic cells provide a cell-based immunotherapy for melanoma patients. J Invest Dermatol. (2012) 132:2395–406. doi: 10.1038/jid.2012.152

 59. Tel J, Aarntzen EH, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D, et al. Natural human plasmacytoid dendritic cells induce antigen-specific T-cell responses in melanoma patients. Cancer Res. (2013) 73:1063–75. doi: 10.1158/0008-5472.CAN-12-2583

 60. Dieli F, Poccia F, Lipp M, Sireci G, Caccamo N, Di Sano C, et al. Differentiation of effector/memory Vdelta2 T cells and migratory routes in lymph nodes or inflammatory sites. J Exp Med. (2003) 198:391–7. doi: 10.1084/jem.20030235

 61. Huang D, Shen Y, Qiu L, Chen CY, Shen L, Estep J, et al. Immune distribution and localization of phosphoantigen-specific Vgamma2Vdelta2 T cells in lymphoid and nonlymphoid tissues in Mycobacterium tuberculosis infection. Infect Immun. (2008) 76:426–36. doi: 10.1128/IAI.01008-07

 62. Sacchi A, Rinaldi A, Tumino N, Casetti R, Agrati C, Turchi F, et al. HIV infection of monocytes-derived dendritic cells inhibits Vγ9Vδ2 T cells functions. PLoS ONE. (2014) 9:e111095. doi: 10.1371/journal.pone.0111095

 63. Fang H, Welte T, Zheng X, Chang GJ, Holbrook MR, Soong L, et al. gammadelta T cells promote the maturation of dendritic cells during West nile virus infection. FEMS Immunol Med Microbiol. (2010) 59:71–80. doi: 10.1111/j.1574-695X.2010.00663.x

 64. Fleming C, Morrissey S, Cai Y, Yan J. γδ T cells: unexpected regulators of cancer development and progression. Trends Cancer. (2017) 3:561–70. doi: 10.1016/j.trecan.2017.06.003

 65. Kamigaki T, Takahara M, Maekawa R, Goto S. Zoledronate-pulsed dendritic cell-based anticancer vaccines. Oncoimmunology. (2013) 2:e25636. doi: 10.4161/onci.25636

 66. Van Acker HH, Anguille S, Van Tendeloo VF, Lion E. Empowering gamma delta T cells with antitumor immunity by dendritic cell-based immunotherapy. Oncoimmunology. (2015) 4:e1021538. doi: 10.1080/2162402X.2015.1021538

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Girard, Ponsard, Charles, Chaperot and Aspord. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-11-00861-g005.gif





OPS/images/fimmu-11-00861-g006.gif





OPS/images/fimmu-11-00861-g003.gif
D LI

-






OPS/images/fimmu-11-00861-g004.gif
%%
e

s A






OPS/images/fimmu-11-00861-g007.gif
LS 4.
Rz e

T T

i.p o iE





OPS/images/fimmu-11-00861-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Potent Bidirectional Cross-Talk Between Plasmacytoid Dendritic Cells and γδT Cells Through BTN3A, Type I/II IFNs and Immune Checkpoints



		Introduction



		Materials and Methods



		Healthy Donor (HD)' Samples



		Purification of pDCs and γδ T Cells



		Tumor Cell Lines



		pDCs- γδ T Cells Coculture Experiments



		pDC Restimulation



		Phenotypic Analysis



		Cytotoxic Activity



		Soluble Factors Dosage



		Statistical Analysis







		Results



		TLR-L or Zol-Activated pDCs Trigger Activation and Functionality of γδ T Cells



		PAg-Activated γδ T Cells Drive Activation and Functionality of pDCs



		Both Soluble Factors and Membrane Contacts Are Required for pDCs—γδ T Cells Reciprocal Interplays



		pDCs and γδ T Cells Express BTN3A



		TLR-L-Dependent pDC-Induced γδ T Cells Activation Requires Soluble IFNα, TNFα, Membrane OX40L and Slightly BTN3A, Whereas Zol-Dependent pDC-Induced γδ T Cells Full Potency Necessitates Mostly BTN3A and IFNα



		PAg-Dependent γδT Cells-Induced pDC Stimulation Requires Exclusively BTN3A and IFNγ







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Potent Bidirectional Cross-Talk
Between Plasmacytoid Dendritic
Cells and y3T Cells Through
BTN3A, Type I/II IFNs and Immune
Checkpoints





OPS/images/fimmu-11-00861-g001.gif





OPS/images/fimmu-11-00861-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





