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Abstract

Osteoclasts reside on bone and are the main bone resorbing cells playing an

important role in bone homeostasis, while natural killer (NK) cells are

bone-marrow-derived cells known to play a crucial role in immune defence

against viral infections. Although mature NK cells traffic through bone mar-

row as well as to inflammatory sites associated with enhanced bone erosion,

including the joints of patients with rheumatoid arthritis, little is known

about the impact NK cells may have on mature osteoclasts and bone ero-

sion. We studied the interaction between human NK cells and autologous

monocyte-derived osteoclasts from healthy donors in vitro. We show that

osteoclasts express numerous ligands for receptors present on activated NK

cells. Co-culture experiments revealed that interleukin-15-activated, but not

resting, NK cells trigger osteoclast apoptosis in a dose-dependent manner,

resulting in drastically decreased bone erosion. Suppression of bone erosion

requires contact between NK cells and osteoclasts, but soluble factors also

play a minor role. Antibodies masking leucocyte function-associated anti-

gen-1, DNAX accessory molecule-1 or tumour necrosis factor-related apop-

tosis-inducing ligand enhance osteoclast survival when co-cultured with

activated NK cells and restore the capacity of osteoclasts to erode bone.

These results suggest that interleukin-15-activated NK cells may directly

affect bone erosion under physiological and pathological conditions.

Keywords: DNAX accessory molecule-1; leucocyte function-associated

antigen-1; natural killer cytotoxicity; osteoclast; tumour necrosis factor-

related apoptosis-inducing ligand.

Introduction

The healthy skeleton is a dynamic tissue constantly

undergoing well-controlled remodelling with bone degra-

dation by osteoclasts and bone formation by osteoblasts.

The balance between bone resorption and deposit of new

bone ensures a healthy bone matrix. Osteoclasts are bone

resorbing cells characterized as giant multinucleated cells

formed by fusion of mononuclear cells. They attach to

the bone surface and resorb underlying bone matrix.1

Osteoclasts differentiate from cells of the monocyte/mac-

rophage lineage upon stimulation with two essential fac-

tors: macrophage colony-stimulating factor (M-CSF) and

receptor activator of nuclear factor-jB ligand (RANKL).2

After completed bone erosion, osteoclasts will subse-

quently undergo apoptosis.3 Many other important

endogenous factors are known to regulate the extent of

bone erosion through either their action on osteoclast

Abbreviations: CTX-I, C-terminal type I collagen fragment; DNAM-1, DNAX accessory molecule-1; DR, death receptor; FasL,
Fas ligand; ICAM-1, intercellular adhesion molecule-1; IL-1, interleukin-1; KIR, killer cell immunoglobulin-like receptor; LFA-1,
leucocyte function-associated antigen-1; LIR, leucocyte immunoglobulin-like receptor; mAb, monoclonal antibody; M-CSF, mac-
rophage colony stimulating factor; MIC, MHC class I-chain related protein; NK, natural killer; RA, rheumatoid arthritis; RANKL,
receptor activator of necrosis factor jB ligand; TNF-a, tumour necrosis-factor-a; TRAIL, TNF-related apoptosis-inducing ligand;
TRAP, tartrate-resistant acid phosphatase; ULBP, UL-16 binding protein
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formation or their capacity to erode bone. Such factors

include hormones, e.g. parathyroid hormone,4 calcitonin,5

calcitriol (active vitamin D3),6 and oestrogen.7

In recent years, many cytokines produced during inflam-

matory responses have been shown to either stimulate or

inhibit osteoclastogenesis or osteoclast erosion. Examples

of pro-osteoclastogenic cytokines include interleukin-1

(IL-1),8 transforming growth factor-b,9 tumour necrosis

factor-a (TNF-a),10 IL-15,11,12 IL-1713 and IL-6,14 whereas

other cytokines, e.g. IL-4,15 granulocyte–macrophage col-

ony-stimulating factor16 and interferon-c17 inhibit osteocl-
astogenesis. Due to the large number of inflammatory

cytokines known to impact the extent of bone erosion, it is

not surprising to find that many chronic inflammatory dis-

eases often shift bone turnover towards extensive bone loss

[osteoporosis, rheumatoid arthritis (RA)] or increased

bone formation (osteopetrosis, ankylosing spondylitis).

Natural killer (NK) cells are bone-marrow-derived large

granular lymphocytes capable of mediating cellular cyto-

toxicity against a variety of target cells including infected

and transformed cells, as well as certain normal cells

undergoing ‘stress’.18 Natural killer cells also shape adap-

tive immune responses and maintain immune homeosta-

sis through cytokine production and via direct killing of

other immune cells. The decision as to whether NK cells

will kill or leave a potential target unharmed is dependent

on a finely tuned balance between signals mediated

through a variety of activating and inhibitory receptors

expressed on NK cells. In healthy blood, NK cells typi-

cally constitute 10–15% of all peripheral blood lympho-

cytes,19 whereas accumulation of NK cells in inflamed

tissue has been observed in patients with autoimmune

diseases including RA,20 a disease characterized by

enhanced bone loss. Natural killer cells depend on IL-15

for their development and survival; this cytokine is pres-

ent in RA synovial fluid and elevated serum levels are

associated with a more erosive disease progression.21 Pre-

vious studies have shown that NK cells are often found

juxtaposed with monocytes in RA synovial tissues and

can efficiently induce their differentiation into osteoclasts

ex vivo in the presence of IL-15.22 Natural killer cells were

also found close to the bone surface, where they may

directly contact mature bone eroding osteoclasts.22

Little is known about how NK cells may impact the func-

tion of mature bone-eroding osteoclasts. We have here set

up an in vitro model system to investigate the cross-talk

between human NK cells and autologous osteoclasts.

