
Analyses of phenotypic and functional characteristics of
CX3CR1-expressing natural killer cells

Introduction

The chemokine receptor CX3CR1 is the only member of

the CX3C subfamily.1 Its exclusive ligand fractalkine

(CX3CL1) exists as a transmembrane glycoprotein as well

as in soluble form. CX3CR1 is expressed on monocytes,

dendritic cells, natural killer (NK) cells, as well as cyto-

toxic and also activated helper T cells, preferentially on T

helper type 1 (Th1) -like cells, but not on B cells.2–4

CX3CL1 and its receptor are implicated in several human

pathological conditions including atherosclerosis,5–7 age-

related macular degeneration,8,9 allograft rejection,10,11

rheumatic diseases12,13 and cytomegalovirus-related vascu-

lar endothelial damage.14 In rodent models of brain

pathologies, the CX3CR1/CX3CL1 axis has been related

to both pathological leucocyte migration into the central

nervous system (CNS)15,16 as well as neuroprotective

mechanisms.17,18 In experimental autoimmune encephalo-

myelitis, a mouse model of multiple sclerosis, CX3CL1/

CX3CR1 interactions govern the selective recruitment of

potential protective NK cells into the brain.19 Multiple

sclerosis is an inflammatory demyelinating disease of the

CNS with an unclear pathogenesis.20 A hallmark of

the disease is the abundant infiltration of leucocytes into
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Summary

We previously demonstrated a correlation between the frequency of

CX3CR1-expressing human natural killer (NK) cells and disease activity

in multiple sclerosis and showed that CX3CR1high NK cells were more

cytotoxic than their CX3CR1neg/low counterparts. Here we aimed to deter-

mine whether human NK cell fractions defined by CX3CR1 represent dis-

tinct subtypes. Phenotypic and functional NK cell analyses revealed that,

distinct from CX3CR1high, CX3CR1neg/low NK cells expressed high

amounts of type 2 cytokines, proliferated robustly in response to interleu-

kin-2 and promoted a strong up-regulation of the key co-stimulatory

molecule CD40 on monocytes. Co-expression analyses of CX3CR1 and

CD56 demonstrated the existence of different NK cell fractions based

on the surface expression of these two surface markers, the

CX3CR1neg CD56bright, CX3CR1neg CD56dim and CX3CR1high CD56dim

fractions. Additional investigations on the expression of NK cell receptors

(KIR, NKG2A, NKp30 and NKp46) and the maturation markers CD27,

CD62L and CD57 indicated that CX3CR1 expression of CD56dim discrim-

inated between an intermediary CX3CR1neg CD56dim and fully mature

CX3CR1high CD56dim NK cell fractions. Hence, CX3CR1 emerges as an

additional differentiation marker that may link NK cell maturation with

the ability to migrate to different organs including the central nervous

system.

Keywords: chemokines; CX3CR1; natural killer cell maturation; natural

killer cell phenotypes; natural killer cells.

Abbreviations: APC, allophycocyanin; CFSE, carboxyfluorescein succinimidyl ester; CNS, central nervous system; c.p.m., counts
per minute; GM-CSF, granulocyte–macrophage colony-stimulating factor; IFN, interferon; IL-2, interleukin-2; NK cell, natural
killer cell; neg, negative; PBMC, peripheral blood mononuclear cell; PE, phycoerythrin; PerCP, peridinin chlorophyll protein;
TGF, transforming growth factor; Th1, T helper type 1; TNF, tumour necrosis factor.
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the CNS, which leads to demyelination as well as axonal

and neuronal damage.21 The role of NK cells in multiple

sclerosis development is not established. However, it has

become evident that, apart from their potential contribu-

tion to tissue injury, NK cells may be involved in the reg-

ulation of the autoimmune attack,22,23 as suggested by the

findings of Huang et al. 19 In line with these findings,19

we correlated the frequency of circulating CX3CR1-posi-

tive NK cells with disease activity in patients with multi-

ple sclerosis.24 We also reported that NK cells with a high

expression of CX3CR1 were more cytotoxic than NK cells

showing a negative/low receptor expression,24 indicating

that CX3CR1 expression may dissect functionally different

NK cell subsets. To investigate this and further contribute

to the elucidation of the role of NK cells and CX3CR1

in neuroinflammation, we determined the phenotypic and

functional characteristics of CX3CR1neg/low and CX3CR1high

expressing NK cells.

Material and methods

Culture medium and reagents

Cells were cultured in serum-free AIM-V medium (Gibco-

Invitrogen, Karlsruhe, Germany), complete medium

(RPMI-1640 supplemented with 2 mM L-glutamine,

100 U/ml penicillin, 100 lg/ml streptomycin, 10% fetal

calf serum, and 1% HEPES) or AB medium [RPMI-1460

supplemented with 2 mM L-glutamine, 100 U/ml penicillin,

100 lg/ml streptomycin, 5% AB serum (Lonza, Walkers-

ville, MD), and 0�5% Ciprobay (Bayer Vital GmbH, Lever-

kusen, Germany)]. Interleukin-2 (IL-2) was purchased

from Hoffmann-La Roche (Basel, Switzerland); IL-12 and

transforming growth factor-b1 (TGF-b1; from R&D, Min-

neapolis, MN); IL-15 and Fractalkine from PreproTech

(Rocky Hill, NJ); IL-21 from Biosource (Camarillo, CA)

