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Abstract

IL-15 bound to the IL-15 receptor α chain (IL-15Rα) is presented in trans to cells bearing the IL-2 

receptor β and γc chains. As IL-15 transpresentation occurs in the context of cell-to-cell contacts, it 

has the potential for regulation by and of other receptor–ligand interactions. In this study, human 

NK cells were tested for the sensitivity of IL-15 transpresentation to inhibitory receptors. Human 

cells expressing HLA class I ligands for inhibitory receptors KIR2DL1, KIR2DL2/3, or CD94-

NKG2A were transfected with IL-15Rα. Proliferation of primary NK cells in response to 

transpresented IL-15 was reduced by engagement of either KIR2DL1 or KIR2DL2/3 by cognate 

HLA-C ligands. Inhibitory KIR–HLA-C interactions did not reduce the proliferation induced by 

soluble IL-15. Therefore, transpresentation of IL-15 is subject to down-regulation by MHC class I-

specific inhibitory receptors. Similarly, proliferation of the NKG2A+ cell line NKL induced by 

IL-15 transpresentation was inhibited by HLA-E. Co-engagement of inhibitory receptors, either 

KIR2DL1 or CD94-NKG2A, did not inhibit phosphorylation of Stat5 but inhibited selectively 

phosphorylation of Akt and S6 ribosomal protein. IL-15Rα was not excluded from, but was evenly 

distributed across inhibitory synapses. These findings demonstrate a novel mechanism to attenuate 

IL-15 dependent NK cell proliferation and suggest that inhibitory NK cell receptors contribute to 

NK cell homeostasis.
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Introduction

IL-15 is essential for NK cell survival, differentiation, and proliferation (1). The IL-15 

receptor (IL-15R) consists of the three subunits α, β and γc. Whereas the α chain (IL-15Rα) 

is unique to the IL-15R, the β chain (IL-2Rβ) is shared with the IL-2 receptor and the 

common γ (γc) chain is shared with members of the cytokine receptor family, which 

includes IL-2R, IL-4R, IL-7R, IL-9R, IL-15R, and IL-21R (2). NK cells do not develop in 

mice lacking any one of the components of IL-15 and its receptor, such as IL-15−/−, 

IL-15Rα−/−, IL-2/15Rβ−/−, and γc
−/− mice (3–8), nor in mice defective in IL-15 signaling, 

including Jak3−/− and Stat5a/b−/− mice (9–11), thus highlighting the essential and specific 

role of IL-15.

Despite their shared use of IL-2Rβ and γc to transmit signals, IL-2 and IL-15 stimulate cells 

by different mechanisms. IL-15 is bound with high affinity (Kd 10−11 M) to IL-15Rα, which 

is expressed on cells that present IL-15 in trans to the IL-2Rβγc subunits expressed on 

lymphocytes (12). The IL-15–IL-15Rα complex undergoes multiple rounds of endocytosis 

and recycling (12). At high concentrations in vitro, soluble IL-15 can signal directly via the 

intermediate affinity (Kd 10−9 M) IL-2Rβγc complex, which is expressed on NK cells (12, 

13). IL-15Rα expression on NK cells is not required for their survival (13). IL-15 and 

IL-15Rα must be coordinately expressed by the same cells to support NK cell development 

in vivo (14). Physiological sources of IL-15 are monocytes (15), stromal cells (16), and 

dendritic cells (DC). Physiological niches for interaction of NK cells with IL-15 

transpresenting cells are the bone marrow and secondary lymphoid organs where NK cells 

reside and receive stimulatory signals required for their differentiation and activation (17, 

18). DC have an essential role in priming and stimulating NK cells (19–23).

Activated NK cells are potent cytotoxic effectors through release of cytolytic proteins such 

as perforin and granzymes, and have immunoregulatory activity through secretion of 

cytokines and chemokines (e.g. TNF-α, IFN-γ, MIP-1α) (18, 24). NK cell responses to 

target cells are under control of inhibitory receptors, which recognize primarily MHC class I 

molecules (25, 26). The human MHC class I-specific inhibitory receptors include members 

of the killer cell Ig-like receptor (KIR) family and the CD94-NKG2A lectin-like 

heterodimer, both of which carry immunoreceptor tyrosine-based inhibition motifs (ITIM) in 

their cytoplasmic tail, which mediate inhibition through recruitment of the tyrosine 

phosphatase SHP-1 (26, 27). A second component of the inhibitory pathway relies on 

phosphorylation of the small adaptor Crk and its dissociation from cytoskeletal scaffold 

proteins (28, 29).

Presentation of IL-15 in trans by cells that express IL-15Rα, rather than direct binding of 

soluble IL-15 to cells co-expressing the three chains of IL-15R, must have evolved to fulfill 

important biological functions. It may ensure that expansion and activation of NK cells 

occurs only after interaction with other cell types at specific sites. For instance, bone 

marrow stromal cells provide signals for development and survival, and dendritic cells in 

lymph nodes provide priming signals (30). In addition, the very high affinity of IL-15 for 

IL-15Rα, and the ability of IL-15Rα–IL-15 complexes to recycle to the cell surface may 

result in sustained activation of T cells and NK cells (12, 31). A fundamental difference 
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between activation by a soluble and a transpresented cytokine is that transpresentation can 

be subjected to regulation by other interactions between the presenting and the responding 

cells. It is not known whether IL-15 transpresentation by IL-15Rα to IL-2Rβγc chains in NK 

cells is a potential target of inhibitory receptor signaling. Here we have addressed this 

question using human NK cells (primary NK cells and an NK cell line) and cells engineered 

to express IL-15Rα in combination with HLA class I ligands for inhibitory receptors. Our 

results have shown that IL-15 transpresentation is negatively regulated by co-engagement of 

inhibitory receptors.

Materials and Methods

Cells and Antibodies

Human NK cells were isolated from peripheral blood mononuclear cells by depletion of 

non-NK cells using an NK cell isolation kit (Miltenyi Biotech, Auburn, CA). Human blood 

samples from anonymized healthy donors was drawn for research purposes at the NIH 

Blood Bank under an NIH IRB approved protocol with informed consent. NK cell purity 

was assessed by flow cytometry; cells were ≥98% CD3−CD56+NKp46+. In some 

experiments, NKG2C positive cells were depleted by negative selection following a 

described protocol (29). The human NK cell line NKL (a gift of M. Robertson, Indiana 

University Medical Center, Indianapolis, IN) (32) was cultured in RPMI supplemented with 

10% fetal bovine serum (FBS), and 100 U/ml rIL-2. NKL-2DL1 cells were generated by 

retroviral transduction. For that purpose, KIR2DL1 cDNA was cloned into the retroviral 

vector PCDH-EF1-MCS-T2A-Puro, by using XbaI and NotI restriction enzymes, and cells 

were selected using puromycin (0.3 μg/ml). Prior to IL-15 stimulation experiments, NKL 

cells were rested in RPMI with 10% FBS in the absence of IL-2 for 36 h, and in the absence 

of FBS during the last 12 h. 721.221 is human B lymphoblastoid cell line mutagenized and 

selected for the loss of all HLA-A, HLA-B, and HLA-C genes (33). 721.221 cells 

expressing HLA-Cw3 (221–Cw3), HLA-Cw4 (221–Cw4), and HLA-Cw15 (221–Cw15) 

were generated using a retroviral transduction method with G418 selection (500 μg/ml), as 

described (34). 221–IL-15Rα, 221–Cw3–IL-15Rα, 221–Cw4–IL-15Rα and 221–Cw15–

IL-15Rα were generated by transduction with a human IL-15Rα cDNA in the retroviral 

vector pBabe (35) carrying blasticidin selection (3.2 μg/ml). 721.221 cells expressing HLA-

E (221-AEH cells, a gift from D. Geraghty, Fred Hutchinson Cancer Research Center, 

Seattle) (36), thereafter referred to as 221–E, were transfected with IL-15Rα in the same 

retroviral vector but using a VSV-G pseudotype retroviral transduction system (37) to 

generate 221–E–IL-15Rα cells using blasticidin selection (3.4 μg/ml). 221–IL-15Rα-Cherry 

cells were generated by transfection with a human IL-15Rα cDNA cloned into the 

pmCherry-N1 vector, using XhoI and BamH1 restriction enzymes, and selection in 0.5 

mg/ml G418. Transfected 721.221 cells were maintained in Iscove’s Modified Dulbecco’s 

Medium (IMDM) supplemented with 10% FBS and L-glutamine.

