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Summary

 

Many studies concerning the role of T cells and cytokines in allergy have been
performed, but little is known about the role of natural killer (NK) cells.
Accordingly, the expression of co-stimulatory, inhibitory and apoptosis recep-
tors, cytokine profiles and their effect on immunoglobulin isotypes were
investigated in polyallergic atopic dermatitis (AD) patients with hyper immu-
noglobulin E (IgE) and healthy individuals. AD patients showed significantly
decreased peripheral blood NK cells compared to healthy individuals. Freshly
isolated NK cells of polyallergic patients spontaneously released higher
amounts of interleukin (IL)-4, IL-5, IL-13 and interferon (IFN)-gggg

 

 compared to
healthy individuals. NK cells were differentiated to NK1 cells by IL-12 and
neutralizing anti-IL-4 monoclonal antibodies (mAb), and to NK2 cells by IL-
4 and neutralizing anti-IL-12 mAb. Following IL-12 stimulation, NK cells pro-
duced increased levels of IFN-gggg

 

 and decreased IL-4. In contrast, stimulation of
NK cells with IL-4 inhibited IFN-gggg

 

, but increased IL-13, production. The effect
of NK cell subsets on IgE regulation was examined in co-cultures of 

 

in vitro

 

differentiated NK cells with peripheral blood mononuclear cells  (PBMC)  or
B cells. NK1 cells significantly inhibited IL-4- and soluble CD40-ligand-
stimulated IgE production; however, NK2 cells did not have any effect. The
inhibitory effect of NK1 cells on IgE production was blocked by neutralization
of IFN-gggg

 

. Except for CD40, NK cell subsets showed different expression of
killer-inhibitory receptors and co-stimulatory molecules between the poly-
allergic and healthy subjects. These results indicate that human NK cells show
differences in numbers, surface receptor and cytokine phenotypes and func-
tional properties in AD.
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Introduction

 

Atopic dermatitis (AD) is a chronic relapsing inflammatory
skin disease characterized by typically distributed eczema-
tous skin lesions [1–4]. Most patients with AD are polyaller-
gic to food and/or airborne allergens and some of them show
allergic rhinoconjunctivitis and asthma. Several lines of evi-
dence suggest the contribution of immunological mecha-
nisms in the pathogenesis of AD. Most of the patients with
AD show very high concentrations of total and allergen-spe-
cific immunoglobulin E (IgE). Activation of peripheral
blood T cells and their preferential secretion of Th2 cytok-
ines has been reported repeatedly [5,6]. Numerous studies
demonstrated increased frequency of allergen-specific Th2

cells producing increased interleukin (IL)-4, IL-5 and IL-13
in the peripheral blood of AD patients [7,8]. However, the
role of natural killer (NK) cells in allergic diseases has so far
gained little attention.

NK cells are one component of the innate immune system
and have the ability to both lyse target cells and serve as reg-
ulators of immune responses by releasing a variety of cytok-
ines, such as interferon (IFN)-

 

g

 

, tumour necrosis factor
(TNF)-

 

a

 

, granulocyte macrophage-colony stimulating fac-
tor (GM-CSF), IL-5 and IL-8 [9]. It has been shown that
human NK cells are able to polarize 

 

in vitro

 

 into two func-
tionally different subsets NK1 or NK2, analogous to T cell
subsets Th1 or Th2. NK1 cells produce IFN-

 

g

 

 but also pro-
duce IL-10, whereas NK2 cells produce IL-5 and IL-13 [10].
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Recently, the 

 

in vivo

 

 existence of human NK1 and NK2 cell
subsets was demonstrated in freshly purified IFN-

 

g

 

 secreting
and IFN-

 

g

 

 non-secreting NK cell subsets from peripheral
blood of healthy individuals [11].

Human NK cells can be divided into two subsets based on
their cell surface density of CD56. The majority of human
NK cells have low density expression of CD56 (CD56

 

dim

 

) and
express high levels of CD16 (Fc

 

g

 

RIII) [12]. Freshly isolated
CD56

 

bright

 

 cells are capable of producing large quantities of
type I and type II cytokines, whereas CD56

 

dim

 

 cells produce
substantially less cytokines [13].