and IL-18 as well as anti-human CX3CR1 (phycoerythrin-

labelled) from MBL (Nagoya, Japan). Rat serum was pur-

chased from DakoCytomation (Hamburg, Germany) and

human Fc fragment was purchased from Calbiochem

(Merck Chemicals Ltd., Darmstadt, Germany). The anti-

body mix containing anti-CD3 fluorescein isothiocyanate

(FITC)/anti-CD16CD56 phycoerythrin (PE), the anti-

human antibodies CD3 peridinin chlorophyll protein

(PerCP), CD4 PerCP, CD16 FITC/Pacific Blue, CD25 allo-

phycocyanin (APC), CD14 APC, CD40 FITC and HLA-

DR FITC, CD62L APC, the isotype control IgG2b PE and

streptavidin APC were purchased from Becton-Dickinson

(Heidelberg, Germany). Biotin anti-human CD11c, CD86

PE, CD56 FITC and biotin CD27 were purchased from

eBioscience (San Diego, CA). The APC-labelled anti-

human CD57, KIR2DL1/2DS1, KIR3DL1/3DL2, NKp30

and NKp46 were purchased from Miltenyi Biotech (Berg-

isch-Gladbach, Germany). The antibody against human

KIR3DL1/3DS1 was purchased from Beckman Coulter

GmbH (Krefeld, Germany) and anti-human KIRDL2/

2DS2/2DL3 and NKG2A were from R&D.

Isolation of PBMCs and preparation of NK cells and
monocytes

Peripheral blood mononuclear cells (PBMCs) were isolated

from buffy coats by density gradient centrifugation (Percoll,

Nycomed Pharma, Roskilde, Denmark) according to the

manufacturer’s instructions. The NK cells were negatively

sorted from freshly isolated PBMCs using the NK isolation

kit (Miltenyi Biotech). Monocytes were positively sorted

from freshly isolated PBMCs using CD14 MicroBeads (Milte-

nyi Biotech) according to the manufacturer’s instructions.

The purity of enriched NK cells and monocytes was con-

firmed using flow cytometric analysis and was always > 90%.

Flow cytometry analysis

For the determination of the activation levels of the dif-

ferent CX3CR1-expressing subpopulations of NK cells,

freshly isolated PBMCs were washed and incubated with

anti-CD3 PerCP, anti-CD16 FITC, anti-CD25 APC and

anti-CX3CR1 PE antibodies for 20 min at room tempera-

ture. After washing, cells were analysed on a FACSCanto.

For the analysis of CX3CR1 expression on whole NK

cells and phenotypic characterization of CX3CR1high and

CX3CR1neg/low NK cells, freshly isolated PBMCs were

washed and stained with antibodies against CD3, CD56,

CD16, CX3CR1 and CD62L, CD57, CD27, NKG2A,

panKIR (KIR2DL1/2DS1/2DL2/2DS2/2DL3/3DL1/3DL2/

3DS1), NKp30 and NKp46. For the analysis of monocytes

from the NK cell : monocyte co-culture, cells were

blocked with Fc fragments for 10 min and subsequently

stained with antibodies against human CD14, CD11c,

CD40, CD86 and HLA-DR according to standard proce-

dures. Flow cytometric analyses were performed on a

FACSCanto. Data were analysed using the FLOWJO soft-

ware (Tree Star, Inc., Ashland, OR).

Quantitative real-time RT-PCR

Magnetically sorted NK cells were stained with a PE-

labelled anti-human CX3CR1 antibody and sorted into

CX3CR1neg/low-expressing and CX3CR1high-expressing frac-

tions on a FACSAria Cell Sorting System (Becton-Dickin-

son, Heidelberg, Germany). Sorted NK cells were then

adjusted to 1�6 · 106 per ml and incubated in 100 ng/ml

PMA and 1 lg/ml ionomycin for 4 hr. Cells were then har-

vested and total RNA was isolated using the RNeasy Mini

kit (Qiagen, Hilden, Germany) according to the manufac-

turer’s instructions. RNA was then transcribed to cDNA

with random hexamers using TaqMan Reverse Transcrip-

tion Reagents (Applied Biosystems, Darmstadt, Germany).

Quantitative real-time RT-PCR was performed on the ABI
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PRISM 7000 Sequencing Detection System (Applied Bio-

systems) using the qPCR Mastermix Plus (Eurogentec, Ser-

aing, Belgium). The comparative threshold method

(comparative Ct method) was used to quantify the results

obtained by real-time RT-PCR. Data were normalized to

the corresponding housekeeping gene beta-actin. Primers

and probes (FAM-TAMRA-labelled) that were used are

listed in Table 1. The probes were labelled with the reporter

dye carboxyfluorescein (FAM) at the 50-end and with the

quencher dye tetramethylrhodamin (TAMRA) at the

30-end (Table 1). For granulocyte–macrophage colony-

stimulating factor (GM-CSF), TaqMan Gene Expression

Assays (Applied Biosystems) were used.

For determination of the CX3CR1 expression on NK

cells in the presence of cytokines, purified NK cells were

cultured in serum-free media in IL-2, IL-12, IL-15, IL-18,

IL-21, or TGF-b, respectively, for 20–22 hr (concentra-

tions are listed in Table 2). Afterwards, cells were har-

vested, washed, and total RNA was isolated as mentioned

above. The CX3CR1 mRNA levels were assessed by

quantitative real-time RT-PCR and normalized to the

housekeeping gene beta-actin. The primers and FAM-

TAMRA-labelled probe for CX3CR1 are listed in Table 1.