The following antibodies were used: CD158a (EB6) to detect KIR2DL1 and KIR2DS1; 

CD158b (GL183) to detect KIR2DL2, KIR2DL3, and KIR2DS2; CD159a (Z199) to detect 

NKG2A and anti-IL15 (clone 34593) all from Beckman Coulter. The cyt42/43 polyclonal 

antiserum specific for the long cytoplasmic tail of KIR2DL1 and KIR2DL2 was produced in 
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rabbits after immunization with peptide AESRSKVVSCP conjugated to KLH (38). The cyt6 

antiserum specific for the cytoplasmic tail of KIR2DL3 was produced the same way with 

peptide VYTELPNAES (27). Anti-NKG2C (134522) was from R&D, mAb to CD107a 

(H4A3), CD132 (TUGh4) to detect γc, CD122 (Mik-β3) to detect IL-2Rβ were from 

Pharmingen. Anti-phospho-Ser235Ser236-S6 (2F9) coupled to Alexa 488 and anti-phospho-

Ser473-Akt were from Cell Signaling and anti-HLA-E (MEM-E/07) was from Exbio 

(Prague, Czech Republic). Anti-phospho-Tyr694-Stat5 coupled to APC was from BD 

Biosciences. HLA-C was detected using F4/326 (IgG2a), a gift from S.Y. Yang (Memorial 

Sloan-Kettering Cancer Center, New York). Anti-human IL-15Rα mAb has been described 

(12). Secondary anti-rabbit and anti-mouse antibodies coupled to Alexa 488 were from 

Molecular Probes and secondary anti-mouse antibody coupled to PE was from Jackson 

Laboratories.

IL-15 Loading for Transpresentation by IL-15Rα Transfected Cells

For all transpresentation experiments, 721.221 cells expressing IL-15Rα were resuspended 

in phosphate buffered saline (PBS) and 1% fetal bovine serum (FBS), incubated for 20 min 

at 37°C in 5% CO2 with IL-15 at a final concentration of 50 nM, unless stated otherwise, 

and washed 3 times in complete medium.

Proliferation and Survival Assay

For assays using 221–IL-15Rα cells, both resting human NK cells and rested NKL cells 

were adjusted to 5×106 cells/ml in IMDM, 0.1% bovine serum albumin (BSA) and labeled 

with Carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes) at 2.5 μM for 5 min 

at 37°C, followed by two washes in IMDM supplemented with 10% human serum (HS) 

(Valley Biomedical). NK cells were adjusted to 1×106 cells/ml in IMDM, 10% HS and 

mixed at a 1:1 ratio with 221–IL-15Rα cells, that had been irradiated (4500 rads) and 

preloaded with IL-15. Proliferation of NK cells was assayed after 3 to 5 days by flow 

cytometry analysis of CFSE dilution in combination with antibodies for KIR2DL1, 

KIR2DL2/3, NKG2A and NKG2C. Propidium Iodide (PI) incorporation was used to detect 

dead cells and exclude them from the analysis. Some of the flow cytometry data was 

expressed as division indices using FlowJo analysis software. The division index 

incorporates the number of divisions in the dividing cell population as well as the fraction of 

cells in the starting population that have divided. Proliferation of NK cells was assayed at 

days 3 or 5, as indicated, by flow cytometry analysis of CFSE dilution. For cell survival 

assays, NKL cells were rested for 24 h in medium with no FCS or IL-2, labeled with CFSE 

and mixed with irradiated cells expressing the IL-15Rα chain that had been preloaded with 

low doses of IL-15 (0.5 and 0.05 nM, as indicated). CFSE+ cells were gated in live cells (PI 

negative) and cell counts were obtained by flow cytometry every 24 h.

Intracellular Flow Cytometry

For phospho-Stat5, phospho-S6 and phospho-Akt assays, 3×106 NKL cells or 5×106 

primary NK cells were resuspended in IMDM, 10% human serum, and were either left 

unstimulated or stimulated for 1h, in the case of phospho-Stat5 and phospho-S6 detection, or 

30 minutes, to detect phospho-Akt, with 50 nM soluble IL-15 as control. For stimulation by 

transpresentation, 5×105 NK cells were mixed for 1h, in the case of phospho-Stat5 and 
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phospho-S6 detection, or 30 minutes, to detect phospho-Akt, with 5×105 irradiated and 

IL-15-preloaded 221 cells expressing IL-15Rα in 1 ml IMDM, 10% HS. Following 

stimulation, cells were centrifuged for 2 min at 1500 rpm, washed once with PBS, and 

stained with a PE-conjugated anti-NKG2A antibody for 30 min at 4°C and then fixed for 10 

min at room temperature using the BD Phosphoflow Lysis/Fix buffer (BD biosciencies). The 

cells were washed once in PBS and permeabilized using the BD Phosphoflow Perm buffer 

III (BD biosciencies) at −20°C for 30 min. Cells were washed twice in PBS, 1% FBS and 

stained with APC-conjugated anti-phospho-Stat5 and Alexa488-conjugated anti-phospho-S6 

for 30 min at 4°C. For detection of phospho-Akt, a primary anti phospho-Akt Ab and a 

secondary Ab coupled to Alexa 488 were used. Gating on NKL cells was performed with a 

PE-conjugated anti-NKG2A Ab. Primary NK cells were gated using anti Abs to NKG2A 

and CD56. Cells were then washed once in PBS, 1% FBS and resuspended for flow 

cytometry analysis.

Immunofluorescence analysis

NKL cells were mixed with an equal number of 221 cells for 20 min at 37°C and added onto 

poly-L-lysine coated coverslips. Cells were fixed in 10% Formalin solution (Sigma-Aldrich) 

for 20 min, rinsed, and treated with 10 mM glycine in PBS for 5 min to quench the aldehyde 

groups. Cells were then washed, permeabilized with 0.2% Triton X-100 in PBS at 4°C for 5 

min, rinsed, incubated with 3% (w/v) BSA for 15 min, and incubated with the primary 

antibody. After 1 h at room temperature, cells were washed and incubated with the 

appropriate fluorescent secondary Ab. Immunofluorescence images were obtained using a 

LSM 780 Confocal Laser microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 

63× objective (1.4 numerical aperture oil immersion objective; Carl Zeiss). Images were 

acquired using the Zen software (Carl Zeiss) and analyzed using Image J (National Institutes 

of Health; http://rsb.info.nih.gov/ij). The fluorescence intensity of IL-15Rα-Cherry was 

represented by a pseudocolored scale (0–256). To analyze the enrichment of molecules at 

the contact between 221 and NK cells, we focused on single NK–221 conjugates. 

