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Abstract Osteosarcoma and Ewing’s sarcoma tumor

cells are susceptible to IL15-induced or antibody-mediated

cytolytic activity of NK cells in short-term cytotoxicity

assays. When encountering the tumor environment in vivo,

NK cells may be in contact with tumor cells for a pro-

longed time period. We explored whether a prolonged

interaction with sarcoma cells can modulate the activation

and cytotoxic activity of NK cells. The 40 h coculture of

NK cells with sarcoma cells reversibly interfered with the

IL15-induced expression of NKG2D, DNAM-1 and

NKp30 and inhibited the cytolytic activity of NK cells. The

inhibitory effects on receptor expression required physical

contact between NK cells and sarcoma cells and were

independent of TGF-b. Five days pre-incubation of NK

cells with IL15 prevented the down-regulation of NKG2D

and cytolytic activity in subsequent cocultures with sar-

coma cells. NK cell FccRIIIa/CD16 receptor expression

and antibody-mediated cytotoxicity were not affected after

the coculture. Inhibition of NK cell cytotoxicity was

directly linked to the down-regulation of the respective NK

cell-activating receptors. Our data demonstrate that the

inhibitory effects of sarcoma cells on the cytolytic activity

of NK cells do not affect the antibody-dependent cyto-

toxicity and can be prevented by pre-activation of NK cells

with IL15. Thus, the combination of cytokine-activated NK

cells and monoclonal antibody therapy may be required to

improve tumor targeting and NK cell functionality in the

tumor environment.
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Introduction

Osteosarcoma and Ewing’s sarcoma represent the most

frequent osseous, malignant tumors in adolescents and

young adults. The current treatment consists of a combi-

nation of systemic multi-drug chemotherapy and surgical

resection [1–3]. Up to 70 % of patients with localized dis-

ease achieve persistent remission. In contrast, the prognosis

of patients with metastasized and recurrent disease has

remained dismal, despite advancements in surgical tech-

niques and intensification of chemotherapy regimens during

the last decades. In the quest for novel cytolytic therapies,

we have previously reported the sensitivity of sarcoma cells

to NK cell-based cellular immunotherapy [4–7].

Human NK cells express a broad repertoire of germline-

encoded inhibitory and activating receptors [8–10]. The

proportion of inhibiting and activating signals perceived

from target cells tunes the cytotoxic activity of NK cells.

The inhibitory ‘killer cell immunoglobulin-like receptors’

(KIR) recognize HLA-A, B, C alleles of the MHC class I

complex [11], whereas the NKG2A/CD94 complex binds

HLA-E [12]. The activating receptor NKG2D recognizes

the stress ligands MHC class I chain-related protein (MIC)

A, MICB and UL-binding proteins (ULBP) 1 to ULBP6
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[13–17], and DNAM-1 binds to CD112 and CD155 [9, 18].

B7-H6 has recently been identified as a ligand for the

‘natural cytotoxicity receptors’ (NCR) NKp30 [19],

whereas ligands for NKp44 and NKp46 are insufficiently

characterized on tumor cells. Loss of MHC class I

expression and ligation of NK cell-activating receptors

increase the sensitivity of tumor cells to NK cell-mediated

lysis [8–10]. In addition to the properties of target cells,

NK cell cytotoxicity can be ‘primed’ by cytokines, such as

IL2 and IL15 [20–22].

Apart from killing tumor cell lines in vitro, NK cells

have been shown to be involved in the rejection of trans-

planted hematopoietic tumors or chemically induced

tumors in mice, preventing tumor outgrowth and support-

ing tumor-specific T cell responses [23–26]. A role of NK

cells in anticancer responses in humans has been empha-

sized by the observation that patients with leukemia have a

better outcome when receiving KIR ligand-mismatched

allogeneic stem cell transplantations [27]. However, tumor

cells may acquire diverse mechanisms to evade NK cell

responses. Shedding of NKG2D ligands [28, 29], down-

regulation of NKG2D and DNAM-1 surface expression

[30–33] by sustained ligand–receptor interactions, and

secretion of TGF-b [34, 35] have been associated with

defective NK cell functions, hampering tumor cell recog-

nition and killing.

We and others have established that ligands for the NK

cell-activating receptors NKG2D and DNAM-1 are dif-

ferentially expressed in sarcoma tissue and on sarcoma cell

lines. Sarcoma cell lysis by NK cells involves NKG2D and

DNAM-1 as measured in short-term cytotoxicity assays [4,

5, 7]. In vivo, however, NK cells may be in contact with

tumor cells over a long-time period which may alter the

cytotoxic function of NK cells. Indeed, we have previously

observed that peripheral blood NK cells from Ewing’s

sarcoma patients exerted low cytolytic activity [7]. In the

present study, we demonstrate that prolonged interactions

with sarcoma cells can inhibit the cytotoxic activity of NK

cells as well as NK cells receptor expression. Remarkably,

IL15-activated NK cells and antibody-dependent cytotox-

icity by NK cells were resistant to this inhibition. There-

fore, the combination of IL15-activated NK cells and

monoclonal antibodies may sustain anti-tumor functions of

NK cell-based immunotherapy in sarcoma patients.