All samples were run in duplicates.

Proliferation assays

Ninety-six-well flat-bottom plates were coated with 1 lg/ml

anti-CD3, incubated for 2 hr at 37� and washed afterwards

with PBS. CD4-positive T cells from freshly isolated PBMCs

were positively selected using CD4 MicroBeads (Miltenyi)

and incubated with 2�5 lM carboxyfluorescein succinimidyl

ester (CFSE) in RPMI (Gibco, Invitrogen GmbH, Darm-

stadt, Germany) supplemented with 1% HEPES for 10 min

at 37� in 5% CO2. The NK cells from the same donor were

negatively selected using the NK cell isolation Kit (Milte-

nyi). Purity of enriched cells was assessed and was always

> 90%. Thereafter NK cells were FACS-sorted into

CX3CR1neg/low-expressing and CX3CR1high-expressing NK

cells. Ratios of effector (NK cells) to target (T) cells ranging

from 1 : 12�5 to 1 : 50 were plated together with aCD28

(2�5 lg/ml) and incubated for 72 hr at 37� in 5% CO2. Cells

were then harvested and stained with an antibody against

human CD4 conjugated with PerCP. Percentage of prolifer-

ating CD4-positive cells was analysed by flow cytometry.

For determination of the IL-2 response of NK cells,

presorted CX3CR1neg/low-expressing and CX3CR1high-

expressing NK cells were incubated in a 96-well flat bot-

tom plate without or with IL-2 (100 U/ml) for 72 hr at

37� in 5% CO2. [3H]Thymidine (Amersham, Braun-

schweig, Germany) was then added at a dose of 0�5 lCi

to each well. After 18 hr, incorporation of radioactivity

was measured in counts per minute (c.p.m.) with a

Microbeta b counter (Wallac ADL, Freiburg, Germany).

For the analysis of NK cell proliferation using CFSE,

freshly isolated NK cells were stained with CD56, CD16,

CD3 and CX3CR1 and subsequently FACS-sorted into

CX3CR1neg CD56bright, CX3CR1neg CD56dim and CX3CR1high

CD56dim NK cell fractions. Sorted NK cell fractions

(1 · 106 cells/ml) were incubated with CFSE as described

above for T cells. Labelled cells were plated in 96-well plates

and stimulated with and without 100 U/ml IL-2 at 37� in

Table 1. Primers and probes for real time RT-PCR

Name Primer Sequence 50fi30 Company

Beta-actin Forward GGC ACC CAG CAC AAT GAA G TIB MOLBIOL, Germany

Reverse GCC GAT CCA CAC GGA GTA CT TIB MOLBIOL, Germany

Probe TCA AGA TCA TTG CTC CTC CTG AGC GC Microsynth, Germany

Interleukin-5 Forward ATA GCC AAT GAG ACT CTG AGG ATT C TIB MOLBIOL, Germany

Reverse TCC ACA GTA CCC CCT TGC A TIB MOLBIOL, Germany

Probe TCA GGG AAT AGG CAC ACT GGA GAG TCA AAC MWG GmbH, Germany

Interleukin-10 Forward CAA GTT GTC CAG CTG ATC CTT CAT MWG GmbH, Germany

Reverse GGC AAC CTG CCT AAC ATG CTT MWG GmbH, Germany

Probe AAA GAA AGT CTT CAC TCT GCT GAA GGC ATC TCG MWG GmbH, Germany

Interleukin-13 Forward GCC CTC AGG GAG CTC ATT G TIB MOLBIOL, Germany

Reverse TGC AGC CTG ACA CGT TGA TC TIB MOLBIOL, Germany

Probe TCA ACA TCA CCC AGA ACC AGA AGG CTC MWG GmbH, Germany

Interferon-c Forward CAG GTC ATT CAG ATG TAG CGG ATA A MWG GmbH, Germany

Reverse AGG AGA CAA TTT GGC TCT GCA TT MWG GmbH, Germany

Probe TTT CTG TCA CTC TCC TCT TTC CAA TTC TTC AAA MWG GmbH, Germany

Tumour necrosis factor-a Forward TCT CGA ACC CCG AGT GAC AA MWG GmbH, Germany

Reverse TCA GCC ACT GGA GCT GCC MWG GmbH, Germany

Probe TGT AGC CCA TGT TGT AGC AAA CCC TCA AGC MWG GmbH, Germany

CX3CR1 Forward TGA CTG GCA GAT CCA GAG GTT MWG GmbH, Germany

Reverse TTC TGT CAC TGA TTC AGG GAA CTG MWG GmbH, Germany

Probe AGT CCA CGC CAG GCC TTC ACC A MWG GmbH, Germany
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5% CO2 for 5 days. Afterwards proliferating NK cells were

determined by flow cytometry.