Fluorescence intensity was measured along the site of contact and compared with the 

intensity of signal at the opposite pole of the cell. The distribution of molecules along the 

width of the site of contact, was determined in three equal segments by measuring the 

fluoresce intensity, using Image J. The fluorescence intensity at the two distal segments was 

averaged and compared with the fluorescence intensity at the center.

Results

NK cell proliferation induced by IL-15 transpresentation is negatively regulated by 
coengagement of inhibitory KIR

To test whether signals induced by IL-15 transpresentation are sensitive to inhibitory 

receptors expressed on NK cells, the HLA class I-negative human cell line 721.221 was 

transfected with IL-15Rα either alone (221–IL-15Rα) or in combination with HLA-Cw3 

(221–Cw3–IL-15Rα) or HLA-Cw4 (221–Cw4–IL-15Rα) (Figure 1A, and Figure S1A-B). 

HLA-Cw3 is a ligand for inhibitory KIR2DL2 and KIR2DL3, whereas HLA-Cw4 is a 

ligand for inhibitory KIR2DL1. 721.221 cells expressing IL-15Rα were irradiated prior to 

loading with soluble IL-15 and stimulation of NK cell proliferation. 221–IL-15Rα cells that 
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were preloaded with IL-15 induced proliferation of resting human NK cells, as detected by 

CFSE dilution after 5 days (Figure 1A). No proliferation was observed when resting NK 

cells were incubated with 221–IL-15Rα cells that had not been loaded with IL-15. 

Therefore, 721.221 cells transfected with IL-15Rα provide a suitable system to evaluate the 

sensitivity of IL-15 transpresentation to signaling by inhibitory receptors.

NK cells express several MHC class I-specific inhibitory receptors, which are distributed 

almost randomly among individual NK cells. Therefore, to study inhibition of primary, 

resting NK cells it is necessary to identify NK cells that express a given receptor of known 

specificity by flow cytometry. Furthermore, the KIR family includes receptors with long 

cytoplasmic tails, which are inhibitory, and receptors with short cytoplasmic tails, which are 

activating (39, 40). The mAb GL183 binds to inhibitory KIR2DL2 and KIR2DL3 and to the 

activating KIR2DS2. Likewise, mAb EB6 binds to inhibitory KIR2DL1 and activating 

KIR2DS1. Therefore, it was necessary to identify donors who lack NK cells that express 

KIR2DS1 or KIR2DS2 in the absence of inhibitory receptors, using polyclonal antisera 

specific for the long cytoplasmic tails of inhibitory KIR (Figure 1B). In the example shown, 

EB6+ cells were also positively stained with polyclonal antiserum cyt42-43 raised against 

the C-terminal amino acids of the cytoplasmic tail of inhibitory KIR2DL1 and KIR2DL2 

(cyt42-43). Therefore this donor had very fey or no NK cells that express KIR2DS1 in the 

absence of KIR2DL1. Among GL183+ cells, some were positively stained with cyt42-43, 

indicating KIR2DL2 expression. GL183+ cells not reactive with cyt42-43 include 

KIR2DL3+ and KIR2DS2+ cells. To distinguish between the two, cells were also stained 

with polyclonal antiserum cyt6, which reacts with the cytoplasmic tail of KIR2DL3, 

together with the antiserum cyt42-43 (Figure 1B). The result showed that all the GL183+ 

cells reacted with antisera specific for the inhibitory tails. Therefore, primary NK cells from 

this donor did not include NK cells that express KIR2DS1 or KIR2DS2 in the absence of 

inhibitory KIR2DL1 or KIR2DL2/3. Throughout our study, all donors were screened as 

shown here. NK cells from donors that expressed KIR2DS1 or KIR2DS2 on NK cells 

devoid of inhibitory receptors KIR2DL1, KIR2DL2 or KIR2DL3 were not used.

To test the impact of inhibitory KIR coengagement on proliferation induced by IL-15 

transpresentation, 221–Cw3–IL-15Rα and 221–Cw4–IL-15Rα cells were preincubated with 

soluble IL-15 and receptor bound IL-15 was monitored by flow cytometry (Figure 1C). NK 

cells were mixed with equal numbers of transpresenting 221–Cw3–IL-15Rα or 221–Cw4–

IL-15Rα cells and the dilution of CFSE was monitored by flow-cytometry after 5 days. The 

proliferation of KIR2DL2/3+ cells in response to 221–Cw3–IL-15Rα cells was lower than 

the proliferation of KIR2DL1+ cells (Figure 1D). Conversely, fewer KIR2DL1+ cells 

underwent cell division in response to 221–Cw4–IL-15Rα cells than KIR2DL2/3+ cells 

(Figure 1D). KIR2DL1+ and KIR2DL2/3+ cells expressed equal amounts of the intermediate 

affinity receptor for IL-15 (IL-2Rβ and γc chains) and did not express IL-15Rα (Figure S2). 

The negative impact of KIR engagement on proliferation was typically more pronounced in 

the commitment to divide than the number of divisions by committed cells. There was 

variability among individual donors in the repertoire of KIRs expressed by NK cells and in 

the capacity of NK cell subsets to proliferate. Nevertheless, we consistently observed a 

fraction of NK cells that did not undergo cell division in response to IL-15 transpresentation 

in the context of inhibitory HLA-C ligand. Results from three representative donors, which 
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illustrate the variability among donors, are shown in Figure 1E. These experiments were 

internally controlled given that KIR2DL1+ and KIR2DL2/3+ cells were compared within the 

same sample, during interaction with the same transpresenting cells. We conclude that 

proliferation of freshly isolated, primary NK cells induced by IL-15 transpresentation is 

under negative regulation by inhibitory KIR.

We then asked whether KIR-mediated inhibition would also block proliferation induced by 

soluble IL-15. Primary NK cells from a donor that did not include NK cells expressing 

KIR2DS2 in the absence of inhibitory KIR2DL1 or KIR2DL2/3 (Figure 2A) were mixed 

with 221–Cw3–IL-15Rα cells that had been loaded with IL-15 (Figure 2B). The total NK 

cell population proliferated strongly (Figure 2C). Whereas most of the cells gated for 

KIR2DL1+ and negative for KIR2DL2/3, NKG2A and NKG2C proliferated well, a large 

fraction of cells gated for KIR2DL2/3+ and negative for KIR2DL1, NKG2A and NKG2C 

did not undergo cell division (Figure 2C), in agreement with previous experiments (Figure 

1). To test for inhibition of proliferation induced by soluble IL-15, the same primary NK cell 

population was mixed in the presence of 50 nM soluble IL-15 with 721.221 cells that were 

not transfected with IL-15Rα (221) and 721.221 cells transfected with HLA-Cw3 (221–

Cw3). There was no difference in the CFSE profiles of the KIR2DL1+ and KIR2DL2/3+ 

subsets, gated as in Figure 2C, in response to soluble IL-15, even in the presence of target 

cells that express a ligand for inhibitory receptors KIR2DL2 and KIR2DL3 (Figure 2D). In 

summary, our results showed that inhibition of NK cell proliferation by inhibitory KIR 

applies to stimulation by transpresented IL-15, but not soluble IL-15.