Materials and methods

Cell lines

The following previously characterized sarcoma cells were

included in this study: Ewing’s sarcoma cell lines A673,

CADO-ES, SK-ES-1, SK-N-MC, STA-ET2.1, TC71 and

L1062; osteosarcoma cell lines HOS, OHS, OSA, SAOS-2

and U2OS. All sarcoma cell lines were obtained from the

EuroBoNeT cell line repository (by 2007) and were con-

firmed for their identity by short tandem repeat DNA fin-

gerprinting in 2011. The TC71 cell line was cultured in

IMDM medium (Invitrogen, Carlsbad, CA, USA) supple-

mented with 10 % fetal calf serum (FCS, Invitrogen) and

100 U/ml penicillin and 100 ug/ml streptomycin (Invitro-

gen); all other sarcoma cell lines as well as the erythro-

leukemic cell line K562, the Burkitt’s lymphoma cell line

Daudi and the murine mastocytoma cell line P815 (ATCC,

Manassas, VA, USA) were maintained in RPMI 1640

supplemented with 10 % FCS and penicillin/streptomycin.

All Ewing’s sarcoma cell lines were grown in 0.1 % gel-

atin-coated culture flasks. All cell lines were negative for

mycoplasma infection as regularly tested by RT-PCR.

T cell depletion and NK cell isolation

PBMC were separated from buffy coats of healthy adult

donors (Sanquin Blood bank, Region Southwest, Rotter-

dam, the Netherlands) by Ficoll–Hypaque density gradient

centrifugation. T cells were depleted from PBMC (TCD

PBMC) by positive selection using anti-CD3 MicroBeads

(Miltenyi Biotech, Bergisch Gladbach, Germany) to

exclude NK cell activation via T cell-derived IL2 due to

potential alloreactivity toward sarcoma cells. TCD PBMC

contained \0.5 % of contaminating CD3? T cells as ana-

lyzed by flow cytometry. NK cells were purified from

PBMC by negative selection, depleting non-NK cells

through a combination of biotin-conjugated monoclonal

anti-human antibodies and MicroBeads using the ‘Human

NK cell Isolation Kit’ (Miltenyi Biotech); NK cell purity

was[95 % as determined by flow cytometry, analyzing NK

cells as CD56?, CD3-, CD14- and CD19- cells. IL15-

activated NK cells were obtained by incubating purified NK

cells for 5 days with 10 ng/ml of IL15 (Peprotech, Rocky

Hill, NJ, USA) in RPMI medium (with 10 % FCS and

penicillin/streptomycin) in 24-well tissue culture plates.

Cocultures

Sarcoma cell lines were seeded in 24-well plates in 1 ml of

RPMI medium and incubated for 18 h. According to cell

size and growth rate, the cell lines were seeded at the

following cell numbers per well, allowing sub-confluent

cell densities at the start of cocultures: TC71 and HOS at

50,000; OHS, OSA, SAOS-2 and U2OS at 75,000; A673,

CADO-ES and L1062 at 80,000; SK-ES-1 and STA-ET2.1

at 150,000; SK-N-MC at 200,000. Cocultures were

assembled by carefully adding 1 9 106 TCD PBMC,

1.5 9 105 purified NK cells or 5 days IL15-activated NK

cells to the attached sarcoma cells, achieving NK cell-
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tumor cell ratios of 1:1–3:1 according to the tumor cell

numbers seeded. In trans-well experiments, TCD PBMC

(upper compartment) were separated from STA-ET2.1 or

TC71 cells (lower compartment) by a porous membrane

(0.4-lm pore size). Cocultures were incubated for

approximately 40 h with or without IL15. The following

TGF-b inhibitors were applied: TGF-b-neutralizing anti-

body (10 lg/ml; anti-TGFb1/TGFb2/TGFb3; clone 1D11;

R&D Systems, Minneapolis, MN, USA), ALK (TGF-bRI

kinase) small molecule inhibitor SB-431542 (10 lM,

kindly provided by Dr. Luuk J.A.C. Hawinkels, Depart-

ment of Molecular Cell Biology, Leiden University Med-

ical Center, Leiden, Netherlands) or recombinant human

latency-associated peptide (LAP; 250 ng/ml; R&D Sys-

tems). As controls, TCD PBMC or purified NK cells were

incubated in the absence of sarcoma cells with or without

IL15, recombinant TGF-b (1 ng/ml; R&D Systems) or

TGF-b inhibitors. Subsequently, non-attached cell popu-

lations were harvested to analyze the expression of NK cell

activation markers by flow cytometry and the cytolytic

activity of NK cells in a 4 h 51chromium (51Cr) release

assay.