Co-culture of monocytes and NK cells

Freshly isolated NK cells were sorted into CX3CR1neg/low

and CX3CR1high fractions and were adjusted to 1 · 106

per ml and used as effector cells. Freshly magnetically

sorted monocytes were also adjusted to 1 · 106 per ml

and used as target cells. Cells were plated at the ratio of

3 : 1 (effector : target cell) and incubated for 36 hr at 37�
in 5% CO2. Cultures with only monocytes served as a

control. To facilitate the separation of monocytes from

the plate after the culturing period, cells were incubated

for 1 hr in ice-cold PBS in the refrigerator. Cells were

than carefully harvested, washed with PBS and stored in

FACS buffer (PBS containing 0�5% BSA; pH 7�2–7�4) for

the subsequent flow cytometric analysis.

Statistical analysis

The Mann–Whitney U-test was used to calculate P-values

for intergroup comparison of two groups for real-time

RT-PCR data on cytokine profiles and flow cytometry data

on CD25 expression. The Wilcoxon test was used to calcu-

late P-values for real-time RT-PCR data on modulation of

CX3CR1 by cytokines. The Kruskal–Wallis non-parametric

one-way analysis of variance was performed to assess the

relation between multiple groups. Specific associations

between groups were assessed with the Mann–Whitney

U-test for non-parametric data. Bonferroni–Holm correc-

tions were also performed for multiple Mann–Whitney

U-test comparisons. The calculations were carried out

using SPSS 12.0 and 18.0 software for Windows (SPSS, Chi-

cago, IL). A P-value of < 0�05 was regarded as significant.

Results

Human CX3CR1neg/low and CX3CR1high NK cells
differ in their cytokine signature, activation status
and proliferative response

To address whether the expression of CX3CR1 on human

NK cells is associated with a certain cytokine profile and

therefore with a particular function, we analysed the expres-

sion of cytokines such as interferon-c (IFN-c), tumour

necrosis factor-a (TNF-a), GM-CSF, IL-5, IL-10 and IL-13

in CX3CR1neg/low and CX3CR1high NK cell fractions. The

NK cells were magnetically sorted from freshly isolated

PBMCs and FACS-sorted into CX3CR1neg/low and

CX3CR1high fractions, incubated with mitogens (PMA/ion-

omycin), and analysed by quantitative real-time RT-PCR.

CX3CR1neg/low NK cells expressed significantly higher

amounts of IL-5, IL-10, IL-13, GM-CSF and TNF-a com-

pared with CX3CR1high NK cells (Fig. 1a). Compared with

CX3CR1high, CX3CR1neg/low NK cells expressed approxi-

mately 30 times more IL-5, up to 15 times more of the regu-

latory cytokine IL-10, about four times more TNF-a and

more than twice as much GM-CSF. The expression of IL-13

was more than 100 times higher by CX3CR1neg/low than by

CX3CR1high NK cells. No differences were observed between

the two fractions in the expression of IFN-c (Fig. 1a).

To determine whether CX3CR1neg/low and CX3CR1high

NK cell populations may differ in their activation status,

we analysed CD25 expression on both NK cell subsets in

freshly isolated PBMCs using flow cytometric analysis.

We measured a significantly higher expression of CD25

on CX3CR1neg/low-expressing NK cells compared with

their CX3CR1high counterparts (Fig. 1b). As CD25 is the

alpha subunit of the high-affinity IL-2 receptor, we ques-

tioned whether proliferative response to IL-2 may also

differ between the CX3CR1neg/low and CX3CR1high NK

cell populations. To measure proliferation, NK cell sub-

sets were sorted combining MACS and FACS sorting pro-

cedures. Sorted CX3CR1neg/low and CX3CR1high cells were

then incubated for 72 hr with and without recombinant

IL-2. We observed a complete lack of response of

CX3CR1high NK cells to IL-2 whereas the CX3CR1neg/low

fraction strongly proliferated in the presence of IL-2

(Fig. 1c).

CX3CR1neg/low and CX3CR1high NK cells do not
influence the phenotype of monocytes but
differentially modulate their co-stimulatory capacities

To determine whether CX3CR1neg/low and CX3CR1high NK

cells are functionally distinct subsets, we investigated how

these two subtypes influence T-cell proliferation and

monocyte function in vitro. We performed proliferation

assays with positively selected human CD4+ T cells acti-

vated by anti-CD3/anti-CD28 antibodies in the presence of

sorted autologous CX3CR1high or CX3CR1neg/low NK cells

in different ratios. There was no effect of either CX3CR1high

or CX3CR1neg/low NK cells on the proliferative T-cell

response (data not shown). Yet, this does not exclude a

possible distinct cytotoxic action of the NK cell fractions

on autologous T cells. However, NK cell-mediated T-cell

cytotoxicity could not be assessed because this can only be

achieved using cytokine-activated NK cells25,26 a pre-activa-

Table 2. Concentrations of used cytokines

c1 c2 c3

Transforming growth

factor-b
0�1 ng/ml 1 ng/ml 10 ng/ml

Interleukin-18 1 ng/ml 10 ng/ml 100 ng/ml

Interleukin-15 50 ng/ml 100 ng/ml 200 ng/ml

Interleukin-12 1 ng/ml 10 ng/ml 100 ng/ml

Interleukin-2 10 U/ml 50 U/ml 100 U/ml

Interleukin-21 10 ng/ml 30 ng/ml 100 ng/ml
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tion that, in turn, would affect the CX3CR1high and

CX3CR1neg/low phenotypes investigated here.