NK cell proliferation induced by IL-15 transpresentation is inhibited by co-engagement of 
CD94-NKG2A

To test whether KIR-mediated inhibition of IL-15 transpresentation was a property shared 

with other inhibitory receptors, we monitored proliferation induced by IL-15 

transpresentation during co-engagement of inhibitory receptor CD94-NKG2A, which binds 

HLA-E. Primary NK cells were not suitable for these experiments because NKG2A-

negative NK cells cannot be depleted and, furthermore, acquired NKG2A expression in 

culture during the time required to monitor proliferation. Therefore, we chose the NK cell 

line NKL, which expresses a functional CD94-NKG2A receptor, and requires IL-2 or IL-15 

for its proliferation. NKL cells were rested in the absence of soluble IL-2 or IL-15 for 36 

hours prior to experiments, in order to measure their proliferation induced in response to 

specific stimuli. To test for inhibition of IL-15 transpresentation by CD94-NKG2A, 721.221 

cells transfected with HLA-E (221–E) were super-transfected with IL-15Rα (221–E–

IL-15Rα) (Figure S1C). IL-15 loading on 221–IL-15Rα and 221–E–IL-15Rα was 

monitored by flow cytometry (Figure 3A). NKL cells were labeled with CFSE and mixed 

with an equal number of 221–IL-15Rα or 221–E–IL-15Rα that had been preloaded or not 

with IL-15. Cell proliferation was evaluated after 3 days. NKL cells were gated by size and 

expression of NKG2A. Proliferation was stimulated by soluble IL-15 alone and by IL-15 

transpresentation by 221–IL-15Rα cells (Figure 3B). In contrast, 221–E–IL-15Rα cells 

preloaded with IL-15 did not stimulate proliferation of NKL cells (Figure 3B). The viability 

of NKL cells remained high during incubation with 221–IL-15Rα and 221–E–IL-15Rα cells 

preloaded with IL-15 (Figure 3C). Over multiple experiments, NKL proliferation was 
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minimal during IL-15 transpresentation by cells expressing HLA-E (Figure 3D). However, 

this experimental system did not exclude the possibility that IL-15 bound to IL-15Rα 

expressed on 221–E cells somehow failed to be transpresented to the IL-2Rβγc complex on 

NK cells. This point will be addressed later.

As IL-15 is necessary for NK cell survival, it is possible that the lack of proliferation during 

inhibition of IL-15 transpresentation was due, at least in part, to cell death. We therefore 

examined the survival of NKL cells during IL-15 transpresentation by 221–IL-15Rα and 

221–E–IL-15Rα cells. We first selected conditions under which NKL cells survived without 

proliferating. Preloading of 221–IL-15Rα cells in 0.5 and 0.05 nM was sufficient to promote 

survival of NKL cells during transpresentation (Figure S3A). 221–IL-15Rα and 221–E–

IL-15Rα cells preloaded at these two concentrations were mixed with NKL cells, and NKL 

cell survival was determined by the lack of PI incorporation at different days (Figure S3B). 

Cell viability dropped at day 4 and 5 after mixing with 221–IL-15Rα and 221–E–IL-15Rα 

cells that had not been preloaded with IL-15. In contrast, NKL cells incubated with IL-15 

preloaded 221–IL-15Rα showed better survival at day 4 and 5 (Figure S3B). Furthermore, 

there was equally good survival of NKL cells incubated with IL-15-preloaded 221–E–

IL-15Rα cells. We concluded that, in contrast to the inhibition of proliferation during 

transpresentation at inhibitory synapses, NK cell survival was not affected.

S6 phosphorylation, but not Stat5 phosphorylation induced by IL-15 transpresentation is 
inhibited by co-engagement of CD94-NKG2A

IL-2 or IL-15 binding to IL-2Rβγc activates two signaling pathways: the JAK3-Stat5 

pathway, that leads to a transcriptional response, and a phosphoinositide 3-kinase (PI-3K)–

Akt–mammalian target of rapamycin (mTOR)C1 pathway required for proliferation (41). 

The signaling pathway for proliferation involves phosphorylation of the ribosomal protein 

S6 by the p70-S6 kinase. Since NKG2A engagement on NK cells did reduce the 

proliferation induced by IL-15 transpresentation, we tested the sensitivity of the two 

signaling pathways to inhibition. Addition of soluble IL-2 (100 U/ml) or IL-15 (50 nM) to 

NKL cells induced phosphorylation of both Stat5 and S6, as monitored by flow cytometry 

(Figure 4A). NKL cells were mixed with 221–IL-15Rα cells that had been preloaded or not 

with IL-15, and incubated for 1 hour before fixation and staining with specific anti phospho-

antibodies. IL-15 transpresentation induced phosphorylation of both Stat5 and S6 (Figure 

4B). 221–IL-15Rα cells that had not been loaded with IL-15 induced S6 phosphorylation in 

a large fraction of NKL cells (Figure 4B). However, the S6 phosphorylation induced by 221 

cells in the absence of IL-15 transpresentation was not accompanied by cell division (Figure 

3B, 3D). To test the sensitivity of each of these two pathways to inhibition by CD94-

NKG2A, NKL cells were mixed with 221–E–IL-15Rα. 221–E–IL-15Rα cells preloaded 

with IL-15 induced Stat5 phosphorylation in NKL cells, which was as strong as that induced 

by 221–IL-15Rα cells (Figure 4C). In contrast, phosphorylation of S6 induced by 221–E–

IL-15Rα cells preloaded with IL-15 was reduced in a large fraction of NKL cells, when 

compared to 221–IL-15Rα cells (Figure 4C). The S6 phosphorylation induced by 221–

IL-15Rα cells that were not preloaded with IL-15 (Figure 4B) was also inhibited upon 

NKG2A engagement by HLA-E (Figure 4C). Therefore, the inhibition of S6 

phosphorylation observed in NKL cells incubated with IL-15-loaded 221–E–IL-15Rα cells 
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may be due to the combined inhibition of IL-15-dependent and IL-15-independent S6 

phosphorylation. To confirm that inhibition was due to CD94-NKG2A, we performed the 

same experiment in the presence of the blocking anti-NKG2A antibody Z199 or the IgG2b 

isotype control MOPC41 (Figure 4C). Strong phosphorylation of S6 in most NKL cells, 

comparable to that observed after stimulation with 221–IL-15Rα cells preloaded with IL-15, 

was restored in the presence of Z199 (Figure 4C). Therefore, we conclude that the inhibition 

of S6 phosphorylation during IL-15 transpresentation was due to the engagement of the 

inihibitory receptor NKG2A on NKL.

These results (Figure 4) showed also that 221–E–IL-15Rα cells were capable of 

transpresenting IL-15, and that the lack of proliferation (Figure 3) was due to inhibition by 

HLA-E rather than an inability of 221–E–IL-15Rα cells to transpresent IL-15. Quantitation 

of Stat5 and ribosomal protein S6 phosphorylation observed in several experiments 

confirmed that engagement of inhibitory receptor CD94-NKG2A by its ligand HLA-E on 

transpresenting cells inhibited the phosphorylation of S6 but not Stat5 (Figure 4D). These 

results are consistent with a role of the JAK-Stat pathway in providing survival signals (42, 

43) and with our observation that NK cell survival induced by low-dose IL-15 

transpresentation was not affected by NKG2A co-engagement (Figure S3).

Akt phosphorylation induced by IL-15 transpresentation is inhibited by co-engagement of 
CD94-NKG2A

The interpretation of the previous experiment was complicated by two factors. First, 

incubation of NKL cells with 221–IL-15Rα cells that had not been preloaded with IL-15 

resulted in S6 phosphorylation in a large fraction of NKL cells. Second, co-engagement of 

CD94-NKG2A with HLA-E did not completely block S6 phosphorylation. As NKL 

proliferation was not induced by 221–IL-15Rα cells that had not been preloaded with IL-15, 

and proliferation induced by preloaded 221–IL-15Rα cells was inhibited by HLA-E 

expression (Figure 3), S6 phosphorylation in NKL cells was not a good indicator of cell 

proliferation. Therefore, we chose to examine another component of the signaling pathway 

for proliferation that would be proximal to p70-S6 kinase. The Ser/Thr kinase Akt is an 

important player in the PI-3K–mTORC1–p70S6 kinase pathway, and its activity requires 

PI-3K dependent phosphorylation at Ser473. We examined Akt phosphorylation with an 

antibody for p-S473 Akt by flow cytometry. Detection of p-S473 Akt in NKL cells 

incubated with 221–IL-15Rα cells required preloading with IL-15 (Figure 5A). 