Materials and methods

Ethics statement

Buffy coats from healthy individuals were obtained anon-

ymously from the Clinical Immunology Blood Bank, The

State University Hospital, Copenhagen. All donors gave

informed consent according to the protocol approved by

The Ethics Committee for Copenhagen, Denmark, for

research use (Ethical approval number H-D-2008-113).

Osteoclast generation

Human osteoclasts were differentiated from monocyte

precursors isolated from peripheral blood mononuclear

cells, which were obtained from buffy coats by density

gradient centrifugation with Ficoll-Paque premium (GE

Healthcare, Chalfont St Giles, UK) and washed twice in

PBS (Gibco, Carlsbad, CA). CD14+ cells were labelled

with CD14 microbeads (Miltenyi Biotec, Bergisch Glad-

bach, Germany) and separated using the Midi MACS cell

separation system. The purity of isolated monocytes was

confirmed to be > 95% by flow cytometry using V450-

conjugated anti-CD14 (M5E2; BD Biosciences, San Jose,

CA). CD14+ monocytes were resuspended in a-minimum

essential medium (Gibco) supplemented with 10% heat-

inactivated fetal bovine serum (Gibco), 2% heat-inacti-

vated human serum (Sigma-Aldrich, St Louis, MO),

100 IU/ml penicillin and 100 µg/ml streptomycin (Gibco)

(referred to as complete medium hereafter). Cells were

cultured at 37° and 5% CO2 in 150 9 20 mm2 Petri

dishes (Nunc, Roskilde, Denmark) with a density of

2�5 9 105 cells/cm2, in the presence of 25 ng/ml M-CSF

(R&D Systems, Minneapolis, MN) and 10 ng/ml RANKL

(R&D Systems). Medium was changed every third day to

induce the formation of mature osteoclasts. After

7–8 days in culture, mature, large, multinucleated osteo-

clasts were formed. On the 10th day, cells were exten-

sively washed with PBS to remove non-adherent cells,

then treated with 0�05% Trypsin-EDTA (Gibco) for

20 min at 37° and subsequently scraped. The osteoclast

pool was labelled with CD14 microbeads followed by cell

isolation to deplete CD14+ cells. The CD14� cell fraction

is enriched in mature osteoclasts.

Isolation and culture of NK cells

Autologous NK cells were isolated from peripheral blood

mononuclear cells through immunomagnetic negative

selection using the EasySep Human NK cell enrichment

kit (StemCell Technologies, Vancouver, BC, Canada),

according to the manufacturer’s instructions. Isolated NK

cells were cultured at 1 9 106 cells/ml in complete med-

ium with 10 ng/ml recombinant human IL-15 (Pepro-

tech, Rocky Hill, NJ). Cells were cultured for 10–12 days

at 37° and 5% CO2, with medium change every third day

(IL-15-activated NK cells). In some experiments, half of

the isolated NK cells were cryopreserved in 90% fetal

bovine serum (Gibco) and 10% DMSO (Sigma-Aldrich)

at �80°, then thawed and rested in complete medium

without IL-15 overnight at 37° and 5% CO2, before

co-culturing with osteoclasts (resting NK cells).
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Flow cytometry

Osteoclasts were surface-stained with the following mono-

clonal antibodies (mAbs) or fusion proteins at 10 lg/ml or

1 : 100 dilution: V450-conjugated anti-CD14 (M5E2; BD

Biosciences), FITC-conjugated anti-CD51/61 (23C6; BD

Biosciences), phycoerythrin (PE) -conjugated anti-HLA-

ABC (W6/32; Biolegend, San Diego, CA), PE-conjugated

anti-HLA-E (3D12; Biolegend), PE-conjugated anti-CD155

(SKII.4; Biolegend), PE-conjugated anti-CD112 (R2.525;

BD Biosciences), PE-conjugated anti-CD48 (BJ40; Bioleg-

end), PE-conjugated anti-CD54 (HA58; BD Biosciences),

anti-MIC-A (159227; R&D Systems), anti-MIC-B (236511;

R&D Systems), anti- UL-16 binding protein 1 (ULBP-1)

(170818; R&D Systems), anti-ULBP-2/5/6 (165903; R&D

Systems), anti-ULBP-3 (166510; R&D Systems), recombi-

nant human NKp30-Fc chimera (R&D Systems), recombi-

nant human NKp44-Fc chimera (R&D Systems),

recombinant human NKp46-Fc chimera (R&D Systems),

anti-human TNF-related apoptosis-inducing ligand

(TRAIL) -R1/DR4 (DJR1; Biolegend), anti-human TRAIL-

R2/DR5 (DJR2-4(7-8); Biolegend), anti-human Fas/CD95

(DX2; Biolegend). Unconjugated antibodies were detected

by subsequent incubation with allophycocyanin-conjugated

donkey anti-mouse IgG (Jackson Immunoresearch, West

Grove, PA) or allophycocyanin-conjugated goat anti-

human IgG, Fcc fragment-specific (Jackson Immunore-

search). Mouse IgG1 (BD Biosciences), mouse IgG2a (BD

Biosciences), mouse IgG2b (R&D Systems), and recombi-

nant human IgG1 Fc (R&D Systems) were used as isotype

controls. Near-IR LIVE/DEAD� Fixable dead cell stain (In-

vitrogen, Carlsbad, CA) was used to exclude dead cells. All

samples were acquired on a BD LSR II flow cytometer and

data were analysed using FLOWJO software (Tree Star Inc.,

Ashland, OR).

