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Abstract

Since natural killer (NK) cells secrete cytotoxic granules and cytokines which can destroy 

surrounding cells and help shape the subsequent immune response, they must be kept under tight 

control. Several mechanisms, at different levels, are in place to control NK cell function. In this 

study, we describe a novel mechanism regulating NK cell function where NK cells acquire ligands 

for activating receptors from target cells by trogocytosis, rendering the NK cells hyporesponsive. 

In this model, murine NK cells acquire m157, the murine cytomegalovirus (MCMV)-encoded 

ligand for the Ly49H activating receptor, from target cells both in vitro and in vivo. Although 

acquisition of m157 requires cell-to-cell contact, it does not require the expression of the Ly49H 

receptor by the NK cell. Acquired m157 protein is expressed on the NK cell surface with a 

glycosylphosphatidylinisotol (GPI)-linkage and interacts with the Ly49H receptor expressed on 

the NK cell. This interaction results in (1) blocking the Ly49H receptor which prevents the NK 

cells from recognizing m157 expressing targets and (2) continuous engagement of the Ly49H 

activating receptor which results in the hyporesponsiveness of the Ly49H+ NK cell to stimulation 

through other activating receptors. Thus, NK cells acquisition of a ligand for an activation receptor 

by trogocytosis renders them hyporesponsive. This mechanism, by which mature NK cell function 

can be altered, has important implications in regards to how NK cells respond to tumors in specific 

microenvironments as well as the use of expanded NK cells in treating various malignancies.

Introduction

Natural killer (NK) cells play an important role in the initial immune response to viral 

infection and tumor formation. The NK cell response is mediated through multiple 

activating and inhibitory receptors expressed on the NK cell surface. A summation of the 

inhibitory and activating responses is believed to determine if the NK cell will be activated 

(1, 2). Upon activation, the NK cell releases cytotoxic granules, which results in the killing 

of the target cell. The NK cell also secretes a number of cytokines that help shape the future 

adaptive immune response.
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With such potentially destructive capability, NK cell function must be tightly controlled. 

Numerous mechanisms are present to keep NK cells in check and prevent unwanted 

destruction of nearby cells. These include: (1) the expression of inhibitory receptors on the 

surface of NK cells that recognize major histocompatibility complex (MHC) class I on the 

surface of normal cells, preventing them from being killed (3), (2) licensing, education or 

tuning of the NK cells which results in decreased function of NK cells that fail to express an 

inhibitory receptor that binds self MHC class I (4–7) and (3) activation receptor mediated 

NK cell tolerance (8–11). All of these mechanisms represent different levels at which NK 

cell function can be controlled.

Here we describe trogocytosis as a new additional mechanism of NK cell control using a 

model system that utilizes the NK cell activating receptor Ly49H and its interaction with the 

murine cytomegalovirus (MCMV)-encoded protein m157. Approximately half of the NK 

cells from C57BL/6 mice express the activating receptor Ly49H. The Ly49H receptor 

signals through the DAP12 adapter protein. This provides a platform for intracellular signal 

transduction leading to cytokine secretion and degranulation (12–14). The expression of the 

Ly49H receptor on NK cells in certain strains of mice (C57BL/6) confers resistance to 

MCMV infection compared to strains that do not express the Ly49H receptor on their NK 

cells (BALB/c) (15). The Ly49H receptor binds to the MCMV-encoded protein m157, 

which is expressed on the cell surface as a glycosylphosphatidylinisotol (GPI) linked protein 

during the early stages of MCMV infection (16). To date, m157 is the only identified ligand 

for the Ly49H activating receptor and Ly49H is only known to bind m157 (17, 18).

It has been demonstrated that NK cells from humans and mice undergo ligand induced down 

modulation of the activating receptors on their cell surface, making the NK cell less 

effective at killing target cells (19, 20). Studies suggest that NK cell receptors acquire ligand 

that has been shed from the target, or by transfer of patches of membrane in a process 

known as “trogocytosis” (derived from the Greek word “trogo” meaning to gnaw or nibble) 

(21–23). Trogocytosis is the intercellular movement of cell surface proteins mediated by the 

transfer of plasma membrane from one cell to another. Thus, trogocytosis, where NK cells 

can acquire ligands from target cells, may represent another mechanism by which NK cells 

can alter their functional capabilities.

When an NK cell comes into contact with a target cell, receptor-ligand interactions do not 

occur randomly. Instead, an immune synapse (IS) is formed which is an ordered structure 

that provides a platform for communication between immune cells (24–26). The formation 

of the IS allows for transfer of molecules from one cell to another. This has been 

demonstrated in T cells, B cells and NK cells (27–30). The transfer of proteins has been 

demonstrated to have functional consequences on the recipient cells. For instance, the 

incubation of NK cells with MHC class I polypeptide-related sequence MIC B (MICB)-

expressing targets resulted in the exchange of Natural killer 2, member D (NKG2D) and 

MICB proteins. This exchange was associated with a reduction in the cytotoxicity of these 

NK cells upon subsequent encounters with MICB-expressing target cells (19). Another 

study demonstrated that MICA could be transferred from the target cell to the NK cell and 

the acquired MICA protein was expressed on the cell surface such that it could interact with 

the NKG2D receptor and influence the function of other NK cells (31). More recent studies 
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suggest that NK cells that acquire ligands for activating receptors by trogocytosis become 

viable targets for nearby NK cells (32), providing yet another mechanism of controlling NK 

cell function once they have been activated.

