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most distant from the recently defined CD27 +  NK subpopula-
tion based on the reverse correlation of expression between 
CD6 and CD27, a marker associated primarily with CD56 bright  
NK cells. With respect to CD6 function on NK cells, direct CD6 
triggering did not result in degranulation but induced secre-
tion of cytokines (interferon- �  and tumor necrosis factor- � ) 
and chemokines [CXCL10 (IP-10), CXCL1 (GRO- � )]. Thus, CD6 
expression on peripheral NK cells marks a novel CD56 dim  
subpopulation associated with distinct patterns of cytokine 
and chemokine secretion.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Human natural killer (NK) cells comprise approxi-
mately 10–15% of all circulating lymphocytes. They are 
part of the innate immune system and play a critical role 
in the host defense against pathogens through produc-
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 Abstract 
 The CD6 scavenger receptor is known to be expressed on 
virtually all T cells and is supposed to be involved in costimu-
lation, synapse formation, thymic selection and leukocyte 
migration. Here, we demonstrate that CD6 is differentially 
expressed by a subpopulation of peripheral CD56 dim  natu-
ral killer (NK) cells and absent on CD56 bright  NK cells.
CD56 dim CD16 +  cells represent the major NK subset in the pe-
riphery, and most cells within this group are positive for CD6. 
Most killer immunoglobulin-like receptor- and immuno-
globulin-like transcript-positive cells also belong to the CD6 +  
subpopulation, as expected from their restricted expression 
on CD56 dim  NK cells. In addition, CD6 +  NK cells are similar to 
the newly identified CD94 low CD56 dim  NK subpopulation and 
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tion of cytokines and cytotoxicity. Human peripheral NK 
cells can be divided into 2 major subsets based on the cell 
surface density of CD56 (CD56 dim  and CD56 bright ), with 
each group displaying distinct phenotypic properties. 
This includes expression of the Fc �  receptor IIIa (CD16), 
which is present almost exclusively on CD56 dim  cells, as 
well as the expression of different repertoires of chemo-
kine receptors and adhesion molecules that foster differ-
ent migratory capacities  [1, 2] .

  In addition to distinct phenotypic features, these 2 NK 
subsets have also been associated with different effector 
functions, suggesting that they play different roles in im-
mune responses. The well-known view that CD56 dim 
NK cells are primarily responsible for cytotoxic activity, 
including CD16-mediated antibody-dependent cellular
cytotoxicity, is currently revisited due to the definition
of more NK subsets with different cytotoxic potential. 
Along this line, CD56 bright  NK cells are postulated to reg-
ulate immune responses primarily through their cyto-
kine production, for example by secretion of interferon 
(IFN)- �  after stimulation with interleukin (IL)-2, IL-12 
or IL-15  [3] . However, a sharp functional assignment of 
these 2 major phenotypes to cytotoxicity or cytokine se-
cretion seems to be too simplistic.

  Since their phenotypic characterization, it has been 
postulated that peripheral blood CD56 bright  and CD-
56 dim  NK cells represent 2 sequential stages of terminal 
NK cell maturation, albeit it is still under debate which 
phenotype represents the more differentiated state. It 
has been shown in several studies that CD56 bright  NK 
cells can differentiate into CD56 dim  NK cells  [4, 5] , but 
the reverse differentiation of CD56 dim  into CD56 bright  
cells has also been observed  [6] . Recently, the surface 
density of the C-type lectin receptor CD94 that forms 
heterodimers either with NKG2A or NKG2C was as-
signed to developmental stages in correlation with the 
CD56 bright/dim  NK subsets. The progression is postulated 
to occur in peripheral NK cells from CD94 high CD56 bright  
to CD94 high CD56 dim  and further to CD94 low CD56 dim  
NK cells  [7] . This phenotypical division of the CD56 dim  
subset is accompanied by a functional heterogeneity, 
whereby the CD94 high CD56 dim  NK cells share features 
of both subsets. 

  In the current study, we identified CD6, a type B scav-
enger receptor, as a surface marker that is differentially 
expressed on CD56 dim  NK cells. CD6 is primarily ex-
pressed on T cells and binds the activated leukocyte cell 
adhesion molecule, ALCAM (CD166)  [8, 9] . Microarray 
studies revealed CD6 mRNA expression in peripheral 
NK cells  [10] ; however, the actual pattern of CD6 protein 

expression in peripheral NK cells and its impact on func-
tion has not been reported to date. 

  With a detailed evaluation of the phenotype and func-
tion of peripheral blood NK cells, we could show here for 
the first time that CD6 defines a novel NK subpopulation 
within the CD56 dim  subset that comprises most of the 
killer immunoglobulin (Ig)-like receptor-positive (KIR + ) 
and Ig-like transcript-positive (ILT2 + ) NK cells. We found 
an inverse distribution of CD6 compared with CD62L 
and CD27, 2 recently described markers of NK cell sub-
populations  [11–13] . Moreover, there is a diminished ex-
pression of CD94 in the CD6 + CD56 dim  NK cells which 
indicates a correlation of this subset to the recently de-
fined CD56 dim CD94 low  NK cells that are postulated as the 
most differentiated NK cell stage  [7] . Direct CD6-medi-
ated triggering did not induce NK cell degranulation but 
resulted in secretion of pro-inflammatory cytokines and 
chemokines. Thus, the CD56 dim CD6 +  NK cells may play 
a particular role within the CD56 dim  subset in orchestrat-
ing the innate microenvironment.

  Material and Methods 

 Peripheral NK Cells 
 The collection of blood from healthy donors was approved by 

the local institutional review board of the Medical Faculty of the 
Ludwig-Maximilians University Munich and donors gave in-
formed consent. Peripheral NK cells were analyzed using fresh or 
cryopreserved peripheral blood mononuclear cells (PBMC) of 
healthy donors, following Ficoll separation, with or without pre-
stimulation with IL-2. Flow cytometric analysis of PBMC compo-
sition was performed in parallel with degranulation experiments 
and stimulation with plate-bound monoclonal antibodies (mabs). 
For some experiments, isolation of CD56 dim  and CD56 bright  NK 
cells was performed using MACS separation kits (Miltenyi, Berg-
isch Gladbach, Germany). For FACS sorting of NK cell fractions, 
PBMC were enriched for NK cells using an NK-negative isolation 
kit (Dynal; Invitrogen, Carlsbad, Calif., USA). Isolated NK cells 
were stained with CD6-FITC (MEM-98, Biozol), CD3-PerCP 
(clone SK7; Becton Dickinson, San Jose, Calif., USA) and CD56-
PE (clone NKH-1; Beckman Coulter, Fullerton, Calif., USA) 
mabs. Gates were first set for CD56 + CD3 –  NK cells and subse-
quently for the CD6 +  or CD6 –  subpopulations using a FACSAria 
(Becton Dickinson). Following sorting, NK subpopulations were 
directly used for isolation of mRNA, for stimulation with IL-2 or 
IL-15 or tested for cytotoxicity in 4-hour standard chromium re-
lease assays after a 24-hour resting time. 