51Cr-release cytotoxicity assay

Cytotoxic activity for human NK cells against mature os-

teoclasts was assessed by standard 51Cr-release assay.

Enriched mature osteoclasts were added at 5 9 103 cells/

well to a 96-well flat-bottom plate (BD Falcon, Franklin

Lakes, NJ) and sedimented overnight. Cells were washed

and labelled with Na51CrO4 (PerkinElmer, Waltham, MA)

as target cells. Effector cells were IL-15-activated NK cells

or resting NK cells. The NK cells were washed and serially

diluted for multiple effector : target (E : T) ratios from

40 : 1 to 1�25 : 1 in triplicates and added to labelled oste-

oclasts. Cells were incubated for 4 hr at 37° and cytotox-

icity was assessed by 51Cr-release, which was measured in

supernatants using TopCount (PerkinElmer). Spontane-

ous release and maximum release were determined by

incubating target cells alone without effector cells in med-

ium or in 10% Triton X-100 (Merck, White House Sta-

tion, NJ) in PBS, respectively. The standard formula for

calculation of % specific lysis was used: % specific

lysis = (experimental 51Cr-release � spontaneous 51Cr-

release)/(maximum 51Cr-release � spontaneous 51Cr-

release) 9 100. For blocking experiments, NK cells were

pre-incubated with mAbs of interest for 2 hr at 37° before
performing a 4-hr 51Cr-release assay in the presence of

the same mAb(s) at an E : T ratio of 10 : 1. The follow-

ing mouse anti-human mAbs were used at 10 lg/ml

unless otherwise noted: anti-TRAIL (5 lg/ml, RIK-2; Bio-

legend), anti-Fas ligand (FasL) (NOK-1; Biolegend), anti-

NKG2D (5 µg/ml; 149810, R&D Systems), anti-DNAX

accessory molecule-1 (DNAM-1) (5 µg/ml, DX11; BD

Biosciences), anti-2B4 (C1.7; Biolegend), anti-leucocyte

function-associated antigen-1 (LFA-1)/CD11a (HI111;

Biolegend), anti-NKG2A (131411; R&D Systems), anti-

leucocyte immunoglobulin-like receptor 1 (LIR-1) (GHI/

75; Biolegend). Mouse IgG1 (MOPC-21; Biolegend),

mouse IgG2a (20102, R&D Systems) and mouse IgG2b

(MOPC-21; Biolegend) were used as isotype controls.

Osteoclasts/NK cells in Transwell system

The enriched mature osteoclasts were counted using 0�4%
Trypan blue (Sigma-Aldrich) staining and reseeded on

either bone slices (IDS, Boldon, UK) or plastic at a den-

sity of 5 9 104 cells/well in the lower chamber of an

HTS� Transwell-96 well system with 0�4-µm pore size,

polycarbonate membrane (Corning, Corning, NY). The

cells were cultured in complete medium with 25 ng/ml

M-CSF and 10 ng/ml RANKL to allow the osteoclasts to

adhere overnight. In parallel, resting NK cells were

thawed and rested in complete medium overnight. On

the following day, NK cells were harvested and washed

thoroughly, osteoclasts were washed twice to remove

non-adherent cells. Then, 2�5 9 105 IL-15-activated NK

cells or resting NK cells/well were added into either the

upper chamber or together with osteoclasts in the lower

chamber, and co-cultured for 3 days with 25 ng/ml

M-CSF and 10 ng/ml RANKL.

Co-culture of osteoclasts and NK cells

The osteoclasts were differentiated and enriched as

described above and then reseeded in a 96-well flat bot-

tom plate at a density of 5 9 104 cells/well on either

bone slices or plastic. The osteoclasts were allowed to sed-

iment overnight in complete medium with 25 ng/ml

M-CSF and 10 ng/ml RANKL and then washed. Autolo-

gous IL-15-activated NK cells were harvested and washed

extensively on the following day, added at the indicated

E : T ratios and co-cultured with mature osteoclasts for

3 days in the presence or absence of blocking mAb(s) in

complete medium containing 25 ng/ml M-CSF and

10 ng/ml RANKL. The blocking mAbs and concentrations

used were the same as described above.
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Quantification of osteoclast activity by bone
resorption

The activity of the osteoclasts was quantified by cathepsin

K-mediated release of C-terminal type I collagen frag-

ments (CTX-I) from bone slices to the conditioned

media. The CTX-I concentration was quantified by Cros-

slap� for culture ELISA kit (IDS) according to the manu-

facturer’s protocol.

Quantification of osteoclast number by TRAP activity

Tartrate-resistant acid phosphatase (TRAP) activity

reflects the number of active osteoclasts. TRAP was mea-

sured in the conditioned media as described previously.23

Briefly, appropriate diluted samples were added to a reac-

tion buffer containing 6 mM p-nitrophenyl phosphate

(Calbiochem, San Diego, CA) and 25 mM sodium tatrate

(Sigma-Aldrich) at pH 5�5, and incubated for 1 hr at 37°
in the dark. The reaction was stopped with 0�3 M sodium

hydroxide and quantified by measuring the absorbance at

405 nm with 650 nm as reference using a microplate

reader SpectraMax Paradigm (Molecular Devices, Sunny-

vale, CA).

Quantification of cell viability by Presto Blue

The cell viability was measured using the Presto Blue (In-

vitrogen) viability assay. At the end of culture, the super-

natant was collected, leaving the cells in the well.

