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Inhibitory Receptor Crosslinking Quantitatively Dampens Calcium Flux Induced by Activating Receptor Triggering in NK Cells
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Natural killer (NK) cell function is regulated by a balance between activating and inhibitory receptors, but the details of this receptor interplay are not extensively understood. We developed a flow cytometry-based assay system in which Ca2+ flux downstream of antibody-mediated activating receptor triggering was studied in the presence or absence of inhibitory receptor co-crosslinking. We show that the inhibitory influence on activating receptor-induced Ca2+ flux is quantitatively regulated, both on murine and human NK cells. Furthermore, both activating and inhibitory receptors operate in an additive way, suggesting that a fine-tuned balance between activating and inhibitory receptors regulate proximal NK cell signaling. We also demonstrate that murine NK cell expression of H2Dd lowered the capacity of Ly49A to deliver inhibitory signals after antibody crosslinking, suggesting that the cis interaction between H2Dd and Ly49A reduce the signaling capacity of Ly49A in this setting. Finally, we show that priming of NK cells by IL-15 rapidly augments Ca2+ flux after activating receptor signaling without attenuating the potential of inhibitory receptors to reduce Ca2+ flux. Our data shed new light on NK cell inhibition and raises new questions for further studies.
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INTRODUCTION

Natural Killer (NK) cells are innate lymphocytes involved in the immune defense against viral infections and transformed cells (1), and they also exert control over adaptive immune responses (2, 3). NK cells mediate killing of target cells through the secretion of perforin, granzymes and the interaction of Fas-Fas-ligands (4, 5), and they also secrete a multitude of cytokines with immunomodulatory properties (6). The effector functions of NK cells are regulated by signals coming from activating and inhibitory cell surface receptors, which are integrated inside the cells to determine the functional output (7, 8).

In contrast to T cells, each of which possess a unique T cell receptor generated by somatic gene recombination, NK cells express several distinct types of germline-encoded activating receptors that are differentially expressed, signal differently and bind unique ligands on target cells (9). A similar diversity can be found for inhibitory receptors for MHC class I. In mice these belong to the lectin-like Ly49 receptor family, whereas in humans they constitute immunoglobulin superfamily killer immunoglobulin-like receptors (KIR) (10). Both mice and humans also express NKG2A, a lectin-like inhibitory receptor for non-classical MHC class I molecules (11, 12). Ly49 and KIR receptors, respectively, are expressed on overlapping NK cell subsets, in an as yet unexplained manner creating an “NK cell repertoire,” characterized by NK cells expression from zero up to at least 5 inhibitory receptors (13).

During interactions with MHC class I molecules on target cells, inhibitory receptors exert a negative influence on NK cell activation by the recruitment of phosphatases, in particular SHP-1 and SHIP, resulting in diminished NK cell activating receptor signaling (14). The mechanisms underlying NK cell inhibition is complex, but the most studied mechanism involves a de-phosphorylation event acting on the intracellular signaling mediator VAV, which act downstream of activating NK cell receptors (15, 16). Furthermore, a recent study showed that inhibitory receptor engagement increased ubiquitilation of LAT, suggesting that inhibitory receptor signaling may also function by limiting the availability of signaling substrates inside the NK cells (17).

Given the central role for inhibitory receptors in NK cell function, surprisingly little is known about the nature of the activating and inhibitory signal cross-talk in NK cells. It is assumed that intracellular signals transduced by the triggering of activating and inhibitory receptors are integrated through a cross-talk proximal to the cell membrane (8, 17, 18), but this cross-talk has not been studied in much detail. In addition, while it is suggested that NK cell activation is controlled by a threshold of activation (19), it is not clear whether a signaling threshold can be measured experimentally at the level of early Ca2+ flux. Furthermore, whether or not the inhibitory signals are binary (all or none) or dynamic and quantitative, if they are affected by the cis interaction with MHC class I or if they are influenced by cytokines that regulate NK cell function, such as IL-15, are remaining questions.

We developed an assay to measure the inhibitory influence by Ly49 or NKG2A receptors on murine NK cell activation and by the NKG2A receptor on human NK cells, read out as the inhibition of Ca2+ flux after co-crosslinking of activating receptors. Intracellular Ca2+ fluxes correlate with NK cell effector functions, including degranulation and cytokine production (20). Using this assay, we provide several novel insights of relevance to the way by which inhibitory receptors may control NK cell function.