Furthermore, preloading of 221–E–IL-15Rα cells with IL-15 did not induce p-S473 Akt in 

NKL cells (Figure 5B). To test whether Akt phosphorylation was inhibited by CD94-

NKG2A co-engagement with IL-2Rβ/γc, or whether 221–E–IL-15Rα cells preloaded with 

IL-15 were not capable of inducing Akt phosphorylation, we performed a blocking 

experiment with an antibody to NKG2A. In the presence of the blocking antibody Z199 Akt 

phosphorylation induced by 221–E–IL-15Rα cells preloaded with IL-15 was as high as that 

induced by IL-15-preloaded 221–IL-15Rα cells (Figure 5B, right panel). Quantitative 

analysis of several experiments confirmed that engagement of inhibitory receptor CD94-

NKG2A by its ligand HLA-E on cells that transpresented IL-15 inhibited Akt 

phosphorylation (Figure 5C). In these experiments, Akt phosphorylation at S473 correlated 

directly with proliferation, as it was not induced by 221 cells in the absence of IL-15 
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transpresentation and was fully inhibited by CD94-NKG2A binding to HLA-E on 

transpresenting cells.

S6 phosphorylation, but not Stat5 phosphorylation induced by IL-15 transpresentation is 
inhibited by co-engagement of inhibitory KIR2DL1

To test if engagement of inhibitory KIR2DL1 resulted also in selective inhibition of S6 

phosphorylation, we used NKL cells stably transfected with KIR2DL1 (NKL-2DL1). To 

validate NKL-2DL1 cells for these experiments, we first performed proliferation 

experiments using IL-15-preloaded 221–IL-15Rα or 221–Cw15–IL-15Rα cells (Figure 

S4A). NKL-2DL1 cells underwent cell division in response to soluble IL-15 and to 

preloaded 221–IL-15Rα cells, but not preloaded 221–Cw15–IL-15Rα cells (Figure S4B and 

S4D). The inhibition of proliferation by KIR2DL1 co-engagement was not accompanied by 

increased cell death (Figure S4C). We then proceeded to test Stat5 and S6 phosphorylation 

in NKL-2DL1 cells. Addition of soluble IL-2 (100 U/ml) or IL-15 (50 nM) induced 

phosphorylation of both Stat5 and S6, as monitored by flow cytometry (Figure 6A). IL-15 

transpresentation by 221–IL-15Rα cells induced phosphorylation of both Stat5 and S6 in 

most cells (Figure 6B). S6 phosphorylation in NKL-2DL1 cells after incubation with 221–

IL-15Rα cells that had not been preloaded with IL-15 occurred in only a few cells (Figure 

6B), in contrast to untransfected NKL cells (Figure 4). IL-15 transpresentation by 221–

Cw15–IL-15Rα cells induced strong Stat5 phosphorylation but no more S6 phosphorylation 

than that observed after incubation with 221–Cw15–IL-15Rα cells that had not been 

preloaded with IL-15 (Figure 6C). Quantitation of Stat5 and ribosomal protein S6 

phosphorylation observed in several experiments confirmed that engagement of inhibitory 

receptor KIR2DL1 by its ligand HLA-Cw15 on cells that transpresented IL-15 inhibited the 

phosphorylation of S6 but not Stat5 (Figure 6D).

S6 phosphorylation, but not Stat5 phosphorylation induced by IL-15 transpresentation is 
inhibited by co-engagement of CD94-NKG2A in primary human NK cells

We wanted to test whether the selective inhibition S6 phosphorylation, over that of Stat5, 

was also featured in primary NK cells. The inhibitory receptor NKG2A is expressed on a 

large fraction of the total NK cell population (about 60–70%), whereas the activating 

receptor NKG2C, which is also a ligand for HLA-E, is less common on primary NK cells 

(usually 5–15% in the total population). Therefore, to test inhibition by NKG2A, primary 

NK cells were depleted of NKG2C+ cells and mixed with 221–IL-15Rα cells or 221–E–

IL-15Rα cells that had been pre-loaded or not with IL-15 for 1 hour before fixation, and 

stained with anti phospho-Stat5 and phospho-S6 antibodies. For analysis, CD56+ cells were 

gated into NKG2A− (left panels) and NKG2A+ (right panels) cells. The extent of Stat5 and 

S6 phosphorylation induced by IL-15-loaded 221–IL-15Rα cells was very similar in 

NKG2A− and NKG2A+ populations (Figure 7A, B). After mixing with IL-15-loaded 221–

E–IL-15Rα cells, phosphorylation of Stat5 was similar in the two NKG2A− and NKG2A+ 

subsets (Figure 7C), and was very similar to that observed after transpresentation by 221–

IL-15Rα cells. In contrast, after mixing with IL-15-loaded 221–E–IL-15Rα cells, S6 

phosphorylation was inhibited selectively in NKG2A+ NK cells, as compared to NKG2A− 

cells (Figure 7D). The small amount of phospho-S6 induced by 221–IL-15Rα cells that had 

not been preloaded with IL-15 was also inhibited by HLA-E in NKG2A+ NK cells (Figure 
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7B, D). The results of Stat5 phosphorylation and S6 phosphorylation were confirmed in 

several experiments (Figure 7E, F). We conclude that the selective inhibition of S6 during 

transpresentation of IL-15 in the context of an inhibitory synapse occurs in primary, resting 

human NK cells.

Polarization of IL-15Rα at synapses with NK cells

IL-15Rα expressed on dendritic cells accumulates at synapses with NK cells, concomitant 

with accumulation of KIR and CD94-NKG2A inhibitory receptors, integrin LFA-1, and talin 

on the NK cells (44). In DC, IL-15Rα is expressed as an endogenous, pre-assembled 

complex with IL-15. With our reconstituted cellular system we had the opportunity to 

examine the distribution of IL-15Rα, preloaded or not with IL-15 at NK cell synapses that 

were either activating or inhibitory. To avoid specificity issues with available Abs for 

IL-15Rα, we generated 721.221 cells stably expressing IL-15Rα fused to the fluorescent 

protein mCherry, either alone (221–IL-15Rα-Cherry) or in combination with HLA-E (221–

E–IL-15Rα-Cherry). Expression of IL-15Rα at the surface of these two transfectants was 

similar (figure S1D). IL-15 loading was monitored by flow cytometry with an antibody for 

IL-15 (Figure 8A). Confocal microscopy with NKL cells in contact with 221–IL-15Rα-

Cherry or 221–E–IL-15Rα-Cherry cells that were fixed and stained with an antibody for 

perforin revealed that IL-15Rα accumulated at synapses only after preloading with IL-15 

(Figure 8B). As expected, perforin-containing granules were polarized towards activating 

synapses with 221–IL-15Rα-Cherry cells, but not inhibitory synapses with 221–E–IL-15Rα-

Cherry cells (Figure 8B). Accumulation of IL-15-preloaded IL-15Rα-Cherry was quantified 

by the fluorescence signal and expressed as fold enrichment of receptor at the synapse area 

(MFI(A)), as compared to the opposite pole of the cell (MFI(B)) (Figure 8C). IL-15Rα-

Cherry was enriched at both activating and inhibitory synapses, but its distribution was 

different. At activating synapses with 221–IL-15Rα-Cherry cells, IL-15Rα accumulated at 

the periphery of the synapse (Figure 8B, 8D). In contrast, at inhibitory synapses with 221–

E–IL-15Rα-Cherry cells, IL-15Rα was distributed along the entire contact area (Figure 8B 

and 8D). This accumulation was quantified by the fluorescence signal and expressed as the 

fold enrichment of receptor at the periphery of the synapse (MFI(D)) compared to the 

enrichment at the center of the synapse (MFI(C)) (Figure 8D). These results showed that the 

inhibition of NKL cell proliferation and S6 phosphorylation during co-engagement of 

CD94-NKG2A with IL-2Rβγc was not due to exclusion of IL-15Rα from the synapse but to 

inhibition of IL-2Rβγc signaling.