Complete medium with 10% Presto Blue was added to

the wells and incubated at 37° for 1–2 hr until a colour

change from blue to purple/pink was observed. Fluores-

cence was measured by excitation at 535 nm and

emission at 595 nm using the SpectraMax Paradigm.

TRAP staining

At the end of the culture period, osteoclasts that were

cultured on plastic were washed with PBS and fixed with

4% paraformaldehyde (Ampliqon, Odense, Denmark) at

room temperature. The fixed osteoclasts were TRAP-

stained using the Leukocyte Acid Phosphatase Kit

(Sigma-Aldrich) according to the manufacturer’s proto-

col. The wells were analysed with an Immunospot� Image

Analyser (Cellular Technology Ltd, Shaker Heights, OH)

and images were taken using a Leica DFC280 digital cam-

era mounted on a Leica DM IRB microscope (Leica,

Wetzlar, Germany).

Pit staining of bone slices

Bone resorption was measured by pit formation on the

bone slices. Osteoclasts were removed with milli Q water

from bone slices using cotton swabs followed by staining

for 3 min in filtered Mayer’s haematoxylin (Scytek Labo-

ratories, Logan, UT) to visualize pit formation. Bone

slices were rinsed three to five times in milli Q water

before cleaning with a cotton swab to remove excess dye.

Images of stained pits were taken and the percentages of

the resorbed area were calculated using an Immunospot�

Image Analyser.

Statistical analysis

All data are expressed as mean � SEM. The significance

among groups was assessed by one-way analysis of vari-

ance and Dunnet’s multiple comparison tests. Simple

comparisons were determined using a two-tailed, Stu-

dent’s t-test. Statistical significance was considered if

P < 0�05. Statistical analyses were performed with GRAPH-

PAD PRISM software (San Diego, CA).

Results

Osteoclasts express multiple ligands for activating and
inhibitory NK cell receptors

As osteoclasts differentiate from monocytes they lose

CD14 cell surface expression and acquire CD51/61 (avb3
integrin) heterodimeric receptors that can bind to bone

matrix proteins stimulating osteoclast resorption.24 After

culturing isolated monocytes in M-CSF and RANKL for

10–12 days, we identified a population of CD51/

61+ CD14� mature osteoclasts by flow cytometry, typically

at a frequency of 10–15%. To further evaluate mature os-

teoclasts, the pool of cells was subsequently enriched by

depleting remaining CD14+ osteoclast precursors, and the

percentage of mature osteoclasts increased to an average

of 70–80% (see Supporting information, Fig. S1).

We first evaluated whether mature osteoclasts differen-

tiated from peripheral blood mononuclear cells express a

selected set of ligands known to be important targets for

NK cell cytotoxicity. Figure 1 illustrates how mature oste-

oclasts express numerous ligands for receptors present on

NK cells. For example, osteoclasts express ULBP-1,

ULBP-2/5/6 and ULBP-3, but typically little or no MIC-A

or MIC-B (Fig. 1a), all MHC class I-like ligands for the

activating receptor NKG2D.25 Moreover, osteoclasts

express CD155 (poliovirus receptor, PVR) but not CD112

(PVR2 or Nectin-2), ligands for the activating NK cell

receptor DNAM-1 (Fig. 1b). We also found expression of

CD48 and CD54 (intercellular adhesion molecule-1,

ICAM-1), ligands for 2B4 (CD244) and LFA-1, respec-

tively (Fig. 1b), whereas osteoclasts derived from only

some donors appear to express low levels of ligands for

the natural cytotoxicity receptors NKp30, NKp44 and

NKp46 (see Supporting information, Fig. S2).

Besides killing target cells by cytotoxic granule exocyto-

sis, NK cells can also trigger target cell apoptosis via
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Figure 1. Osteoclasts express numerous ligands for both activating and inhibitory natural killer (NK) cell receptors. Osteoclasts were surface-

stained for expression of ligands for multiple NK cell receptors after enrichment. (a), Ligands for activating receptor NKG2D: MHC class I-chain

related protein A (MIC-A), MIC-B, UL16-binding protein 1 (ULBP-1), ULBP-2/5/6 and ULBP-3. (b) Ligands for activating receptors DNAX

accessory molecule 1 (DNAM-1):CD155 and CD112; ligand for 2B4 (CD244):CD48; and ligand for leucocyte function-associated antigen 1 (LFA-

1): intercellular adhesion molecule (ICAM-1) (CD54). (c) Ligands for tumour necrosis factor-related apoptosis-inducing ligand (TRAIL): death

receptor 4 (DR4) and DR5; ligand for Fas ligand (FasL): Fas (CD95). (d) Ligands for inhibitory NK cell receptors: HLA-ABC and HLA-E. Open

histograms represent indicated antibody and filled histograms represent isotype-matched control immunoglobulin. The histograms are representa-

tive of n = 3 to n = 6 donors. The median fluorescence intensity (MFI) of all donors is represented in the dot plots under each histogram. Two-

tailed, paired Student’s t-test; *P < 0�05; **P < 0�01; ***P < 0�001; ****P < 0�0001.
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TRAIL and FasL binding to death receptors (DRs) and

Fas (CD95), respectively.26 TRAIL can interact with five

DRs, among which DR4 (TRAIL-R1) and DR5 (TRAIL-

R2) can induce apoptosis in target cells. We found

expression of both Fas (CD95) and DR5, but not DR4,

on osteoclasts (Fig. 1c).