Next, we examined whether these NK cell subsets could

differentially influence the phenotype and hence the anti-

gen-presenting activity of human monocytes. The MACS-

sorted monocytes were co-cultured with MACS/FACS-

sorted autologous CX3CR1high and CX3CR1neg/low NK

cells in a 1 : 3 ratio. After 36 hr, the expression of CD14,

HLA-DR, CD86 and CD40 was assessed on non-lympho-

cytic CD11c-positive cells using flow cytometry.

Figure 2(a) shows that after 36 hr of co-incubation of NK

cells/monocytes, neither CX3CR1high nor CX3CR1neg/low

NK cells affected the expression of the monocyte marker

CD14. Hence, monocytes retain their phenotype after co-

culturing with NK cells over a period of 36 hr and did

not differentiate into dendritic cells. Furthermore, we

found that both CX3CR1high and CX3CR1neg/low induced

down-regulation of CD86 expression and a slight decrease

of HLA-DR on monocytes (Fig. 2b). Interestingly, in con-

trast to the CX3CR1high fraction, CX3CR1neg/low NK cells

promoted a 2�5-fold increase of CD40 expression

(Fig. 2b), indicating that the CX3CR1neg/low NK cells dif-

fer from the CX3CR1high subset in their ability to influ-

ence the co-stimulatory capacities of monocytes.

CX3CR1neg/low NK cells differ from the
CD56bright CD16) subset

A few years ago, Cooper et al.27 identified two distinct

subsets of human NK cells based on different levels of

expression of CD56. While CD56dim CD16bright NK cells

(representing 90% of peripheral blood NK cells) primarily

function as potent cytolytic effector cells, CD56bright

CD16)/dim NK cells represent a minor subset of poorly

cytolytic NK cells that briskly secrete diverse cytokines

such as IFN-c, TNF-a or IL-10. The CX3CR1high and

CX3CR1neg/low populations appear to show similar fea-

tures to the CD56dim and CD56bright, respectively, so we

asked whether expression of the chemokine receptor and

expression intensity of CD56 define the same NK cell

subsets. Using conventional flow cytometric analysis, we

confirmed that CX3CR1high NK cells were CD56dim NK
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Figure 1. Human CX3CR1neg/low and CX3CR1high natural killer (NK) cells show different pattern of cytokine expression, different levels of sur-

face CD25 and different proliferative capacities. (a) Magnetically isolated NK cells were FACS-sorted into CX3CR1neg/low and CX3CR1high frac-

tions and incubated with mitogens (PMA/Ionomycin) for 4 hr. Gene expression of interferon-c (IFN-c), tumour necrosis factor-a (TNF-a),

granulocyte–macrophage colony-stimulating factor (GM-CSF), interleukin-13 (IL-13), IL-10 and IL-5 of CX3CR1neg/low NK cells (white bar) com-

pared with CX3CR1high NK cells (shaded bar) was analysed using real-time RT-PCR. The data are normalized to the housekeeping gene b-actin

and are expressed as the mean relative expression of at least four independent experiments ± SEM. **P < 0�01. (b) CD25 expression on

CD56+ CD16+ CD3) CX3CR1neg/low and CD56+ CD16+ CD3) CX3CR1high expressing cells was determined by flow cytometry. The y-axis shows

the mean fluorescence intensity of the CD25 staining. The figure shows a higher expression of CD25 on CX3CR1neg/low NK cells compared with

CX3CR1high NK cells. Data from six independent experiments ± SEM are represented. **P < 0�01. (c) The figure shows the proliferative response

to IL-2 of the CX3CR1neg/low and CX3CR1high NK cell fractions. NK cells were incubated with or without IL-2 (100 U/ml) for 72 hr. Proliferation

response was assessed by [3H]thymidine uptake in triplicates and shown as the mean c.p.m. of four independent experiments ± SEM. Data show

a strong IL-2-mediated proliferation of CX3CR1neg/low NK cells exclusively. ***P < 0�001.
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cells. However, we showed that CX3CR1neg/low NK cells

encompassed not only all CD56bright cells (CD16+ and

CD16)) but also a large subpopulation (up to 60%) of

CD56dim CD16bright NK cells (Fig. 3a). It was important

to exclude the possibility that the presence of CD56dim

cells in the CX3CR1neg/low fraction was not caused by

inclusion in the analysis of cells expressing low amounts

of CX3CR1. We therefore restricted our examination to

NK cells that completely lacked CX3CR1 expression. We

found that about 45% of the CX3CR1-negative cells were

CD56dim (Fig. 3b). These data indicate that CX3CR1neg/

low NK cells include not only the classical immunomodu-

latory CD56bright population but also a high percentage of

CD56dim cells. Hence, our data identified three distinct

NK cell subsets based on their expression of CX3CR1 and

CD56: CX3CR1neg CD56bright, CX3CR1neg CD56dim and

CX3CR1high CD56dim NK cells. The analysis of the CD25

expression (Fig. 3c) and proliferative capacities in

response to IL-2 measured by CFSE dilution assays

(Fig. 3d) of these three populations indicated that

CX3CR1neg CD56dim NK cells may represent an

intermediary phenotype between CX3CR1neg CD56bright

and CX3CR1high CD56dim NK cells. Notably, compared

with the CX3CR1high CD56dim population, the CX3CR1neg

CD56dim fraction strongly proliferated, indicating that

lack of proliferative capacity may correlate better with the

magnitude of CX3CR1 expression than with reduced den-

sity of CD56 expression.