In this study we demonstrate that NK cells quickly acquire the m157 ligand from target cells 

and express them on their cell surface as a GPI-linked protein. The acquisition of m157 from 

the target cells is independent of expression of Ly49H by the NK cell. Cell to cell contact, 

however, is necessary for transfer of m157 to occur. Upon transfer to the NK cell, m157 can 

interact with Ly49H expressed on the cell surface of the recipient NK cell. Furthermore, we 

demonstrate that the acquisition of m157 by NK cells makes them functionally defective 

both in vitro and in vivo. Specifically, they are less efficient at killing m157 expressing 

target cells and they are hyporesponsive when stimulated through another activating 

receptor. We propose a model in which the acquisition of m157 by trogocytosis allows for 

the interaction of m157 and Ly49H on the NK cell surface. This interaction not only has a 

blocking effect such that the NK cells can no longer detect m157 on targets, but it also 

provides a mechanism by which the continuous engagement of the Ly49H receptor with 

m157 can occur. This results in the NK cells becoming hyporesponsive secondary to the 

continuous engagement of the activating receptor.

Materials and Methods

Mice and cell lines

The m157-Tg mouse has been previously described (8). The DAP12ki mice, obtained from 

Eric Vivier, as well as the B6.BxD8 mice, obtained from Wayne Yokoyama, have both been 

previously described (33, 34). The CD45.1+ mice (B6.SJL-Ptprca Pep3b/BoyJ) were 

purchased from the Jackson Laboratory. Mice were maintained under specific pathogen-free 

conditions and used after they reached 8 weeks of age. The Animal Studies Committee at 

Washington University (St. Louis, MO) reviewed and approved all animal studies. The 

RMA (Rauscher virus-induced murine T cell lymphoma), RMAm157 (RMA cells that 

stably express m157), RMA-S (RMA cells that express markedly reduced levels of class-I 

molecules at the cell surface), BaF (murine pro-B cell line) and BaFm157 (BaF cells that 

stably express m157) cell lines were generously provided by Wayne Yokoyama.

Generation of mouse Lymphokine activated killer (LAK) cells

Spleens were harvested into single cell suspensions by pulverization through a 70 micron 

filter as previously described (35). After lysis of red blood cells, cell suspensions were 

washed in pre-warmed (RT) HBSS/10% FBS and loaded onto a nylon wool column 

prepared in a 10 ml syringe. Cells were incubated on the column at 37°C for 1 hr. Non-

adherent cells were passed through the column after the addition HBSS/10% FBS, collected 

and grown in T-75 flasks (BD Biosciences) in the presence of IL-2 (8000 U/mL; Proleukin, 

Chiron). After 4 days, non-adherent cells were removed and flasks were washed with PBS to 

remove loosely adherent cells. Fresh IL-2 containing media was replenished in the original 

flasks. Washes were collected with the non-adherent cells, centrifuged and transferred to a 

second flask with IL-2 containing media. Cells were maintained for an additional 3–4 days 
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before use. This protocol yielded LAK cells in which 60–90% of the cells were NK1.1+, 

CD3−.

Antibodies

The following antibodies were obtained from EBioscience or Biolegend: APC-PK136 (anti-

NK1.1), PerCP-Cy5.5-145-2C11 (anti-CD3), PerCP-Cy5.5-145-1D3 (anti-CD19), 

Alexa488-XMG1.2 (anti-IFN-γ), PacBlue-XMG1.2 (anti-IFN-γ), FITC-104 (anti-CD45.2), 

FITC-KH95 (anti-H2-Db) and streptavidin-PE. The 3D10 (anti-Ly49H) and 6H121 (anti-

m157) mAbs were purified from hybridomas by the Protein Production and Purification 

Core Facility of the RDCC and conjugated to biotin using EZ-Link Sulfo-NHS-LC-LC-

Biotin (Pierce) according to manufacturer’s protocol. Purified PK136 (anti-NK1.1) was 

purchased from BioXcell.

In vitro trogocytosis assays

Lymphokine activated killer (LAK) cells (1 × 105) were cocultured in 96-well, flat-bottom 

plates with either RMA or RMAm157 cells at a 1:1 ratio and harvested at the indicated time 

points. For studies using fresh NK cells, spleen cell suspensions were prepared as previously 

described. Splenocytes (1 × 106) were cocultured with RMA, RMAm157, BaF or BaFm157 

cells (5 × 105) in 96-well, flat-bottom plates for 2 hr. All cells were harvested, stained for 

NK1.1, CD3, CD19 and m157 and acquired using a FACS Calibur machine (BD 

Biosciences). The data were analyzed using FlowJo Software (Tree Star, Inc).

Transwell assays

LAK cells were plated into 24-well cell culture insert companion plates (Corning). 

RMAm157 cells were plated into transwell inserts (0.4 µm; Corning) atop the LAK cells so 

that media exchange was allowed but cell-to-cell contact was not. Cells were incubated for 

30 min, and LAK cells were harvested from the plates. Cells were stained and assessed for 

m157 expression on NK1.1+ CD3− cells. Cells were acquired using a FACS Calibur 

machine (BD Biosciences). Flow cytometry data was analyzed by FlowJo software (Tree 

Star, Inc.).

Adoptive transfer experiments

Spleen cell suspensions were generated from CD45.2+ donor mice as described above. Cells 

were washed with PBS and then resuspended at 250 × 106 cells/ml. Recipient mice 

(CD45.1+) were injected intravenously in the tail vein with 200 µl of splenocytes 

(approximately 50×106 total splenocytes). Mice were then harvested at the indicated time 

points. Donor NK cells were identified as NK1.1+, CD3−, CD19−, CD45.2+.

PI-PLC treatment

After a 30–40 minute co-incubation of NK cells with RMAm157 cells, the cells were 

harvested, washed and incubated with either one ml of PBS or phosphatidylinositol-specific 

phospholipase C (PI-PLC) (1.25U/mL; Molecular Probes) diluted in PBS for 20 min on ice. 