Flow cytometry

Determination of NK cell percentages in TCD PBMC,

validation of NK cell purity and T cell depletion, and the

expression of NK cell activation markers were analyzed

phenotypically with fluorescently labeled antibodies and

flow cytometry. The following mouse anti-human mono-

clonal antibodies were applied according to the manufac-

turer’s instructions: HLA-GFITC (MEM-G/9) (Abcam,

Cambridge, UK); CD3FITC (SK7), CD3PerCP-Cy5.5 (SK7),

CD14PerCP-Cy5.5 (M5E2), CD69PE (L78), CD69FITC (L78),

DNAM-1FITC (DX11), MICA/BPE (6D4), PD-1 (CD279,

MIH4), goat anti-mouse IgAPC (550826) (BD Biosciences,

Franklin Lakes, NJ, USA); HLA-EPE (3D12), PD-1L

(CD274, MIH1) (eBiosciences, San Diego, CA, USA);

CD16FITC (3G8), CD56APC (N901 NKH1), CD112PE

(R2.477.1), CD155 (PV404.10), NKG2APE (Z199),

NKG2DPE (ON72), NKp30PE (Z25), NKp44PE (Z231),

NKp46PE (BAB281) (IOTEST Immunotech, Marseille,

France); MICA (159227), MICB (236511), ULBP1

(170818), ULBP2 (165903), ULBP3 (166510) (R&D

Systems); perforinFITC (deltaG9, Ancell, Bayport, MN,

USA). To analyze ligands for NKG2D, NKp30 and NKp44

on sarcoma cells, freshly harvested tumor cells were

incubated with the respective Fc fusion protein constructs

for 2 h (2.5 lg/ml; R&D Systems, Minneapolis, MN,

USA) followed by the Alexa Fluor 647 goat anti-human

IgG secondary antibody (A21445; Invitrogen). The anti-

CD20 mAb rituximab (MabThera; Roche, Basel, Switzer-

land) was used as an IgG1 isotype-matched negative

control for fusion proteins. FACS measurements were

performed with the FACSCalibur (BD Biosciences) and

analyzed with the ‘BD Cell Quest ProTM’ software (ver-

sion 5.2.1). The indicated fold expression data were cal-

culated by dividing the geometric mean fluorescence

intensity after the 40 h cocultures by the geometric mean

fluorescence intensity after 40 h incubation in medium or

IL15 only (as set to 1.00).

51Chromium release assay

The cytolytic activity of NK cells in TCD PBMC or

purified NK cells against K562 (sensitive to unstimulated

and activated NK cells), Daudi (sensitive to activated NK

cells only) and sarcoma cell lines was measured in 4 h 51Cr

release assays. Effector cells were unstimulated non-

cocultured TCD PBMC or purified NK cells, or the non-

adherent cell fraction from the 40 h cocultures. For

blocking experiments, effector cells were incubated with

10 lg/ml of mouse anti-human NKG2D (149810, R&D

Systems), DNAM-1 (DX11, BD Biosciences) and NKp30

(P30-15, Biolegend, San Diego, CA, USA) for 30 min.

Target cells were labeled with 100 ll Na-chromate (51Cr,

3.7 MBq) for 1 h. To measure antibody-dependent cellular

cytotoxicity (ADCC), sarcoma cells were incubated with

the chimeric monoclonal antibody cetuximab (anti-epi-

dermal growth factor receptor, 10 lg/ml; Erbitux�, Merck

KGaA, Darmstadt, Germany) for 30 min. To measure

redirected lysis, murine FccR? P815 cells were incubated

with 1 lg/ml of mouse anti-human CD16FITC (3G8, 1/100,

IOTEST Immunotech), DNAM-1 (DX11, BD Biosci-

ences), NKG2D (149810, R&D Systems), NKp30 (P30-15,

Biolegend) and NKp46 (9E2, Biolegend) for 30 min.

2.5 9 103 target cells ± antibodies were added to effector

cells in triplicate or duplicate at the indicated effector /

target (E:T) ratios and incubated for 4 h at 37 �C. Super-

natants were collected, and the release of 51Cr was mea-

sured with a b-counter (Wallac/PerkinElmer, Waltham,

MA, USA). Spontaneous and total release were obtained by

incubation in medium and Triton X-100 (2.5 %; Merck

Chemicals, Darmstadt, Germany), respectively. The spe-

cific lysis was calculated by the following formula: per-

centage of specific lysis = 100 9 (experimental release-

spontaneous release/total release-spontaneous release).

Statistical analysis

Statistical analyses were performed with Graphpad Prism

version 5.04 (La Jolla, CA, USA) or SPSS version 16.0

(IBM, Armonk, NJ, USA) using paired Student’s t-test,

comparing means between groups of samples. Error

bars represent the standard error of the mean. A P value

of \0.05 was considered statistically significant. ns,
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not statistically significant; *P \ 0.05; **P \ 0.01;

***P \ 0.001.

Results

Sarcoma cells can interfere with NK cell receptor

expression and cytolysis

To explore whether sarcoma cell lines are able to influence

NK cell function, T cell-depleted PBMC (TCD PBMC)

were cocultured with osteosarcoma and Ewing’s sarcoma

cell lines for 40 h. After the coculture, NKG2D and

DNAM-1 were down-regulated on resting NK cells by

most of the cell lines (8/12 and 6/12, respectively) (Fig. 1,

panel a, b). Four cell lines significantly down-regulated

both NKG2D and DNAM-1 expression.

