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Chapterr 8 

Abstrac t t 

Functiona ll  huma n NK cel l subset s have been previousl y define d based on the 
differentia ll  expressio n of CD56. We here describ e the tumo r necrosi s facto r (TNF)-
recepto rr  CD27 as a marke r to discriminat e huma n NK cel l subsets . The majorit y of 
circulatin gg NK cell s was CD27". These cell s were largel y CD56dim , expresse d inhibitor y 
andd activatin g NK receptors , containe d hig h level s of perfori n and granzym e B, and 
hadd hig h cytotoxi c potential . Circulatin g CD27+ NK cell s were CD56dlm/bri9 W and 
expresse dd hig h level s of activatin g but no inhibitor y NK receptor s and showed  low 
cytotoxicity .. Lymphoi d organ s were enriche d for CD27+ NK cells , the majorit y bein g 
CDSe*'9*.. The phenotyp e and functio n of matur e NK cell s appear s to be unde r contro l 
off  cytokines , sinc e stimulatio n of periphera l bloo d derive d NK cell s wit h IL-15 induce d 
hig hh number s of cytotoxi c CD27"  NK cells , expressin g NKp44, wherea s stimulatio n 
wit hh IL-21 resulte d in low number s of CD27+ NK cells , whic h lacke d the activatin g 
recepto rr  NKp44. A combinatio n of bot h cytokine s led to the formatio n of NK cell s wit h 
intermediat ee phenotypes . Thus , the loca l cytokin e milie u in whic h NK cell s are 
activate dd may modulat e thei r phenotyp e and function . 

Introductio n n 

Naturall killer (NK) cells are key mediators in the first line of defense of the innate immune 
responsee against invading pathogens, and act before the induction of the adaptive immune 
response.response. NK cells, characterized by the expression of CD56 and lack of CD3 antigens, 
comprisee approximately 15% of human peripheral blood lymphocytes. The activation of NK 
cellss appears to be tightly regulated by a balance between inhibitory signals provided by 
interactionn of inhibitory receptors and their ligands, mostly belonging to the MHC (-like) class 
II family [1 j , and activating signals provided by binding of ligands to activating receptors, such 
ass members of the recently described family of natural cytotoxicity receptors (NCRs) and 
NKG2DD [2,3]. The ligands for the activating NK cell receptors may be upregulated on target 
cellss in response to infection, cellular activation, or stress [4-6]. Downmodulation of MHC 
classs I on infected cells by members of the herpesvirus family renders these cells sensitive to 
killingg by NK cells, similar to tumor cells [7]. NK cells may therefore play a pivotal role in the 
innatee immune response against these viruses [8]. Killing of target cells by NK cells is 
accomplishedd by a variety of effector mechanisms, including release of granules containing 
perforinn and granzymes [9], and ligation of FasL to its receptor on the target cell [10]. In 
additionn to their role in clearance of infected cells, NK cells are able to secrete 
immunoregulatoryy cytokines such as IFN-yand TNF-pt [11]. 
Untill recently, NK cells were considered to be a functionally homogeneous population. It is 
noww clear that human NK cells can be divided into functional subsets by the expression of 
CD566 [12,13]. CD56di,n NK cells comprise approximately 90% of peripheral blood NK cells 
andd express moderate to high levels of FcyRIIIA (CD16) and perforin and have high cytotoxic 
capability.. On the other hand, non-cytolytic, CD56bri9ht NK cells do not express CD16 and 
probablyy function as immunoregulatory NK cells by secretion of cytokines [14]. In contrast to 
circulatingg NK cells, which are predominantly CD56dim, NK cells within lymph nodes are 
enrichedd for the CD56bright phenotype. This localization may be the consequence of the 
expressionn pattern of homing receptors on NK cell subsets, since CD56dim NK cells express 
homingg markers for inflamed peripheral sites, whereas CD56bn8M NK cells display homing 
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markerss for secondary lymphoid organs [15]. Due to the lack of suitable markers for murine 

NKK cells, NK cell subset generation, differentiation and migration have not been studied yet 

inin vivo. 

TT cell subsets can be discriminated by a variety of markers, including the tumor necrosis 

factorr (TNF)-receptor CD27. Loss of CD27 on circulating CD8+ T cells is concomitant with 

increasedd cytotoxic capacity [16]. Little is known on the role of this receptor on NK cells. We 

heree show that also for NK cells, lack of CD27 is associated with immediate effector function. 

Moreover,, the phenotype and function of NK cells was found to be subject to regulation by IL-

155 and IL-21, which suggests that properties of NK cells in vivo may depend on 

environmentall factors. 