RESULTS

Activating Receptor Crosslinking Quantitatively and Additively Modulates Ca2+ Flux in Primary Mouse NK Cells

It has been demonstrated that inhibitory receptor ligation exert proximal down-modulatory effects on signaling pathways downstream of activating receptors, but the nature of these inhibitory influences have not been extensively studied. To gain further insight into this process, we established an in vitro system based on co-crosslinking of activating and inhibitory NK cell receptors on mouse and human NK cells, followed by a FACS-based assay for Ca2+ flux in real time (Figure S1). We reasoned that this setup would allow us to investigate if inhibitory receptor triggering quantitatively downregulates NK cell activation, or if inhibition would operate in a threshold mode.

In a first step, we identified reagents that could be used to identify subsets of mouse NK cells and at the same time be used to cross-link activating and inhibitory receptors simultaneously (Table S1). Following crosslinking of NK1.1-APC-stained NK cells using a F(ab)2 fragment of a goat-anti-mouse secondary antibody, a flux of Ca2+ characterized by a rapid onset, a peak and a relaxation phase was recorded in real-time using a ratiometric flow cytometry method based on Fluo-4 and Fura-Red staining (Figures 1A,B; see Materials and Methods). Crosslinking the activating receptor NKp46 also elicited a rapid Ca2+ flux response in mouse NK cells (Figures 1C,D), but with different kinetics characterized by a slower onset compared to NK1.1. For both NK1.1 and NKp46 stimulation, the extent of Ca2+ flux was sensitive to the amount of primary antibody in all experiments, at least for the concentrations of crosslinking antibodies we used (Figures 1B,D). In line with a quantitative response to signaling strength, when these two activating receptors were co-crosslinked, NK cells displayed an additive enhanced calcium flux response, with both earlier onset and higher peak value in NK cell crosslinked via the two receptors simultaneously (Figures 1E,F).
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FIGURE 1. Induction of Ca2+ flux in mouse NK cells after crosslinking of activating receptors. (A) Calcium flux response (kinetics plot of the ratio between Fluo-4 and Fura-red) after NK1.1 crosslinking. The colored lines depict various concentrations of the primary antibody.One representative experiment. (B) Total area-under-the-curve (AUC) values after baseline correction (see Materials and Methods) from four independent experiments. Different colors indicate different experiments. Statistics calculated using a one-way paired Student's T-test. (C) Same setup as in A but with an antibody against NKp46. (D) Same setup as in (B) but for NKp46 antibody. (E) Calciums flux response (kinetics plot of the between Flou-4 and Fura-red) after individual and simultaneous crosslinking of NK1.1 and NKp46 on isolated NK cells. Different crosslinkers were used for NK11 and NKp46 primary antibodies. DARLC, donkey-anti-rat (used for NKp46) and GAMCL, goat-anti-mouse (used for NK1.1). One representative experiment. Note lack of cross-reactivity beteen the crosslinkers (flat lines). (F) Total AUC values after baseline correction (see Material and Methods) from 5 to 7 independent experiments, which are color-coded. Some experiments did not inluce all groups. Note additive Ca2+ flux response when two receptors were crosslinked simultaneously. Statistical analysis was performed using a one-way ANOVA with Tukey's multiple comparisons test. *p < 0.05, **p< 0.01, ***p< 0.001, ns, not significant.



Inhibitory Receptor Crosslinking Quantitively and Additively Downregulates Activating Signals in Primary Mouse NK Cells

We next tested if co-crosslinking NK1.1 and NKp46 receptors with inhibitory Ly49 or NKG2A receptors simultaneously would dampen Ca2+ flux triggered by the activating receptors, which would support a proximal influence on early NK cell signaling. To test this, we designed a co-staining protocol in which NK cells were double-stained with antibodies against activating receptors NK1.1 or NKp46 and antibodies against either Ly49A, Ly49G2, or NKG2A, with the aim of co-crosslinking these antibodies using an IgG F(ab)2 fragment with specificity for both activating and inhibitory antibodies. In order for this setup to work as intended, it was necessary to make sure that flourochrome-labeled primary antibodies against inhibitory receptors could be used (Figure S1). Because all inhibitory receptors in the mouse are expressed on subsets of NK cells, this setup would allow detection of a control subset and a test subset in the same sample, providing a critical test if inhibitory receptor triggering quantitatively downregulates NK cell triggering, or if it operates by means of a threshold effect.