NK cells can be distinguished from other lymphocytes
with the lack of the T cell receptor and surface immunoglo-
bulin, and many NK cell-specific surface molecules with dif-
ferent functions. Human NK cells express structurally and
functionally two distinct families of major histocompatibil-
ity complex (MHC) class I receptors: killer cell immunoglo-
bulin-like receptors (KIR) and lectin-like receptors. These
receptors are also divided into two families that include acti-
vatory and inhibitory receptors [14,15]. The ligands for
many, but not all, of these inhibitory receptors are MHC
class I molecules, which are expressed by almost all nucle-
ated cells and are often down-regulated in viral infected and
cancer cells [16]. Activatory receptors on NK cells recognize
structures that are present on both harmful target cells and
normal cells, but the influence of the inhibitory pathways
dominates when class I MHC is recognized [17]. In addition
to their cytolytic activity, NK cells participate either directly
or indirectly in the regulation of antibody response [18].
The role of NK cells in the modulation of B cell response
and antibody production has been attributed to their ability
to interact directly with B cells and/or produce cytokines
that regulate B cell differentiation and isotype swicthing
[19].

In this study, expression of co-stimulatory, killer inhibi-
tory, and apoptosis receptors, cytokine profiles and their
effect on immunoglobulin isotypes in freshly purified and

 

in vitro

 

 differentiated NK cells were investigated in AD
patients and compared to that of healthy individuals.

 

Materials and methods

 

Study population

 

Thirty-two patients with AD (mean age, 30 years), who ful-
filled the criteria of Hanifin and Rajka were selected for the
study [1]. Fifteen patients had allergic conjunctivitis and
none had asthma. All patients were polyallergic and had pos-
itive cutaneous tests to at least three aeroallergens. Patients
showed specific IgE antibodies at radioallergosorbent test
class 

 

≥

 

2 and high amounts of serum total IgE of 

 

>

 

 400 IU/ml
(11·230 

 

±

 

 2104 IU/ml; mean 

 

±

 

 s.d.). Thirty-one healthy
individuals (mean age, 31 years) with no history of atopy
were included in the study as a normal control group. Their
mean serum total IgE levels were 57·0 

 

±

 

 16·7 IU/ml. The

study was approved by the ethical committee of Davos,
Switzerland.

 

Antibodies and reagents

 

Fluorescent-labelled  monoclonal  antibodies  (mAbs)  for
flow cytometric analyses were purchased from Beckmann
Coulter Corp. (Hialeh, FL, USA), Immunotech Ltd
(Marseilles, France), PharMingen (San Diego, CA, USA),
Alexis (Alexis Biochemicals, Canada) and Dako (Dako A/S,
Denmark).  IL-2  and  IL-4  and  neutralizing  anti-IFN-

 

g

 

(45–15) and anti-IL-4 (8F12) were from Novartis (Basel,
Switzerland). IL-12 was from R&D Systems (Abingdon,
UK), and anti-IL-12 and anti-IL-13 (JES 10–5A2) was from
PharMingen (San Diego, CA, USA). Soluble (s) CD40L was
produced from transfected cell line 8-40-1, originally gener-
ated by Dr P. Lane [20] and cultured for 3 days in CG
medium (Vitromex, Vilshofen, Germany). It was standard-
ized according to maximal IgE-inducing capacity after
12 days of peripheral blood mononuclear cells (PBMC) cul-
ture in the presence of 25 ng/ml IL-4 [21]. Supernatants
from the corresponding untransfected cell line J558L
(kindly provided by Dr M. Reth, University of Freiburg,
Germany) were used as control.