Finally, as shown in Fig. 1(d), we found that osteoclasts

express both classical MHC class I molecules (HLA-A, -B,

-C) and non-classical HLA-E, ligands for inhibitory killer

cell immunoglobulin-like receptors (KIRs) and LIR-1,

and CD94/NKG2A receptors, respectively.25

To our knowledge, these data are the first to show that

osteoclasts express multiple ligands for both activating

and inhibitory NK cell receptors.

IL-15-activated, but not resting, NK cells lyse
autologous osteoclasts in vitro

We next assessed whether osteoclasts are susceptible to

autologous NK cell-mediated lysis using a standard 51Cr-

release assay. To this end, we used either freshly isolated

or IL-15-activated peripheral blood NK cells as effectors.

Compared with freshly isolated cells, IL-15-activated NK

cells express NKp44 and TRAIL and further up-regulate

the expression of several other receptors (see Supporting

information, Fig. S3). When co-cultured with isolated

mature osteoclasts only IL-15-activated NK cells, but not

resting NK cells, efficiently killed osteoclasts (Fig. 2).

Osteoclasts resorb bone, which can functionally be

assessed in vitro by a biochemical marker of bone resorp-

tion (CTX-I release) and by measuring pit areas of re-

sorbed bone. Moreover, the number of mature osteoclasts

can be evaluated by counting TRAP-positive cells and by

measuring TRAP enzyme activity in the culture superna-

tant. To investigate the functional consequences of NK

cell lysis of osteoclasts, a 3-day co-culture assay was con-

ducted with osteoclasts and IL-15-activated NK cells with

and without bone slices. Increasing the number of NK

cells added to osteoclast led to decreasing levels of CTX-I

in the supernatant (Fig. 3a) and reduced TRAP enzyme

activity (Fig. 3b), indicating that the overall bone eroding

capacity of osteoclasts is reduced in the presence of acti-

vated NK cells. Moreover, we observed the highest degree

of viable cells when osteoclasts were cultured alone,

whereas an increasing number of NK cells led to a grad-

ual decrease in viability (Fig. 3c). It should be noted that

as IL-15 is not added in these cultures, the overall NK cell

viability declines after 3 days in culture. Furthermore, we

evaluated bone pit resorption areas on bone slices and

number of TRAP+ cells remaining in plastic dishes. Con-

sistent with the above data, an increasing number of NK

cells resulted in decreased bone surface resorption and

number of TRAP+ cells (Fig. 3d,e).

Taken together, our results indicate that osteoclasts

are susceptible to lysis mediated by activated, but not

resting, NK cells resulting in reduced bone resorption

in vitro.

Cell–cell contact is required for NK cell-mediated
inhibition of osteoclast function

We next investigated whether cell–cell contact and/or sol-
uble factors are required in the killing of osteoclasts by

activated NK cells. To this end, osteoclasts were co-cul-

tured either alone or in direct contact with NK cells, as

well as separated from NK cells by a permeable mem-

brane in a transwell system that allows exchange of solu-

ble molecules but not cells. The CTX-I levels and TRAP

activities were measured after a 3-day culture as before.

As shown in Fig. 4, a dramatic decrease in CTX-I release

(Fig. 4a), TRAP activity (Fig. 4b) and osteoclast viability

(Fig. 4c,d), was observed when osteoclasts were in direct

contact with IL-15-activated NK cells. Interestingly, a

small but significant decrease in CTX-I release was also

observed when osteoclasts were separated from IL-15-acti-

vated NK cells, indicating that soluble factors can also

contribute to reduced osteoclast function. Co-cultures

between osteoclasts and resting NK cells, whether in

direct contact or separated by a transwell, did not show

any significant differences compared with osteoclasts cul-

tured alone (Fig. 4d, and see Supporting information, Fig.

S4).
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Figure 2. Interleukin-15 (IL-15) -activated, but not resting natural

killer (NK) cells kill osteoclasts. Autologous NK cells were isolated

from peripheral blood mononuclear cells (PBMCs) and cultured

with IL-15 (10 ng/ml) until use (around day 10) or cryopreserved

and thawed 1 day before use. Osteoclasts were differentiated from

PBMCs, harvested, enriched by CD14+ depletion, and then re-seeded

at 5000 cells/well in a 96-well flat bottom plates. After 24 hr, the os-

teoclasts were labelled with 51Cr and co-cultured with different ratios

of autologous IL-15-activated NK cells (solid line) or resting NK

cells (dotted line). The NK-mediated killing of osteoclasts was mea-

sured by release of 51Cr from osteoclasts to the conditioned media,

and % specific lysis was calculated as described in the Materials and

methods. The figure shows the results of five independent experi-

ments with five different donors, each set up in triplicate (mean �
SEM).
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Taken together, our data suggest that activated NK cells

inhibit osteoclast function and bone resorption predomi-

nantly through a direct cell-contact-dependent mecha-

nism involving osteoclast lysis, although a minor

participation of soluble factors inhibiting osteoclast func-

tion cannot be excluded.