When applying this setup for Ly49A, Ly49G2, and NKG2A, we confirmed our previous data (21), showing that these receptors were all capable of downregulating Ca2+ flux triggered by NK1.1 simulation (Figure 2A, left). Two of the inhibitory receptors, Ly49A and Ly49G2 were also tested in conjunction with NKp46, with similar outcome (Figure 2A, right). By titrating the amount of antibody against the inhibitory receptors, we established that both Ly49A and Ly49G2 crosslinking downregulated ITAM-dependent NK1.1 and NKp46 triggering in a dose-dependent way, suggesting that the inhibitory receptor activity, at least in this setup, was able to quantitatively inhibit Ca2+ flux downstream of activating receptor ligation (Figures 2B–G). NKG2A was not possible to use in these titration experiments, since staining was rapidly lost after titration and the cells could not be identified clearly using lower concentrations than 1:50.
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FIGURE 2. Inhibitory receptor (IR) crosslinking quantitatively downmodulates Ca2+ flux induced by activating receptor stimulation. (A) Top: Staining of Ly49A, Ly49G2 and NKG2A on mouse NK cells. Bottom: Kinetics plot of Fluo-4 fluorescence after crosslinking of NK cells coated with antibodies against NK1.1 (left) and NKp46 (right) in the presence of antibodies against inhibitory receptors Ly49A, Ly49G2 and NKG2A as indicated. Red line represents the response on the NK cell subset expressing the inhibitory receptor in question and the blue line represents the inhibitory receptor-negative subset in the same sample. Gates were set on plots in the top panel. Corresponding concentrations of the antibodies in the various dilutions are indicated in Table S1. (B) Reduction of inhibitory influence on activating signals after titration of inibitory antibody. Top: staining of Ly49G2 at various antibody dilutions. Bottom: Kinetics plot of Fluo-4 fluorescence after NK1.1 activation in the presence of various concentrations of Ly49G2. Red line represents the response on the NK cell subset expressing the inhibitory receptor in question and the blue line represents the inhibitory receptor-negative subset in the same sample. (C) The “inhibition index” (see Materials and Methods) becomes bigger following reduced concentration of inhibitory recept antibody. Data from four individual color-coded experiments. The red experiments is the one depicted in (B). (D) Statistical analysis between the 1:400 and 1:1600 groups in (C) using Student's T-test. (E–G) Same setups as in (B–D) but for Ly49A instead. (H) Double staining of Ly49A and Ly49G2 on isolated mouse NK cells. Dilutions of the antibodies was chosen so as to provide clearly detectable stainings an at the same time only partial inhibition. (I) Kinetics plot of the Fluo-4/Fura-red flourescence ratio in NK cells expressing Ly49A, Ly49G2, both receptors or none of these receptors. (J) Statistical analysis of the AUC values after baseline correction of Ca2+ flux from the three subsets expressing either one or both inhibitory receptors in I. Summary of 5 independent experiments, which are color-coded. The red experiment is shown in (I). Statistical analysis in (D,G) was performed using a two-way Student's T test and in (J) using a one-way ANOVA with Tukey's multiple comparisons test. *p < 0.05, **p < 0.01, ns, not significant.



NK cells express combinations of inhibitory receptors, some of which may be specific for the same MHC class I allele (13). Thus, it was of interest to ask if two different inhibitory receptors would co-operate for inhibition of ITAM signaling, which was previously suggested in assays of NK cell cytotoxicity (7). To test this, we stained NK cells with antibodies against NKp46, Ly49A, and Ly49G2 (all three being rat antibodies), and added donkey-anti-rat F(Ab)2 fragments for crosslinking. By gating on NK cells based on either one or both inhibitory receptors (Figure 2H), we asked if crosslinking of two receptors would inhibit Ca2+ flux more efficiently than co-crosslinking of only one inhibitory receptor? Our experiment with this setup demonstrated that NK cell expressing both inhibitory receptors indeed showed less Ca2+ flux compared to NK cells expressing only one inhibitory receptor (Figures 2I,J), suggesting that two inhibitory receptors co-operate in limiting proximal NK cell signaling downstream of ITAM signaling.

The Inhibitory Effect of Ly49A, but Not Ly49G2, Is Reduced by Expression of H2Dd at the Cell Surface of the Ly49A+ NK Cell

Several studies have reported that the Ly49A receptor binds its ligand H2Dd both in cis, i.e., on the same cell, and in trans, i.e., when the ligand is expressed by surrounding cells. This binding is mediated by the same interaction site and the two modes of binding appear to be mutually exclusive (22, 23). Thus, cis interaction with H2Dd restricts access of the Ly49A receptor to H2Dd presented in trans, e.g., in the form of H2Dd tetramers (24). To provide further insight into the inhibitory function of the Ly49A receptor on NK cells expressing H2Dd, we performed crosslinking experiments of Ly49A on NK cells from mice expressing H2Dd as a single MHC class I molecule and compared the results with crosslinking of Ly49A on NK cells from B6 mice, which lack H2Dd. Despite the fact that Ly49A+ NK cells are more functional in H2Dd mice compared to B6 mice (25), no inhibitory function of Ly49A was seen at any antibody concentrations that were tested (Figure 3A). In contrast, even the lowest dilution of anti-Ly49A antibody tested (1:6,400) yielded strong inhibition of B6 NK cells in this series of experiments (Figure 3B).