  Stimulation of NK Cells via Plate-Bound Mabs 
 For the mab-specific stimulation of NK cells used to study de-

granulation or cytokine release, 96-well plates were coated with 
anti-mouse F(ab) 2  fragments, 20  � g/ml in borate buffer (0.05  M , 
pH = 8), overnight at 4   °   C. After 2 washing steps with PBS, second-
ary mabs against CD3 (clone OKT3; BioLegend, San Diego, Calif., 
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USA), CD6 clone MT-606 (IgG2b; Baxter, Unterschleißheim, 
Germany), clone MEM-98 (IgG1; BioLegend), clone BL-CD6 
(IgG1; BioLegend) or isotype control (clone MOPC21, IgG1; Sig-
ma, Deisenhofen, Germany) were added (10  � g/ml in PBS with 
1% FBS), incubated for 30 min at 4   °   C, followed by 2 washing steps 
with PBS. CD56 bright  or CD56 dim  NK cells (5  !  10 4  and 3  !  10 5 , 
respectively) were incubated for 48 h in 200  � l RPMI-1640, 1 m M  
sodium pyruvate, 2 m M   L -glutamine, non-essential amino acids 
(all from Gibco/Invitrogen/Life Technologies, Carlsbad, Calif., 
USA) 10% human serum and 100 U/ml IL-2 (Proleukin; Cetus, 
Emeryville, Calif., USA). The supernatant was harvested and an-
alyzed for cytokine content by the multiplex technology. To de-
termine degranulation, IL-2-activated PBMC were incubated 
with plate-bound mabs for 4 h without IL-2, and CD107a expres-
sion was analyzed on NK cells by flow cytometry after gating for 
CD56 + CD3 –  cells. For intracellular cytokine staining (ICS), 
PBMC were stimulated with plate-bound mab for 6 h with or 
without IL-2 (500 U/ml) and analyzed with the ICS staining pro-
tocol (see below). 

  Immunophenotyping of NK Cells 
 The following mabs were used for cell surface staining by 

multi-color flow cytometry: CD3-PerCP (clone SK7), CD6-PE 
(clone M-T605), LAIR-1-PE (clone DX26), CD62L-FITC (clone 
SK11), CD27-APC (clone L128), CD94-FITC (HP3D9), CD57-
FITC (clone NK-1; all from Becton Dickinson), NKG2D-PE (clone 
149810; R&D Systems, Minneapolis, Minn., USA), CD6-FITC 
(MEM-98; Biozol), CD16-FITC (clone 3G8), CD56-APC (clone 
NKH-1), CD94-PE (clone HP-3B1), NKG2A-PE (clone Z199), 
KIR2DL/S1-specific p58.1-PE (clone EB6), KIR2DL/S2,3-specific 
p58.2-PE (clone GL183), KIR3DL1-specific p70-PE (clone Z27.3.7), 
KIR2DS4-specific p50.3-PE (clone FES172), NKp30-PE (clone 
Z25), NKp44-PE (clone Z231), NKp46-PE (clone BAB281) and 
ILT2-PE (clone HP-F1; all from Beckman Coulter). Unlabeled 
CD6 mabs MEM-98, BL-CD6 and MT-606 were compared in 
combination with PE-labeled secondary goat  � -mouse mab. Un-
labeled mab against KLRG1 was kindly provided by H.P. Pircher 
(University Freiburg, Germany) and also used in combination 
with PE-labeled secondary goat  � -mouse mab. Isolated PBMC 
were incubated with mabs for 30 min on ice, washed with PBS with 
2.5% FBS and 0.1% sodium azide and fixed with PBS containing 
1% paraformaldehyde. Cells were analyzed using flow cytometry 
(FACSCalibur, LSRII or FACSAria; Becton Dickinson). Data were 
processed using CellQuest-Pro software 5.2.1 and FACSDiva soft-
ware 5.0.2 (Becton Dickinson) or FlowJo software (version 8.8.1–
8.8.4; Tree Star, Ashland, Oreg., USA). 

  Cytotoxicity and Degranulation Assays 
 NK cells were sorted according to their expression of CD56 

and CD6 and used as effector cells in standard 4-hour chromium 
release assays. After labeling with  51 NaCrO 4  for 60 min at 37   °   C, 
the target cells were incubated with NK cells in duplicate samples 
in 4-step titrations, starting with an effector to target cell ratio 
(E:T) of 10:   1. The supernatant was harvested after 4 h of coincu-
bation, and spontaneous as well as maximum release were used to 
calculate percentages of specific cytotoxicity using the following 
formula: % specific cytotoxicity = [(experimental cpm – sponta-
neous cpm)/(total cpm – spontaneous cpm)]  !  100. 

  Specific activation of NK cell subsets was quantified using a 
FACS-based CD107a degranulation assay. For this, PBMC were 

cultured for 48 h in RPMI-1640, 1 m M  sodium pyruvate, 2 m M   L -
glutamine, non-essential amino acids, 10% FBS and 500 U/ml 
IL-2 (Proleukin, Cetus). These prestimulated PBMC were incu-
bated for 4 h at 37   °   C with target cells (E:T = 1:   1) or specific plate-
bound mabs and 10  � l FITC- or PE-labeled CD107a mab (clone 
H4A3; Becton Dickinson) in a final volume of 200  � l. To detect 
spontaneous degranulation, samples without target cells were in-
cluded in every experiment. After 1 h of incubation, 5  � l monen-
sin [2 m M , in EtOH (50% v/v)/RPMI-1640; Sigma] were added to 
prevent quenching effects. After washing with PBS, counter-
staining of the NK cells was performed with CD3-PerCP (clone 
SK7), CD56-APC (clone NKH-1) and CD6-PE (clone M-T605) 
mabs. FACS data were analyzed using CellQuest-Pro and Diva 
software and quantified by applying Boolean mathematics. 

  The following human leukocyte antigen (HLA) class I nega-
tive target cells were used in cytotoxicity and degranulation as-
says: L721.221, K562 and Daudi. The HLA-E transfectant of K562, 
K562-E (clone 2B4), was generated as previously described  [14–
16] , and the expression of HLA-E was analyzed concomitant to all 
cytotoxicity analyses.

  Cytokine Detection in NK Cell Culture Supernatants 
 Cytokine and chemokine concentrations in supernatants of 

separated and mab-stimulated NK cells were quantified by mul-
tiplex protein arrays, according to the manufacturer’s instruc-
tions (BioRad Laboratories, Hercules, Calif., USA). A 2-laser array 
reader (Bio-Plex System; BioRad Laboratories) simultaneously 
quantifies all cytokines and chemokines of interest. Standard 
curves and concentrations were calculated with Bio-Plex Man-
ager 4.1.1 on the basis of the 5-parameter logistic plot regression 
formula. The detection sensitivity of all analytes was between 2 
and 10 pg/ml.

  Intracellular Cytokine Staining 
 For intracellular staining, PBMC were resuspended in PBS 

containing 2.5% FCS and 0.1% NaN 3  (staining buffer) and 
stained with directly labeled antibodies directed against CD56, 
CD3, CD16 or CD6 at 4   °   C. After 20 min, cells were washed once 
in staining buffer, fixed with 1.5% paraformaldehyde (Appli-
Chem, USA) for 5 min at room temperature and washed once 
again with staining buffer. To detect intracellular cytokines/
chemokines, cells were permeabilized with staining buffer con-
taining 0.05% saponin (Roth, Germany) for 5 min at room tem-
perature and finally incubated with anti-cytokine/chemokine 
antibodies IFN- � -PE (BD Pharmingen; clone B27, mouse IgG1), 
tumor necrosis factor (TNF)- � -Alexa Fluor 647 (BioLegend; 
clone MAb11, mouse IgG1) and CXCL10-PE (R&D Systems; 
clone 33036, mouse IgG1) for 20 min at room temperature. After 
1 washing step, cells were resuspended in staining buffer. The 
fluorescence was analyzed by flow cytometry as described 
above. Isotype-matched antibodies were used to control for non-
specific staining.