LFA-1, DNAM-1 and TRAIL are involved in the
killing of osteoclasts by autologous NK cells

To identify NK cell surface receptors involved in the kill-

ing of osteoclasts, we used a panel of antibodies against

NK cell surface receptors in a cytotoxicity assay using
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Figure 3. The killing of osteoclasts by interleukin-15 (IL-15) -activated natural killer (NK) cells is ratio-dependent. Enriched osteoclasts

(5 9 104/well) were seeded in a 96-well plate on bone slices or plastic and co-cultured with IL-15-activated NK cells, at effector : target ratios of

0.1 : 1, 1 : 1 and 10 : 1, for 3 days in the presence of macrophage colony-stimulating factor (M-CSF; 25 ng/ml) and receptor activator of necro-

sis factor jB ligand (RANKL; 10 ng/ml). Supernatants were collected for measurements of: (a) Osteoclast-mediated collagen type I degradation

(C-terminal type I collagen fragments; CTX-I) and (b) tartrate-resistant acid phosphatase (TRAP) activity. (c) At the end of the culture, cells

were incubated with 10% Presto Blue to determine cell viability. The mean � SEM values are shown for n = 4 donors. (d) Bone slices were

removed from wells, washed and stained with haematoxylin, to enable visualization of the pits resorbed by osteoclasts. An Immunospot Image

Analyser was used to quantify the resorbed bone pits on the surface of the bone slice, indicated by the darker areas (top panel). The pits were

also visualized under a microscope (bottom panel, magnification 9 100). (e) The osteoclasts seeded on plastic were fixed and TRAP stained, and

the number of TRAP+ osteoclasts was quantified using an Immunospot Image Analyser (top panel) as described. Magnification 9 50 (bottom

panel). Figures are representative of n = 4 donors. *P < 0�05; **P < 0�01; ***P < 0�001; ****P < 0�0001.
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autologous 51Cr-labelled osteoclasts as targets. The recep-

tors were chosen to cover the panel of their respective

ligands present on osteoclasts (Fig. 1). As shown in

Fig. 5(a), there was no significant change in osteoclast

lysis when antibodies against FasL, NKG2D, 2B4, NKG2A

or LIR-1 were added, suggesting that these receptors are

not involved in the killing of osteoclasts by NK cells

(Fig. 5a). In contrast, blocking TRAIL, DNAM-1 or LFA-

1 resulted in reduced osteoclast killing over a range of

E : T ratios (Fig. 5a,b) suggesting that interaction

between these NK cell receptors and osteoclast ligands

DR5, CD155 and ICAM-1, respectively, plays a role in

NK cell-mediated lysis.

We next wanted to evaluate whether blocking of

selected NK cell receptors could rescue osteoclast function

in co-culture with activated NK cells. To this end, we cul-

tured osteoclasts either alone or with IL-15-activated NK

cells on bone slices for 3 days in the presence or absence

of blocking antibodies, followed by evaluation of CTX-I

released into the supernatant. In co-cultures with NK

cells, the CTX-I level was reduced by 65�9 � 2�8% com-

pared with osteoclasts cultured alone (Fig. 6a). As

expected, blocking FasL, NKG2D, NKG2A or LIR-I did

not affect the release of CTX-I. However, and as expected,

the addition of anti-TRAIL, anti-DNAM-1 or anti-LFA-1

increased the CTX-I levels relative to isotype-matched

control immunoglobulin (Fig. 6a) in a dose-dependent

manner (Fig. 6b). We were able to confirm our data visu-

ally by evaluating the areas of the resorbed pits on the

bone slices, where the addition of anti-TRAIL, anti-

DNAM-1 or anti-LFA-1 alone almost completely restored

osteoclast function resulting in increased pit areas as

compared with an isotype control (Fig. 6c shows a repre-

sentative result). It should be noted that although anti-

2B4 did not affect osteoclast killing (Fig. 5a), the addition

of anti-2B4 reduced CTX-I level in this assay (Fig. 6a),

suggesting that 2B4 and CD48 interactions between NK

cells and osteoclasts do affect osteoclast function.

Finally, we tested whether there was a synergistic effect

between blocking TRAIL, DNAM-1 or LFA-1 on osteo-

clast function in co-cultures with NK cells. No further

decrease of specific osteoclast lysis (see Supporting infor-

mation, Fig. S5a), and no further increase in CTX-I levels

(Fig. S5b) was observed by combining blocking mAbs

compared with blocking TRAIL, DNAM-1 or LFA-1

alone.
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Discussion

Many recent findings show that activation of the immune

system can have profound effects on osteoclasts and bone

homeostasis.27 Here we have studied whether fully mature

bone-eroding osteoclasts are influenced by the activities of

either resting or activated NK cells. Remarkably, we show

that such osteoclasts are highly susceptible to lysis by IL-

15-activated, but not resting, autologous NK cells in vitro.

Moreover, while resting NK cells do not influence bone

erosive activities at any of the cell ratios tested, the presence

of only a few IL-15-activated NK cells drastically suppresses

the capacity of osteoclasts to erode bone in vitro.

The role of IL-15 in bone biology is complex, but the

literature suggests that IL-15 has an overall pro-osteoclas-

togenic effect in vitro and in vivo. For example, using

rodent osteoclast progenitors, Ogata et al. reported that

IL-15 stimulates the formation of osteoclast progenitors

into pre-osteoclasts, while having no apparent effect on

pre-osteoclasts themselves, suggesting that the pro-osteo-

clastogenic action of IL-15 occurs early in the differentia-

tion process.12 In human, IL-15 was shown to drive

osteoclast formation from monocyte precursors, but only

in the presence of RA synovial NK cells, which up-regu-

late both M-CSF and membrane RANKL in response to

IL-15.22 Moreover, a recent study showed that IL-15 stim-

ulates osteoblast apoptosis in mouse bone marrow cell

cultures via activation of NK cells, again suggesting that

IL-15 is an inflammatory bone destructive factor.28 In

fact, we are not aware of any reports indicating that IL-

15 may also display anti-osteoclastogenic effects in vitro,

and as targeting IL-15R in vivo reduces disease progres-

sion and bone erosion in a mouse model of human RA,11

it is reasonable to conclude that the main role for IL-15

on bone is to favour enhanced erosion.