Discussion

Transpresentation of IL-15 to NK cells by cells that express the IL-15Rα chain supports NK 

cell development, survival, and proliferation (12, 14). Given that transpresentation occurs in 

the context of a cell-to-cell interaction, it could be subject to regulation by other receptor–

ligand interactions at NK cell immunological synapses with transpresenting cells. Here we 

have evaluated whether transpresentation of IL-15 to human NK cells is regulated by NK 

inhibitory receptors that bind to MHC class I on IL-15-presenting cells. The main 

conclusion from our study is that NK cell proliferation induced by IL-15 transpresentation is 

down-modulated by NK inhibitory receptors. Co-engagement of inhibitory receptor CD94-
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NKG2A by HLA-E, and that of KIR2DL1 by HLA-C on cells that transpresented IL-15 

resulted in diminished proliferation. Strikingly, these receptors inhibited selectively the 

phosphorylation of ribosomal protein S6 and phosphorylation of the Ser/Thr kinase Akt, but 

not phosphorylation of Stat5. These results, obtained with primary, freshly isolated NK cells 

and with the cell line NKL, reveal an unsuspected level of negative regulation in the 

response of NK cells to IL-15.

Expression of IL-15Rα on human 721.221 cells that had been transfected with different 

MHC class I molecules, and loading of soluble IL-15 onto 221–IL-15Rα cells for 

transpresentation, was used to study the sensitivity of IL-15 transpresentation to co-

engagement of NK cell inhibitory receptors. 221–IL-15Rα cells not loaded with IL-15 

provided a perfectly matched control for IL-15 independent NK cell proliferation. Due to the 

complexity of the inhibitory receptor repertoire on each NK cell and of the high genetic 

variability in the KIR complex, it was necessary to use assays in which NK cells were gated 

by flow cytometry on specific subpopulations, and to identify donors that lacked expression 

of activating receptors KIR2DS1 and KIR2DS2. This was achieved by staining with a 

combination of mAbs specific for KIR and polyclonal antisera specific for the cytoplasmic 

tails of inhibitory receptors (28). To correct for the possibility of differences in the intrinsic 

proliferative capacity of NK cell subsets and in the extent of lysis of IL-15 presenting cells 

by NK cells during the proliferation assay, we monitored proliferation of a single NK cell 

population, that was gated for expression of either KIR2DL1 (specific for HLA-Cw4) or 

KIR2DL2 and KIR2DL3 (both specific for HLA-Cw3), and incubated at the same time with 

IL-15 presenting cells expressing either HLA-Cw3 or HLA-Cw4. Such internally controlled 

experiments showed that co-engagement of an inhibitory KIR with IL-2Rβγc during IL-15 

transpresentation resulted in a diminished proliferative response. Direct comparison of 

KIR2DL1+ and KIR2DL2/3+ NK cells in the same culture, incubated with transpresenting 

cells expressing a ligand for KIR2DL1 or KIR2DL2/3 in parallel, was essential, as the 

proliferative capacity of NK cells varied among individual donors and in response to 

different transfected 721.221 cells. No inhibition was observed when NK cells, mixed with 

721.221 cells expressing HLA-C, were stimulated by soluble IL-15, consistent with the fact 

that inhibitory receptors block activation signals locally, in the context of inhibitory 

immunological synapses (45). The main outcome of inhibition of transpresentation was a 

reduced number of NK cells that committed to proliferate, rather than a reduced number of 

cell divisions, suggesting that inhibition raised the signaling threshold for entry into the cell 

cycle.

Primary NK cells were not well suited to examine the regulation of transpresentation by 

CD94-NKG2A because NKG2A-negative primary NK cells acquired NKG2A expression 

after a few days in culture. To circumvent this problem, we used an NK cell line, NKL, that 

expresses CD94-NKG2A and depends on exogenous IL-2 or IL-15 for its proliferation. Prior 

to IL-15 transpresentation experiments, NKL cells had to be rested in the absence of IL-2. 

NKL cell proliferation induced by transpresentation of IL-15 was inhibited by co-

engagement of CD94-NKG2A by HLA-E. This result indicated that IL-15 induced 

proliferation is modulated by the inhibitory receptor NKG2A. The inhibition of NKL 

proliferation by NKG2A was almost complete, in contrast to the down-modulation of 

primary NK cell proliferation by KIR2DL1 and KIR2DL2/3. This distinction is most likely 
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due to a difference between NKL and primary NK cells, rather than NKG2A and KIR, as 

proliferation of NKL cells transfected with KIR2DL1 was completely blocked by KIR2DL1 

co-engagement with IL-2Rβγc during IL-15 transpresentation. The modulation, rather than 

shut-down, of primary NK cell proliferation by inhibitory receptors is more compatible with 

the physiological situation where NK cells have to proliferate in response to MHC-I+ 

transpresenting cells.

Previous studies have imaged the interaction of primary NK cells with myeloid-derived 

dendritic cells and reported the formation of a “regulatory” synapse, which shared features 

with NK cell inhibitory synapses while promoting NK cell survival (44). Accumulation of 

KIR, CD94-NKG2A, and MHC class I occurred at the regulatory synapse. Furthermore, a 

strong F-actin network is formed in the DC. The F-actin in the transpresenting DC may 

provide protection from NK cells through stabilization of MHC class I (46). In our system 

we had the opportunity to compare the distribution of IL-15Rα at inhibitory synapses, 

representative of interactions with autologous MHC-I+ cells, and activating synapses, in the 

absence of MHC-I ligand. The accumulatation of IL-15Rα at cytotoxic immunological 

synapses, which are characterized by polarization of perforin-containing granules, was 

excluded from the center of the synapse. The center of NK cell cytotoxic immunological 

synapses is where degranulation occurs and where lysosomal proteins are actively retrieved 

by endocytosis (47). Despite this segregation of IL-15Rα away from the central area of the 

synapse, transpresentation of IL-15 was functional. At inhibitory synapses in our system, 

IL-15Rα was evenly distributed across the contact area. This result is indeed similar to its 

distribution at the regulatory synapse with DC (44, 46). It is also similar to the distribution 

of NK cell co-activation receptors 2B4 and CD2, and Fc receptor CD16, which are not 

excluded from inhibitory synapses formed by KIR+ and CD94-NKG2A+ NK cells (29, 48).