In addition to the phenotypical changes, it was investi-

gated whether sarcoma cells can affect the cytolytic

potential of resting NK cells. TCD PBMC were removed

from cocultures with STA-ET2.1, HOS (relatively strong

inhibitors of NKG2D expression) and TC71 cells (rela-

tively weak inhibitor of NKG2D). Afterward, NK cell-

mediated cytolytic activity was tested against non-
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Fig. 1 Down-regulation of NK cell NKG2D, DNAM-1 and cytolytic

activity by sarcoma cells. Surface expression of NKG2D (a) and

DNAM-1 (b) on NK cells was analyzed after 40 h cocultures of TCD

PBMC with the indicated Ewing’s sarcoma and osteosarcoma cell

lines by flow cytometry. The indicated fold expression was calculated

by dividing the geometric mean fluorescence intensity after 40 h

cocultures by the geometric mean fluorescence intensity after 40 h

incubation in medium only (as set to 1.00). Within the lymphocyte

population of life-gated TCD PBMC, NK cells were identified as

CD56? cells devoid of CD3 and CD14 expression. Diagonal- and

horizontal-lined patterns in bars indicate the cocultures mainly

focused on in the following experiments (relatively strong inhibitors

of NKG2D, STA-ET2.1 and HOS; relatively weak inhibitor, TC71).

Combined data of the fold expression of multiple experiments are

depicted. Lysis of (non-cocultured) STA-ET2.1 (c) and HOS cells

(d) by NK cells after the 40 h coculture of TCD PBMC with STA-

ET2.1, TC71 and HOS cells or 40 h incubation in medium only was

measured in 4 h 51Cr release assays. The specific lysis (%) is depicted

as representative data of one experiment and as combined data of two

or multiple experiments analyzed at a 10:1 E:T ratio. ns, not

statistically significant; *P \ 0.05; **P \ 0.01; ***P \ 0.001
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cocultured sarcoma and non-sarcoma target cells in 4 h
51Cr release assays. The 40 h coculture of TCD PBMC

with STA-ET2.1 and HOS cells substantially reduced the

cytolytic activity against (non-cocultured) STA-ET2.1 and

HOS target cells (Fig. 1, panel c, d). Likewise, lysis of the

NK cell target cell line K562 was decreased after these

cocultures (Supplementary Fig. 1, panel a, available

online), indicating that there was no sarcoma cell-specific

inhibitory effect. In contrast, coculture with TC71 cells had

little effect on NK cell cytolysis.

Hence, sarcoma cell lines differed in their efficacy to

down-regulate the cytolytic activity of NK cells as well as

the expression of the NK cell-activating receptors NKG2D

and DNAM-1.

IL15-induced NK cell activation is impaired

by sarcoma cells

IL15 is a potent NK cell-activating cytokine which

enhances the expression of NKG2D and DNAM-1 on NK

cells and boosts their cytolytic activity against sarcoma

cells [4, 7]. It was investigated whether IL15-induced

activation of NK cells can also be inhibited by sarcoma

cells. When cocultured with TCD PBMC in the presence of

IL15, sarcoma cell lines significantly interfered with the

IL15-induced up-regulation of NKG2D (12/12) and

DNAM-1 (9/12) on NK cells (Figs. 2, panel a, b and 3,

panel a). In addition, STA-ET2.1 cells inhibited the IL15-

induced expression of CD69, NKp30, NKp44 and NKp46,
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Fig. 2 Down-regulation of IL15-induced NK cell cytolytic activity

and NKG2D and DNAM-1 expression by sarcoma cells. Surface

expression of NKG2D (a) and DNAM-1 (b) on NK cells was

analyzed after IL15-stimulated cocultures of TCD PBMC with

Ewing’s sarcoma and osteosarcoma cell lines by flow cytometry.

The indicated fold expression is combined data of multiple experi-

ments, comparing expression levels of IL15-stimulated 40 h cocul-

tures with expression levels after incubation with IL15 only. Gray

bars depict TCD PBMC incubated with IL15 only (no pattern) or

IL15-stimulated cocultures (diagonal- and horizontal-lined patterns

with STA-ET2.1, HOS or TC71 cells), and white bars depict TCD

PBMC incubated in medium only. The expression of NKG2D after

IL15 stimulation only was set to 1.00. Lysis of STA-ET2.1 (c) and

HOS cells (d) by NK cells after IL15-stimulated coculture of TCD

PBMC with sarcoma cells or incubation in IL15 only. Representative

data of one experiment and combined data of two or multiple

experiments analyzed at a 10:1 E:T ratio are depicted
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whereas HOS and TC71 cells inhibited only NKp30 and

NKp44 (Fig. 3, panel b).

Stimulation of TCD PBMC with IL15 for 40 h

enhanced the lysis of non-cocultured STA-ET2.1 and

HOS target cells (Fig. 2, panel c, d). The IL15-induced

lysis of both cell lines was reduced after the coculture

with STA-ET2.1 cells, while the cocultures with HOS or

TC71 had little or no effect. Furthermore, the IL15-

induced lysis of Daudi cells, which are only susceptible to

activated NK cells, was greatly diminished after the

coculture with STA-ET2.1 cells (Supplementary Fig. 1,

panel b, available online).