 

Cell purification

 

PBMC were obtained from heparinized blood by density
gradient centrifugation over Ficoll (Sigma Chemical Co., St
Louis, MO, USA). NK cells were purified by magnet-
activated cell separation (MACS, Miltenyi Biotec AG, Ber-
gisch Gladbach, Germany). Briefly, NK cells were isolated
from PBMC by immunomagnetic depletion of T cells, B
cells, monocytes and other myeloid cells such as basophils
and dendritic cells, according to expression of CD3, CD4,
CD19 and CD33. The purity of NK cells was 

 

>

 

 98% as
assessed by flow cytometric analysis of cells stained with
fluoroscein isothiocyanate (FITC)-labelled anti-CD16,
rhodamine-labelled anti-CD56 and phycoerythrin-Texas
Red-X (ECD)-labelled anti-CD3 (EPICS XL, Coulter Corp.,
Hialeh, FL, USA). CD3 contamination in purified NK cells
was 

 

<

 

 1%. B cells were purified by microbead-conjugated
anti-CD19 following depletion of monocytes by microbead-
conjugated anti-CD14 (Miltenyi Biotec AG). The purity
of B cells was 

 

>

 

 94% as assessed by FITC-labelled anti-
CD19 mAb by flow cytometry.

 

NK cell cultures

 

Freshly purified NK cells were washed and resuspended in
RPMI-1640 medium supplemented as described previously
[22]. For the 

 

in vitro

 

 differentiation, 2·5 

 

¥

 

 10

 

5

 

 NK cells and
3000 rad gamma-irradiated autologous NK cell-depleted
1·25 

 

¥

 

 10

 

5

 

 PBMC and 1·25 

 

¥

 

 10

 

5

 

 BuB1 cells were cultured in
48-well tissue culture plates (Costar Corp., Cambridge, MA,
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USA) in the presence of 50 U/ml IL-2 and 5 

 

m

 

g/ml
phytohaemagglutinin (PHA, Sigma Chemical Co.) [11].
BuB1 is an in-house Epstein–Barr virus-transformed B cell
line that effectively stimulates NK cells. NK cells were differ-
entiated to NK1 cells in the presence of 10 ng/ml IL-12 and
10 

 

m

 

g/ml neutralizing anti-IL-4 mAb; and to NK2 cells in
presence of 25 ng/ml IL-4 and 10 

 

m

 

g/ml neutralizing anti-IL-
12 for 10 days.

 

Flow cytometric analysis

 

After purification, 5 

 

¥

 

 10

 

4

 

 cells were stained with anti-CD16-
FITC, anti-CD56-PE, anti-CD40-PE, anti-CD45RA-FITC,
anti-CD45RO-PE, anti-CD95-FITC (Immunotech Ltd),
anti-CD3-ECD (Coulter Corp.), anti-CD95L-FITC (Alexis
Biochemicals) anti-CD154-PE (Ancell Corp, MN, USA) and
anti-ICOS-FITC (F44, gift from Dr R. Kroczek, Robert-Koch
Institute, Berlin, Germany). Fluorescent-labelled inhibitory
and activatory KIR receptors anti-EB6 (CD158a, KIR2DL1
and KIR2DS1)-PE, anti-GL183 (CD158b, KIR2DL2,3 and
KIR2DS2)-PE and inhibitory anti-NKAT-2 (CD158.b, p58.2,
KIR2DL3)-FITC and unlabelled inhibitory lectin-like recep-
tor mAb anti-NKG2A and inhibitory KIR receptor anti-p70
(KIR3DL1) were used. FITC-labelled goat anti-human Ig
was used as a second antibody (Sigma Chemical Co.).
Stained cells were fixed in 2% paraformaldehyde. The con-
trols were FITC-, ECD-, PE- or RD-conjugated mouse IgG1
(Coulter Corp.). Flow cytometric analysis was performed
with an EPICS XL (Coulter Corp.).

 

Intracytoplasmic cytokine staining

 

Freshly purified NK cells were stimulated for 12 h by a
combination of PHA (5 

 

m

 

g/ml), phorbol ester (PMA,
50 ng/ml), Ca

 

2

 

+

 

 ionophore (ionomycin, 250 ng/ml) (all
from Sigma Chemical Co.). The combination of the three
stimuli was used to achieve the strongest stimulus for intra-
cytoplasmic cytokine detection. Monensin (Sigma Chemi-
cal Co.) was added at final concentration of 1 

 

m

 