After washing, cells were stained for m157 or Ly49H, as well as NK1.1 and CD3. Cells 
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were acquired using a FACS Calibur machine (BD Biosciences). Flow cytometry data was 

analyzed by FlowJo software (Tree Star, Inc.).

In vitro killing assay

LAK cells were labeled with 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester 

(CFSE) (1 uM; Invitrogen) and then cocultured with either RMA or RMAm157 cells at a 1:1 

ratio for 30 minutes. CFSE+ LAKs were sort purified by FACSAria II (BD Biosciences) and 

used as effector cells at 3:1 or 10:1 effector to target ratios. The RMAm157 or RMA-S 

target cells (1 × 105) were co-cultured with the RMA or RMAm157 “dressed” LAK cells for 

2 hr in 96-well U-bottom plates. Cells were stained for NK1.1 and propidium iodide (PI; 

Sigma). The target cells were identified as NK1.1−, CFSE− and assessed for PI 

incorporation. The cells were acquired using a FACS Calibur machine (BD Biosciences). 

Flow cytometry data was analyzed by FlowJo software (Tree Star, Inc.).

IFN-γ assays

Spleen cell suspensions were generated as described above. To coat plates, PK136 mAb 

(anti-NK1.1) was diluted to 2–4 µg/ml in PBS. One ml of antibody (2–4 µg) was placed in 6 

well tissue culture plates (Techno Plastic Product) and incubated at 37°C for 90 minutes. 

After incubation, the plates were washed with PBS three times prior to use for stimulation 

assays. For stimulation of NK cells, 1 ml of splenocytes (107 cells/ml in R10) were 

incubated in 6 well plates coated with anti-NK1.1 mAb for 1/2 hr and then further incubated 

in the presence of a 833-fold dilution of stock brefeldin A (GolgiPlug, BD Pharmingen) for 

an additional 6–8 hours. Cells were harvested and stained for the surface markers NK1.1, 

CD3, CD45.1, and Ly49H. Cells were then fixed and permeabilized using Cytofix/Cytoperm 

solution (BD Pharmingen) and stained for intracellular IFN-γ. The cells were acquired using 

a FACS Canto machine (BD Biosciences). Flow cytometry data was analyzed by FlowJo 

software (Tree Star, Inc.).

Statistical analysis

The data were analyzed with Microsoft Excel X for Mac (Microsoft). Unpaired, two-tailed t 

test was used to determine statistically significant differences between experimental groups. 

Error bars in the figures represent the standard error of the mean (SEM).

Results

NK cells rapidly acquire m157 on their cell surface when incubated with m157-expressing 
target cells, and m157 is expressed on the cell surface as a GPI-linked protein

To determine if m157 could be acquired from target cells, IL-2-activated NK cells from 

C57BL/6 mice were incubated in vitro with RMA or RMAm157 cells. At various time 

points, the NK cells were assessed by flow cytometry for the presence of m157 on their cell 

surface using the gating strategy shown in Supplemental Figure 1A. As demonstrated in 

Figure 1A, the NK cells acquired m157 rapidly after co-culture with RMAm157 with fifty 

percent of the NK cells expressing the m157 protein on their cell surface by 30 minutes. The 

percentage of NK cells expressing m157 was maximal by 2 hours. No m157 was detected on 

the NK cells when they were incubated with RMA cells. We also assessed the mean 
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fluorescence intensity (MFI) of m157 on NK cells incubated with RMAm157 cells. Similar 

to the increase in the percentage of NK cells that expressed m157, we observed that the MFI 

of the m157 on NK cells was increased when they were incubated with RMAm157 cells 

(Fig. 1B). There was no increase in the MFI of m157 when NK cells were incubated with 

RMA cells.

The m157 protein is expressed on the surface of MCMV-infected cells as a GPI linked 

protein (16). To determine if the acquired m157 on “dressed” NK cells was also anchored to 

the cell surface by GPI-linkage, we treated “dressed” NK cells with phosphatidylinositol-

specific phospholipase C (PI-PLC), an enzyme that cleaves GPI-linked proteins. Upon 

treatment with PI-PLC, the percentage of NK cells that expressed m157 on their cell surface 

decreased significantly compared to those treated with just phosphate buffer saline (PBS) as 

a control (Fig. 1C). In addition, the MFI of the m157 on “dressed” NK cells decreased upon 

treatment with PI-PLC compared to PBS (Fig. 1D). This demonstrates that the m157 present 

on the “dressed” NK cells is anchored on the cell surface as a GPI-linked protein.

Acquisition of m157 by NK cells requires cell-to-cell contact

To determine if cell-to-cell contact was required for transfer of m157 from target cells to 

IL-2-activated NK cells, we incubated the NK cells with RMAm157 in the presence or 

absence of transwells and assessed the percentage of NK cells that acquired m157 as well as 

the MFI of m157 by flow cytometry. As seen in Figure 1E, in the presence of a transwell, 

which allows for secreted or shed proteins to cross between cells but does not allow cell 

contact, acquisition of m157 by NK cells is essentially abolished compared to without the 

transwell. Furthermore, there was a significant decrease in the MFI of m157 on the 

“dressed” NK cells in the presence of the transwell (Fig. 1F). This demonstrates that the 

acquisition of m157 by the NK cells is not due to m157 being secreted or shed by target 

cells and then picked up by the NK cell, but rather acquisition of the protein by a mechanism 

that requires cell-to-cell contact.

Acquisition of m157 by NK cells is independent of the Ly49H receptor

To determine if the Ly49H receptor is required for the acquisition of m157 onto the NK 

cells, we used IL-2-activated NK cells that were isolated from B6.BxD8 mice. These mice, 

as previously described, are identical to C57BL/6 mice except that their NK cells do not 

express the Ly49H receptor (34). The NK cells from the B6.BxD8 mice, unlike WT NK 

cells, did not express Ly49H (Supplemental Figure 1B). Similar to WT NK cells, upon 

incubation with RMAm157 cells we observed rapid accumulation of m157 on the surface of 

these NK cells. This was not seen when the NK cells were incubated with RMA cells (Fig. 