[image: image]

FIGURE 3. Poor effect of Ly49A receptor crosslinking on NK1.1-induced Ca2+ flux in NK cells from mice expressing the Ly49A ligand H2Dd. (A) Top: Staining of Ly49A on NKp46+ NK cells from H2Dd mice at various dilutions of anti-Ly49A antibodies. Bottom: Kinetics plot of the Fluo-4/Fura-red flourescence ratios in NK cells from H2Dd mice stained with various concentrations of anti-Ly49A together with a fixed concentration of anti-NK1.1. The blue line represents the response of the NK cell subset expressing Ly49A and the red line represents Ly49A-negative NK cells in the same sample. (B) Same setup as in A but on NK cells from B6 mice. (C) Mean fluorescence intensity (MFI) of Ly49A staining at various dilutions of anti-Ly49A on NK cells derived from B6 (black bars) or H2Dd (white bars) mice. Three independent experiments are pooled. Arrows indicate antibody titrations at which the MFI of Ly49A staining was similar between B6 and H2Dd mice. (D) AUC values of Ca2+ flux in Ly49A-positive and Ly49A-negative NK cells from B6 and H2Dd mice at the anti-Ly49A concentrations indicated by arrows in (C) (1:100 for H2Dd and 1:3,200 for B6). Statistical analysis performed using one-way ANOVA with Tukey's multiple comparisons test. (E) Top: Staining of Ly49G2 on NKp46+ cells from H2Dd mice. Bottom: Kinetics plot of the Fluo-4/Fura-red flourescence ratios in Ly49G2-positive (blue) and Ly49G2-negative (red) NK cells from H2Dd mice stained with anti-Ly49G2 at 1:400 dilution. (F) Inhibition index comparison between the degree of Ly49G2-mediated inhibition in H2Dd mice and B6 mice. Based on 3–4 independent and comparable experiments. Statistics was calculated using a paired Student's T-test. *p < 0.05, ns , not significant.



The cis interaction with H2Dd restricts cell surface expression of Ly49A by a combination of Ly49A internalization and antibody epitope blocking (26). It was therefore possible that the lack of inhibition of Ly49A+ NK cells from H2Dd mice was the result of lower amounts of Ly49A antibody at the surface of H2Dd+ NK cells compared to B6 NK cells. To control for this, we performed a parallel titration of antibody staining on H2Dd mice and B6 mice and related the inhibitory capacity of the antibody to the cell surface staining intensity. When we compared samples from B6 and H2Dd mice that showed the same intensity of anti-Ly49A staining, 1:3,200 in B6 vs. 1:100 in H2Dd mice (Figure 3C), we found a clear inhibitory effect on B6 NK cells but no inhibition at all on H2Dd NK cells (Figure 3D), supporting a qualitatively different role of the Ly49A receptor to transmit inhibitory signals in the presence of the ligand expressed in the same cell membrane.

To test if the lack of inhibitory function was unique to the Ly49A receptor, we crosslinked the Ly49G2 receptor on H2Dd and B6 NK cells and observed clear inhibition of Ca2+ flux on both H2Dd and B6 NK cells (Figures 3E,F). Thus, on H2Dd NK cells, the poor accessibility and poor signaling capacity seems unique to the Ly49A receptor and does not apply to the Ly49G2 receptor, which is consistent with poor ability of Ly49A to bind H2Dd in trans (26). These data suggest that the cis interaction not only restricts binding, but also the ability of the receptor to deliver inhibitory signals into the cell after antibody-mediated crosslinking at the cell surface.

NK Cell Priming by IL-15 Does Not Influence the Inhibitory Capacity of Ly49 Receptors