Degree of CX3CR1 expression defines different
maturation stages of CD56dim NK cells

To further characterize the distinct CX3CR1neg CD56bright,

CX3CR1neg CD56dim and CX3CR1high CD56dim NK cell

fractions, we assessed the expression of killer cell immu-

noglobulin-like receptors (KIR, including KIR2DL1/2DS1/

2DL2/2DS2/2DL3/3DL1/3DL2/3DS1), NKG2A and NKp30

and NKp46 on these three NK cell populations using flow

cytometry (Fig. 4a). The majority of CX3CR1neg

CD56bright NK cells did not express KIR on the surface;

however, more than 95% of these NK cells were high

expressers of NKp30 and NKp46, and about 80%

expressed high levels of NKG2A. In all samples investi-

gated, the grade of CX3CR1 expression in the CD56dim

NK cell fraction coincided with a decrease in the expres-

sion of NKp30, NKp46 and NKG2A and with an

increased KIR expression (Fig. 4a). Hence, CX3CR1neg

CD56dim NK cells appear to represent a phenotypic stage
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Figure 2. CX3CR1neg/low and CX3CR1high natural killer (NK) cells do not modulate CD14 expression on monocytes but differentially influence

monocytic co-stimulatory capacities. Sorted monocytes were incubated with autologous CX3CR1negative/low and CX3CR1high for 36 hr. Expression

of CD14, HLA-DR and co-stimulatory molecules CD86 and CD40 was analysed on CD11c-positive non-lymphocytic cells using flow cytometry.

(a) The dot plots show that CD14 expression on monocytes remained unaffected after co-culture without or with CX3CR1neg/low and CX3CR1high

NK cells. (b) Histograms show the expression of the different markers/molecules on monocytes cultured without NK cells (filled dark grey histo-
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light grey histograms. Data are representative of three independent experiments.
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between proliferating, cytokine-producing NKG2A/

NKp30/NKp46-expressing NK cells and non-proliferating

KIR-expressing NK cells.

As the expression of CD27, CD62L and CD57 has been

shown to characterize different steps of NK cell matura-

tion,28–31 we addressed how CX3CR1 expression is related
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and CX3CR1high CD56dim NK cells. Data are representative of four independent experiments. (c) CD25 expression on CX3CR1neg CD56bright (neg/
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(PBMCs). Flow cytometric analyses revealed CX3CR1neg CD56dim as an intermediary phenotype (black bar), which showed an intermediate signifi-

cantly distinct expression of CD25 when compared with neg/bright-expressing NK cells (white bar) and high/dim-expressing NK cells (grey bar). The
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Figure 4. CX3CR1neg CD56bright, CX3CR1neg CD56dim and CX3CR1high CD56dim natural killer (NK) cells show different patterns of NK cell

receptors and maturation markers. (a) NK cell receptor expression on the three NK cell subsets was determined by flow cytometry.

CX3CR1neg CD56dim (neg/dim) show an intermediate expression of NKp30, NKp46, NKG2A and KIR2DL1/2DS1/2DL2/2DS2/2DL3/3DL1/3DL2/

3DS1 (indicated as panKIR) compared with neg/bright and high/dim-expressing NK cells. Data from at least 10 independent experiments are

shown. **P < 0�01, ***P < 0�001. (b) The panel shows flow cytometric analysis of peripheral blood mononuclear cells stained for CD62L, CD57

and CD27, gated first for CD3) CD56+ CD16+ cells and gated subsequently for CX3CR1neg CD56bright (neg/bright), CX3CR1neg CD56dim (neg/

dim) and CX3CR1high CD56dim (high/dim) NK cells. The figures are representative of at least 13 independent donors. (c) Percentage of CD62L-,

CD57- and CD27-expressing in CX3CR1neg CD56bright (neg/bright), CX3CR1neg CD56dim (neg/dim) and CX3CR1high CD56dim (high/dim) NK

cells was determined using flow cytometry. Data of at least 13 independent experiments and representative dot plots are shown. **P < 0�01,

***P < 0�001.
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to the expression of these recently identified maturation

markers. We monitored the surface expression of CD27,

CD62L and CD57 on CX3CR1neg CD56bright, CX3CR1neg

CD56dim and CX3CR1high CD56dim NK cells using flow

cytometry. The majority of CX3CR1neg CD56bright NK

cells expressed CD27 and CD62L and were negative for

CD57. However, in the CX3CR1neg CD56dim, we observed

a strong reduction of CD27 and CD62L, and increased

expression of CD57. Interestingly, although the expression

of CD57 did not differ between CX3CR1neg CD56dim and
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CX3CR1high CD56dim NK cells, both CD27 and CD62L

expression were further decreased in the CX3CR1neg

CD56dim fraction when compared with the CX3CR1high

CD56dim population (Fig. 4b,c).

Hence, the expression pattern of CD27 and CD62L

on CX3CR1neg CD56bright, CX3CR1neg CD56dim and

CX3CR1high CD56dim NK cells indicates that these

three phenotypes indeed reflect distinct stages of NK cell

maturation. Additional studies combining analysis of

CX3CR1 expression with other NK cell markers are needed

to establish and understand the sequential stages of NK cell

differentiation.