Ligand binding to the IL-2Rβγc receptor complex activates two signaling pathways. One, 

leading to transcriptional activation of a large set of genes, is initiated by 

transphosphorylation of the JAK3 kinase, which in turn phosphorylates the transcriptional 

activator Stat5 (49). The other, which controls cell proliferation, is a PI3K – Akt – mTOR – 

p70S6-kinase pathway (50, 51). To monitor how co-engagement of CD94-NKG2A or 

KIR2DL1 with IL-2Rβγc affected these two pathways, phosphorylation of Stat5 and of 

ribosomal protein S6 were monitored by flow cytometry. While there was no detectable 

inhibition of Stat5 phosphorylation, S6 phosphorylation was reduced by co-engagement of 

both inhibitory receptors. Blocking NKG2A with a mAb reversed the inhibition, confirming 

that it was mediated by CD94-NKG2A binding to HLA-E. Phosphorylation of Akt, an 

effector upstream of p70S6 kinase, was also inhibited by co-engagement of CD94-NKG2A. 

These results showed a clear and selective down-modulation by NK inhibitory receptors of 

the PI3K – Akt – mTOR – p70S6-kinase pathway induced by IL-15 transpresentation.

Negative regulation of JAK2 by SHP-1 has been reported for the erythropoietin (EPO) 

receptor (52). However, in that system, dephosphorylation of JAK2 by SHP-1 does not 

prevent EPO-R signaling but acts as negative feedback to return the EPO-R to its basal, 

unphosphorylated, state. In contrast, inhibition by SHP-1 recruitment to ITIM-bearing 

receptors, which include KIR and CD94-NKG2A, acts at a proximal step and prevents actin-

dependent phosphorylation of co-activation receptors for natural cytotoxicity and cytokine 
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secretion through binding to ligands on target cells (45). In contrast to receptors that control 

the cytotoxic activity of NK cells, cytokine receptors signal through heterodimerization 

induced by ligand binding, and not through actin-dependent clustering. We have shown a 

selective inhibition of Akt and S6 phosphorylation, over Stat5 phosphorylation by JAK3, 

during co-engagement of CD94-NKG2A or KIR2DL1 with IL-2Rβγc. The exact point in the 

pathway leading to Akt and S6 phosphorylation that is directly targeted by the inhibitory 

signal is unknown. JAK is not a likely target of SHP-1 given that Stat5 phosphorylation is 

not impaired.

In contrast to the complete block of NK cell cytotoxicity achieved by inhibitory KIR binding 

to MHC class I, inhibition of proliferation by KIR in primary NK cells observed here was 

partial. This suggests that inhibitory KIR serves as a modulator of IL-15 signals for 

proliferation, and that NK cell responses to IL-15 transpresentation may be turned down in 

circumstances where MHC class I expression is upregulated, as it is in inflammatory 

conditions. In addition, inhibition may serve to protect NK cells from excessive stimulation; 

impairment of NK cell functions was noted after prolonged stimulation with a soluble 

IL-15Rα–IL-15 complex (53). Our findings therefore uncover a potential new role of 

inhibitory receptors in the regulation of NK cell homeostasis.
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FIGURE 1. 
NK cell proliferation induced by IL-15 transpresentation is reduced by simultaneous 

engagement of inhibitory KIR. (A) Expression of IL-15Rα on transduced 721.221 cells (left 

panel). Shaded histogram represents staining with an isotype control antibody. Right panel, 

CFSE dilution in NK cells mixed for 5 days with 221–IL-15Rα cells (shaded histogram) or 

221–IL-15Rα cells that had been preloaded with IL-15 (black line). (B) Primary, resting NK 

cells were stained with mAb EB6 specific for KIR2DL1 and KIR2DS1, and with mAb 

GL183, specific for KIR2DL2, KIR2DL3 and KIR2DS2. After fixation and 

permeabilization cells were stained with rabbit polyclonal antiserum cyt42-43, specific for 
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the C-terminal end of the cytoplasmic tail of KIR2DL1 and KIR2DL2, and cyt42-43 in 

combination with cyt6, which reacts with the C-terminal end of the tail of KIR2DL3. (C) 

Left panel, expression of IL-15Rα on transfected 221–Cw3–IL-15Rα cells (dotted line) and 

221–Cw4–IL-15Rα cells (solid line) that had been preloaded with IL-15. The shaded 

histogram represents staining with an isotype control antibody. Right panel, IL-15 bound to 

221–Cw3–IL-15Rα (dotted line) and 221–Cw4–IL-15Rα (solid line) after preloading. The 

shaded histogram represents staining of 221 cells not loaded with IL-15. (D) NK cells 5 days 

after CFSE labeling and mixing with 221–Cw3–IL-15Rα (left panel) or 221–Cw4–IL-15Rα 

(right panel) cells that had been pre-loaded with IL-15. The black line represents a gate of 

NK cells positive for KIR2DL1 and negative for KIR2DL2/3, NKG2A and NKG2C. The 

shaded histogram represents a gate of NK cells positive for KIR2DL2/3 and negative for 

KIR2DL1, NKG2A and NKG2C. (E) Proliferation analysis of NK cells from three different 

donors, performed and gated as in D. CFSE dilution measured by flow cytomety was 

analyzed with the FlowJo proliferation platform, and data is presented as division index.
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FIGURE 2. 
KIR inhibits NK cell proliferation induced by transpresented but not soluble IL-15. (A) 

Identification of a donor that lacks expression of KIR2DS2. Primary, resting NK cells were 

stained with mAb GL183 specific for KIR2DL2, KIR2DL3 and KIR2DS2, and after fixation 

and permeabilization cells were stained with rabbit polyclonal antiserum cyt42-43 specific 

for the cytoplasmic tails of KIR2DL1 and KIR2DL2, and with cyt6, which reacts with the 

cytoplasmic tail of KIR2DL3. (B) IL-15 bound to 221–Cw3–IL-15Rα cells was detected 

with an antibody to IL-15. The shaded histogram represents cells not loaded with IL-15. (C) 

CFSE dilution in NK cells 5 days after CFSE labeling and mixing with 221–Cw3–IL-15Rα 

cells that had been either preloaded (solid line) or not (shaded) with IL-15 (left panel). In the 

same sample, CFSE dilution was monitored in cells gated for KIR2DL1+ and negative for 

KIR2DL2/3, NKG2A and NKG2C (dotted line) versus cells gated for KIR2DL2/3+ and 

negative for KIR2DL1, NKG2A and NKG2C (shaded). (D) CFSE dilution in NK cells 5 

days after mixing with untransfected 221 cells (left panel) or 221–Cw3 cells (right panel) in 

the presence of 50 nM soluble IL-15. Cells were gated for KIR2DL1+ (dotted line) and 

KIR2DL2/3+ (shaded) as in C.
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FIGURE 3. 
Proliferation of NKL cells induced by IL-15 transpresentation is inhibited by simultaneous 

engagement of CD94-NKG2A. (A) Staining of IL-15 on 221–IL-15Rα cells (black line) and 

221–E–IL-15Rα cells (red line) after preloading with IL-15. The shaded histogram 

represents 221–E–IL-15Rα cells not loaded with IL-15. (B) Rested NKL cells were labeled 

with CFSE and incubated for 3 days with 50 nM soluble IL-15 (sIL-15) (left panel) or 3 

days with 221–IL-15Rα or 221–E–IL-15Rα cells, as indicated, that had been preloaded (red 

line) or not (black line) with IL-15. Shaded histograms represent NKL cells incubated with 

221 cells not loaded with IL-15. A representative experiment out of three independent 

experiments performed is shown here. (C) PI staining of NKL cells 3 days after mixing with 

IL-15-preloaded 221–IL-15Rα cells (shaded) or 221–E–IL-15Rα cells (dark line). (D) 

Division Index representation, as calculated by FlowJo. Transfected 221 cells that were pre-

loaded with IL-15 are indicated (red +). Histograms represent mean and standard deviation 

of three independent proliferation experiments. **p< 0.01
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FIGURE 4. 
Phosphorylation of S6 but not Stat5 is inhibited by CD94-NKG2A. (A) Phosphorylation of 