  Chemokine-Induced NK Cell Migration  
 PBMC (4  !  10 5 ) in 100  � l RPMI-1640 supplemented with

1 m M  sodium pyruvate, 2 m M   L -glutamine, non-essential amino 
acids and 0.5% BSA (Roth) were placed in the upper chamber of 
24-well Transwell plates with 5- � m pores (Costar, Cambridge, 
Mass., USA). The following recombinant chemokines were placed 
into the lower chamber in a volume of 600  � l of the same migra-
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tion medium at a concentration of 100 ng/ml: CXCL10, CCL5, 
CXCL12, CXCL1 or CXCL8 (Immunotools, Germany). After in-
cubation at 37   °   C for 4 h, cells that migrated into the lower cham-
ber were harvested and stained with antibodies directed against 
the cell surface markers CD56, CD3, CD16 and CD6, as described 
above. To quantify the number of migrated cells, 30  � l 100 !  
prediluted BD TM CompBeads were added to each sample directly 
before flow cytometry. 5,000 events were acquired in the bead gate 
in order to determine the cell number in each sample. The mi-
grated cells were calculated according to the background, i.e. cells 
migrating randomly in medium alone, which results in the migra-
tion index (x-fold increase). All conditions were performed in 
triplicates ( 8 SEM). 

  CD6 Gene Expression of Sorted NK Cell Fractions  
 RNA from sorted NK cell subpopulations was isolated using 

the RNeasy kit (Qiagen, Hilden, Germany) following the manu-
facturer’s protocol. Total RNA (1  � g) was reverse transcribed uti-
lizing the AffinityScript QPCR cDNA Synthesis kit (Stratagene, 
La Jolla, Calif., USA). Amplification of CD6 transcripts was per-
formed by RT-PCR on a LightCycler (LC) instrument (Roche, Ba-
sel, Switzerland) using the LC FastStart DNA Master Plus  SYBR 
Green I kit using 1  � l of template cDNA and 10 pmol of each 
primer. CD6 forward primer 5 � -TCTGTCCACTCCCGAAGTCC-
3 �  and CD6 reverse primer 5 � -GATGGTGGTGGGTAGGTGCT-
3 �  annealed to positions 5 � 1326 to 3 � 1558 (NCBI NM_006725.3) 
and yielded a product of 232 bp. From each fraction, a control was 
performed with the 18S rRNA housekeeping gene, amplified with 
the following primers: 18S forward primer 5 � -CGGCTACCAC-
ATCCAAGGAA-3 �  and 18S reverse primer 5 � -GCTGGAATTA-
CCGCGGCT-3 �  (187 bp). LC-PCR conditions used an initial de-
naturation at 95   °   C for 10 min followed by 35 cycles at 95   °   C for
0 s, annealing at 58   °   C for 25 s and elongation at 72   °   C for 25 s, fol-
lowed by standard gel electrophoresis. 

  Statistics 
 For statistical evaluation, the GraphPad PRISM 5 software was 

utilized. The unpaired t test and, for non-parametric data sets, 
Mann-Whitney U statistical tests were applied, respectively. 

  Results 

 CD6 Differentiates Subpopulations of Peripheral
NK Cells 
 Peripheral NK cells of 17 healthy donors were ana-

lyzed by flow cytometry for the expression of CD6, in 
combination with CD16 and CD56, whereby 3 CD6-spe-
cific mabs gave identical results (online suppl. fig.  1A, 
www.karger.com/doi/10.1159/000322720). As expected, 
the majority of CD56 dim  NK cells expressed high levels
of CD16 (Fc �  receptor III), whereas CD56 bright  cells
expressed little or no CD16 ( fig.  1 a, c). Interestingly,
CD6 was differentially expressed on a fraction of
CD56 dim  cells, with a significantly higher percentage of 
CD56 dim CD6 +  compared with CD56 dim CD6 –  NK cells

(p  !  0.0001;  fig. 1 ), whereas only a few CD56 bright  cells 
were CD6 +  ( fig. 1 a, c). Thereby, CD6 delineated 2 groups 
of NK cells: 71.7% were CD6 +  (70.5  8  11.7% CD56 dim , 1.2 
 8  0.8% CD56 bright ) and 28.3% were CD6 –  (22.9  8  10.3% 
CD56 dim , 5.4  8  2.2% CD56 bright ;  fig.  1 c). Accordingly, 
CD56 dim CD16 + CD6 +  cells represent the main NK cell 
subpopulation in the periphery. In sorted CD6 – CD56 dim  
NK cells (subset B), it was not possible to induce CD6 ex-
pression in vitro within 5 days of culture in the presence 
of IL-2 or IL-15, whereas CD6 expression on sorted 
CD6 + CD56 dim  NK cells remained stable after cytokine 
stimulation (online suppl. fig. 2A). In CD16 positively se-
lected NK cells, the CD6 + CD16 + CD56 dim  NK cells (sub-
set A) decreased but did not develop into the CD56 bright  
NK cells following cytokine stimulation (online suppl. 
fig. 2B). Instead, CD16 – CD56 low CD6 low  NK cells expand-
ed within 8 days, indicating that this CD16-based posi-
tive selection procedure is followed by downmodulation 
of several receptors within 2 days in the presence of cyto-
kines.

  NK-Associated Surface Markers Vary on CD56 dim  
Subsets Differentiated by CD6 
 Due to the very small number of CD56 bright CD6 +  NK 

cells, they were not considered further as a distinct NK 
cell subpopulation. Therefore, phenotyping for CD6 in 
combination with CD56 divided peripheral NK cells
into 3 fractions, with a majority of NK cells being
CD56 dim CD6 +  (fraction A), followed by CD56 dim CD6 –  
(fraction B) and CD56 bright CD6 –  (fraction C) cells ( fig. 1 a, 
right panel). While the numbers of NK cells in each frac-
tion varied among healthy donors (e.g. donors I–III), the 
distinction of the 3 groups could be easily made in each 
sample ( fig. 1 b). Based on this gating strategy, the 3 frac-
tions were compared for expression of a variety of NK-
associated markers ( fig. 2 ; online suppl. table 1). Analysis 
of the density of CD94 expression revealed that all
CD56 bright CD6 –  NK cells were highly positive for this 
marker, whereas a slightly lower expression was observed 
for CD56 dim CD6 –  NK cells, which was further decreased 
on the CD56 dim CD6 +  NK cell fraction (p  !  0.0001 for 
each comparison;  fig. 2 a, b). This pattern nicely correlates 
with the NKG2A expression, the heterodimeric partner 
of CD94 (p  !  0.0001 for each;  fig. 2 a, b). A similar varia-
tion in density was seen for the activating NKG2D recep-
tor, which was also reflected in higher expression levels 
on CD56 bright CD6 –  NK cells. The inhibitory LAIR-1 re-
ceptor that interacts with collagen  [17]  was uniformly ex-
pressed on essentially all NK cells. The 3 members of
the natural cytotoxicity receptor family of activating re-
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ceptors were distributed almost equally within the 3
fractions. As expected, most NK cells stained positively 
for the constitutively expressed receptors, NKp46
and NKp30, irrespective of CD6 expression ( fig.  2 c).
The greatest difference was observed between the
CD56 bright CD6 –  and the CD56 dim CD6 +  NK subset, 
whereby the CD56 bright  NK fraction expressed NKp46 
and NKp30 at higher densities. As expected for non-acti-
vated NK cells, all fractions were essentially negative for 
the NKp44 receptor, whose expression is only upregu-
lated following cytokine stimulation  [18, 19] . Only the 
CD56 bright CD6 –  subset showed some NKp44 expression 
(10.4%) which was also observed for the CD94 high CD-
56 bright  fraction  [7] .