2A). In addition, the transferred m157 on the cell surface of B6.BxD8 NK cells was attached 

by GPI linkage, as the percentage of NK cells expressing m157 as well as the MFI of the 

m157 on the “dressed” NK cells was significantly decreased upon treatment with PI-PLC 

(Fig. 2B and data not shown). Finally, the acquisition of m157 onto the NK cells required 

cell-to-cell contact as the incubation in transwells did not allow for the transfer of m157 

(Fig. 2C). Of note, there was no acquisition of m157 by NK cells in the presence or absence 

of the transwell when RMA cells were the target (Fig. 2C). Thus, trogocytosis of m157 by 

NK cells does not require the Ly49H receptor and transfer in the absence of the Ly49H 
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receptor still results in the m157 protein being anchored to the membrane of the recipient 

NK cell by a GPI-linkage. In addition to m157, NK cells were able to acquire other 

membrane bound proteins including CD45.2 and H2-Db (Supplemental Figure 2), 

suggesting that membrane transfer was taking place resulting in the transfer of multiple 

membrane-associated proteins. The acquisition of m157 was greater than CD45.2, both of 

which were greater than H2-Db. This suggests that the amount of protein acquired by the 

NK cells corresponds to levels of the proteins expressed on the target cell.

Acquired m157 can interact with Ly49H on the NK cell surface

To determine if acquired m157 interacts with the Ly49H receptor expressed on the cell 

surface of IL-2-activated NK cells, we used a flow cytometry-based cell surface staining 

approach. The engagement of Ly49H with m157 decreases the detectable level of Ly49H on 

the cell surface of NK cells when assessed by flow cytometry (8, 35). This could be 

secondary to down modulation of the receptor in response to engagement of ligand or the 

fact that the m157/Ly49H interaction prevents efficient binding of the 3D10 mAb to Ly49H. 

If Ly49H interacts with m157 on the cell surface, we hypothesized that removal of acquired 

m157 would result in higher detectable levels of Ly49H on the NK cell. WT IL-2-activated 

NK cells were incubated with RMAm157 cells and then sorted and assessed for cell surface 

m157 levels. The MFI of m157 on the sorted “dressed” NK cells (MFI ~ 28) was 

approximately seventy fold lower than on RMAm157 cells (MFI ~ 2000), suggesting that 

although the NK cells are acquiring the m157 protein, it is not at the level expressed on the 

target cells (Figs. 3A and B).

The sorted m157 “dressed” NK cells were also assessed for cell surface m157 levels in the 

presence and absence of PI-PLC (Fig. 3C). As shown before, incubation with PI-PLC 

decreased the level of m157 on the surface of the m157 “dressed” NK cells. We assessed the 

same cells for Ly49H receptor levels on the cell surface. Consistent with the hypothesis that 

m157 interacts with Ly49H on the cell surface, treatment with PI-PLC (which decreased 

m157 levels on the cell surface through cleavage of its GPI linkage), increased the level of 

Ly49H detected on the Ly49H+ NK cells (Figs. 3D and E). This suggests that the m157 

acquired via trogocytosis can interact with the Ly49H receptor on the NK cell surface.

Acquisition of m157 occurs in vivo with fresh NK cells

The previous experiments described in this study used lymphokine activated killer (LAK) 

cells, which are NK cells that have been grown in culture for one week in media containing 

IL-2. Although this enriches and amplifies the number of NK1.1+, CD3− cells for 

experimental purposes, LAK cells are functionally different from fresh NK cells. To 

determine if fresh NK cells can acquire m157 from target cells, we incubated splenocytes 

from non-Tg mice with RMA or RMAm157 cells (Fig 4A). At various time points, we 

assessed for the presence of m157 on the NK cell surface by flow cytometry. Similar to the 

LAK cells, fresh NK cells were able to acquire m157 at a rapid rate when incubated with 

RMAm157. They did not acquire m157 when incubated with RMA cells. Similar to the 

increase in the percentage of NK cells that expressed m157, we observed that the MFI of the 

m157 on the fresh NK cells was increased when they were incubated with RMAm157 cells 

(data not shown). To determine if target cell type had an impact on trogocytosis, we 
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incubated splenocytes from WT mice with BaFm157 cells and assessed for the acquisition 

of m157 onto the cell surface of NK cells after two hours of incubation by flow cytometry. 

Similar to incubation with RMAm157 targets, fresh NK cells acquired m157 when 

incubated with BaFm157 cells but not the parental BaF cell line (Fig. 4B). To assess if 

signaling through the Ly49H receptor was necessary for acquisition of m157, we incubated 

splenocytes from DAP12ki and B6.BxD8 mice with the target cells. The DAP12ki mice, 

which have been previously described, contain mutations in the tyrosine residues within 

DAP12 that prevent phosphorylation and thus prevent signaling through the Ly49H receptor 

(33). As shown in figure 4B, natural killer cells from both the B6.BxD8 and DAP12ki mice 

were able to acquire m157 on their cell surface from the different target cells, demonstrating 

that neither signaling through the receptor, nor the receptor itself, was required for 

trogocytosis of m157.

To determine if our in vitro findings also apply in vivo, we adoptively transferred 

splenocytes from WT and B6.BxD8 mice into m157-Tg or non-Tg mice and assessed by 

flow cytometry for the acquisition of m157 by the donor NK cells 24 hours post transfer. As 

can be seen in Figure 4C, adoptively transferred NK cells from both WT and B6.BxD8 mice 

acquired m157 upon transfer into m157-Tg recipients but not non-Tg recipients. This was 

demonstrated by the increase in the percentage of donor NK cells that express m157. In 

addition, both WT and B6.BxD8 donor NK cells showed increases in the MFI of m157 24 

hours after transfer into m157-Tg mice (data not shown). This was not seen when the NK 

cells were transferred into non-Tg mice.