M

 

 during
the last 10 h. The cells were washed with phosphate buff-
ered saline (PBS), then fixed and permeabilized with
paraformaldehyde/saponin solution (Ortho Permeafix,
Ortho Diagnostic Systems Inc, Raritan, NJ, USA). After
washing with PBS containing 5% fetal calf serum, 1·5%
bovine serum albumin (Sigma Chemical Co.) and 0·0055%
EDTA (Fluka Chemie AG, Buchs, Switzerland), the cells
were stained with PE- or FITC-conjugated isotype control
antibody, anti-IL-4, anti-IL-5, anti-IL-13 and anti-IFN-

 

g

 

mAbs (all from PharMingen) for 30 min at 4

 

∞

 

C and analy-
sed by flow cytometry. The specificity of the intracytoplas-
mic cytokine staining was confirmed by inhibition of the
staining by using excess amounts of cytokines added during
the staining procedure or by using cell lines that are nega-
tive for these cytokines.

 

NK cell stimulation and quantification of cytokines

 

Freshly purified NK cells and 

 

in vitro

 

 differentiated NK1 and
NK2 cells were stimulated for 72 h with or without PHA
(5 

 

m

 

g/ml) for investigation of the cytokine profile. After 72 h,
supernatants were harvested and IL-5, IL-4, IL-13 and IFN-

 

g

 

 levels were determined by enzyme-linked immunosorbent
assay (ELISA).

The solid phase sandwich ELISAs for IL-5, IL-4, IL-13 and
IFN-

 

g

 

 were performed as described previously [23,24]. The
sensitivity of IFN-

 

g

 

 ELISA was 

 

£

 

 10 pg/ml (mAbs and IFN-

 

g

 

standard were provided by Dr C. H. Heusser, Novartis, Basel,
Switzerland). The detection limit of the IL-5 ELISA was
50 pg/ml (mAbs and IL-5 standard were from PharMingen).
The detection limit of IL-13 ELISA was 300 pg/ml. The sen-
sitivity of IL-4 ELISA was 

 

<

 

 20 pg/ml (mAbs were from
PharMingen and standards were from PeproTech, Rocky
Hill, NJ, USA).

 

Induction of IgE and IgG4 production

 

PBMC (4·5 

 

¥

 

 10

 

5

 

) were cultured with 0·5 

 

¥

 

 10

 

5

 

 

 

in vitro

 

 dif-
ferentiated NK cells in 48-well flat-bottomed plates in 500 

 

m

 

l
in duplicate and 5 

 

¥

 

 10

 

4

 

 B cells were cultured with 5 

 

¥

 

 10

 

3

 

freshly isolated and 

 

in vitro

 

 differentiated NK cells in 96-well
flat-bottomed plates in 200 

 

m

 

l in triplicate. The RPMI-1640
medium contained additional 4 

 

m

 

g/ml bovine insulin and
40 

 

m

 

g/ml human transferrin (both from Sigma Chemical
Co.). Cells were stimulated with 25 ng/ml IL-4 and 20%
sCD40L containing 8-40-1 cell supernatant, as described
previously [21]. Neutralizing anti-IFN-

 

g

 

, anti-IL-4 and con-
trol antibody were used at 10 

 

m

 

g/ml, and anti-IL-13 at 5 

 

m

 

g/
ml in some cultures. IgE, IgG4 and IgM were determined in
supernatants taken after 12 days [25].

 

Determination of IgE, IgG4 and IgM

 

Total IgE was determined using anti-

 

e

 

 mAb 14–41 for coat-
ing and biotinylated mAb 6–7 for detection (Novartis AG,
Basel, Switzerland) [7,23]. The detection limit was 0·2 ng/ml
of human IgE (Behringwerke AG, Marburg, Germany).
Mouse anti-IgG4 mAb RJ4 and peroxidase-conjugated anti-
human IgG (Sigma Chemical Co.) were used to quantify
IgG4. The detection limit of total IgG4 was 0·6 ng/ml of
World Health Organization (WHO) reference serum 67–97
[23]. Total IgM was measured using anti-human IgM
(Boehringer-Mannheim, Mannheim, Germany) for coating
and peroxidase-conjugated rabbit antihuman IgM (Dako
AG, Wiesentheid, Germany) for detection. The detection
limit was 1 ng/ml of human IgM standard (Behringwerke
AG, Marburg, Germany).