Stimulation with the cytokine IL-15 “primes” NK cells, resulting in a more efficient and more rapid response to activation (27, 28). The mechanisms underlying NK cell priming are not known in detail, but seem to involve an augmentation of the AKT-mTOR axis of NK cell signaling (29–31). Because the purpose of NK cell priming would be to enhance NK cell responsiveness, it was of interest to ask if the capacity for NK cell inhibition would be reduced, or even abrogated, by IL-15-priming. To determine if our experimental system could be used to test this question, we first investigated the Ca2+ flux response to NK1.1 triggering in IL-15-primed and non-primed NK cells. A 2-h incubation with IL-15 enhanced NK1.1-triggered Ca2+ responses (Figures 4A,B, compare blue and green lines) indicating that IL-15 potentiates ITAM signaling downstream of NK1.1.
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FIGURE 4. IL-15 priming does not abrogate the capacity of inhibitory receptor crosslinking to dampen Ca2+ flux in B6 NK cells. (A) One representative experiment showing kinetics of Fluo-4 fluorescence in Ly49A+ and Ly49A− IL-15-primed or non-primed NK cells. (B) Same as in (A) but gated on Ly49G2+ NK cells. (C) Top: Total AUC values after baseline correction of Ly49A− and Ly49A+ NK cells with or without IL-15 from 6 independent experiments. Lines connect subsets from the same experiment. Bottom: Inhibition index for anti-Ly49A crosslinking in IL-15-primed and non-primed NK cells. (D) Same setup as as in (C) but for Ly49G2+ NK cells. ns , not significant.



When NK1.1 was co-crosslinked with either Ly49A or Ly49G2, we found that IL-15 priming induced Ca2+ flux also in the Ly49A+ and Ly49G2+ NK cell subsets (Figures 4A,B, compare red and black lines), and that the efficiency of the inhibitory receptor to shut off NK1.1-triggered Ca2+ release seemed to be unaffected (Figures 4A,B). Quantification of this response in a larger series of experiments substantiated this conclusion, and showed that the efficiency of inhibitory signaling downstream of Ly49A and Ly49G2 was equally efficient on IL-15-primed and non-primed NK cells (Figures 4C,D).

NKG2A Co-crosslinking Quantitatively, but Variably, Dampens NKp46-Triggered Ca2+ Flux in NK Cells From 6 Human Donors

We next investigated if inhibitory signaling also dampened Ca2+ flux downstream of activating receptors in human NK cells. Here, we focused on the NKG2A receptor and used streptavidin to co-crosslink biotinylated antibodies against NKp46 and CD94, using fluorescent antibodies against NKG2A and NKG2C to distinguish these subsets (Figures S2, S3; Table S2). Quantitative inhibition of NKp46-induced Ca2+ flux was observed in all 6 donors, albeit with varying efficiency between donors (Figure 5A). Because the CD57 marker was included in the staining protocol (Figure S2) we were able to extend the analysis in human NK cells by gating on this marker, which is frequently used to identify mature NK cells in humans (32). In a first step, we quantified the extent of inhibition on CD57 low NK cells in each donor by calculating the AUC for for each concentration of anti-CD94 antibody. This analysis demonstrated a similar titration curve for each donor, characterized by an early linear drop of varying degree followed by a plateau as the concentreation of anti-CD94 reached 0.5 μg/ml (Figure 5B). Fractions of CD57high NK cells varied between the donors (Figure 5C). When we repeated the same analysis on CD57high NK cells, we found a similar pattern of titration (Figure 5D) but with generally higher AUC values (Figure 5D). When the Ca2+ flux after NKp46 crosslinking (in the absence of inhibition) was compared, we found that CD57high NK cells showed a statistically verified stronger Ca2+ flux response compared to CD57low NK cells (Figure 5E), suggesting an intrinsically increased responsiveness of the CD57high subset. However, despite this, the inhibitory effect of anti-CD94 crosslinking on NKG2A+ NK cells titrated in a similar way in CD57low and CD57high NK cells (Figure 5F), arguing that despite higher responsiveness to activating receptor crosslinking in CD57high NK cells (Figure 5E), the inhibitory capacity of NKG2A was the same (Figure 5F).
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FIGURE 5. Crosslinking of NKG2A dampens Ca2+ flux triggered by NKp46 stimulation in human 6 human donors. (A) Kinetics plot of Fluo-8 fluorescence of CD57 low, CD56+, NKG2A+ NK cells stained with biotinylated anti-NKp46 and biotinylated anti-CD94 and co-crosslinked using by Streptavidin. HD1-HD6 depict the 6 donors. Different concentrations of anti-NKG2A are color-coded. (B,D) Total AUC values of CD56+ NKG2A+ CD57 low NK cells, after baseline correction, of the data in (A). Statistics were calculated using a paired Student's T-test for the combinations indicated. (C) The fractions of CD57high/CD57low NK cells from HD1-HD6. Gating as indicaed in Figure S2. (D) Similar data as in (B) but for CD56+ NKG2A+ CD57 high NK cells. (E) Total AUC values of CD57 high and CD57 low NK cells stimulated with biotinylated anti-NKp46 and crosslinked with Streptavidin, in the absence of inhibitory receptor crosslinking. Statistics were calculated using a parid Student's T-test. (F) The inhibition index obtained by streptavidin-mediated crosslinking of NKG2A+ NK cells at lowering concentration of biotinylated anti-CD94, and comparing CD57 low and CD57 high NK cells. No significant differences were seen. *p < 0.05, **p < 0.01, ****p < 0.0001, ns, not significant.