Material ss  & Method s 

CellCell preparation 

Peripherall blood mononuclear cells (PBMCs) were isolated from heparinized peripheral blood samples 
obtainedd from healthy laboratory personnel using standard density gradient centrifugation techniques 
byy use of Lymphoprep (Nycomed, Pharma, Oslo, Norway). Bone marrow samples were obtained from 
patientss who were initially suspected of hematological malignancies but in whom no abnormalities 
couldd be detected. Tonsils were obtained from patients who underwent tonsillectomy (n=3). For the 
analysiss of splenic NK cells, small parts of spleen, containing both red and white pulp that had been 
obtainedd from organ transplant donors (n=6), were obtained from the tissue typing laboratory. Splenic 
partss and tonsil parts were minced and then rubbed over a 70 pm gauze. Lymphocytes were isolated 
ass described above for PBMCs. The cells were suspended in IMDM with 10% FCS, 10% TNC 
(trisodiumcitrate,, 3.8% solution), antibiotics and p-mercaptoethanol before density gradient 
centrifugation.. According to paragraph 13 from the Dutch Law for Organ Donation, these specimens 
couldd be used for scientific research. The study was approved by the local medical ethical committee 
andd written informed consents were obtained (where applicable). 

ImmunofluorescentImmunofluorescent staining and flowcytometry 
AA total of 200,000 PBMCs were incubated with fluorescent label conjugated monoclonal antibodies 
(mAbs)) (concentrations in accordance with manufacturer's instructions). Phenotyping of NK cells were 
performedd by staining with CD3-PerCPCy5.5 and CD56-APC (BD Biosciences, San Jose, CA) in 
combinationn with FITC- or PE-labeled CD27, CD38, CD45RA, HLA-DR (all BD Biosciences), CD16 
(Sanquin,, Amsterdam, The Netherlands), and CCR7 (BD Biosciences). NK receptor expression was 
detectedd by staining of PBMCs with CD3-PerCPCy5.5 and CD56-APC in combination with CD27-FITC 
(home-made;; clone 3A12) and PE-labeled CD158a (KIR2DL1/KIR2DS1), CD158b 
(KIR2DL2/KIR2DL3/KIR2DS2),, NKp44, NKp46 (all Beekman Coulter, Marseille, France), NKB1 
(KIR3DL1),, CD94 (BD Biosciences), or APC-labeled NKG2D (R&D Systems, Abingdon, UK). For 
stainingg with the mouse anti-human monoclonal antibody CD70 (home-made; clone 2F2 [17]) a two-
stepp protocol was performed consisting of incubation with the CD70 antibody for 30 minutes, washing, 
incubationn with FITC conjugated anti-mouse lgG1 antibodies, washing, incubation with 10% (v/v) 
normall mouse serum followed by incubation of directly conjugated mAbs. Analysis of cells was 
performedd using a FACS Calibur flowcytometer and CellQuest software (BD Biosciences). 

IntracellularIntracellular granzyme B and perforin staining 

Intracellularr granzyme B (GrB) and perforin stainings were performed by incubating 200,000 PBMCs 
withh CD27-FITC, CD3-PerCP Cy5.5 and CD56-APC mAb, washed once, then fixed with 50 uJ of 
bufferedd formaldehyde acetone solution and subsequently permeabilised by washing with 0.1% 
saponinn 50 mM D-glucose. Cells were then incubated with anti-GrB (Sanquin) and anti-perforin (Hölzel 
diagnostika,, Köln, Germany) antibodies. 
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PurificationPurification of CD2T and CD27* NK cell subsets 
Celll suspensions were enriched for NK cells by negative depletion of CD3+, CD14+ and CD19* cells. In 
brief,, PBMCs were incubated for 30 minutes at C with monoclonal antibodies to CD3 (home-made; 
clonee 16A9T), CD14 (home-made; clone 8G3) and CD19 (home-made; clone 11G1). After washing, 
thee cells were incubated with goat-anti-mouse IgG Dynabeads (Dynal Biotech ASA, Oslo, Norway) for 
300 minutes at . After incubation, a magnetic field induced depletion of CD3+, CD14" and CD19+ 

cellss from the suspension. The NK cell-enriched cell suspension was subsequently incubated with 
CD3,, CD56 and CD27 antibodies for 30 minutes at , washed, and sorted on a FACSAria (BD 
Biosciences)) into CD27~ and CD27* NK cell fractions. These sorted cell fractions were either used in 
cytotoxicityy assays, or cytokine-induced cultures as described below. 