Cytokines responsible for NK cell activation induce
down-regulation of CX3CR1 expression

We previously showed that the frequency of CX3CR1-

expressing NK cells correlated with disease activity of

multiple sclerosis.24 However, to understand the relation-

ship between pathology and degree of receptor expression,

additional information on CX3CR1 regulation is required.

We address here the question of how the immune milieu

may influence CX3CR1 expression on NK cells. We

assessed the effect on CX3CR1 of different cytokines

known to modulate NK cell activity, including the related

cytokines IL-2, IL-15 and IL-21, the IFN-c-inducing cyto-

kines IL-12 and IL-18 as well as the inhibitory cytokine

TGF-b. CX3CR1 gene expression was quantified by real-

time RT-PCR. Negatively selected resting NK cells were

incubated for 20–22 hr with different cytokine concentra-

tions (see Table 2). Our data showed that while IL-2 and

IL-15 induced a strong down-regulation of CX3CR1 in a

concentration-dependent way, IL-21 had no effect

(Fig. 5a). Both IL-12 and TGF-b1 also promoted a con-

centration-dependent down-regulation CX3CR1 expres-

sion (Fig. 5a). Data for IL-18 showed a trend towards

CX3CR1 down-regulation but did not reach statistical sig-

nificance. Next, we investigated the effects of the most

relevant cytokines, IL-2, IL-15, IL-12 and TGF-b on the

surface expression of CX3CR1. Magnetically sorted NK

cells were stimulated for 24 hr without any additives, or

in the presence of IL-2 (100 U/ml), IL-15 (200 ng/ml),

IL-12 (100 ng/ml) and TGF-b (10 ng/ml), respectively.

CX3CR1 expression was analysed using flow cytometry.

The protein data confirmed the observation on gene

expression levels, showing a cytokine-dependent down-

regulation of surface CX3CR1 on NK cells (Fig. 5b).
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Figure 5. Natural killer (NK) cell-activating cytokines induce down-

regulation of CX3CR1 expression. The NK cells were cultured with-

out or in the presence of different concentrations of the indicated

cytokines for 20–22 hr (see Table 2 for cytokine concentrations). (a)

Expression of CX3CR1 was determined by quantitative real-time RT-

PCR. The data are normalized to the housekeeping gene beta-actin,

and are expressed as the mean relative expression of at least four

independent experiments ± SEM. Interleukin-2 (IL-2), IL-12, IL-15

and transforming growth factor-b (TGF-b) promoted a significant

dose-dependent down-regulation of the receptor. Down-regulation

of CX3CR1 promoted by IL-18 did not reach statistical significance

and IL-21 did not show any effect on CX3CR1 expression.

*P < 0�05. (b) Expression of surface CX3CR1 on NK cells was moni-

tored using flow cytometry. Solid lines represent unstained controls;

shaded areas, unstimulated NK cells; dashed lines, NK cells stimu-

lated with the highest concentration of the respective cytokines

(100 U/ml IL-2; 200 ng/ml IL-15; 100 ng/ml IL-12; 10 ng/ml TGF-

b). One representative experiment of at least three is shown.
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Moreover, the strongest CX3CR1 down-regulation was

observed in the presence of IL-15 and TGF-b, which also

confirmed data obtained by PCR. Hence, most cytokines

inducing activation/proliferation of NK cells negatively

influence CX3CR1 expression, indicating a dynamic rela-

tion between CX3CR1high and CX3CR1neg/low subsets.

Discussion

In our previous study, we observed an association

between the expression of CX3CR1 on NK cells and mul-

tiple sclerosis. To further elucidate the involvement of

CX3CR1-expressing NK cells in disease, we aimed here to

characterize the phenotype and functionality of CX3CR1high

and CX3CR1neg/low NK cell populations. We demon-

strated that CX3CR1high and CX3CR1neg/low NK cell phe-

notypes are distinct from the NK1/NK2 or CD56dim

CD56bright NK cells, two NK cell pairs identified

previously.27,32,33 Similarly to NK2 cells, CX3CR1neg/low

NK cells expressed high levels of IL-5 and IL-13, but also

of IL-10 (Fig. 1), shown to be produced by NK1 cells.32

Furthermore, CX3CR1neg/low NK cells expressed similar

amounts of IFN-c but significantly more GM-CSF and

TNF-a than CX3CR1high (Fig. 1a), hence differing also

from the cytokine profile of CD56bright CD56dim subsets.

Furthermore, we showed a high expression of the activa-

tion marker CD25 on CX3CR1neg/low NK cells (Fig. 1b),

which was accompanied by a very strong proliferative

response to IL-2 in vitro (Fig. 1c).