 

Statistical interpretation

 

Data are expressed as means 

 

±

 

 s.d. Statistical analysis was
performed by Student’s 

 

t

 

- and Mann–Whitney 

 

U

 

-tests.
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Results

 

Human NK cell subsets express different receptors for 
co-stimulation, apoptosis, KIR and lectin-like receptors

 

We investigated whether changes in numbers and subse-
quent cytokine profile may influence several apoptosis and
co-stimulatory receptors on NK cells. Activatory or inhibi-
tory signals play an important role in NK cell functions,
which are regulated by MHC class I-specific receptors on NK
cells. Therefore, freshly isolated and 

 

in vitro

 

 differentiated
NK1 and NK2 cells from AD and healthy individuals were
investigated for the expression of apoptosis, co-stimulatory
and NK cell receptors. Cells were stained with mAbs to
CD40, CD154, ICOS, CD45RA, CD45RO, CD95 and
CD95L, EB6 (CD158a, KIR2DL1 and KIR2DS1), GL183
(CD158b, KIR2DL2,3 and KIR2DS2), NKAT-2 (CD158b,
p58.2, KIR2DL3), NKG2A, p70 (KIR3DL1) and analysed by
flow cytometry (Fig. 1).

 

In vitro

 

 differentiated NK cells up-regulated some of the
co-stimulatory and apoptosis receptors. In AD patients,
CD154, CD95 and CD95L expressions were found to be
higher in NK1 and NK2 cells compared to freshly isolated
NK cells (

 

P

 

 

 

£

 

 0·01, 

 

P

 

 

 

£

 

 0·001 and 

 

P

 

 

 

£

 

 0·01, respectively).

However, ICOS expression was significantly increased in
NK1 cell subset compared to NK and NK2 cells (P £ 0·01 and
P £ 0·001, respectively). In healthy subjects, ICOS, CD95 and
CD95L expressions were increased on NK1 and NK2 cell
subsets compared to NK cells (P £ 0·001, P £ 0·001 and
P £ 0·01, respectively). CD95 and CD95L were highly
expressed on NK1 and NK2 cells compared to NK cells in AD
and also healthy subjects. CD45RA was significantly high in
NK cells compared to NK1 and NK2 cells (P £ 0·001); how-
ever, CD45RO expression was higher in NK1 cell subsets
compared to NK and NK2 cells in both AD and healthy indi-
viduals (P £ 0·001). CD40 expression was significantly low
on NK, NK1 and NK2 cells of AD patients compared to
healthy subjects (P £ 0·05).

In AD group, NKAT-2 and GL183 expressions were signifi-
cantly higher in NK2 cells compared to NK cells (P £ 0·01)
(Fig. 1). The analysis of NKG2A, EB6 and p70 did not show
any difference between NK subsets. In healthy individuals,
only NKG2A expression was found to be significantly higher
in NK1 cells compared to NK2 cells (P £ 0·05). NKG2A
expression was significantly increased in NK2 cell subset of
AD patients compared to healthy subjects (P £ 0·05). How-
ever, EB6 expression of NK2 cells of AD was significantly
decreased compared to healthy subjects (P £ 0·05).

Fig. 1. Co-stimulatory, apoptosis and natural 

killer (NK) receptor expressions in NK cell 

subsets. Freshly purified NK cells and in vitro 

differentiated NK1 and NK2 cells from atopic 

dermatitis (AD) and healthy individuals stained 

with fluorescent-labelled or unlabelled co-

stimulatory, apoptosis and NK cell receptor 

monoclonal antibodies (mAbs) and analysed by 

flow cytometry. Unlabelled antibodies detected 

with a FITC-conjugated goat anti-human Ig. 

Results of co-stimulatory and apoptosis are 

shown as mean ± s.d. of eight AD and six healthy 

individuals, and NK receptor results are shown 

as mean ± s.d. of nine individuals in each group. 