CFSECFSE labeling 
PBMCss were resuspended in PBS at a final concentration of 5-10 x 106 cells/ml and labelled with 2.5 
uMM (final concentration) of 5-(and-6)-CarboxyFluorescein diacetate Succinimidyl Ester (CFSE; 
Molecularr Probes, Eugene, OR) in PBS for 8 minutes shaking at . Cells were washed and 
subsequentlyy resuspended in IMDM supplemented with 10% Human Pool Serum (HPS), antibiotics 
andd 3.57x10"*% (v/v) p-mercapto ethanol (Merck, Darmstadt, Germany) (culture medium). 

FigureFigure 1 CD27 as a marker of NK cell subsets. (A) Expression of CD3 and CD56 on lymphocytes 
(upper(upper dot-plot), CD27 and CD45RA on NK cells (CD3'CD56\ left dot-plot), and on T cells (CD3*, 
rightright dot-plot). (B) Expression of CD27 in relation to CD56 (left dot-plot) and in relation to CD16 (right 
dot-plot)dot-plot) on CD3CD56* NK cells. Numbers indicate the percentages of cells in the respective 
quadrants.quadrants. Data shown are representative for 10 donors. 

TableTable 1 Relation between CD56 or CD27 
expressionexpression on circulating NK cell subsets 

CD56dimm CD56bri9h' 

~CD2TT 94%  3% 6%  3% 
0027** 56% % 44% 1 

StimulationStimulation of the cells 
Cellss were cultured in 24 wells plates at a concentration of 0.5-1x106 cells/ml in culture medium in 
presencee or absence of IL-15 (10 ng/ml; R&D Systems), IL-21 (25 ng/ml: kindly provided by 
ZymoGenetics,, Seattle, WA) or the combination of these cytokines for 5-12 days. To investigate 
whetherr the observed phenotypes of NK cell subsets were stable phenotypes, PBMCs were pre-
stimulatedd with IL-15 (10 ng/ml) or IL-21 (25 ng/ml) for 8 days. Cells were harvested and washed and 
cellss from each stimulation were divided in two wells. These wells were stimulated for another 5 days 
withh either IL-15 (10 ng/ml), or IL-21 (25 ng/ml). The effects of blocking CD27-CD70 signaling were 
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studiedd by stimulation of PBMCs with IL-15 (10 ng/ml) in presence or absence of oc-CD70 (40 ug/ml) 
forr 8 days. For each culture condition the stimulation index (SI) was calculated by dividing the number 
off recovered NK cells at the end of the culture period by the amount of input ceils. 

NKNK cell cytotoxicity assay 
K562,, a human leukemic cell line that is highly sensitive to killing by NK cells, was prepared by 
labelingg these cells with 51Cr (Amersham Pharmacia Biotech, Buckinghamshire, UK) for 1 h at , 
5%% C02 . 51Cr-labeled target cells were then incubated in triplicates with effector cells (PBMCs) at 
variouss effector:target (E:T) ratios for 4 h at , 5% C02 . Spontaneous release was determined by 
incubationn of labeled target cells with medium. Maximal release was determined by culturing labeled 
targett cells with NP40 solution. Supernatants were harvested and counted in a y-radiation detector. 
Percentagee specific lysis was calculated from the formula "percentage specific lysis = ((experimental 
releasee - spontaneous release) / (maximal release - spontaneous release)) x 100%". 

StatisticalStatistical analysis 
Thee two-tailed Mann-Whitney test was used for analysis of differences between groups. P<0.05 were 
consideredd statistically significant. 

Result s s 

CD27CD27 is expressed on a minority of circulating NK cells 

Sincee functional T cell subsets can be discriminated on basis of the expression of CD27 and 

CD45RAA [18], we determined whether these markers could also be used to discriminate NK 

celll subsets. In contrast to T cells (CD3+), the majority of peripheral blood NK cells 

(CD3CD56*)) were CD27" and CD45RAbri9ht (Fig. 1A). It has previously been shown that 

humann NK cell subsets can be separated in CD56dim and CD56bri9ht populations (Fig. 1A). 

Thee vast majority of CD27~ NK cells was CD56dim, whereas CD27* NK cells were either 

CD56dimm or CDöe1*91" (Fig. 1B; gated on CD3CD56* NK cells & Table 1 (n=10)). CD56dim NK 

cellss were CD16+ [12] and the highest expression of this FcyRIIIA was detected on CD27" NK 

cellss (Fig. 1B; gated on CD3CD56* NK cells (n=10)). These data indicated that CD27" NK 

cellss were largely contained within the CD56dimCD16bri9M NK cell subset. 

LymphoidLymphoid organs are enriched for CD27* NK cells 

Onn average, 7 . 1 %  2.5% of human peripheral blood (PB) NK cells expressed CD27 (Fig. 