DISCUSSION

We here report that co-crosslinking activating and inhibitory receptors using antibodies resulted in downregulation of Ca2+ flux in both mouse and human NK cells in a manner that was sensitive to the amount of added crosslinker against the inhibitory receptor. Similarly, in humans, inhibitory capacity of NKG2A also titrated with the antibody concentration, was variable between donors but independent from the expression of CD57. We also show that activating and inhibitory receptors of different types operated additively, suggesting that they can co-operate in regulating NK cell activity when NK cells meet target with several types of ligands for activating and inhibitory receptors. In the mouse, the inhibitory signaling capacity of the Ly49A receptor was impaired by the presence of H2Dd in the same cell, suggesting that the cis interaction between H2Dd and Ly49A impairs the ability of Ly49A to transmit inhibitory signals after antibody crosslinking. Furthermore, 2 h of IL-15 priming of NK cells augmented Ca2+ signaling downstream of the activating receptor NK1.1. Nonetheless, the inhibitory receptor signaling capacity was not changed following IL-15 stimulation. Thus, our assay for inhibitory receptor activity, in which Ca2+ release could be studied in inhibitory receptor-positive NK cells in the same sample, has revealed features of inhibitory receptor function that was not previously well characterized.

It is well established that inhibitory receptors are sensitive to different amount of target cell MHC class I, both during NK cell killing (19) and during NK cell education (33–36). To our knowledge, our data is the first, however, to demonstrate that inhibitory receptor signaling quantitatively downmodulates activating receptor signaling toward Ca2+ flux, most compellingly demonstrated by the successive decrease in Ca2+ flux after NK1.1 or NKp46 receptor co-crosslinking in the presence of increasing amount of antibody, or streptavidin, against inhibitory receptors in two different species. An alternative to this result would have been a threshold of inhibition, which was implied from previous work on NK cell cytotoxicity against target cells transfected with different amount of HLA class I ligands (19). In such a model, inhibition of signaling would require a certain amount of SHP-1 to be recruited to the immune synapse to accumulate close to the activating receptor signaling complex, before a cascade of de-phosphorylation is initiated. Our data argue against such a model and instead suggests a fine-tuned regulation, in which small perturbations in the balance between kinases and phosphatases modulate the threshold of activation for individual NK cells, both in humans and in mice, in real time (37). However, it is likely that the regulation of effector functions such as cytotoxicity or cytokine release are subject to more complex regulation downstream of Ca2+ flux, e.g., regulating gene transcription, cellular polarization and granule release necessary for their execution. Activation thresholds may be set at such levels, in a process by which a linear signaling stream triggered by receptor ligation might be translated into a threshold switch more downstream. Testing such a model would require novel types of analysis systems in which effects of inhibitory receptor ligation downstream of Ca2+ flux could be evaluated in real time, something which attains significant technical challenges due to the time delays between initial triggering and e.g., granule release.

Some Ly49 receptors, of which Ly49A is the most studied, interact with its MHC class I ligand in cis, i.e., in the same cell membrane (23, 26, 38, 39). This property impacts in many ways on Ly49A receptor biology, the most significant of which is a conformational change in the Ly49A receptor structure into a bent conformation that protects H2Dd binding sites for both antibodies and for H2Dd tetramers (22–24). In support of this notion, we found limited access of Ly49A on H2Dd-expressing NK cells to conformation-specific antibodies in this paper. In addition, we were completely unable to observe any negative impact after co-crosslinking Ly49A with NK1.1 on NK cell expressing H2Dd, which was in contrast to crosslinking Ly49A on H2Dd-negative NK cells, in which binding of anti-Ly49A antibodies (titrated to the same extent as in the H2Dd-positive NK cells) provided inhibitory input. This surprising finding raises questions regarding one of the basic tenets of “missing self” recognition, which is that self-tolerance is determined, at the level of the individual NK cell, by inhibitory interactions between Ly49 receptors and self MHC class I on surrounding cells (40). This would be considered particularly important in NK cells expressing Ly49A in H2Dd mice, in which Ly49A-expressing NK cell subsets are the most efficiently educated subsets with the best functional capacity (25). It is important to note, however, that our data does not imply that the Ly49A receptor complexed in cis with H2Dd is completely unable to provide inhibitory input from H2Dd expressed on other cells. Binding of Ly49A to its “real” ligand H2Dd on target cells during effector target interactions, might lead to competition between external and internal H2Dd that could liberate Ly49A epitopes for H2Dd binding on other cells. Arguing against this, on the other hand, is the finding that the switch between cis and trans conformation of Ly49A is predicted to be energetically unfavorable (22). In the end, this question must be tested experimentally by isolating NK cells from H2Dd mice expressing only Ly49A and subject them to lysis of target cells expressing H2Dd. So far, our system, which measures inhibitory input from single Ly49 receptors, nevertheless implies that the cis interaction severely limits the capacity of Ly49A to transmit negative signals to NK cells.