*P £0·001 or P £0·01 and **P £ 0·05.
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Cytokine profile of NK cells and NK cell subsets in AD

Heterogeneous functional properties for NK cells have been
reported, suggesting that NK cells do not constitute a unique
functional cell type [26]. We analysed the spontaneous
cytokine release and intracytoplasmic IFN-g, IL-4, IL-5 and
IL-13 production of NK cells in healthy and polyallergic
atopic individuals. Freshly purified NK cells were cultured
from five AD patients and five healthy controls without any
stimulation. Spontaneously released IL-4, IL-5, IL-13 and
IFN-g were determined from 72 h supernatants by ELISA. As
shown in Fig. 2a, NK cells from AD patients spontaneously
released significantly more IL-4, IL-5, IL-13 and IFN-g than
those of controls, demonstrating an in vivo activation of NK
cells in atopic patients (P < 0·001). To determine their full
capacity to synthesize these cytokines, NK cells were stimu-
lated with PHA, PMA and ionomycin combination and
intracytoplasmic cytokines were stained. In this case, signif-
icantly high percentages of IL-5 and IL-13 producing NK
cells were detected in allergic patients, whereas very few IL-5
and IL-13-producing NK cells were found in healthy indi-
viduals (P < 0·001) (Fig. 2b). Accordingly, we analysed the
cytokine profile of NK cell subsets in AD patients. Freshly
isolated NK cells, NK1 and NK2 cell subsets from AD
patients were cultured with PHA stimulation. IL-5, IL-13
and IFN-g levels were determined from 72 h supernatants by
ELISA. As shown in Fig. 2c, IL-5 and IL-13 release were
increased in NK2 cells compared to NK1 and NK cells
(P < 0·01). In contrast, IFN-g was higher in NK1 cell subsets
compared to NK and NK2 cells (P < 0·01). NK1 cells did not
show any IL-13, but released significantly high amounts of
IFN-g. The above results suggest that NK cells might influ-
ence the overall inflammatory network in allergy by
increased IL-4, IL-5, IL-13 and IFN-g release.

NK1 cells inhibit IgE production by B cells via IFN-gggg

The functional capacity of in vitro differentiated NK1 and
NK2 cells to regulate IgE, IgG4 and IgM synthesis was fur-
ther analysed. To include the entire system of peripheral
blood immune cells, NK1 and NK2 subsets and freshly iso-
lated NK cells from AD patients were co-cultured with autol-
ogous PBMC. The cells were stimulated with IL-4 and
sCD40L, as a strong stimulus that induces IgE [21,25]. As
shown in Fig. 3, NK1 cells abolished IgE synthesis (P < 0·05).
There was also a significant decrease in IgG4 production,
whereas IgM did not change (P < 0·05). Interestingly, NK2
cells did not influence IL-4- and sCD40L-stimulated IgE and
IgG4 synthesis. These findings were confirmed by experi-
ments with IL-4- and sCD40L-stimulated B cell and NK cell
co-cultures. Again, NK1 cells showed a significant inhibition
of IgE and IgG4 but not of IgM (P < 0·05). These results
demonstrate that NK1 cells may play an IgE counter-
regulatory role in allergy. The direct toxicity of NK1 cells on
B cells was principally eliminated, because IgM production
was not affected by NK cells.

To investigate the mechanism of IgE inhibition by NK1
cells, in vitro differentiated NK1 cells were co-cultured with
purified B cells in the presence of neutralizing anti-IFN-g,
anti-IL-4 and anti-IL-13 mAbs. As shown in Fig. 4a,
inhibition of IgE and IgG4 by NK1 cells was significantly
blocked by neutralization of IFN-g (P < 0·001 and P < 0·02,
respectively).

There was no influence in neutralization of IL-4 and IL-13
on NK1 cell-mediated IgE suppression. Unlike Th2 cells,
NK2 cells did not induce IgE in B cell co-cultures (Fig. 4b).
In addition, there was no difference in IgE regulation in NK1
and NK2 subsets between healthy and allergic individuals
(data not shown). Accordingly, it appears that there is no

Fig. 2. Cytokine profile of natural killer (NK) 

cells from healthy individuals and atopic derma-

titis (AD) patients. Purified NK cells were cul-

tured for 72 h without any stimulation. 