2A).. Lymphoid organs are markedly enriched for CD56bfl8ht NK cells [19], indicating that the 

phenotypee of NK cells varies with their localization. Significantly higher frequencies of CD27* 

NKK cells were detected in spleen and tonsil (Fig. 2A; 52.9%  14.2% and 37.9%  7.5%, 

resp.),, the majority being CDSe^9*11 (69%  10%). The frequencies of CD27* NK cells in bone 

marroww (BM) (Fig. 2A; 17.5%  3.4%), which is the predominant site of their generation in 

adultt life [20], were comparable to those observed in peripheral blood. 

ExpressionExpression of NK cell receptors differs between circulating NK cells and NK cells residing in 

lymphoidlymphoid organs 

Differencess in NK cells obtained from the circulation and lymphoid organs were not limited to 

thee expression of CD27, but also included the expression of NK cell receptors, the major 

determinantss of NK cell activation. On average, 25% of peripheral blood derived NK cells 

expressedd CD158a, 32% expressed CD158b, and 22% expressed NKB1 (Table 2a). The 

fractionn of NK cells expressing either of these receptors was lower in spleen and minute in 

tonsill (Table 2a). Not only the fraction of NK cells expressing these receptors differed 
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betweenn the locations, but also the expression of a per cell basis, indicated by the high mean 

fluorescencee intensity (MFI) on circulating NK cells and low MFI on NK cells derived from 

spleenn and tonsil (Table 2b). NKp44 could not be detected on circulating NK cells but in 

increasingg amounts on splenic and tonsil NK cells, respectively (Fig. 2B & Table 2). By 

contrast,, the expression of CD94 and NKp46 did not vary with the localization of NK cells. 

NKG2DD was expressed by the majority of circulating and splenic NK cells, and by a 

proportionn of tonsil derived NK cells. 

Consideringg NK cell subsets defined by CD27 expression, the majority of peripheral blood 

CD27++ NK cells did not express CD158a, CD158b and NKB1, whereas these molecules were 

expressedd by a large proportion of CD27" NK cells (Fig. 2B & Table 2a (n=10)). This 

distinctionn between CD27" and CD27+ NK cells was less strict in spleen and tonsil. 

P=0.01 P=0.01 

r/i r/i 

O O 

^ ^ 
+ + 

Q Q 
O O 
SS S 

80--
70--
60--
50--
40--

30--
20--
10--
0--

II  I 
P=0.0006 P=0.0006 

m m 

* * 

* * 

PBB spleen tonsil BM 

FigureFigure 2 Localization and pheno-
typetype of NK cell subsets. (A) 
FrequenciesFrequencies of CD27* NK cells in 
peripheralperipheral blood (PB), spleen, tonsil 
andand bone marrow (BM). (B) 
ExpressionExpression of NK cell receptors on 
CD27~CD27~ and CD27* NK cell subsets 
derivedderived from peripheral blood, 
spleen,spleen, and tonsil. Numbers indicate 
thethe proportion of positive cells within 
thethe CD27~ and CD27* fractions, 
respectivelyrespectively (CD158a, CD158b, 
NKB1,NKB1, NKG2D, and NKp44), or 
meanmean fluorescence intensities (MFI) 
ofof the cells expressing the receptor 
withinwithin the CD27' and CD27* 
fractions,fractions, respectively (CD94, and 
NKp46). NKp46). 

tonsil l 
3% % 8% % 

2":, 2":, 13% % 

2% % 10% % 

2555 243 332 

70% % 

3 1 1 

83% % 65% % 87% % 

r r 

26% % 

1.'??' ' 

50% % 

w w 

CD27 7 

114 4 



CD277 discriminates functional NK cell subsets 

Furthermore,, the majority of circulating and splenic CD27+ NK cells expressed the activating 
receptorr NKG2D, a member of the c-type lectin superfamily (Fig. 2B & Table 2). CD27+ NK 
cellss were 0 0 9 4 ^ , whereas CD27" NK cells were CD94dir,1/b^iflh, (Fig. 2B & Table 2b (n=4)). 
CD27"" NK cells were primarily NKp46dim/bri9ht, whereas their CD27+ counterparts were 
exclusivelyy N K p ^ Ö ^ F i g . 2B & Table 2b (n=5)). 