In light of these previous studies it may therefore at

first seem paradoxical that IL-15 licenses circulating NK

cells to eliminate mature osteoclasts. There are several

possible explanations for this finding, one being that we

have here studied mature osteoclasts raised in the pres-

ence of M-CSF and RANKL alone. Such ‘non-inflamma-

tory’ osteoclasts, i.e. raised in the absence of any
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Figure 5. Blocking tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), DNAX accessory molecule 1 (DNAM-1) or leucocyte func-

tion-associated antigen 1 (LFA-1) decreases lysis of osteoclasts by interleukin-15 (IL-15) -activated natural killer (NK) cells. Osteoclasts and autol-

ogous NK cells were generated and cultured as described. Enriched osteoclasts were seeded at 5000 cells/well in a 96-well plate and labelled with
51Cr after 24 hr. (a) IL-15-activated NK cells were pre-incubated with the blocking monoclonal antibody of interest for 2 hr at 37° before co-cul-

turing with 51Cr-labelled osteoclasts at an effector : target ratio of 10 : 1 as described. Experiment carried out with n = 7 donors. Statistical sig-

nificance is calculated in relation to cells incubated with corresponding isotype-matched control immunoglobulin. (b) IL-15-activated NK cells

were co-cultured with osteoclasts at different effector : target ratios with specific blocking mAb (solid lines) or corresponding isotype (dotted

lines), to measure the release of 51Cr from the killed osteoclasts. Figures are representative of n = 7 donors, and experiments were performed in

triplicate. The data are analysed with two-tailed, unpaired Student’s t-test. *P < 0�05; **P < 0�01; ***P < 0�001.
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additional exogenously added pro-osteoclastogenic

inflammatory cytokine, may not have acquired sufficient

capacity to resist a sudden attack by IL-15-activated NK

cells. One possible pathway of acquired resistance may

involve up-regulated levels of MHC class I molecules that

may allow osteoclasts to escape lysis by NK cells through

interaction with MHC class I-specific inhibitory receptors

(e.g. KIRs and CD94/NKG2A). The fact that blocking

CD94/NKG2A, an inhibitory receptor expressed on most

IL-15-activated NK cells (see Supporting information, Fig

S3) does not result in further reduction in bone erosion,

supports this suggestion. It will therefore be important to
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Figure 6. Blocking tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), DNAX accessory molecule 1 (DNAM-1) or leucocyte func-

tion-associated antigen 1 (LFA-1) promotes osteoclast-mediated bone erosion in a co-culture of osteoclasts and natural killer (NK) cells. Enriched

osteoclasts were seeded on bone slices at 5 9 104/well, autologous interleukin-15 (IL-15) -activated NK cells were added the following day at an

effector : target ratio of 1 : 1 and co-cultured for 3 days in the presence of the blocking monoclonal antibody (mAb) of interest. Survival of

active osteoclasts was quantitatively measured by bone degradation, C-terminal type I collagen fragments (CTX-I), in the conditioned media. (a)

Osteoclasts and IL-15-activated NK cells were co-cultured with blocking mAb as described. The results are shown for independent experiments of
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**P < 0�01.
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evaluate whether osteoclasts generated during inflamma-

tory conditions, e.g. in the presence of TNF-a, a well-

known pro-osteoclastogenic factor capable of enhancing

MHC class I expression, are equally susceptible to NK cell

attack or whether they have acquired capacity to resist

lysis.

To understand the mechanism behind the susceptibility

of mature osteoclast to NK cell lysis, we first analysed

their surface expression of selected ligands known to be

important targets for NK cells. Indeed, we show that

mature osteoclasts express numerous cell surface ligands

that may interact with various activating NK cell recep-

tors. For example, and confirming previous reports, we

show that mature osteoclasts express both ICAM-1 and

CD155 (PVR), molecules known to be important in

osteoclast development and function as well as in the

interaction with stromal cells.29,30 Both ICAM-1 and

CD155 are known ligands for integrin b2 LFA-1 and

DNAM-1, respectively, both receptors present on NK cells

and shown here to be drastically up-regulated by IL-15

stimulation. By blocking these receptors with mAb in co-

cultures between NK cells and mature osteoclasts we

show that in vitro bone resorption is restored and cyto-

toxic elimination of osteoclasts is significantly suppressed.

Previous studies have shown that both LFA-1 and

DNAM-1 are required for efficient NK cell-mediated lysis

of multiple cell types including dendritic cells,31 activated

T cells32 and synovial fibroblasts.33 The requirement for

both LFA-1 and DNAM-1 is perhaps not surprising as

DNAM-1 interacts physically with LFA-1,34,35 which is

required for its functional activity on cytotoxic cells.

Moreover, the finding that there was no synergistic effect

by blocking both LFA-1 and DNAM-1 in NK cell cyto-

toxic responses against osteoclasts reinforces the func-

tional link between these two receptors in driving NK cell

activation.

NKG2D is another potent activating receptor

expressed by all NK cells that, similarly to DNAM-1 and

LFA-1, is drastically up-regulated on IL-15-activated NK

cells (Fig. S3). NKG2D interacts with stress-induced

MHC class I-like ligands MIC-A/B and ULBPs and plays

a role in NK cell-dependent cytotoxic responses against,

for example, activated T cells and synovial RA fibro-

blasts, both of which express numerous NKG2D

ligands.32,33 Surprisingly, however, our data show that

NKG2D is not involved in NK cell lysis of mature osteo-

clasts, despite the fact that such osteoclasts express sev-

eral NKG2D ligands. Perhaps, the overall NKG2D ligand

density is important to sufficiently trigger NKG2D sig-

nalling and cytotoxic responses and mature osteoclasts,

which we show here express ULBP-1, ULBP-2/5/6,

ULBP-3 but not MIC-A or MIC-B, may not express

sufficient levels of such ligands. Again, it would be

important to evaluate whether NKG2DL expression dif-

fers between osteoclasts generated during inflammatory

conditions in vitro or in vivo and the ‘non-inflammatory’

osteoclasts studied here.