  The lymphocyte homing receptor CD62L, which is 
important for migration and adhesion, was most preva-
lent on CD56 bright CD6 –  cells, but only expressed by lower 
percentages of the other 2 NK cell fractions ( fig.  2 d). 
CD27, a TNF receptor family member that was recently 
shown to distinguish NK subpopulations with differ-
ent functions  [11]  was expressed by about 80% of
CD56 bright CD6 –  cells, whereas basically no expression 
was detected on CD56 dim CD6 +  NK cells ( fig. 2 d). In con-
trast, KLRG1 was equally high expressed on population 
A (CD6 + CD56 dim , 77%) and B (CD6 – CD56 dim , 74%) NK 
cells but only found on a small proportion of
CD6 – CD56 bright  NK cells ( fig. 2 d). A different distribu-
tion could be detected for CD57, a marker that was re-
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  Fig. 1.  CD6 is differentially expressed on CD56 dim  NK cells.
 a  Peripheral NK cells (gated on CD56 + CD3 –  cells) are divided
into 2 major subsets according to the density of their CD56 and 
CD16 expression, i.e. CD56 bright CD16 –  and CD56 dim CD16 +/–  NK 
cells. CD6 expression further subdivides CD56 dim  NK cells into 
CD56 dim CD6 +  (fraction A) and CD56 dim CD6 –  (fraction B) sub-
populations; CD56 bright  NK cells are CD6 –  (fraction C). Data are 
representative for 1 of 17 healthy donors.  b  The distributions of 
CD6 +  and CD6 –  NK cells show donor-specific variations. Exam-

ples of NK cells in PBMC of 3 donors (I–III) demonstrate the varia -
bility in CD6 and CD56 expression with increasing numbers of 
CD56 dim CD6 +  cells.  c  CD56 dim CD6 + CD16 +  NK cells dominate 
the peripheral NK cell repertoire. NK cells of 17 healthy donors 
were examined for CD16, CD56 and CD6 expression. The com-
bined expression of these markers is given as percentages of all 
CD3 – CD56 +  NK cells. Each data point indicates 1 donor, and the 
median values are depicted as black bars. 
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cently described in the context of NK cell maturation/
differentiation  [20, 21] . CD57 was significantly higher ex-
pressed on subset A (39%) than on subset B (14%) and 
absent on subset C ( fig. 2 d). This pattern is similar to KIR 
and ILT that are expressed primarily on CD56 dim  NK 
cells  [2] . Therefore, we analyzed the distribution of KIR +  
and ILT2 +  NK cells in all NK cell fractions. Variable
but prevalent expression of KIR and ILT2 was found on 
CD56 dim CD6 +  cells, followed by CD56 dim CD6 –  cells, 
while essentially no expression was seen on CD56 bright 
CD6 –  cells ( fig. 2 e). 

  CD6 Transcript Expression Correlates with Surface 
Phenotype 
 To assess the status of CD6 expression at the transcript 

level, NK cells were enriched from PBMC and then sorted 
by flow cytometry to yield the 3 fractions CD56 dim CD6 +  
(subset A), CD56 dim CD6 –  (subset B) and CD56 bright CD6 –  
(subset C). The sorting gates were stringently defined to 
avoid contamination with cells falling in the border re-
gions ( fig.  3 a). Recovered cells were analyzed for CD6 
transcripts by qRT-PCR, using the 18S rRNA housekeep-
ing gene as a quantitative and qualitative control ( fig. 3 b, 
upper panel). CD6 transcripts were present in the starting 
PBMC (lane I) as well as in the NK-depleted cell fraction 
(lane II;  fig. 3 b, lower panel). These results were expected 
since CD6 is expressed by T lymphocytes. CD6 tran-
scripts were also present in NK-enriched cells (lane III) 
that contained all NK cell fractions. When the 3 NK frac-
tions were compared after sorting, CD6 transcripts were 
only detected in fraction A that comprised the CD56 dim 
CD6 +  NK cells ( fig. 3 b, lower panel). Several CD6 splice 
variants in extracellular and cytoplasmic domains have 
been described for T cells  [22, 23] . In freshly isolated as 
well as in IL-2-activated NK cells, these splice variants 
were also detected, suggesting a similar CD6 mRNA reg-
ulation in T and NK cells (online suppl. fig. 1B). Thus, 
CD6 transcript expression directly correlated with CD6 
surface phenotype. These results also demonstrated that 
the sorting procedure allowed the 3 NK fractions to be 
cleanly isolated for further functional studies. 

  Cytotoxic Capacity of NK Cell Subsets Correlates with 
the CD56 dim  Phenotype, but Not with CD6 Expression 
 Sorted NK cell fractions isolated by the gating strategy 

described in  figure 3 a were analyzed without prior activa-
tion for their cytotoxic activity directed against HLA 
class I negative K562 target cells. A transfectant line of 
K562 expressing HLA-E (K562-E) was tested in parallel 
to assess the capacity of the isolated NK cells to respond 

to inhibitory signals via their NKG2A/CD94 receptors, 
which were present on substantial numbers of all 3 NK 
fractions ( fig.  2 b). Cytotoxic activity was assessed in a 
standard 4-hour chromium release assay. Sorted NK cells 
were rested in medium for 24 h prior to the assay. Rep-
resentative data of 2 unrelated healthy donors, whose
NK cells varied somewhat in maximum activity levels, 
showed the same general pattern ( fig. 3 c). Both fractions 
of CD56 dim  NK cells lysed K562 cells, irrespective of
their CD6 expression. Both fractions also responded to 
NKG2A/CD94-mediated inhibitory signals, as shown by 
the strong resistance of K562-E target cells to NK-medi-
ated cell lysis. As expected, CD56 bright CD6 –  cells showed 
no or low cytotoxic activity which, when detected, was 
also completely inhibited by HLA-E. 