TableTable 2a Expression ofNK cell receptors (%) 

CD158a a 
CD158b b 
NKB1 1 
CD94 4 
NKG2D D 
NKp46 6 
NKp44 4 

Peripherall blood 
total l 

255 0 
322 8 

222 + 13 
82+14 4 
700 8 
755 3 

1 1 

CD2r r 
26+10 0 

8 8 
222 + 12 
811 5 
700 8 
911 1 
11 1 

CD27* * 
2 2 
1 1 
3 3 

922 4 
755 7 

911 0 
1 1 

total l 
3 3 
2 2 
8 8 

855 1 
711 6 
599 0 

6 6 

Spleen n 
CD2T CD2T 

6 6 
5 5 
6 6 

800 9 
655 0 
399 7 

8 8 

CD27+ + 

3 3 
122 2 

2 2 
888 1 
800 8 
655 9 

5 5 

total l 
1 1 
4 4 
1 1 

800 7 
300 3 

4 4 
422 8 

Tonsil l 
CD27" " 

1 1 
3 3 
1 1 

699 4 
233 5 
755 5 
477 7 

CD27+ + 

2 2 
5 5 

1 1 
1 1 

466 3 
911 1 

333 0 

TableTable 2b Expression ofNK cell receptors on subsets (MFI) 
Peripherall blood Spleen Tonsil 

CD158a a 
CD158b b 
NKB1 1 
CD94 4 
NKG2D D 
NKp46 6 
NKp44 4 

CD2r r 
3 3 

7122 3 
2511 6 
1288  91 

2 2 
1522 0 
766 7 

CD27+ + 

2344 7 
6355  262 
2700 2 
2899 8 

266 4 
4588 8 

922 5 

CD27--
655 + 38 
1588 8 

1899 1 
3488 3 
222 3 3 

1844 1 
1011 7 

CD27+ + 

399 1 
955 9 
633 7 

4722 5 
233 2 

1811 6 
911 2 

CD27--
233 6 

1433 6 
6 6 

2455 8 
200 0 
1266 7 

2222  31 

CD27+ + 

377 4 
530530  285 
600 3 

4944 9 
222 1 

2233  28 
1577 8 

CirculatingCirculating CD27* NK cells have low direct cytotoxicity 

Wee next investigated whether CD27" and CD27+ NK cell subsets differed in their cytolytic 
function.. Killing of target cells by NK cells is in part accomplished by the coordinated release 
off cytotoxic granules containing perforin and granzymes, which induce apoptosis of the target 
cell.. CD27" NK cells contained high levels of these cytolytic molecules (86%  9% and 80%
5%,, resp.), in contrast to their CD27+ counterpart (48%  20% and 29%  8%, resp.) (Fig. 
3A).. This difference in expression of cytolytic mediators was reflected by a four-fold higher 
cytotoxicityy of sorted CD27" NK cells ex vivo towards the NK cells sensitive cell line K562 on 
aa per cell basis, compared with CD27+ NK cells (Fig. 3B). The difference between CD27~ and 
CD27++ NK cells is in accordance with previously published data since CD27" NK cells largely 
residee within the cytolytic CD56dim fraction [12]. 

TheThe phenotype and function ofNK cells is influenced by cytokines 
Too investigate whether the phenotype of NK cells could be influenced by cytokines, PBMCs 
fromm two donors were enriched for NK cells and sorted into CD27" (Fig. 4A, "CD27^, left 
panels)) and CD27+ NK cell fractions (Fig. 4A, "CD27*", right panels) of 99% and 90% purity 
respectively.. These sorted fractions were stimulated for 8 days with IL-15 or IL-21, since 
thesee cytokines are important for the generation and maintenance of NK cells [21-25]. 
Stimulationn with IL-15 of either CD27" or CD27+ sorted fractions resulted in high numbers of 
NKK cells (stimulation index (SI) 6), which were CD27" (Fig. 4B, thick line) and highly cytotoxic 
(dataa not shown). IL-15 stimulated cells had strongly upregulated the expression of CD56, 
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NKp444 and NKp46 (Fig. 4C, thick lines). By contrast, stimulation with IL-21 of either CD27" or 
CD27++ sorted fractions resulted in low numbers of NK cells (SI 1). A small fraction of sorted 
CD27"" NK cells expressed CD27 upon stimulation with IL-21 (Fig. 4B, thin line). IL-21 
stimulatedd cells expressed low levels of CD56, did not express NKp44 (Fig. 4C, thin lines), 
andd had low killing capacities in vitro (data not shown). Stimulation of CD27" and CD27+ 

sortedd fractions with a combination of IL-15 and IL-21 resulted in CD27 NK cells with an 
intermediatee phenotype regarding NKp44 and NKp46 expression (Fig. 4B & C, dotted lines). 
Thee expression of NKp44 and NKp46 was highest on the sorted CD27+ NK cells which were 
stimulatedd with IL-15 (Table 3). 