Next, we asked to what extent CX3CR1high and

CX3CR1neg/low NK cell subsets could differentially affect

the adaptive immune response. In our experiments,

human NK cells, independent of their CX3CR1 expres-

sion, were unable to influence proliferation of autologous

activated T cells (data not shown) but modulated the

co-stimulatory capacities of monocytes (Fig. 2b) without

affecting monocytic phenotype (Fig. 2a). In this approach,

we did not activate NK cells with either IL-2 or IL-15 to

exclude the possible effects of these cytokines on

CX3CR1high and CX3CR1neg/low phenotypes. We showed

that after 36 hr of co-culturing both CX3CR1high and

CX3CR1neg/low NK cells induced down-regulation of

CD86 and HLA-DR on monocytes, whereas up-regulation

of CD40 was induced principally by CX3CR1neg/low NK

cells (Fig. 2b). This is in agreement with the results by

Zhang et al.34 who recently reported the up-regulation of

CD40 on monocytes co-cultured with NK cells, especially

CD56bright NK cells. Yet 36 hr of co-culturing was obvi-

ously too short for observing possible differentiation of

monocytes into dendritic cells as reported previously.34

The CX3CR1neg/low NK cell fraction parallels CD56bright

NK cells, in terms of both proliferative capacities35 and

monocyte modulation. However, the analysis of the co-

expression of CD56 and CX3CR1 revealed that while all

CX3CR1high NK cells were indeed CD56dim CD16high, the

CX3CR1neg/low fraction encompassed both CD56dim

CD16low and CD56bright CD16neg/low NK cells (Fig. 3a). Our

data suggest the existence of distinct NK cell populations

based on CD56 and CX3CR1 expression: CX3CR1neg

CD56bright, CX3CR1neg CD56dim and CX3CR1high CD56dim

NK cells. Interestingly, the analysis of surface CD25

expression and of the proliferative response indicated that

these three fractions represented distinct NK cell pheno-

types (Fig. 3c,d). These findings were also confirmed by

examination of the expression of different NK receptors

on CX3CR1neg CD56bright, CX3CR1neg CD56dim and

CX3CR1high CD56dim NK cells. All the analysed receptors

showed a similar expression pattern, progressively increas-

ing for KIR and gradually decreasing for NKp30, NKp46

and NKG2A from CX3CR1neg CD56bright to CX3CR1high

CD56dim (Fig. 4a). These data verified that CX3CR1neg

CD56dim NK cells indeed represent an intermediate

phenotype distinct from the CX3CR1high CD56dim subset.

Several recent publications have reported on markers

characterizing different stages of NK cell maturation,

including CD27,28 CD94,36 CD62L29 and CD57.30,31

Expression analysis of CD27, CD62L and CD57 on

CX3CR1neg CD56bright, CX3CR1neg CD56dim and CX3CR1high

CD56dim NK cells showed that, from the fractions investi-

gated here, only the CX3CR1high CD56dim subset parallels

the mature phenotype as defined by the lack of CD27 and

CD62L and the acquisition of CD57 (Fig. 4b,c). Accord-

ing to our previous data,24 we focused here on different

NK cell fractions selected on the basis of the magnitude

of CX3CR1 expression (CX3CR1neg and CX3CR1high).

Even though our data indicate that the whole CX3CR1-

positive fraction has a similar phenotype to CX3CR1high-

expressing NK cells, further analyses are needed to

demonstrate this equivalence.

Interestingly, with regards to CD57 expression, the

intermediary CX3CR1neg CD56dim fraction appears to

encompass different stages of differentiation. Additional

investigations of this intermediate population will be needed

to determine whether the CX3CR1neg CD56dim CD57) phe-

notype may differ from the CX3CR1neg CD56dim CD57+.

Moreover, we present here evidence for cytokine-medi-

ated regulation of CX3CR1 in NK cells. We showed that

not only IL-15, but also IL-2 down-regulated CX3CR1

expression on human NK cells at the RNA (Fig. 5a) and

protein (Fig. 5b) levels. Although they may contradict the

murine data published so far,37 our results are in agree-

ment with the identical effects of these structurally related

cytokines on human resting NK cells observed by Dunne

et al.38 In mice, it has been reported that whereas IL-2

induces increased expression of CX3CR1 on NK cells, IL-

15 down-regulated the receptor expression despite their

structural similarities. No effect was observed when NK

cells were stimulated with IL-21 (Fig. 5a), although this

cytokine shares the gamma-chain of the receptor, among

others, with IL-2 and IL-15.39 It is possible that IL-21
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affects CX3CR1 expression only in synergy with other

cytokines, as was also reported for other effects of IL-21

on NK cell biology.40,41 We also observed a down-regula-

tion of CX3CR1 gene and protein expression on NK cells

induced by TGF-b (Fig. 5a,b), which, on the one hand,

appeared to contradict the effects reported in rats42 but,

on the other hand, were consistent with the reported

inhibitory effects of TGF-b on human NK cells.43,44

Hence, a different regulation of NK cell function and

CX3CR1 expression in rodents and humans seems to be

probable. Similarly, we observed a down-regulation of

CX3CR1 expression by IL-12, an additional cytokine

involved in NK cell immunomodulation,45 suggesting that

most cytokines known to induce NK cell proliferation/

activation promote CX3CR1 down-regulation.

In summary, our data show the existence of distinct NK

cell phenotypes depending on the magnitude of CX3CR1

expression. The NK cell phenotypes defined by CX3CR1

expression differ in their cytolytic activity, cytokine profile,

proliferative response and their impact on monocyte func-

tionality. Moreover, we identified three different stages of

NK cell maturation based on the expression of CX3CR1

and CD56. While the CX3CR1neg CD56bright phenotype is

exclusively characteristic for immature NK cells, the magni-

tude of CX3CR1 expression on CD56dim NK cells discrimi-

nates between intermediary CX3CR1neg CD56dim and fully

mature CX3CR1high CD56dim NK cells. Hence, our study

demonstrates that CX3CR1 can be used in conjunction

with CD56 and with other novel maturation markers to

delineate NK cell phenotypes characteristic for the sequen-

tial stages of human NK cell maturation.
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