These results indicate that sarcoma cells could also

interfere with NK cell function in the presence of the

activating cytokine IL15.

NKG2D down-regulation on NK cells requires direct

contact with sarcoma cells and is independent of TGF-b

The mechanism responsible for NK cell receptor down-

regulation by certain sarcoma cells could be based on

sustained ligand–receptor interactions. Although the STA-

ET2.1 cell line had the strongest inhibitory effect on NK

cell NKG2D and DNAM-1 expression, the NKG2D ligands

MICA, ULBP1 and ULPB3 were hardly detected on STA-

ET2.1 cells, while MICB, ULBP2, the NKG2D-Fc fusion

construct and the DNAM-1 ligands CD112 and CD155

were detected at lower intensities as compared to other

sarcoma cell lines (Supplementary Fig. 2, available

online). Notably, the STA-ET2.1 cell line down-regulated

NKp30 and NKp44 expression on NK cells, but ligands for
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Fig. 3 NKp30 and NKp44 down-regulation on NK cells is not

associated with NKp30 and NKp44 ligands expression on sarcoma

cells. a Representative FACS overlay plots of the geometric mean

fluorescent intensity of NKG2D expression on NK cells after 40 h

incubation of TCD PBMC with medium (light gray area) and with

IL15 (dark gray area) and after 40 h coculture (black solid line) with

the sarcoma cell lines STA-ET2.1 (left panel), TC71 (middle panel)
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b Expression of the NK cell receptors NKG2D, DNAM–1,

FccRIIIa/CD16, NKG2A, NKp30, NKp44 and NKp46 and of the

NK cell activation marker CD69 was investigated after the coculture

of TCD PBMC with STA-ET2.1, TC71 or HOS cells in the presence

of IL15. Fold expression data were calculated from geometric mean

fluorescence intensities and combined from multiple experiments.

c FACS overlay plots, detecting NKp30 ligands by NKp30-Fc fusion

protein (black solid line), NKp44 ligand by NKp44-Fc fusion protein

(gray solid line) and isotype-matched negative control by the anti-

CD20 mAb rituximab (light gray area), all followed by secondary

antibody, on STA-ET2.1, TC71 and HOS cells
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NKp30 and NKp44 were barely detected on STA-ET2.1

cells by Fc fusion constructs as compared to TC71 and

HOS cells (Fig. 3, panel c). Ligands for NKp30 and NKp44

were only expressed on a few Ewing’s sarcoma and oste-

osarcoma cell lines (Supplementary Table 1, available

online). Overall, when comparing surface densities of

NKG2D, DNAM-1, NKp30 and NKp44 ligands on the

various sarcoma cell lines, differences in surface densities

and expression profiles did not correspond to the level of

NKG2D, DNAM-1, NKp30 or NKp44 receptor down-

regulation by the respective cell lines (Supplementary

Table 1, available online). Thus, variability in ligand sur-

face densities alone did not explain the differences among

sarcoma cell lines in down-regulating NK cell receptors. In

addition, despite the strong inhibitory effect of STA-ET2.1

cells, expression levels of the known NK cell-inhibitory

surface ligands HLA-E, HLA-G and PD-1L were not par-

ticularly high on STA-ET2.1 cells (Supplementary Fig. 2,

available online). PD-1 expression was not specifically

increased on NK cells after coculture with STA-ET2.1 cells

(Supplementary Fig. 3, panel a, available online).

To investigate the role of soluble factors and/or cell–cell

contact in the down-regulation of the NKG2D receptor, it

was tested whether cell-free supernatants of long-term,

high-density cultures of STA-ET2.1, TC71 and HOS cells

influenced NK cell NKG2D and DNAM-1 expression.

Incubation of NK cells with supernatant of sarcoma cell

cultures did not alter NKG2D or DNAM-1 expression on

NK cells (Supplementary Fig. 1, panel c, available online).

When STA-ET2.1 or TC71 cells (lower compartment)

were separated from TCD PBMC (upper compartment) in

trans-well cultures, both cell lines failed to interfere with

IL15-induced NKG2D expression on NK cells (Fig. 4,

panel a). Thus, cell–cell contact was either required

directly or because it resulted in the production of inhibi-

tory soluble factors mediating NKG2D down-regulation.

Incubation of TCD PBMC with supernatant of cocultures

of TCD PBMC and STA-ET2.1 or TC71 cells did also not

down-regulate NKG2D expression on NK cells (Supple-

mentary Fig. 1, panel c, available online). Altogether, these

data indicate that the down-regulation of NKG2D and

DNAM-1 was mediated by close cell–cell contact between

sarcoma cells and NK cells and not by soluble mediators

derived from sarcoma cell lines or produced after cell–cell

contact during the cocultures.