We also addressed if the m157 was anchored by a GPI linkage on the membrane of the 

donor NK cells in vivo. Treatment of donor NK cells from m157-Tg mice with PI-PLC 

resulted in a decrease in the percentage of donor NK cells that expressed the m157 protein 

on their cell surface, regardless of whether the donor NK cells were from a WT or B6.BxD8 

background (Fig. 4D). In addition, the MFI of m157 on the “dressed” NK cells was also 

decreased in the presence of PI-PLC (data not shown) regardless of whether the donor NK 

cells were from a WT or B6.BxD8 background. Together the data demonstrate that NK cells 

can acquire m157 from target cells in vivo and the m157 is anchored to the cell surface by a 

GPI linkage. In addition, the acquisition of m157 by NK cells in vivo is independent of 

Ly49H expression.

“Dressed” NK cells are defective at killing m157-expressing target cells

To establish if the acquisition of m157 onto NK cells resulted in functional defects, we 

assessed killing of m157 expressing target cells. Following incubation of IL-2-activated NK 

cells with RMA or RMAm157 cells, the NK cells were sorted from the target cells. The 

sorted RMA-“dressed” and sorted RMAm157-“dressed” NK cells, as well as NK cells from 

B6.BxD8 mice were incubated with RMAm157 target cells at 3:1 and 10:1 ratios. Death of 

the target cells was determined by propidium iodide incorporation into dead cells using flow 

cytometry (Fig. 5A). At both ratios, the RMAm157-“dressed” NK cells were significantly 

worse at killing RMAm157 cells as compared to RMA-“dressed” NK cells, though both 

were more effective than NK cells from the B6.BxD8 mice (Fig 5B). Background levels of 

cell death were noted when RMA cells were used as the target, which were similar to the 
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B6.BxD8 killing of RMAm157 cells (data not shown). In addition, we assessed if co-culture 

with RMA-m157 would impact IL-2-activated NK cell killing of other tumor targets. Sorted 

RMAm157-“dressed” IL-2-activated NK cells killed RMA-S targets as well as, if not better, 

than sorted RMA-“dressed” IL-2-activated NK cells (Supplemental Figure 3). This 

demonstrates that m157 “dressed” NK cells are less effective at killing m157-expressing 

target cells than non-m157 “dressed” NK cells and the defect is specific for m157 

expressing targets.

Expression of the Ly49H receptor is required to induce NK cell hyporesponsiveness

Although Ly49H is not necessary for the acquisition of m157 from target cells, we wanted 

to determine if the receptor was required for NK cell defects in the production of IFN-γ 

upon stimulation through the NK1.1 activating receptor. We injected m157-Tg or non-Tg 

recipient mice with either non-Tg WT donor splenocytes, non-Tg B6.BxD8 donor 

splenocytes or non-Tg DAP12ki splenocytes. Three days post injection, splenocytes were 

harvested and stimulated through the NK1.1 receptor and the donor NK cells were assessed 

for IFN-γ production. The WT, B6.BxD8 and DAP12ki donor NK cells all acquired m157 

on their cell surface when injected into m157-Tg recipient mice (Fig. 6A). Of note, the level 

of m157 expression on the surface of “dressed,” donor NK cells was less than levels seen on 

the surface of NK cells from m157-Tg mice (Fig 6A). We observed decreased IFN-γ 

production by donor WT NK cells that had been injected into m157-Tg recipients as 

compared to non-Tg recipients (Fig 6B). However, although both donor non-Tg B6.BxD8 

and DAP12ki NK cells acquired m157 when injected into an m157-Tg recipient, they 

produced similar levels of IFN-γ as those injected into a non-Tg recipient (Fig. 6B). In 

addition, we separated the NK cell populations from WT and DAP12ki donors into Ly49H+ 

and Ly49H− NK cells and assessed IFN-γ production from these groups individually upon 

transfer into non-Tg or m157-Tg recipient mice. Similar to the bulk NK cell population, we 

only observed IFN-γ production defects in the Ly49H+ NK cell population upon transfer 

into m157-Tg mice (Fig. 6C). Our data demonstrate that NK cells that interact with m157 

through the Ly49H receptor on their cell surface are least effective at producing IFN-γ upon 

stimulation through the NK1.1 receptor.

Discussion

Continuous engagement of activating receptors on NK cells renders them hyporesponsive 

when stimulated through other activating receptors, a process which occurs both in vitro and 

in vivo (10, 11, 35–37). We have demonstrated that Ly49H+ NK cells from WT mice, upon 

transfer into an m157-Tg environment, become hyporesponsive when stimulated through 

other activating receptors (35). It remained unclear how the Ly49H receptor on transferred 

NK cells remained continuously engaged with m157, resulting in a hyporesponsive donor 

NK cell.

In this study, we have provided evidence that NK cells can acquire ligands for activating 

receptors (in this case m157) on their cell surface upon incubation with cells expressing the 

ligand. The acquisition occurred quickly in vitro with both lymphokine activated killer 

(LAK) cells as well as fresh NK cells and required cell-to-cell contact. The acquired m157 
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was anchored to the surface of the NK cell by GPI linkage. The acquisition of m157, 

however, did not require signaling through the Ly49H receptor. In fact, it did not even 

require the expression of the Ly49H receptor by the NK cell. Transfer of the m157 also 

occurred in vivo, as we observed transfer of m157 onto donor NK cells upon adoptive 

transfer of donor splenocytes into m157-Tg recipients but not WT recipients.