  CD6 Does Not Influence Degranulation of Activated 
NK Cells  
 The direct cytotoxicity assays were performed using 

freshly isolated NK cells without preactivation with IL-2. 
To determine if activation would alter these functional 
patterns, CD107a degranulation assays were performed 
using IL-2-stimulated NK cells. Degranulation was mea-
sured by flow cytometry via detection of CD107a present 
on the NK cell surface after 4-hour coincubation with 3 
target cells, K562, L721.221 and Daudi. Costaining with 
CD56 and CD6 allowed separate evaluation of the 3
NK fractions as outlined in  figure 4 a, b. Data from 1 rep-
resentative analysis of 13 donors is shown in  figure 4 a,
b, wherein sequential gating was applied first to all 
CD56 + CD3 –  NK cells and subsequently combined with 
CD6 expression ( fig. 4 a) or CD56 intensity ( fig. 4 b). NK 
cells of all gated populations, including the CD6 +  and 
CD6 –  fractions as well as the CD56 dim  and CD56 bright  
subsets, showed degranulation upon incubation with any 
of the 3 target cells. The degranulation patterns for the 13 
healthy donors are summarized in  figure 4 c and reveal 
that the distinction of CD56 dim  NK cells on the basis of 
CD6 expression had no statistically significant impact on 
degranulation against these 3 target cells (p  1  0.2). Fur-
thermore, the comparison of the target cells indicated no 
significant impact through expression of the CD6 ligand 
ALCAM (CD166) on degranulation of CD6 +  versus
CD6 – NK cell fractions. This was shown by the detec-
tion of comparable levels of CD107a expression by both 
CD56 dim CD6 +  and CD56 dim CD6 –  subsets after activa-
tion through ALCAM +  (Daudi, L721.221) and ALCAM –  
(K562) target cells.

  The lack of impact of CD6 on degranulation was fur-
ther supported by the finding that direct stimulation of 
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  Fig. 2.  Extended phenotype of CD6 +  and CD6 –  NK cell subpopu-
lations. Expression of NK-associated markers was analyzed on the 
3 NK cell fractions classified by CD6 and CD56 expression, as de-
picted in figure 1.  a  Expression of CD94 and NKG2A in the 3 NK 
subsets A–C defined by CD6 of 1 representative donor. The per-
centages of highly positive cells are indicated.  b  Expression of C-
type lectin family members CD94 (n = 13), NKG2A (n = 22), 
NKG2D (n = 10) and LAIR-1 (n = 10). Since these receptors are 
present on virtually all NK cells, the mean values represent cells 
with high receptor density. For statistics, the unpaired (2-sample) 
t test was applied. CD94 and NKG2A, p  !  0.0001 (for each com-
parison); NKG2D, p  !  0.0074 (CD56 bright CD6 –  vs. CD56 dim CD6 – , 
p  1  0.05); LAIR-1, p  1  0.05.  c  Expression of the 3 natural cytotox-
icity receptors. Since virtually all NK cells are positive for NKp46 
(n = 13) and NKp30 (n = 13), the data represent the mean values 
of NKp46 bright  and NKp30 bright  NK cells. NKp46, p  !  0.01; NKp30, 
p  !  0.02 (CD56 bright CD6 –  vs. CD56 dim CD6 – , p  1  0.05); NKp44,
p  !  0.0095.  d  Expression of CD62L (n = 6), CD27 (n = 5), KLRG1 
(n = 4) and CD57 (n = 13) that are differentially expressed by NK 
subsets A–C. CD62L, p  !  0.04; CD27, p  !  0.0005; KLRG1, p  1  0.48 
(CD56 dim CD6 +  vs. CD56 dim CD6 – ) and p  !  0.03 (CD56 dim  CD6 +  
or CD6 –  vs. CD56 bright ), and CD57, p  !  0.007 (for each compari-
son).  e  Expression of KIR (n = 11–22) and ILT2 (n = 12), which are 
predominantly present on CD56 dim  NK cells and, within this sub-
set, found on greater percentages of CD6 +  cells. KIR2DL/S1, 
KIR2DL/S2,3 and KIR3DL1, p  !  0.02; KIR3DL1 CD56 dim CD6 +  
versus CD56 dim CD6 – , p = 0.053; KIR2DS4, p  1  0.05; ILT2, p  !  
0.0023. Bars indicate the mean percentages of highly positive NK 
cells within each fraction ( 8 SEM). The percentages of positive 
cells and the numbers of analyzed donors for each marker are de-
picted in online supplementary table 1. 
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the CD6 receptor on NK cells with plate-bound mab 
(clone MT-606) did not induce CD69 upregulation (data 
not shown) or degranulation by CD56 dim  cells which har-
bored the major fraction of CD6 +  NK cells ( fig. 4 d; online 
suppl. fig. 3). In contrast, both CD56 bright  and CD56 dim  
NK cell subsets showed strong degranulation after mab-
mediated triggering of activating receptors like CD16, 

NKp46 and NKp30, whereas weak degranulation was
observed following stimulation via NKG2D, 2B4 and 
DNAM-1. NKG2C and NKp80 triggering did not in-
duce degranulation. A possible coactivating function
of CD6 regarding degranulation could be excluded since 
no increased CD107a surface levels were observed on
CD56 bright  or CD56 dim  NK cells following stimulation of 
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  Fig. 3.  CD6 transcripts are only detected in the CD56 dim CD6 +  NK 
subset and CD6 expression is irrelevant for cytotoxicity. Enriched 
NK cells were sorted by flow cytometry and the subpopulations 
were analyzed for CD6 transcripts.  a  According to the 3 NK cell 
fractions defined in  figure 1 a, the FACS sorting gates were set to 
avoid cross-contamination among the sorted subpopulations.
 b  Analysis of CD6 transcripts by qRT-PCR. The housekeeping gene 
18S rRNA served as a control for mRNA quantity and quality, 
whereas H 2 O served as a negative control. Lane I shows PBMC be-
fore NK isolation, lane II shows the NK cell-depleted fraction con-
taining monocytes, T and B cells, and lane III shows enriched NK 
cells, including the 3 NK cell fractions. Lanes marked A, B and C 
show CD6 transcript expression for the respective NK cell frac-

tions. CD6 transcripts are only amplified in fraction A, whereas 
they are missing in fractions B and C which correlates with the 
missing surface expression on the NK cell fractions as depicted in 
figure 1.                  c  Cytotoxic activity of the 3 NK cell fractions against K562 
and K562-E target cells. NK cells of 2 donors were sorted into 3 frac-
tions according to the gating strategy shown in figure 3a and ana-
lyzed in standard chromium release assays for their cytotoxic po-
tential against the HLA class I negative cell line K562 ( $ ) and the 
HLA-E transfectant K562-E ( [ ). We show the percentage of spe-
cific lysis of the target cells in 4-step titrations (E:T) mediated by 
the CD56 dim CD6 + , CD56 dim CD6 –  and C 56 bright CD6 –  NK cell frac-
tions, respectively.                                                                    



 Braun et al. J Innate Immun 2011;3:420–434428

these activating NK receptors in the presence of CD6 mab 
( fig. 4 d, black bars) compared with stimulation of the var-
ious activating receptors alone ( fig. 4 d, white bars).