AA B 

perforin n granzymee B 

CD27--

CD27+ + 

FigureFigure 3 Circulating CD2T~ NK cells are highly cytotoxic directly ex vivo. (A) Detection of 
intracellularintracellular perforin and granzyme B in circulating CD2T (solid line) versus CD27* NK cells (dashed 
line).line). (B) Chromium release assay of K562 by sorted CD27' (closed squares) and CD27* (open 
squares)squares) NK cell fractions at different effector.target (E:T) ratios. Data shown are representative for 
fourfour donors. 

BlockingBlocking of CD27-CD70 interaction results in maintenance of CD27* NK cells 
Thee induction or downregulation of CD27 expression on NK cells might be the consequence 
off interaction with its ligand CD70 as has been observed for T cells [26]. CD70 was induced 
onn NK cells upon stimulation with IL-15, whereas NK cells stimulated with IL-21 did not 
expresss this molecule (Fig 5A). Blocking of CD27-CD70 interaction was performed by 
stimulationn of PBMCs with IL-15 in presence of a-CD70 mAb. As shown in Fig. 5B, addition 
off the blocking antibody resulted in a substantial proportion of CD27+ NK cells. Interestingly, 
blockagee resulted in a fraction of NKp44low NK cells in the most divided population (i.e. 
CFSE|0W)) (Fig. 5C). 

PhenotypicPhenotypic and functional changes induced by cytokines are reversible 
Too investigate whether NK cells have stable phenotypes, PBMCs were first stimulated with 
eitherr IL-15 (Fig. 6, "IL-15", left panels) or IL-21 (Fig. 6, "IL-21", right panels) for 8 days. Cells 
weree washed, split into two wells and subsequently stimulated for 5 days with either IL-15 or 
IL-21,, resulting in 4 different conditions of stimulation ("IL-15" + IL-15, "IL-15" + IL-21, "IL-21" 
++ IL-15, and "IL-21" + IL-21). As observed with stimulation of sorted NK cell subsets, 
stimulationn of total NK cells with "IL-15" + IL-15 resulted in CD27" NK cells only (Fig. 6A, left 
panels,, thick line) whereas stimulation with "IL-21" + IL-21 resulted in a substantial fraction of 
NKK cells that expressed CD27 (Fig. 6A, right panel, thin line). Remarkably, the 
downregulationn of CD27 after pre-stimulation with IL-15 was reversible by subsequent 
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stimulationn with IL-21 (Fig. 6A, left panel, thin line), and vice-versa (Fig. 6A, right panel, thick 

line).. Furthermore, the upregulation of NKp44 after pre-stimulation with IL-15 was reverted 

uponn subsequent stimulation with IL-21 (Fig. 6B, left panel, thin line), and vice-versa (Fig. 6B, 

rightt panel, thick line). Dotted lines indicate the expression of CD27, CD56, NKp44, and 

NKp466 after 8 days of pre-stimulation with either IL-15 (Fig. 6, left panels) or IL-21 (Fig. 6, 

rightt panels). The expression of NKp44 and NKp46 was highest on the cells continuously 

stimulatedd with IL-15 (Table 4). IL-15 seemed to promote NK cell proliferation and/or survival 

whereass IL-21 had opposing effects, resulting in stimulation indexes of 26, 8, 8, 0.5 for "IL-

15"" + IL-15, "IL-15" + IL-21, "IL-21" + IL-15, and "IL-21" + IL-21, respectively. NK cells 

continuouslyy stimulated with IL-15 showed the highest cytotoxic potential towards the NK cell 

sensitivee cell line K562 on a per cell basis, whereas NK cells stimulated continuously with IL-

211 had only low cytotoxic potential (Fig. 6C). Subsequent stimulation with the other cytokine 

resultedd in intermediate levels of cytotoxicity. The amount of cytotoxicity could not be 

correlatedd to the expression of perforin and granzyme B, since all activated cells had high 

intracellularr contents of these cytolytic mediators (data not shown). By contrast, the 

expressionn level of NKp44 seemed to have a relation with the levels of cytotoxicity observed 

(Tablee 4). 