One additional point should be made in conjunction with this discussion. We did, reproducibly, find that lowering the anti-Ly49A concentration paradoxically increased Ca2+ flux in Ly49A+ NK cells in H2Dd mice while at the same time leaving Ca2+ flux in Ly49A- NK cell unaffected. We think this finding reflects the higher responsiveness of Ly49A+ vs. Ly49A- NK cells in H2Dd mice (25, 41), which becomes apparent as the anti-Ly49A antibody is diluted and loses its inhibitory potential, yet remains visible for detection of Ly49A+ NK cells using FACS. If this interpretation is correct, it suggests that anti-Ly49A antibodies are capable of triggering some degree of inhibition of Ly49A+ NK cells from H2Dd mice, when applied at very high concentrations.

The cytokine IL-15 plays a pleiotropic role in NK cell biology, including being a priming factor for NK cell functional capacity (27–29). The priming effect of IL-15 is manifested as an augmentation of functional responses, such as killing and cytokine secretion, as a result from a short incubation time before NK cell function is triggered. Given this apparent direct impact on ITAM-dependent NK cell signaling, it was of interest to evaluate if part of the priming response could involve effects on the inhibitory signaling pathways, perhaps manifested as a reduced inhibitory effect of a given inhibitory receptor trigger. Our data did not support such a role but suggest that IL-15 priming is in direct balance with Ly49 receptor triggering and that no specific impact on the inhibitory receptor signaling components was revealed. A conclusion of the same type could be made when comparing CD57high and CD57low NK cells in human NK cells, which suggest that NK cells displaying an intrinsically higher responsiveness were similarly sensitive to inhibitory signals. Taken together, these data thus propose that the responsiveness of NK cells, dictated by the intrinsic capacity of activating signaling pathways determined e.g., by maturation or priming, do not influence the degree of inhibition by a given inhibitory stimulus.

In summary, our study provide evidence to suggest that inhibitory Ly49 and NKG2A receptors downregulate Ca2+ flux downstream of ITAM signaling in a linear way, following co-crosslinking of activating and inhibitory receptors on both human and murine NK cells. Furthermore, our data imply that the cis interaction between Ly49A and H2Dd strongly reduces the capacity of Ly49A to transmit negative signals after crosslinking and that short-term IL-15 priming operates independently from inhibitory receptor signaling. New experiments will be required to elucidate the molecular basis for these findings.

MATERIALS AND METHODS

Mice

C57Bl/6 (B6) mice were purchased from Jackson laboratory and were used at 6–10 weeks of age. Mice transgenic for H2Dd (and lacking H2b molecules) were previously described (25, 41) and were bred and maintained in the animal facility at Karolinska Institutet, Huddinge. Breedings and animal handling followed institutional guidelines at Karolinska Institutet and at the Karolinska University Hospital. All experimental procedures were approved by the Stockholm branch of the regional animal ethics committee in Sweden (Stockholm Södra Djurförsöksetiska Nämnd and Linköpings Djurförsöksetiska Nämnd).

Antibodies and Flow Cytometry Analysis

All antibodies and their concentrations used in this study are detailed in Tables S1, S2. For flow cytometry, single cell suspension of mouse splenocytes were incubated with anti-FcyRIII (2.4G2) for 20 min before staining with antibodies agains specific surface markers. Stainings were performed at 4°C in HBSS supplemented with 1% FCS for 20 min. Dead cells were excluded using LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit (Invitrogen). Acquisition of flow cytometry data was done using the LSR Fortessa instrument (BD Biosciences) or the LSR Symphony instrument (BD Biosciences). Data analysis was done by FlowJo 9.9.4 (Tree Star).

NK Cell Analysis of Ca2+ Flux

Mouse NK cells were isolated from spleen using a negative selection kit for NK cell isolation (Miltenyi Biotec), which results in a NK cell purity of >90%. Purified NK cells were subsequently incubated with antibodies against cell surface receptors. After antibody staining, NK cells were stained for 20 min at 4°C in HBSS + 1% FCS and probenecid with calcium dyes Fluo-4 and Fura-red (Life Technologies). Cells were then kept on ice until analysis.