In previous studies, membrane-associated TGF-b has

been described to interfere with the activation of NK cells

in a cell–cell contact dependent-manner [36–38]. There-

fore, it was investigated whether neutralization of TGF-b
can abolish the inhibitory effect of sarcoma cells. The

inhibition of IL15-induced up-regulation of NKG2D on

NK cells by recombinant TGF-b could be prevented by the

addition of a TGF-b-neutralizing antibody, the small

molecule inhibitor SB-431542 (TGF-bRI kinase inhibitor)

or recombinant LAP (inactivator of TGF-b). In contrast,

addition of the TGF-b inhibitors to the cocultures of TCD

PBMC with STA-ET2.1 or HOS cells did not prevent the

interference with the IL15-induced NKG2D expression on

NK cells, suggesting that TGF-b did not play a role in the

inhibitory effects of the sarcoma cell lines (Fig. 4, panel b,

ii).

Since until now all experiments have been performed

using TCD PBMC, sarcoma cell-dependent inhibition of

NK cells could have been indirect and mediated by non-

NK, non-T cell populations in PBMC. Therefore, NK cells

were purified and cocultured with sarcoma cells. Similar to

NK cells in TCD PBMC, also on purified NK cells, the

IL15-induced up-regulation of NKG2D was inhibited after

the coculture with, in particular, STA-ET2.1 cells (Fig. 4,

panel c). Consequently, sarcoma cells could influence NK

cells by direct cell–cell interaction without requiring the

presence of other PBMC populations.

Pre-activation of NK cells with IL15 prevents NK cell

inhibition

To explore whether the inhibitory effect of sarcoma cells

resulted in irreversible alterations in NK cells, TCD PBMC

were removed from STA–ET2.1 cells after the 40 h

coculture and subsequently incubated with IL15 alone. The

down-regulated expression of NKG2D and DNAM-1

expression after the 40 h coculture was restored when the

TCD PBMC were incubated for three additional days with

IL15 in the absence of STA-ET2.1 cells (Fig. 5, panel a

and data not shown). NK cell NKG2D and DNAM-1

expression remained inhibited when STA-ET2.1 cells were

present during the additional 3 days of incubation with

IL15 (Fig. 5, panel a).

Next, it was investigated whether NK cells activated

with IL15 prior to the coculture are still susceptible to

sarcoma cell-induced inhibition. Remarkably, when using

5 days pre-activated NK cells, neither NKG2D expression

nor the cytolytic activity of the NK cells was altered by

subsequent 40 h cocultures with sarcoma cells (Fig. 5,

panel b, c).

Overall, the sarcoma cell-induced inhibitory effect on

NK cell activation was reversible and could be prevented

by pre-activation of NK cells with IL15.

Antibody-dependent cytotoxicity by NK cells is

not affected by sarcoma cells

In the previous experiments, the coculture with the STA-

ET2.1 cell line significantly down-regulated NKG2D,

DNAM-1 and NKp30 expression as well as the cytolytic

activity against sarcoma cell lines. These receptors play an
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important role in sarcoma cell lysis by NK cells as illus-

trated in 51Cr release assays performed in the presence of

specific neutralizing antibodies against the respective

receptors. Lysis of STA-ET2.1, TC71 and HOS cells by

resting NK cells was significantly reduced by antibodies

against DNAM-1 and fully inhibited by combined blocking

of DNAM-1 and NKG2D while lysis was only partly

dependent on NKG2D alone (Supplementary Fig. 1, panel

d, available online). Lysis by IL15-activated NK cells

could only be significantly reduced by the combination of

DNAM-1 and NKG2D antibodies and was fully inhibited

by the addition of NKp30 antibodies.

Therefore, down-regulation of these NK cell receptors

may be an explanation for the reduced cytolytic activity.

To investigate whether down-regulation of a single recep-

tor resulted in reduced lysis mediated by this receptor, NK

cell cytotoxicity after coculture was analyzed in redirected

lysis assays against the murine FccR? P815 cell line. Lysis
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Fig. 4 Down-regulation of NKG2D on NK cells requires cell–cell

contact and is independent of TGF-b. a TCD PBMC (upper compart-

ment) were separated from sarcoma cells (lower compartment) by a

porous membrane (0.4 lm) in trans-well experiments. Surface expres-

sion of NKG2D on NK cells was investigated after the unseparated

coculture and the trans-well coculture, both in the presence of IL15 and

incubated for 40 h. Data are combined from multiple experiments.

b (i) NKG2D expression on NK cells was investigated after incubating

TCD PBMC with IL15 in the presence or absence of recombinant TGF-

b and TGF-b inhibitors (TGF-b-neutralizing antibody, SB-431542 and

recombinant LAP). Data are combined from two experiments. (ii)

NKG2D expression on NK cells in TCD PBMC was analyzed after the

IL15-stimulated coculture with sarcoma cells in the presence or absence

of TGF-b inhibitors. Data are combined from two experiments.