AA "CD27-" "CD27+ + "CD27-" " "CD27* * 

CD27 7 

"CD27-- "CD27+ + 

NKp444 -

CD27" " 

IL-15 5 

IL-21 1 

IL-155 + IL-21 NKD466 -

FigureFigure 4 The phenotype and function of NK cells is influenced by cytokines. (A) Peripheral blood 
NKNK cells were sorted into CD2T (left panels) and CD27* fractions (right panels). (B) Expression of 
CD27CD27 upon stimulation of sorted CD27~ (left panels) and CD27* (right panels) fractions with IL-15 
(thick(thick lines), or IL-21 (thin lines) or a combination of these cytokines (dotted lines). (C) Expression of 
CD56,CD56, NKp44, and NKp46 upon stimulation of sorted CD27' (left panels) and CD27* (right panels) 
fractionsfractions with IL-15 (thick lines), or IL-21 (thin lines) or a combination of these cytokines (dotted lines). 
AllAll histogram plots are gated on CD3~CD56* NK cells. Data shown are representative for two donors. 
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TableTable 3 Expression of CD56, NKp44 and NKp46 on stimulated CD2T 
andand CD27* sorted NK cell fractions (MFI) 

CD56 6 
NKp44 4 
NKp46 6 

IL-15 5 
290 290 
267 7 
91 1 

'CD27" " 
IL-21 1 
69 9 
12 2 
41 1 

"CD27*" " 
IL-15 5 
487 7 
531 1 
205 5 

IL-21 1 
76 6 
21 1 
86 6 

Discussio n n 

Onlyy recently human NK cells were found to be functionally heterogeneous. This study 

showss that the TNF receptor CD27 is a marker for functionally distinct human NK cell 

subsets.. In contrast to most T cells, only a minority of circulating NK cells expressed CD27. 

NKK  cell subsets defined by CD27 overlap partially with subpopulations classified on basis of 

CD566 expression: the majority of CD27" NK cells were CD56d'm, whereas a large proportion 

off CD27+ NK cells were CD56br'9h'. Furthermore, the expression of activating and inhibitory 

NKK receptors as well as the expression of cytolytic proteins revealed that CD27 and CD27+ 

NKK cells are separate entities. 

AA c -O-CD70 +a-CD70 

IL-15 5 

IL-21 1 

CD70 0 

-- a-CD70 ++ a-
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FigureFigure 5 Blocking of CD27-CD70 interaction results in maintenance of CD27* NK cells. (A) 
ExpressionExpression of CD70 on NK cells stimulated with IL-15 (solid line) or IL-21 (dashed line). (B) Expression 
ofof CD27 on divided NK cells stimulated with IL-15 in absence (left panels), or presence (right panels) 
ofof a CD70 blocking antibody. Numbers indicate the percentage of CD27* NK cells. (C) Expression of 
NKp44NKp44 and NKp46 on divided NK cells stimulated with IL-15 in absence (left panels), or presence 
(right(right panels) of a CD70 blocking antibody. Numbers indicate the percentages of NKp44' and NKp46~ 
NKNK cells. The histogram and dot-plots are gated on CD3~CD56* NK cells. 

Substantiall numbers of CD56bri9ht NK cells have been detected in secondary lymphoid organs 

[19,27].. In analogy with T cell subsets, the circulating pool of NK cells may not reflect the 

distributionn of NK cell subsets in lymphoid organs, due to migration of specific subsets to 

thesee organs and inflamed tissue [28-30]. In fact, it has been proposed that the enrichment of 

CD56brightt NK cells in these organs might be a consequence of the expression of secondary 

lymphoidd homing markers such as CCR7 [15]. In line with the partial overlap between CD56-

andd CD27-defined subsets, significantly higher frequencies of CD27+ NK cells were found in 

secondaryy lymphoid organs (53%  14%), and in tonsils (38%  7%). The majority of these 

cellss were CD56bright. 
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Inn addition to distinctions in homing properties, phenotype and function of NK cells appear to 

bee modulated by the local cytokine environment. Stimulation of peripheral blood NK cells with 

IL-155 in vitro resulted in NK cells which largely resembled circulating CD27" NK cells in vivo, 

whereass stimulation with IL-21 in vitro resulted in NK cells with resemblance to circulating 

CD27++ NK cells. The balance between these cytokines may thus substantially contribute to 

thee phenotype of NK cells. IL-15 is a central cytokine for NK function regulating not only 

expansionn but also effector function. Concerning IL-21, studies in mice have revealed a more 

complexx role of this cytokine in regulating NK cells. Whereas IL-21 promotes cytokine 

productionn and cytotoxic activity of activated NK cells, it does not promote their survival and 

thereforee limits NK activity in vivo [31]. Our studies in the human system appear to confirm 

thatt IL-21 has no major effect on NK cell expansion and in addition indicate that the cytotoxic 

capacityy of the NK cells is reduced as a consequence of the downregulation of activating 

NCR.. Yet, recent studies in murine tumor models for melanoma and fibrosarcoma, have 

shownn that IL-21 gene therapy induced a potent, NK-dependent, anti-tumor effect in vivo 

[32].. Thus, it may be so that IL-21-stimulated NK cells require additional signals to expand 

andd acquire cytotoxic function. 
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pre-stimulated d 