Though it is clear that m157 can be acquired by NK cells in the absence of the Ly49H 

receptor, the in vitro data using fresh NK cells suggests that NK cells from B6.BxD8 mice 

acquire less m157 than WT NK cells (Fig 4B). However, upon injection in vivo, we observe 

that B6.BxD8 NK cells acquire more m157 (Fig 4C). We believe that the in vivo interaction 

represents a more natural interaction for the NK cell and its target than in vitro studies where 

cell densities can play a major role. One explanation as to why B6.BxD8 NK cells appear to 

acquire more m157 in vivo could be that in WT mice, Ly49H interacts with the acquired 

m157 and prevents binding of the 6H121 (anti-m157) mAb, thus limiting detection of m157 

on the cell surface. In B6.BxD8 NK cells, the interaction of acquired m157 with Ly49H 

does not occur, so interactions with the anti-m157 mAb are not hindered, allowing for better 

detection of m157 on the cell surface. The in vivo pattern of staining suggests that acquired 

m157 interacts with the Ly49H receptor on the NK cell surface.

Upon acquisition of m157 by the NK cells, we demonstrated that the Ly49H receptor (when 

present) can interact with the acquired protein. More importantly, we demonstrated that the 

interaction of the acquired m157 with the Ly49H receptor resulted in impaired function of 

the Ly49H+ NK cells, likely by two mechanisms: (1) blocking the Ly49H receptor from 

recognizing other targets and (2) continuous engagement of the Ly49H receptor which 

imparts a functional defect in IFN-γ production upon stimulation through the NK1.1 

receptor. The acquisition of ligand appears to be yet another mechanism to control NK cell 

function following activation.

Of note, cis interactions of MHC class I with receptors on the NK cells surface have been 

shown to alter NK cell function. For example, the interaction of MHC class I (H2-Dd) with 

inhibitory receptors (Ly49A) on the NK cell surface have been documented and appear to 

alter NK cell function (38–40). In the absence of H2-Dd expression on the NK cell surface, 

Ly49A is efficiently recruited to the NK-cell synapse by the H2-Dd expressed in trans on 

target cells. However, Ly49A at the NK-cell synapse is reduced when NK cells express both 

H2-Dd and Ly49A (40). The co-expression of Ly49A and H2-Dd on the NK-cell membrane 

is believed to sequester the Ly49A receptors, restricting the pool of Ly49A available for 

functional interaction with MHC class I ligands on target cells. This results in decreased 

inhibitory capacity of Ly49A in the context of H2-Dd expression. In addition, cis 

interactions of Ly49C receptor with MHC class I have been shown to block the ability of the 

Ly49C receptor to bind a mutant form of m157 making mice susceptible to MCMV 

expressing the mutant m157 (41). Finally, studies suggest that the “education” or “licensing” 

of NK cells requires both cis and trans recognition of MHC class I molecules (42).

Although the Ly49H receptor is not required for the acquisition of m157, when the receptor 

is present on the NK cell it appears to be able to interact on the cell surface with the acquired 

m157. This is suggested by: (1) the increase in detectable levels of Ly49H on the cell 
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surface of m157 “dressed” NK cells upon treatment with PI-PLC (which removes m157 

from the cell surface) and (2) the blocking of the ability of m157 “dressed” NK cells to kill 

RMAm157 targets. The ability of the Ly49H to interact with the acquired m157 in cis would 

provide an explanation of how continuous engagement of the Ly49H receptor could take 

place on NK cells, particularly in adoptive transfer experiments where we observe that 

donor WT NK cells acquire m157 on their cell surface as well as a hyporesponsive 

phenotype upon transfer into an m157-Tg mouse. Regardless of whether cis or trans 

interactions are taking place, continuous engagement of Ly49H and m157 results in a 

hyporesponsive NK cell. We propose a model in which m157, acquired via trogocytosis 

from the target cell, interacts with Ly49H on the same NK cell, resulting in blocking as well 

as continuous engagement of the receptor (Fig 7).

Our finding that the Ly49H receptor is not necessary for the acquisition of m157 from target 

cells is novel and differs from a recent paper showing that trogocytosis of Rae-1 by NK cells 

was decreased if the NKG2D receptor was blocked with antibody or if signaling through the 

NKG2D receptor was disrupted by using NK cells that did not express adaptor molecules for 

the receptor (32). In our system, this was not the case, as trogocytosis of m157 was still 

observed by B6.BxD8 NK cells (where the Ly49H receptor is absent) and by DAP12ki NK 

cells (where signaling through the receptor is disrupted). The fact that NK cells from 

B6.BxD8 mice can still acquire m157 from target cells suggest that receptors and ligands 

other than Ly49H and m157 may be responsible for the formation of the IS between the NK 

cell and targets. Alternatively, it is possible that an IS does not need to form in order for 

trogocytosis to occur. Regardless of which receptors are responsible for forming an IS 

between the NK cell and target or if the formation of an IS is important at all, the expression 

of Ly49H is not necessary for the acquisition of m157 by the NK cell.

The fact that acquisition of m157 occurs on the surface of NK cells in the absence of the 

Ly49H receptor also demonstrates that the acquisition of m157 by NK cells was not the 

result of a trans interaction (between the Ly49H on the NK cell and m157 on the target cell) 

where the NK cell “rips” the m157 off of the target cell. In addition, it also suggests that the 

exchange of membrane proteins likely takes place between NK cells and target cells under 

normal conditions. However, functional consequences to the NK cell, in our experiments, 

required the presence of the Ly49H receptor on the NK cell. It is possible that a number of 

NK cells are involved in trogocytosis of membrane and associated proteins from different 

cells, but display no functional consequence because receptors for the ligands that are 

acquired are not present on the recipient NK cell. In addition, the amount of ligand taken up 

on the NK cell membrane is one to two log fold lower than is seen on the target cell, and in 

order for functional consequences to occur the receptor must be present at a high enough 

level on the NK cell to be able to engage the acquired ligand. Thus, it is possible that 

trogocytosis may function to decrease NK cell immune responses in situations where ligands 

from target cells are taken up in large enough quantities by NK cells expressing an 

activating receptor which can bind the ligand.