Stat5 (left panels) and S6 (right panels) in NKL cells detected by intracellular flow 

cytometry after addition of 50 nM soluble IL-15 (sIL-15, red) or 100 U/ml soluble IL-2 

(sIL-2, black). (B) Phosphorylation of Stat5 and S6 in NKL cells 1 hour after mixing with 

221–IL-15Rα cells pre-loaded (red line) or not (black line) with IL-15. (C) Phosphorylation 

of Stat5 and S6 in NKL cells 1 hour after mixing with 221–E–IL-15Rα cells pre-loaded (red 

line) or not (black line) with IL-15 (top panels). Blocking anti-NKG2A antibody Z199 was 

added at 1 μg/ml (blue) to NKL cells 30 min prior to the incubation with 221–E–IL-15Rα 

cells (lower panels). Isotype control MOPC41 (mIgG2b) was added to the cells at the same 

concentration (dotted). In panels A, B, C, shaded histograms represent isotype control 

antibody staining. (D) Quantitation of Stat5 and S6 phosphorylation in three independent 

experiments. Transfected 221 cells that were pre-loaded with IL-15 are indicated (red +). 
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MOPC41 and Z199 Abs were added where indicated (+). Data are represented as relative 

fluorescence intensity with the standard deviation in each case. **p< 0.01
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FIGURE 5. 
Phosphorylation of Akt induced by IL-15 transpresentation is inhibited by CD94-NKG2A. 

(A) Phosphorylation of Akt (S473) in NKL cells detected by intracellular flow cytometry 30 

min after mixing with 221–IL-15Rα pre-loaded (red line) or not (black line) with IL-15. (B) 

Phosphorylation of Akt 30 min after mixing with 221–E–IL-15Rα cells pre-loaded (red line) 

or not (black line) with IL-15 (left panels). Blocking anti-NKG2A antibody Z199 was added 

at 1 μg/ml (blue) to NKL cells 30 min prior to the incubation with 221–E–IL-15Rα cells 

(right panel). Isotype control MOPC41 (mIgG2b) was added to the cells at the same 

concentration (black). In panels A and B shaded histograms represent isotype control 

antibody staining. (C) Quantitation of Akt phosphorylation in three independent 

experiments. Transfected 221 cells that were preloaded with IL-15 are indicated (red +). 

MOPC41 and Z199 Abs were added where indicated (+). Data are represented as relative 

fluorescence intensity with the standard deviation in each case. **p< 0.01
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FIGURE 6. 
Phosphorylation of S6, but not Stat5, induced by IL-15 transpresentation is inhibited by 

KIR2DL1. (A) Phosphorylation of Stat5 (left panels) and S6 (right panels) in NKL-2DL1 

cells detected by intracellular flow cytometry after addition of 50 nM soluble IL-15 (sIL-15, 

red) or 100 U/ml soluble IL-2 (sIL-2, black). (B) Phosphorylation of Stat5 and S6 in 

NKL-2DL1 cells 1 hour after mixing with 221–IL-15Rα pre-loaded (red line) or not (black 

line) with IL-15. (C) Phosphorylation of Stat5 and S6 in NKL-2DL1 cells 1 hour after 

mixing with 221–Cw15–IL-15Rα cells pre-loaded (red line) or not (black line) with IL-15. 

Anton et al. Page 25

J Immunol. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In A, B, C, shaded histograms represent staining in untreated NKL-2DL1. (D) Quantitation 

of Stat5 and S6 phosphorylation in three independent experiments. Transfected 221 cells 

that were pre-loaded with IL-15 are indicated (red +). Data are represented as relative 

fluorescence intensity with the standard deviation in each case. **p< 0.01
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FIGURE 7. 
Phosphorylation of S6 but not Stat5 induced by IL-15 transpresentation is inhibited by 

CD94-NKG2A in primary human NK cells. NKG2C-depleted CD56+ cells were gated for 

NKG2A-negative cells (left panel) and NKG2A+ cells (right panels), as indicated. (A) 

Phosphorylation of Stat5 in primary NK cells detected by intracellular flow cytometry 1 

hour after mixing with 221–IL-15Rα pre-loaded (red line) or not (black line) with IL-15. (B) 

Phosphorylation of S6 in primary NK cells detected by intracellular flow cytometry 1 hour 

after mixing with 221–IL-15Rα cells pre-loaded (red line) or not (black line) with IL-15. In 

A, B, shaded histograms represent staining in untreated NK cells. (C) Phosphorylation of 

Stat5 in primary NK cells detected 1 hour after mixing with 221–E–IL-15Rα pre-loaded (red 

line) or not (black line) with IL-15. (D) Phosphorylation of S6 in primary NK cells detected 

1 hour after mixing with 221–E–IL-15Rα cells preloaded (red line) or not (black line) with 

IL-15. In C, D, shaded histograms represent staining in untreated NK cells. (E) Quantitation 

of Stat5 phosphorylation in three independent experiments shown as relative to the control 

(untreated NK cells). Transfected 221 cells that were pre-loaded with IL-15 are indicated 

(red +). NKG2A+ cells are represented by black bars. NKG2A-negative cells are represented 

by shaded bars. (F) Quantitation of S6 phosphorylation in three independent experiments 

shown as relative to the control (untreated NK cells). Transfected 221 cells that had been 

preloaded with IL-15 are indicated by a red + symbol. NKG2A+ cells are represented by 

black bars. NKG2A-negative cells are represented by shaded bars. **p< 0.01
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FIGURE 8. 
IL-15Rα is uniformly distributed at inhibitory NK–target cell synapses. (A) IL-15 bound to 

IL-15Rα fused to mCherry and expressed on 221 (black) and 221–E (red) cells, after 

preloading with IL-15. The shaded histogram represents isotype control antibody staining. 

(B) 221–IL-15Rα-Cherry and 221–E–IL-15Rα-Cherry cells were preloaded or not with 

IL-15, as indicated, and mixed with NKL cells for 15 minutes, fixed, permeabilized and 

stained with an antibody to perforin (left). Overlay of perforin staining onto DIC images 

shows reduced perforin polarization toward 221–E cells. IL-15Rα-mCherry intensity is 

shown in a false color scale on the right. Arrowheads indicate accumulation of IL-15Rα at 

the contact of 221–IL-15Rα cells with NKL cells. The arrow indicates accumulation of 

IL-15Rα at the contact of 221–E–IL-15Rα cells with NKL cells. Scale bar, 5 μm. (C) The 

fluorescence enrichment of IL-15Rα at the contact (FEC) was quantitated by ImageJ and 

expressed as the mean fluorescence intensity at the contact area (MFIA) divided by the mean 

fluorescence intensity at the opposite pole of the cell (MFIB). The histograms show the FEC 

for the indicated cells either pre-loaded (black bars) or not (open bars) with IL-15. Data are 
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shown as the mean and standard deviation. (D) Quantitation of the number of cells with 

IL-15Rα accumulated at the periphery of the contact. The data is expressed as percentage of 

cells in relation to the total number of synapses quantified in each case. To quantitate the 

fluorescence enrichment of IL-15Rα at the periphery of the contact (FEpC), the mean 

fluorescence intensity at the distal part of the contact (MFID) was divided by the mean 

fluorescence intensity at the center of the contact (MFIC). The histogram on the right shows 

the FEpC expressed as fold-enrichment of the fluorescence signal at the contact in each case. 

Data are shown as the mean and standard deviation (n=20 cells in total from three 

independent experiments). * p< 0.05
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