Spontaneously secreted cytokines were deter-

mined by enzyme-linked immunosorbent assay 

(ELISA). Results show mean ± s.d. of five AD and 

five healthy individuals (a). Purified NK cells 

were stimulated with PHA, PMA and ionomycin 

for 12 h. Intracytoplasmic cytokines were deter-

mined by flow cytometry. Results are from rep-

resentative donors of three AD patients and three 

healthy individuals tested (b). NK1 and NK2 cell 

subsets were differentiated from freshly isolated 

NK cells of AD patients. Cytokines were deter-

mined from supernatants 3 days after PHA stim-

ulation. Results are shown as mean ± s.d. of six 

experiments (c). *P < 0·01.
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intrinsic defect on NK cell differentiation between allergic
and healthy individuals.

Discussion

Analysis of the expression of co-stimulatory, NK cell and
apoptosis receptors and demonstrate a considerable hetero-
geneity in immune regulation in polyallergic atopic patients
with regard to their NK cell subsets. The decreased percent-
age of CD16+CD56+ NK cells in polyallergic patients [27]
initiates questions for further characterization of NK cell
subsets, because they may play a role in skewed peripheral
Th2 response in polyallergic patients and healthy
individuals.

Although there was no clear difference for the expression
of co-stimulatory molecules, except CD40, between the
polyallergic and healthy subjects, these molecules were
expressed differently in NK cell subsets. The decreased

expression of CD40 in NK, NK1 and NK2 cell subsets of
polyallergic patients might be related to immunoglobulin
regulation. The in vivo relevance of low CD40 expression on
NK cells of AD patients remains to be elucidated. Although it
was low in all three subsets, it has to be noted here that only
NK1 cells showed a significant anti-IgE effect, whereas NK2
cells did not influence IgE production. There was no differ-
ence for the expression of CD45RA, CD45RO and ICOS on
NK cell subsets between the polyallergic and healthy sub-
jects. However, CD45RA expression was higher in freshly
isolated NK cells compared to NK1 and NK2 cells; in con-
trast, CD45RO and ICOS expression was higher in NK1 cells
compared to NK and NK2 cells in both polyallergic and
healthy subjects.

Different studies have shown that NK1 cells express higher
levels of cell surface CD95 antigen than NK2 cells and are
more sensitive to antibody or chemically induced apoptosis.
However, CD95 mRNA expression did not differ in NK1 and
NK2 cells, suggesting a post-translational regulation [28].
Increased levels of CD95 surface expression in NK2 cells
were shown in remission of multiple sclerosis patients [29].
In the present study, CD95 and CD95L expressions were
found to be higher in NK1 and NK2 cells compared to NK
cell subsets in AD patients and also healthy subjects. These
findings showed that freshly isolated NK cells might be pro-
tected from apoptosis, whereas NK1 and NK2 cell subsets
might be more sensitive to apoptotic mechanisms. It has
been reported that the Th1 compartment of activated
memory/effector T cells selectively undergoes activation-
induced cell death, skewing the immune response toward
surviving Th2 cells in AD patients [30].

Although unactivated NK cells lyse a variety of cells, tar-
get recognition is governed by specific receptors that either
activate or inhibit NK cell activity. The success in cloning of
human NK cells has been basic for the demonstration that
NK cells display a clonal heterogeneity in their ability to
recognize determined HLA class I molecules [15,31]. In AD
patients, KIR, NKAT-2 and GL183 receptor expressions
were significantly higher in NK2 cells compared to NK
cells.

In healthy individuals, only lectin-like inhibitory receptor
NKG2A expression was found to be significantly higher in
NK1 cells compared to NK2 cells. NKG2A expression was
significantly increased in NK2 cell subset of AD patients
compared to healthy subjects. HLA-E complexes can bind to
NKG2A receptor, which is present on NK cells in a complex
with the cell surface molecule CD94. Whereas CD94/NKG2A
receptors through HLA-E control the global status of class I
expression, KIR molecules monitor the loss of expression of
single class I molecules [32]. However, EB6 expression of
NK2 cells of AD was significantly decreased compared to
healthy subjects. EB6 or EB6-like mAbs can react both
KIR2DL1 (inhibitory) and KIR2DS1 (activatory), and
GL183 or GL183-like mAbs can react KIR2DL2 (inhibitory),
KIR2DL3 (inhibitory) and KIR2DS2 (activatory) [33].