IL-21 1 
pre-stimulated d 

-«-"IL-15"" + IL-15 
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IL-15 5 

IL-21 1 
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pre-stimulated d 

IL-21 1 
pre-stimulated d 

NKp46--

FigureFigure 6 Phenotypic and functional changes induced 
byby cytokines are reversible. PBMCs were pre-stimulated 
withwith IL-15 ("IL-15", left panels) or IL-21 ("IL-21", right 
panels)panels) for 8 days (dashed lines). These pre-stimulated 
cellscells were subsequently stimulated with IL-15 or IL-21, 
resultingresulting in four different conditions of stimulation ("IL-15" + 
IL-15,IL-15, "IL-15" + IL-21, "IL-21" + IL-15, and "IL-21" + IL-21). 
(A)(A) Expression of CD27 on IL-15 pre-stimulated NK cells 
subsequentlysubsequently stimulated with IL-15 (left panel, thick line) or 
IL-21IL-21 (left panel, thin line), and on IL-21 pre-stimulated NK 
cellscells subsequently stimulated with IL-15 (right panel, thick 
line)line) or IL-21 (right panel, thin line). (B) Expression of 
CD56,CD56, NKp44, and NKp46 on IL-15 pre-stimulated NK cells 
subsequentlysubsequently stimulated with IL-15 (left panel, thick line) or 
IL-21IL-21 (left panel, thin line), and on IL-21 pre-stimulated NK 
cellscells subsequently stimulated with IL-15 (right panel, thick 
line)line) or IL-21 (right panel, thin line). (C) Chromium release 
assayassay of K562 by IL-15 pre-stimulated ("IL-15", squares) or 
IL-21IL-21 pre-stimulated ("IL-21", circles) NK cells subsequently 
stimulatedstimulated with IL-15 (closed symbols) or IL21 (open 
symbols).symbols). Data shown are representative for two donors. 
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TableTable 4 Expression of CD56, NKp44 and NKp46 on pre-stimulated NK 
cellscells upon subsequent stimulation with IL-15 or IL-21 (MFI) 

IL-15prestimulatedd IL-21 prestimulated 
++ IL-15 + IL-21 + IL-15 + IL-21 

CD566 167 109 191 146 
NKp444 620 168 313 39 
NKp466 135 132 213 204 

Att this moment we do not know how CD27" and CD27+ NK cell subsets develop but different 
scenarioss can be envisaged. First, it could be that CD27" and CD27+ NK cells differentiate 
fromm a common CD27" NK cell precursor. This situation would resemble the expression of 
CD277 during B cell development. The expression pattern of homing receptors such as CCR7 
onn these early NK cells may direct the cells to different compartments, such as lymph nodes 
(CCR7++ NK cells) or tissue (CCR7- NK cells). Activation by the local cytokine environment in 
thee secondary lymphoid organs will induce CD27 expression resulting in NK cells residing at 
thesee sites. Second, all NK cells develop from a CD27* NK cell precursor. Analogous for 
whatt has been found on T cells, the interaction with CD70 will downmodulate CD27. Since 
CD700 is regulated by immune activation in vivo, the finding that the majority of NK cells within 
umbilicall cord lacks CD27 (data not shown) argues against this hypothesis. Third, CD27" and 
CD27++ NK cell subsets may be derived from different precursor cells. CD27" NK cells remain 
inn the periphery, whereas CD27* NK cells migrate to lymph nodes. Within the lymph nodes, 
CD27++ NK cells may interact with CD70 provided by activated dendritic cells (DC) or B cells 
[17,33].. On this interaction, CD27+ NK cells become activated and in this process may 
transientlyy downmodulate the expression of CD27 [34-36]. These activated CD27" NK cells 
thatt are then phenotypically indistinguishable from true CD27" NK cells may enter the 
circulationn and perform effector functions. Still, one could anticipate that on changing 
cytokinee stimulation or blocking CD70 these cells may re-acquire CD27 expression. In line 
withh this assumption we observed that a small, but reproducible, fraction of CD27" NK cells 
expressess CD27 upon culture in the presence of IL-21, or during IL-15 stimulation in the 
presencee of CD70 mAb. 

CD277 has been found on the majority of splenic murine NK cells and moreover the 
interactionn between CD27 and CD70 has been shown to promote NK cells activation both in 
vitrovitro and in vivo [34-36]. Still, the lack of murine markers of NK cell subsets hampers in vivo 
studiess on the generation, maintenance and migratory properties of these NK cell subsets 
[12].. The potential use of CD27 as a marker of NK cell subsets enables in vivo studies in 
mousee models and will greatly improve our knowledge on the generation, differentiation and 
migrationn of NK cell subsets. 
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