  CD6 Stimulation Contributes to Cytokine and 
Chemokine Profiles of NK Subsets  
 Since CD6 expression on CD56 dim  NK cells did not 

influence degranulation and direct cytotoxicity, it was 
of interest to determine the role of CD6 expression re-
garding cytokine and chemokine secretion. An enrich-
ment of CD6 +  NK cells by FACS sorting requires stain-
ing with CD6 mab, and this procedure alone could mod-
ulate cytokine or chemokine secretion. To avoid this, 

CD56 dim  NK cells were isolated from fresh PBMC sam-
ples using negative isolation procedures that left the 
populations of interest untouched, whereby the result-
ing NK cell fractions contained  1 60–80% CD6 +  NK 
cells. In order to investigate direct CD6-mediated cyto-
kine and chemokine production, CD56 dim  NK cells were 
stimulated with CD6-specific plate-bound mab (MT-
606) for 48 h in the presence of 100 U/ml IL-2. In addi-
tion to isotype control mab, a CD3-specific mab was in-
cluded to measure potential activation of the small per-
centage of residual T cells present in the separated NK 
cell fractions ( ! 3%, data not shown). In isolated T cells, 
stimulation of CD6 was unable to induce higher cyto-
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  Fig. 4.  Degranulation of NK cells is independent of CD6 expres-
sion and not induced by direct CD6 receptor stimulation.
     a–d  Preactivated PBMC (500 U/ml IL-2, 48 h) were incubated with 
3 different HLA class I negative target cells ( a–c ) or mabs against 
various activating NK receptors in combination with mab against 
CD6 (MT-606) or isotype control mab ( d ). The HLA class I nega-
tive target cells showed different expression of the CD6 ligand 
ALCAM (CD166): ALCAM           +  (Daudi, L721.221) and ALCAM –  
(K562; data not shown). Degranulation of NK cells was assessed 
by CD107a expression in the CD3 – CD56 +  NK cell subpopulation. 
     a ,  b  CD107a expression on CD3     – CD56 +  NK cells of PBMC of 1 
representative donor in correlation with their CD6 expression (                         a ) 
and their CD56       dim/bright  phenotypes (                   b ), respectively. NK cells 
were incubated for 4 h with or without (w/o) target cells as nega-
tive control. Numbers indicate the percentages of NK cells in each 
quadrant.  c  Summary for NK cells of 13 healthy donors assessed 

for degranulation against these target cells. Depicted are the mean 
values of CD107a-positive cells for each NK cell fraction, calcu-
lated as percentages of total NK cells. The wide standard devia-
tions reflect donor-specific variations in the overall NK cell de-
granulation potential (p      1  0.2 for each combination, Mann-Whit-
ney U test).  d  Degranulation of preactivated NK cells gated on 
CD56 bright  and CD56 dim  NK cells after 4 h of stimulation with 
receptor-specific mabs, with or without CD6. CD107a-positive 
NK cells are shown as percentage of all NK cells. The isotype con-
trol (grey bar) indicates the background of spontaneously degran-
ulating (CD107a-positive) NK cells. White bars indicate stimula-
tion with the receptor-specific mab in combination with isotype 
mab, and black bars show simultaneous stimulation of activating 
receptors in combination with CD6. We show 1 of 2 representative 
examples for coactivation analysis, and mab stimulation of CD6 
receptor alone was performed with      1 5 donors.     
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  Fig. 5.  CD6-mediated stimulation induces cytokine and chemo-
kine secretion and CD6 +/–  NK cells have different migratory ca-
pacities towards chemokines.    a  Enriched CD56               dim NK cells (com-
prised of        1 60% CD6           +  cells) of 3 healthy donors (I–III) were stim-
ulated with plate-bound specific mab against CD6 (clone MT-606, 
black bars) for 48 h in the presence of 100 U/ml IL-2. Isotype con-
trol mab (white bars) was included to detect spontaneous cytokine 
secretion, and CD3-specific mab (grey bars) served as an internal 
control for T-cell stimulation to assess activation of residual T 
cells (           ! 3%, data not shown). Stimulation was performed with 5                                                                    !  
10 4  (I) and 3  !  10 5  (II and III) CD56 dim  NK cells, respectively, and 
the supernatant was analyzed by the multiplex technology. Con-
centrations of cytokines IFN- � , TNF- � , granulocyte macrophage 
colony-stimulating factor (GM-CSF), macrophage colony-stimu-
lating factor (M-CSF) and chemokines CCL5, CXCL10, CXCL9, 
CXCL1, CXCL12 and CXCL8 are depicted in pg/ml.  b  Intracel-

lular staining of IFN- �  (upper panel) and TNF- �  (lower panel) 
following 6 h of stimulation via isotype mab MOPC21, CD6 mab 
(MT-606) or PMA/ionomycin (PMA/iono) with (right panel) or 
without (left panel) IL-2 (500 U/ml). The percentages of IFN- �  or 
TNF- � -positive NK cells were calculated for NK subsets A–C 
upon gating on CD3 – CD56 +  NK cells.  c  Migration of NK cell sub-
sets towards chemokines was assessed in transwell experiments 
using 100 ng/ml for each chemokine or medium with 0.5% BSA 
with or without FBS as reference in the lower chamber. After 4 h, 
cells were harvested in the lower chamber and stained for CD56 
and CD6; cell numbers were adjusted by counting 5,000 beads, 
and the medium/BSA control was set as migration index of 1 for 
each NK subset (A–C). According to these background migration 
values, the numbers of migrating cells in response to the chemo-
kines are expressed as an x-fold migration index. 
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kine levels than stimulation of CD3 (not shown). Sev-
eral cytokines and chemokines were quantified in the 
supernatant using the protein multiplex technology. 
The results of 3 donors (I–III) are shown in  figure 5 a. 
Stimulation via CD6 induced strong secretion of IFN- �  
and weak secretion of TNF- �  as well as production of 
several chemokines, like CXCL10 (IP-10), CXCL9 (MIG), 
CXCL1 (GRO- � ), CXCL12 (SDF-1 � ) and CXCL8 (IL-8) 
at levels above the isotype and CD3 background control. 
Interestingly, secretion of CCL5 (RANTES) was induc-
ible by IL-2 and could be enhanced by additional CD6 
triggering in some donors (online suppl. fig. 4A). A di-
rect comparison of 3 CD6-specific mabs with or without 
IL-2 revealed that MT-606-mediated stimulation result-
ed in a more effective secretion of IFN- �  and TNF- �  
compared with the other 2 mabs, MEM-89 or BL-CD6 
(online suppl. fig.  4A). In general, addition of IL-2 
strongly supported CD6-mediated cytokine secretion. 
To demonstrate the capability of CD6 to trigger cyto-
kine and chemokine production directly, we performed 
ICS for IFN- � , TNF- �  and CXCL10 (IP-10). Low 
 percentages of spontaneously IFN- � -producing NK 
cells were detected in subsets A (CD6 + CD56 dim ) and B 
(CD6 – CD56 dim ) but not in subset C (CD6 – CD56 bright ) in 
unstimulated NK cells after 6 h of incubation with iso-
type control mab (MOPC21;  fig. 5 b). Triggering of CD6 
via mab MT-606 slightly increased the number of IFN-
 �  +  NK cells in subset A, especially in the presence of IL-
2. In contrast, unspecific stimulation with phorbol my-
ristate acetate (PMA)/ionomycin induced high numbers 
of IFN- �  +  NK cells in all 3 NK cell subsets. Generally, 
lower numbers of TNF- � -producing NK cells were ob-
served even with PMA/ionomycin stimulation. Howev-
er, CD6 stimulation with mab MT-606 induced TNF- �  
exclusively in the CD6 + CD56 dim  subset A in a less IL-2-
dependent manner compared with IFN- � . Since CXCL10 
(IP-10) represents a classical downstream target of the 
IFN pathway, it was expected that direct stimulation via 
CD6 or even with PMA/ionomycin would not be able to 
induce CXCL10 in any NK cell subset (online suppl. 
fig. 4B). However, some CXCL10 (IP-10) +  NK cells could 
be detected in CD6 + CD56 dim  NK cells (subset A) after
6 h of stimulation with CD6 mab in the presence of IFN, 
which strongly supported an IFN-dependent pathway 
for the production of CXCL10 (IP-10) in CD6 +  NK cells.