c Surface expression of NKG2D on NK cells was measured after

coculture of purified NK cells with sarcoma cells in the presence of

IL15. Data are combined from multiple experiments. In all panels,

IL15-stimulated samples are indicated by gray bars, white bars depict

control incubations in medium only. Expression of NKG2D after IL15

stimulation was set to 1.00
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of P815 cells by 2 days IL15-stimulated NK cells was

enhanced when P815 cells were coated with mouse anti-

human FccRIIIa/CD16, NKG2D, NKp30 or NKp46, but

not DNAM-1 antibodies (Fig. 6, panel a, b and data not

shown). After the IL15-stimulated coculture with STA-

ET2.1 cells, however, redirected lysis through NKG2D and

NKp30 was severely diminished (Fig. 6, panel a, b). Lysis

through NKp46 was partly reduced, whereas FccRIIIa/

CD16-mediated lysis remained intact. These results were

closely correlated with the down-regulation of NKG2D and

NKp30 expression and the partly reduced levels of NKp46

on these NK cells, whereas FccRIIIa/CD16 expression

remained intact (Fig. 6, panel c). In contrast, after cocul-

ture with TC71 cells, redirected lysis via CD16, NKG2D,

NKp30 and NKp46 as well as expression of the respective

receptors was unaffected (Fig. 6, panel a–c). These data

demonstrate that the inhibition of NKG2D, NKp30 and

partly NKp46-dependent NK cell cytotoxicity were

directly linked to the down-regulation of the respective NK

cell receptors. As indicated by functional FccRIIIa/CD16-

mediated redirected lysis, the components of the cytolytic

machinery appeared to be intact after the coculture. This

was further corroborated by the fact that intracellular per-

forin expression in NK cells remained normal (Supple-

mentary Fig. 3, panel B, available online).

Since FccRIIIa/CD16-mediated redirected lysis as well

as FccRIIIa/CD16 receptor expression was intact after the

coculture, this raised the question whether the FccRIIIa/

CD16-mediated antibody-dependent cytotoxic function of

NK cells can be exploited to preserve sarcoma cell lysis

after the coculture. Coating of STA-ET2.1 cells with the

anti-epidermal growth factor receptor antibody cetuximab

substantially enhanced their lysis by resting NK cells and,

moderately, by IL15-stimulated NK cells (Fig. 6, panel d)

[6]. Remarkably, lysis of antibody-coated STA-ET2.1 cells

by NK cells was not inhibited after the coculture with STA-
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cytotoxic activity of

5 days (d) IL15-stimulated NK

cells are not inhibited by

sarcoma cells. a After the IL15-

stimulated 40 h coculture

(second bar), TCD PBMC were

removed from STA-ET2.1 cells,

as indicated by the arrows, and

subsequently incubated with

IL15 for three additional days in

the presence (fourth bar) or

absence of fresh STA-ET2.1

cells (fifth bar). NKG2D

expression on NK cells was

analyzed after the 40 h

coculture and after the 40 h plus

3 days (d) coculture. Data are

combined from multiple

experiments. b Purified NK

cells were activated with IL15

for 5 days and afterward

cocultured with sarcoma cells

for 40 h (gray bars, IL15

stimulated samples). Data of

NKG2D expression are

combined from multiple

experiments. c Lysis of non-

cocultured STA-ET2.1 and

HOS cells after the coculture of

5 days IL15-activated NK cells

with sarcoma cells. Data are

analyzed at a 10:1 E:T ratio and

combined from three to two

experiments, respectively
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ET2.1, TC71 or HOS cells in the absence or presence of

IL15.

Thus, despite the inhibitory effects of certain sarcoma

cells, the FccRIIIa/CD16-mediated, antibody-dependent

cytotoxicity of NK cells was preserved after the coculture.

Discussion

Tumor escape from NK cell immunosurveillance may

occur by selection of tumor cells with no or low expression

of ligands for NK cell-activating receptors or increased

expression of ligands for inhibitory receptors. Alterna-

tively, tumor cells may produce factors which inhibit NK

cell activity [39]. In our study, the prolonged, that is, 40 h,

coculture of sarcoma cells with NK cells resulted in a

sarcoma cell line-specific modulation of NK cell-activating

receptors, in particular reducing (IL15-induced) expression

of NKG2D and DNAM-1. Most remarkably, the STA-

ET2.1 cell line reduced the IL15-induced expression of

NKG2D even to lower levels than expressed on resting NK

cells. In addition, the IL15-induced cytolytic activity of NK

cells was reduced against sarcoma and non-sarcoma cell

targets after the coculture. The down-regulation of NK cell-

activating receptors, such as NKG2D, NKp30 and NKp46,

was directly linked to the reduction in cytotoxicity medi-

ated through these receptors as shown in redirected lysis

experiments. This may offer an explanation for the inhib-

ited sarcoma cell lysis which was dependent on NKG2D,

DNAM-1 and NKp30.
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It was notable that the different sarcoma cell lines were

differentially able to down-regulate NK cell phenotype and

function. We attempted to define whether one or more of

the described mechanisms were responsible for this effect.