During the process of immune surveillance, NK cells form an IS where they contact the 

target cell. It has been demonstrated that upon IS formation, activating receptors can 

undergo ligand-induced down-modulation as a form of negative feedback regulation. NK 
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cells have been shown to acquire a number of proteins from target cells following formation 

of the immunological synapse. These include ligands for the NKG2D receptor MICA, 

MICB, Rae-1, and the chemokine receptor CCR7 (19, 29, 32, 43). The acquisition of ligands 

from target cells can have a profound effect on the function of the NK cell, including down 

regulation or blocking of the activating receptor. Such alterations can make the NK cell less 

efficient at killing targets recognized by the down regulated or blocked receptor (19). In 

addition, acquisition of chemokine receptors (CCRs) can alter cell trafficking; acquisition of 

CCR7 by NK cells has been described, resulting in increased homing to the lymph node in 

athymic nude mice (43). In fact, it has been suggested that trogocytosis could be a method to 

transiently modify expanded NK cells without using gene transfer in adoptive 

immunotherapy for cancer.

NK cells can also acquire immunomodulatory molecules from tumor cells that alter NK cell 

function. For example, it has been demonstrated that HLA-G1, commonly expressed by 

tumor cells in vivo and whose expression on tumor cells confers resistance to killing in vitro, 

can be acquired by NK cells through trogocytosis. NK cells that acquired HLA-G1 stopped 

proliferating, were no longer cytotoxic, and were capable of inhibiting cytotoxic functions of 

other NK cells (44). This suggests that NK cells can acquire proteins from the cell surface of 

tumor cells resulting in modification of their function.

It has also been shown that interaction of NK cells with cancer cells results in the down-

modulation of NKG2D. This has been shown with cervical cancer models where NKG2D 

was down-modulated, as well as with melanoma models where NKG2D as well as other 

activating receptors including NKp30 and NKp44 were down-modulated (45–47). The 

down-modulation of the receptors was associated with impairment of NK cell mediated 

cytolytic activity. A more recent study described the induction of NKG2D ligands on the 

surface of healthy myeloid cells by lactate dehydrogenase-5 secreted from glioblastoma 

cells. This resulted in the down-modulation of the NKG2D receptor on the NK cells as well 

as their impairment in killing the tumor (48). Trogocytosis of ligands from target cells to NK 

cells in tumor specific environments could provide an explanation for how the receptors are 

down modulated as well as how the NK cells become impaired.

Recent studies also suggest that the ligands acquired by NK cells by trogocytosis make them 

targets for other NK cells in a process termed “fratricide.” Fratricide of NK cells appears to 

provide another level of control of NK cells (32). Clearly NK cells have evolved a number 

of ways to control their function. Most likely this is a way to limit collateral damage during 

NK cell function. In addition to allowing for fratricide, our model suggests that ligand 

acquired on the NK cells by trogocytosis binds in cis to the receptor resulting in (1) blocking 

the receptor from recognizing target cells and (2) allows for the continuous engagement of 

the receptor, resulting in a hyporesponsive NK cell.

Clearly NK cell trogocytosis of ligands from target cells can profoundly alter NK cell 

function. This has important implications regarding how NK cells respond to tumors. NK 

cells may acquire, through trogocytosis, tumor-expressed ligands for NK cell activating 

receptors, impairing the NK cells’ ability to destroy the tumor and possibly allowing for 

tumor growth and metastasis. In addition, trogocytosis of ligands may play a role in the use 
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of expanded NK cells in immunotherapy for cancer. Modulation of NK cell function by 

trogocytosis could provide both helpful and harmful effects in regards to tumor 

immunosurveillance. More work needs to be done to understand the situations in which 

trogocytosis occurs, which proteins can be transferred by trogocytosis, and the signaling 

mechanisms that take place that render the NK cell dysfunctional following trogocytosis. 

Such understanding might make it possible to better utilize NK cells in future 

immunotherapy protocols.
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Figure 1. NK cells rapidly acquire m157 on their cell surface as a GPI linked protein following 
incubation with m157 expressing target cells in a cell contact dependent manner
WT IL-2 stimulated NK cells (LAKs) were incubated with RMA (□) or RMAm157 (●) 

cells and assessed by flow cytometry for the percentage of LAK cells that were positive for 

m157 on their cell surface (A) and mean fluorescence intensity (MFI) of m157 (B) at 

various time points (n=3–6 at each time point). WT LAKs were incubated with RMAm157 

cells for 2 hours and then treated with PBS as control (n=6) or phosphatidylinositol-specific 

phospholipase C (PI-PLC) (n=6) and assessed by flow cytometry for percentage of LAKs 

that were positive for m157 (C) and MFI of m157 (D). WT LAKs were incubated with 
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RMAm157 cells in the presence (n=6) or absence (n=6) of a transwell. The percentage of 

LAKs expressing m157 (E) as well as MFI of m157 (F) was assessed by flow cytometry 

after two hours of incubation. All data are presented as the mean+/− SEM. *p<0.005.
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Figure 2. Acquisition of m157 by NK cells is independent of the Ly49H receptor
(A) IL-2 stimulated NK cells (LAKs) from B6.BxD8 mice were incubated with RMA (□) or 

RMAm157 (●) and assessed by flow cytometry for the percentage of NK cells that were 

positive for m157 on their cell surface at various time points (n=3 for each time point). (B) 