Primary human NK cells were purified from peripheral blood mononuclear cells (PBMC) from healthy volunteers by a similar negative isolation procedure as for mouse cells, according to the manufacturer's instructions (Miltenyi Biotec). Human NK cells were rested overnight in RPMI1640 (Gibco) supplemented with 10% fetal calf serum (Sigma-Aldrich) in a humidified incubator at 37°C and 5% CO2 (v/v). A viability check for 90–95% live cells was performed by a counter. Rested NK cells were washed once with assay buffer (HBSS supplemented with 1 mM probenecid (Gibco and ThermoFisher) and one million cells per condition transferred to a 96-well V-bottom plate (Sarstedt). Cells were then simultaneously labeled with fluorochrome conjugated and indicated concentrations of biotinylated monoclonal antibodies as well as loaded with 1 μM of the calcium indicator Fluo-8 a.m. (Abcam) in assay buffer for 1 h on ice. Afterwards, cells were washed, resuspended in cold assay buffer and kept on ice until acquisition on an LSR II Fortessa (BD Biosciences).

To record Ca2+ flux, tubes were pre-warmed at 37°C in a water bath for 10 min after which a baseline fluorescence signal was acquired for 30 s. Following this period, the tube was removed from the cytometer and a crosslinker was added. For mouse NK cells, 6 μl of polyclonal purified Goat-anti-Mouse IgG or Donkey-anti-Rat IgG (Jackson Immunoresearch), both at 1,3 mg/ml, was added to a final concentration of 20 μg/ml. For human NK cells, 1 μg of streptavidin was added, to a final concentration of 3 μg/ml to induce cross-linking of biotinylated antibodies. After the addition of crosslinker, acquisition was continued for an additional 210 s (humans) or 300 s (mouse). For human experiments and some mouse experiments, Fluo-4 (B-530-A) of Fluo-8 alone was used to record calcium flux. For some mouse experiments, both Fluo-4 (B-530-A) and Fura-red (B-710-A) were used and a ratiometric analyis (B-530-A/B-710-A) was applied during analysis.

Analysis of Ca2+ Flux Data

To quantify receptor-induced iCa2+ mobilization, we used the kinetics analysis in the FlowJo analysis software (BD Biosciences) to determine the area under the curve (AUC) of each calcium flux plot. To allow for inter-experimental comparison, we used the kinetics algorithm in FlowJo to divide each calcium plot into 16 arbitrary regions and determined the AUC for each of those. When 16 regions were used, the first 2 always defined the time before addition of crosslinker. This allowed us to use the mean AUC value from these two regions as background flourescence, which was subsequently subtracted from the AUC value of each of the remaining regions, allowing the creation of an AUC curve reflecting the specific enhancing effect of the crosslinker relative to the background for each plot. In doing so, inter-experimental variation was reduced and a combined analysis between experiments became feasible. Region 3, encompassing the gap in the curve resulting from removal of the tube for addition of crosslinker, was excluded from the analysis. AUC values were exported from FlowJo into MS-Excel where calculations were performed.

Inhibitory Receptor Crosslinking and Effect on Ca2+ Flux

To measure the influence of inhibitory crosslinking on activating receptor signaling, purified NK cells were stained with fluorescently labeled antibodies against inhibitory receptors together with a live/dead stain, a flourescently tagged detection antibody for NK cells (to which the crosslinker did not bind), Fluo-4/Fura-red and a triggering antibody for NK cells. Analysis of Ca2+ flux was performed as described above in the previous sections. During analysis, inhibitory receptor-positive and negative NK cells were separately gated based on their flourescence and analyzed with kinetics parameter for ratio (Fluo-4/Fura-red) and AUC (Area Under the Curves) as described in the previous sections. For some summary experments (e.g., in Figure 2) an “inhibition index” was calculated, which indicates the AUC for inhibitory receptor-positive NK cells over the AUC for inhibitory receptor-negative NK cells. The lower the figure, the larget the difference and the better the inhibition.

Priming of NK Cells Using IL-15

NK cells were incubated with recombinant IL-15 (ImmunoTool, Germany) for 2 h at 37°C to a final concentration of 100 ng/ml. Control cells were incubated at 37°C in the absence of IL-15. Following priming, cells were washed to remove unbound IL-15 after which they were incubated with antibodies to cell surface receptors and with calcium dyes. Ca2+ flux was analyzed as described in the previous sections.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5. A paired Student's T-test was used for some experiments. For other experiments, we used a one-way Anova with multiple comparisons and Tukey's correction, as indicated in the figure legends. The degree of significance is indicated as follows: *P < 0.05, **P < 0.01, ***p < 0.001, ns, not significant.
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