Sustained interactions of NKG2D with its ligands expres-

sed on tumor cells have been described to induce receptor

internalization and degradation, resulting in NK cell hyp-

oresponsiveness [33, 40–43]. However, in our study, the

degree of down-regulation of NK cell receptors by differ-

ent sarcoma cell lines did not correlate with the expression

of the cognate ligands or known NK cell-inhibitory mole-

cules, such as HLA-E, HLA-G and PD-1L, on these tumor

cells. In particular, the sarcoma cell line with the strongest

inhibitory potential (STA-ET2.1) exhibited only few

NKG2D ligands (MICB and ULBP2), had relatively low

intensities of NKG2D and DNAM-1 ligands and had

undetectable expression of NKp30 and NKp44 ligands.

Thus, the differences in ligand on the sarcoma cell lines do

not sufficiently explain the differences in down-regulation

of NK cell receptors. This suggests that other inhibiting

factors than sustained ligand–receptor interactions are

involved. Another potential mechanism of NK cell receptor

down-regulation could be through soluble mediators as has

been demonstrated for melanoma cells [44, 45]. However,

NKG2D and DNAM-1 down-regulation after coculture with

sarcoma cells was not mediated by soluble factors. Instead,

direct cell–cell contact between sarcoma cells and NK cells

was required as similarly shown for other tumor cell types

[30, 38, 45, 46]. This requirement for cell–cell contact could

be mediated by membrane-associated TGF-b as has been

shown for various other tumor cells perturbing NK cell

NKG2D expression [36–38]. However, in our experiments,

TGF-b, either membrane-associated or soluble, was not

involved since blockage of TGF-b or its signaling pathway

during the coculture did not prevent NKG2D down-regula-

tion on NK cells. Hence, we have determined that the inhi-

bition of NK cell cytotoxicity was linked to the down-

regulation of the respective NK cell-activating receptors.

However, the mechanism of NKG2D and DNAM-1 down-

regulation by some of the sarcoma cell lines remains to be

further explored. It is tempting to speculate that certain

sarcoma cells express a membrane-bound, inhibiting factor

other than TGF-b that can globally impair NK cell receptor

expression and thus NK cell cytolytic activity but leaving

FccRIIIa/CD16-mediated lysis intact.

Several studies have reported on defective cytotoxic

functions of tumor-associated and peripheral blood NK

cells from patients with cancer (prior to the start of anti-

cancer therapies) in association with reduced expression of

NK cell-activating receptors [30, 47–50]. As an exception

to these studies, we have previously shown that peripheral

blood NK cells from patients with Ewing’s sarcoma exer-

ted low cytolytic activity despite higher levels of NKG2D,

suggesting that another mechanism may be responsible for

the in vivo down-regulation of NK cell reactivity [7].

Interestingly, when the NK cells were activated with IL15

for 5 days prior to the coculture, NKG2D expression and

cytolytic activity were no longer affected by sarcoma cells.

Conversely, the impaired expression of NKG2D and

DNAM-1 could be reversed when the NK cells were

removed from the coculture and subsequently stimulated

with IL15 [32, 38, 40, 42]. Thus, the reduction in NK cell

receptor expression requires the permanent presence of

tumor cells. Ex vivo stimulation with IL15 of NK cells

from patients with Ewing’s sarcoma restored the cytolytic

activity [7], indicating that the inhibited cytolytic function

of patient’s NK cells can also be reversed. Similarly, it has

been shown that the decreased cytolytic activity of NK

cells from patients with leukemia normalizes when patients

have achieved complete remission [48].

In vivo, the excess of tumor cells, imperfect NK cell

activation and incomplete tumor cell elimination may

result in prolonged tumor-NK cell interactions, rendering

NK cells non-functional over time. In this perspective,

adoptively transferred NK cells have been shown to lose

antibody-independent cytolytic activity in murine cancer

models and cancer patients but retain antibody-dependent

cytotoxic activity in patients [51, 52]. Importantly, in our

experiments, antibody-dependent target cell lysis remained

functional after the interaction with sarcoma cells, whereas

FccRIIIa/CD16-independent cytotoxicity of NK cells

was inhibited. In several other studies, defective anti-

body-dependent cytotoxicity of NK cells from patients

with cancer was associated with reduced expression of

FccRIIIa/CD16 on NK cells, whereas in our experiments,

FccRIIIa/CD16 expression was unaffected and mediated

antibody-dependent target cell lysis. Different tumors

apparently employ different mechanisms to interfere with

cytolytic pathways of NK cells [30, 41, 53]. Hence, the

coculture with sarcoma cells neither exhausted the cyto-

lytic potential nor caused overall NK cell hyporespon-

siveness. The inhibition of both ITAM-dependent (NKp30

and NKp46) and ITAM-independent (NKG2D) NK cell

cytotoxicity appeared to be directly linked to the down-

regulation of the respective NK cell receptors. Thus, target

cell recognition was presumably impaired, while other

prerequisites for target cell lysis, such as perforin expres-

sion, remained intact.

In our study, neither the cytotoxicity of 5 days IL15-

activated NK cells nor the antibody-dependent cytolytic

function of resting and IL15-stimulated NK cells was

affected by the inhibitory effects of sarcoma cells. Thus, a

combination of adoptively-transferred, IL15-activated NK

cells with infusion of tumor-reactive antibodies may improve

tumor targeting and conserve NK cell functionality in vivo in

a potentially NK cell-inhibiting tumor environment.
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