  Finally, we investigated the migratory behavior of the 
NK subsets A–C in response to the chemokines which are 
produced by NK cells themselves ( fig.  5 c). Within 4 h, 
migration of CD6 – CD56 bright  NK cells (subset C) was in-
duced by the CXCR3 ligand CXCL10 (IP-10) and to

a lesser extent by the CCR5 ligand CCL5 (RANTES), 
which nicely confirms published data on CXCR3 and 
CCR5 expression by the CD16 – CD56 bright  NK cell subset. 
In contrast, CXCL12 (SDF-1 � ) induced migration
of CD6 + CD56 dim  (subset A) and CD6 – CD56 bright  (subset 
C) NK cells but not CD6 – CD56 dim  (subset B) NK cells, 
indicating that CD6 may also serve as a marker for
CD56 dim  NK cells with a different migratory capacity. In-
terestingly, neither of the 2 CXCR1/2 ligands CXCL1 
(GRO- � ) or CXCL8 (IL-8) was able to induce migration 
of CD56 dim  NK cells, although both CD56 dim  subsets are 
reported to express the respective chemokine receptor  [1] . 

  Discussion 

 Peripheral human NK cells can be divided into 2 ma-
jor subsets by their expression density of CD56, giving 
rise to CD56 dim  and CD56 bright  cells, which are associated 
with different functions. Here, we could show that the 
CD56 dim  subset can be further subdivided by the expres-
sion of CD6 which is accompanied by a functional differ-
ence in cytokine/chemokine secretion. Within peripher-
al CD56 dim  NK cells of healthy donors, a significantly 
greater NK fraction was CD6 + , reaching a mean value of 
70.5%. The donor-specific variation in the percentage of 
CD6 +  cells is independent of freezing/thawing proce-
dures. In stringently sorted cells, CD6 transcript expres-
sion correlated with surface receptor expression, since 
CD6 transcripts were not detected in NK cells with
the CD56 dim CD6 –  phenotype, nor were they found in 
CD56 bright  cells. In activated human T cells, different 
CD6 splice variants have been reported, whereby either 
the ALCAM-binding SRCR3 domain (exon 5) and/or cy-
toplasmic regions (exons 8 and/or 9 and 12) are deleted 
 [22, 23] . Upon T-cell activation, the full-length CD6 
mRNA is replaced by these splice variants. This alteration 
was also detectable in NK cells in which the full-length 
mRNA dominated in freshly isolated NK cells and de-
creased substantially upon IL-2 activation, whereby 
shorter amplicons appeared (online suppl. fig. 1B). This 
observation indicates a similar activation-dependent 
mRNA regulation of CD6 in human T and NK cells. 
These splice variants could not be distinguished at the 
surface since all available CD6-specific mab bind to the 
SRCR1 domain that is present in all isoforms carrying a 
transmembrane region  [24] .

  Thus, both surface phenotype and molecular analysis 
allowed 3 NK fractions to be defined on the basis of
CD6 expression and density of CD56 molecules:
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CD56 bright CD6 – , CD56 dim CD6 –  and CD56 dim CD6 + . A 
similar expression pattern was recently shown for the C-
type lectin receptor CD94 by the group of Caligiuri et al. 
 [7] , who demonstrated the existence of 3 peripheral NK 
subpopulations, CD56 bright CD94 high , CD56 dim CD94 high  
and CD56 dim CD94 low . It was speculated that the
CD56 dim CD94 high  fraction represents the phenotypic and 
functional intermediate in the differentiation process 
from CD56 bright CD94 high  to CD56 dim CD94 low  NK cells. 
Our analysis of the 3 NK subsets defined by CD6 revealed 
a correlation with the distribution based on the NKG2A/
CD94 expression. NKG2A/CD94 was present at high 
density on virtually all CD56 bright CD6 –  and at a signifi-
cantly lower density on CD56 dim CD6 +  NK cells, with the 
CD56 dim CD6 –  NK cells showing an intermediate expres-
sion level. This expression pattern may suggest that CD6 +  
NK cells represent the more differentiated NK cell sub-
sets within the CD56 dim  cells, which is supported by the 
observation that CD6 +  NK cells display a weaker prolif-
erative capacity than CD6 –  NK cells in response to cyto-
kine stimulation with IL-2 and IL-15, respectively (online 
suppl. fig.  6). Under these conditions, CD6 surface ex-
pression was not substantially modulated in CD6 –  and 
CD6 +  sorted NK cells (online suppl. fig. 2A).

  Recent studies revealed that NK cells also differ with 
respect to the expression of homing receptors which in-
fluence their tissue distribution  [1] . We found, in accor-
dance with published data  [12] , that CD56 bright CD6 –  cells 
expressed the highest levels of CD62L (L-selectin), a crit-
ical lymphocyte homing receptor that regulates the mi-
gratory capacity and extravasation into tissues  [1] . Inter-
estingly, the reciprocal expression patterns of CD6 and 
CD62L on a large fraction of CD56 dim  cells may have an 
impact on the tissue distribution and cellular interactions 
with ALCAM-expressing cells, for instance endothelial 
cells, mature dendritic cells and synovial fibroblasts. In 
this context, it has been recently shown that ALCAM ex-
pression on blood-brain-barrier endothelium regulates 
the migration of CD4 +  T cells into the central nervous 
system  [25] , whereas the role of CD6 for NK cell migra-
tion still needs to be assessed.

  Like CD62L, CD27, a member of the TNF receptor 
family, is highly expressed on CD56 bright CD6 –  NK cells 
and almost absent in the CD56 dim  subset. It has been re-
cently shown that CD27 defines a functionally distinct 
NK subpopulation present within the CD56 bright  NK sub-
set, whereas the absence of CD27 marks NK cells with 
higher perforin/granzyme B expression and cytotoxic 
potential  [11] . We found a significant difference in CD27 
expression between CD6 –  and CD6 + CD56 dim  NK cells

(p = 0.0001), which was not directly correlated with a gen-
erally higher cytotoxicity of CD6 +  NK cells ( fig. 3 d,  4 ). 
This may be explained by the concomitant lower expres-
sion of various activating NK receptors in the CD6 +  sub-
set such as NKG2D and NKp30. The difference in the 
cytotoxicity of the 2 CD56 dim  subsets (CD6 +  and CD6 – ) 
seen in  figure 3 d might therefore be explained by donor-
specific variations regarding the expression of activating 
receptors and CD27. 