2B4 is an activating receptor expressed by all NK cells

and we show that this receptor is up-regulated on NK cells

by IL-15 stimulation, whereas its ligand CD48 is present on

mature osteoclasts. Interestingly, we observed that an anti-

2B4 mAb added to co-cultures between NK cells and

mature osteoclasts significantly decreased bone resorption

without actually enhancing lysis of osteoclasts, suggesting

that 2B4 and CD48 interactions may promote osteoclast

function. A previous report has shown an important role of

2B4/CD48 in the regulation of cytokine synthesis in co-cul-

ture between NK cells and monocytes.36 Possibly, an inter-

action between 2B4 and CD48 in NK cell and osteoclast co-

cultures similarly results in release of mediators that may

play a role in enhancing bone erosion. However, this sug-

gestion needs to be taken with caution as we in this study

used an anti-2B4 mAb (clone 1.7) that may not be the best

suitable reagent to block 2B4 interaction with CD48.37

Moreover, this antibody can induce direct activation of

NK cells and increase release of interferon-c,38 a potent

anti-osteoclastogenic factor,17 which may further compli-

cate the interpretation of our results. In addition, the 2B4

ligand CD48 is also present on NK cells and is further up-

regulated by IL-15,36 opening up several possible scenarios

of 2B4/CD48 interactions between NK cells and osteoclasts,

and between NK cells themselves in our system. Moreover,

2B4 expression on osteoclasts should be evaluated because

this receptor is not restricted to NK cells, but is also present

on myeloid cells.39 It will be an interesting and challenging

future endeavour to unravel the role for 2B4/CD48 in

osteoclast function and potential crosstalk with NK cells.

Besides direct cytotoxic granule release, NK cells can also

induce target cell apoptosis via FasL or TRAIL engaging

their respective death receptors present on target cells. Here

we detected expression of Fas (CD95), a death receptor

binding FasL, on osteoclasts. Natural killer cells, however,

expressed low levels of FasL and blocking this ligand did

not affect osteoclast apoptosis or bone erosion (Fig. 5).

TRAIL can induce target cell apoptosis upon binding to

either DR4 or DR5,40 and has been involved in the elimina-

tion of several cell types including immature dendritic

cells,41 activated T cells32 and fibroblast-like synoviocytes.42

We detected high surface expression of DR5 but not DR4

on osteoclasts, whereas IL-15-activated NK cells expressed

high levels of TRAIL. When TRAIL was blocked by mAb

we observed a significantly decreased lysis of osteoclast and

enhanced bone erosion. Taken together, our data are sup-

ported by other studies showing that DR5 is involved in

TRAIL-mediated human osteoclast apoptosis whereas Fas/

FasL has a limited role.43,44.

Interestingly, other studies have shown that TRAIL

plays an anti-inflammatory and anti-resorptive role

in vivo. For example, blockade of TRAIL increased ero-

sion and severity of arthritis in a mouse model of human
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RA, whereas intra-articular TRAIL gene transfer relieved

disease symptoms.45 Moreover, a recent report showed

that zolendronic acid (ZA), a compound used to prevent

pathological bone loss, augments both membrane and

soluble TRAIL production by NK cells in co-culture with

monocytes.46 Taken together, NK cells expressing TRAIL

may be an important cell subset inhibiting the extent of

bone erosion under inflammatory conditions.

In this study, NK cell-mediated inhibition of osteoclast

function was shown to be cell-contact dependent (Fig. 4).

However, soluble factors were also shown to participate

to a minor degree, as a small but significant decrease in

the osteoclast resorption marker CTX-I was observed

when osteoclasts and NK cells were seeded in different

chambers. Interleukin-15-activated NK cells are able to

secrete numerous cytokines, in particular interferon-c, a
well-known anti-osteoclastogenic factor,17 which may be

involved in the cell-contact independent pathways result-

ing in reduced osteoclast resorption observed here. In

addition, soluble TRAIL (sTRAIL) may be another candi-

date decreasing bone resorption in the transwell system.

Further experiments blocking interferon-c or sTRAIL in a

transwell system are required to evaluate whether these or

possibly other NK cell-derived factors are involved in

suppressing bone erosion.

Our in vitro data suggest that NK cells do not kill oste-

oclasts under steady-state conditions. However, activated

NK cells are present at inflammatory sites associated with

enhanced bone erosion, e.g. in the RA joint. We can spec-

ulate that in vivo such NK cells may participate in induc-

ing apoptosis of osteoclasts once they are mature and

attached to the bone, so decreasing bone resorption. Fur-

ther studies are required to evaluate whether synovial NK

cell subsets from inflammatory synovial tissue are suffi-

ciently activated and can kill mature osteoclasts ex vivo.

Moreover, such inflammatory osteoclasts are generally

more resistant to NK cell attack and synovial NK cells in

the inflamed joint, although showing signs of activation,

express relatively low levels of granzyme B and perfo-

rin.47,48 Therefore, developing the means to enhance NK

cell lytic activities may prove beneficial in reducing bone

erosion associated with inflammation.
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