B6.BxD8 LAKs were incubated with RMAm157 cells for 2 hours in the presence (n=3) or 

absence (n=3) of PI-PLC. The percentage of LAKs expressing m157 was assessed by flow 

cytometry (C) B6.BxD8 LAKs were incubated for 2 hours with RMA or RMAm157 cells in 

the presence (n=4–6) or absence (n=4–6) of a transwell. The percentage of LAK cells 

expressing m157 was assessed by flow cytometry. All data are presented as the mean+/− 

SEM. *p<0.0005.
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Figure 3. Acquired m157 can interact with Ly49H on the NK cell surface
WT IL-2 stimulated NK cells (LAKs) were incubated with RMA m157 cells for 30 minutes 

and sorted to isolate LAK cells. (A) Representative histogram of RMA cells (tinted 

histogram), RMAm157 cells (open histogram with dotted line), WT LAKs (open histogram 

with solid line) and sorted m157 “dressed” LAKs (open histogram with dashed line) that 

were assessed for m157 levels on the cell surface by flow cytometry. (B) MFI of m157 on 

RMA cells (black, n=6), RMAm157 cells (white, n=9), WT LAKs (gray, n=3) and sorted 

m157 “dressed” LAKs (hatched, n=3). *p<0.005. (C) Representative histogram depicting 

sorted m157 “dressed” LAKs that were assessed for m157 levels in the presence (open 

histogram) and absence (dashed histogram) of PI-PLC. (D) Representative histogram 

depicting sorted m157 “dressed” LAKs that were assessed for Ly49H levels in the presence 

(open histogram) and absence (dashed histogram) of PI-PLC. (E) MFI of Ly49H on Ly49H+ 
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sorted “dressed” LAKs in the absence (black, n=6) or presence (white, n=6) of PI-PLC. All 

data are presented as the mean+/− SEM. *p<0.0005.
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Figure 4. Acquisition of m157 occurs with fresh NK cells and in vivo
(A) WT splenocytes were incubated with RMA (□) or RMAm157 (●) cells and assessed by 

flow cytometry for the percentage of NK (NK1.1+, CD3−) cells that were positive for m157 

on their cell surface at various time points. (B) Splenocytes from B6.BxD8, DAP12ki or WT 

mice were incubated with RMA (black), RMAm157 (white), BaF (gray) or BaFm157 

(hatched) cells for 2 hours and assessed by flow cytometry for the percentage of NK 

(NK1.1+, CD3−) cells that were positive for m157 on their cell surface (n= 6 for all groups 

except for WT with RMA or RMAm157 where n=3). (C) Adoptive transfer of 50 million 

WT or B6.BxD8 donor splenocytes into non-Tg (black) and m157-Tg (white) recipient 

mice. Donor NK cells were assessed by flow cytometry for the acquisition of m157 on their 

cell surface (n=5–17). (D) WT and B6.BxD8 donor NK cells were obtained 24 hours post 

transfer into m157-Tg recipient mice (n=4–5). The percentage of NK cells expressing m157 

was assessed by flow cytometry before (black) and after treatment with PI-PLC (white). All 

data are presented as the mean+/− SEM. *p<0.005.

Miner et al. Page 22

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. The m157-dressed NK cells are defective at killing m157-expressing targets
WT IL-2 stimulated NK cells (LAKs) were incubated with RMA or RMAm157 cells and 

then sorted to obtain “dressed” LAKs. The sorted LAKs were used as effector cells at 3:1 

and 10:1 E:T ratios. (A) Representative histogram to evaluate killing of RMAm157 target 

cells based on propidium iodide (PI) incorporation assessed by flow cytometry. The 

numbers in the histogram are the percentage of cells present in the PI+ and PI− gates. (B) 

Percentage of RMAm157 target cells killed at two different E:T ratios. Effector cells were 

sorted RMA- “dressed” LAKs (RMAd; black, n=6), sorted RMAm157-“dressed” LAKs 
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(m157d; white, n=12) or unsorted B6.BxD8 LAKs (B6.BxD8; hatched, n=9). All data are 

presented as the mean+/− SEM. *p<0.0005.
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Figure 6. Expression of the Ly49H receptor is required to induce NK cell hyporesponsiveness
(A) Representative histograms displaying m157 expression, as assessed by flow cytometry, 

on donor NK cells from either B6.BxD8, WT or DAP12ki mice injected into non-Tg 

recipient (tinted histogram) or into m157-Tg recipient mice (open histogram with solid line). 

The expression of m157 on NK cells from m157-Tg recipient mice is also shown (open 

histogram with dashed line). (B) B6.BxD8, WT, or DAP12ki splenocytes were injected into 

WT (black) or m157-Tg (white) recipient mice (n=5–6). Splenocytes were isolated at 2–3 

days post transfer and assessed for IFN-γ production by donor NK cells following 
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stimulation through the NK1.1 receptor. All data are presented as the mean+/− SEM. 

*p<0.02, ns=not significant. (C) WT or DAP12ki splenocytes were injected into WT or 

m157-Tg recipient mice (n=5–6). Splenocytes were isolated at 2–3 days post transfer and 

assessed for IFN-γ production by donor Ly49H+ NK cells (black) or donor Ly49H− NK 

cells (white) following stimulation through the NK1.1 receptor. All data are presented as the 

mean+/− SEM.*p<0.0005, **p<0.005, ns=not significant.
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Figure 7. Model for trogocytosis mediated hyporesponsiveness of NK cells
The m157 acquired by the NK cells is expressed on its cell surface as a GPI-linked protein. 

The interaction of m157 with Ly49H results in (1) blocking of the Ly49H receptor on the 

NK cell which prevents its recognition of m157 expressing targets and (2) provides a 

mechanism for the continuous engagement of the Ly49H activating receptor which results in 

the induction of a hyporesponsiveness of the NK cell to stimulation through other activating 

receptors.
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