  Further analysis of the 3 NK cell fractions revealed 
additional differences in the expression of various recep-
tors that control the dynamic balance of NK activation. 
The expression of activating and inhibitory KIR and 
members of the ILT family is known to be restricted to 
the CD56 dim CD16 +  NK subset which was confirmed by 
our own analyses (online suppl. fig. 5)  [2] . The majority 
of KIR +  NK cells was found in the CD56 dim CD6 +  NK 
subpopu lation, with a similar distribution of the
KIR2DL/S1, KIR2DL/S2,3, KIR3DL1 and KIR2DS4
receptors ( fig. 2 e) independent from the KIR haplotypes 
of individual donors (data not shown), whereas
CD56 bright CD6 – CD94 high NK cells were almost negative. 
The same expression pattern was observed for the in-
hibitory ILT2 receptor. The reciprocal distribution of 
KIR and C-type lectin inhibitory receptors on these NK 
cell subsets assures that tolerance to self-major histo-
compatibility   complex is maintained by virtually all
NK cells  [3, 26] . The intermediate position of the 
 CD56 dim CD6 – CD94 high  NK cells is again reflected by the 
expression levels of KIR and ILT2 that are in the range 
between those of CD56 dim CD6 +  and CD56 bright CD6 –  
cells. Recently, the well-known CD57 marker was de-
scribed as a potential maturation marker for NK cells 
defining a more differentiated subset within CD56 dim  
NK cells  [20, 21] . Therefore, it is not surprising that CD57 
expression follows a similar distribution as KIR and ILT2 
( fig. 2 d). In contrast, the KLRG1 receptor which recog-
nizes E- but not N-cadherin  [27]  is rather equally distrib-
uted in CD6 +  and CD6 –  NK cells but absent on the 
 CD56 bright  NK cell subset.

  All 3 NK fractions were mostly positive for the activat-
ing NK receptors NKG2D, NKp30 and NKp46, although 
variations in receptor density were observed, particularly 
with respect to NKG2D where many cells with lower
expression density were found in the CD56 dim CD6 +
 NK subset. NKp46 expression levels also varied among 
the fractions with the highest density found for
CD56 bright CD6 –  NK cells. As expected, the activation-
induced NKp44 receptor was almost absent on all 3
fractions of non-stimulated NK cells with the exception 
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of a small percentage of positive cells found within the 
CD56 bright  fraction. 

  Regarding cytotoxicity, CD56 dim CD6 +  and CD56 dim 
CD6 –  NK cells showed a higher specific lysis of K562 than 
CD56 bright CD6 –  cells. This is in accordance with pub-
lished data of the cytotoxic potential of resting NK cells 
 [28] . The presence of CD6 on CD56 dim  NK cells does not 
correlate with a higher intrinsic natural cytotoxicity, as 
both CD56 dim CD6 –  and CD56 dim CD6 +  showed compa-
rable killing of K562 target cells. This confirms published 
data for the CD94 high  and CD94 low CD56 dim  NK cells as 
well as for CD57 –  and CD57 + CD56 dim  NK cells, where no 
difference in natural cytotoxicity among the 2 fractions 
could be detected irrespective of the higher intracellular 
granzyme B/perforin expression in CD94 low  and CD57 +  
NK cells  [7, 20] . Irrespective of the density of NKG2A/
CD94 expression, both CD6 +  and CD6 –  CD56 dim  cells 
were strongly inhibited in their killing of K562-E target 
cells via the interaction of the inhibitory NKG2A/CD94 
receptor complex with HLA-E molecules expressed by 
the target cells ( fig. 3 d)  [15, 16, 29] .

  These results were confirmed by degranulation assays 
using activated NK cells and additional HLA class I neg-
ative target cells that show different CD6 ligand (AL-
CAM) expression. There was no significant difference in 
degranulation of CD56 dim CD6 –  or CD56 dim CD6 +  NK 
cells (p  1  0.2), indicating that the expression of ALCAM 
on Daudi and L721.221 cells had no impact on the activa-
tion of CD6 +  NK cells. Moreover, direct stimulation of 
CD6 receptors on NK cells by antibody cross-linking 
caused neither degranulation ( fig. 4 D) nor proliferation 
(data not shown). The possibility of CD6 serving as a co-
activating receptor was also excluded since the degree of 
degranulation in NK cells was not changed by stimula-
tion of activating NK receptors in combination with 
CD6. These results demonstrate that there was no intrin-
sic difference in the cytotoxic potential of CD6 +  and 
CD6 –  NK cells, and activation of the CD6 receptor had 
no apparent impact on NK cytotoxicity. 

  In contrast, CD6 appeared to influence the secretion 
of certain cytokines and chemokines, including IFN- � , 
TNF- � , granulocyte macrophage colony-stimulating 
factor, CXCL10 (IP-10) and CXCL-9 (MIG), especially in 
the presence of IL-2 that may serve as a costimulatory 
pathway for CD6-mediated signals ( fig. 5 a; online suppl. 
fig. 4A). The direct capability of the CD6 receptor to in-
duce cytokines was demonstrated by ICS that confirmed 
the costimulatory role of IL-2 for IFN- �  rather than for 
TNF- �  ( fig. 5 b). The CD6 + CD56 dim  NK subset A showed 
a higher proportion of cytokine-producing cells com-

pared with the other subsets, especially with respect to 
TNF- � . As expected, CXCL10 secretion could neither be 
induced directly via CD6 nor via PMA/ionomycin (on-
line suppl. fig. 4B). However, in the presence of IFN sig-
naling, CXCL10 production became detectable, suggest-
ing that the high CXCL10 secretion seen in IL-2-preac-
tivated NK cells is likely to be a consequence of the 
CD6-mediated IFN- �  secretion. CXCL10 and CXCL9 are 
ligands for the CXCR3 chemokine receptor which is ex-
pressed at high levels on CD56 bright  and in lower density 
on CD56 dim  NK cells  [1] . Together with other CD6-in-
duced chemokines, like CXCL1 (GRO- � ) and CXCL12 
(SDF-1 � ) which support the migration of CXCR2 +  and 
CXCR4 +  NK cells as well as T cells to sites of inflamma-
tion, this CD6-mediated chemokine secretion is likely to 
influence the inflammatory response through the re-
cruitment of NK and other immune cells. Therefore, we 
investigated the migratory capacity of our NK subsets 
A–C in response to a selection of those chemokines that 
are inducible via CD6, i.e. CXCL10, CCL5, CXCL12, 
CXCL1 and CXCL8 ( fig.  5 c). A different migratory
activity was observed in NK subsets A–C according to 
their published chemokine receptor expression. Only 
CD6 – CD56 bright  NK cells (subset C) expressing CXCR3 
and CCR5 migrated towards CXCL10 and CCL5 gradi-
ents which nicely fits to the published expression pattern 
for human and murine NK cells  [1] . Interestingly, only 
the CD6 +  (subset A) but not the CD6 –  (subset B) fraction 
of CD56 dim  NK cells migrated towards the CXCR4 ligand 
CXCL12 together with CD6 – CD56 bright  NK cells (subset 
C). In contrast, neither CXCL1 nor CXCL8 were able to 
induce migration of any of the 3 NK subsets although 
both receptors are found on the surface of NK cells (data 
not shown). This difference between CD6 +  and CD6 – 
CD56 dim  NK cells in migration towards the CXCR4 li-
gand CXCL12 implies a differential response to chemo-
kines despite the presence of the cognate receptor. These 
observations may explain a phenomenon that we found 
in a human tumor setting (unpublished data). In human 
colorectal tumor tissue, NK cells are extremely rare de-
spite the presence of a chemokine gradient of CXCL1, 
CXCL8 and others from normal colon towards tumor tis-
sue. Thus, a poor responsiveness of NK cell subsets to 
chemokines may be counterproductive in the tumor set-
ting where NK cells may be necessary as additional effec-
tor cells in order to control tumor growth. In summary, 
our studies reveal that CD6 receptor expression on NK 
cell subpopulations has no impact on cytotoxicity but is 
capable of inducing cytokine secretion. Therefore, it can 
be assumed that CD6 expression on a large fraction of 
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