Fig. 3. Natural killer (NK) cells inhibit immunoglobulin E (IgE) pro-

duction by B cells. Peripheral blood mononuclear cells (PBMC) were 

co-cultured with in vitro differentiated NK1 and NK2 cells, stimulated 

with IL-4 and sCD40L for 12 days and IgE, IgG4 and IgM levels were 

determined by enzyme-linked immunosorbent assay (ELISA) (a). Puri-

fied B cells were co-cultured with in vitro differentiated NK1 and NK2 

cells, stimulated with IL-4 and sCD40L for 12 days and IgE, IgG4 and 

IgM levels were determined by ELISA (b). The results are shown as 

mean ± s.d. of triplicate cultures. The same results were obtained in two 

other experiments. *P < 0·05.
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Given the high degree of homology between different KIRs,
most of the KIR-specific mAbs recognize epitopes shared not
only by two or more inhibitory KIRs, but also by their acti-
vating counterpart.

These results suggest that NK1 and NK2 cell subsets
show differences in KIR and lectin-like receptor expression,
and the relevance of increased NKAT-2 and GL183 expres-
sions in NK2 cells in atopic individuals require further
studies.

The present study shows that NK cells comprise distinct
cytokine producing subsets similar to Th1 and Th2 cells in
humans and these subsets interfere with IgE regulation. NK
cells from polyallergic AD patients spontaneously released
higher amounts of IL-4, IL-5, IL-13 and IFN-g compared to
healthy donors. Upon stimulation, NK cells of allergic
patients displayed IL-5- and IL-13-producing subsets.
Although T cells constitute a large population of cellular
infiltrate in AD, a dysregulated cytokine mediated response
of the immune system appears to be an important patho-
genic factor [3,34]. Apparently, spontaneous cytokine release
in negatively selected, freshly purified NK cells refers to in
vivo activation and may suggest the involvement of NK cells
in unbalanced cytokine network in allergic inflammation. In
AD, circulating allergen-specific memory/effector T cells
expressing the skin-specific homing receptor, the cutaneous
lymphocyte-associated antigen, have been demonstrated to
be activated in vivo [7,8]. Similar to NK cells in the present
study, cutaneous lymphocyte-associated antigen-bearing T
cells in AD spontaneously released higher IL-5 and IL-13 and

regulated IgE and eosinophilia compared to healthy controls
[7,8,35].

It has been shown that NK cells from cord blood grown in
cultures favouring naive T cells to Th1 cell differentiation
condition differentiate into NK1 cells producing IFN-g,
whereas NK cells grown in a Th2 differentiation condition
differentiate into NK2 cells producing predominantly IL-5
and IL-13 [10]. The in vivo existence of human NK cell sub-
sets, similar to Th1 and Th2 cells, was also shown in freshly
isolated IFN-g-secreting and IFN-g non-secreting NK cells
[11].

Although some studies have reported that NK cells inhibit
B cell differentiation and suppress antibody production
[36,37], others have demonstrated that NK cells promote B
cell growth and increase IgM and IgG antibody production
by activated as well as resting B cells [38,39]. The functional
immunoglobulin isotype regulatory capacity of NK cells was
investigated by co-culturing in vitro differentiated NK cell
subsets with purified B cells. Although NK2 cells produce IL-
4 and IL-13 that are known to induce IgE class switch
[40,41], their co-culture with purified B cells induced very
little or undetectable IgE. For this reason the cells were stim-
ulated with IL-4 and sCD40L, mimicking Th2 cell activation
that helps B cells for IgE production as demonstrated repeat-
edly in allergic diseases [7,8,21,42–45]. In both PBMC and B
cell cultures, NK1 cells showed a significant anti-IgE effect,
whereas NK2 cells did not influence the IL-4 and sCD40L-
induced IgE production. The anti-IgE effect of NK1 cells
was inhibited by blocking of IFN-g, demonstrating the

Fig. 4. Suppression of immunoglobulin E (IgE) production by natural killer (NK) NK1 cells is mediated by interferon (IFN)-g. Purified B cells were 

co-cultured with in vitro differentiated NK1 cells in the presence of IL-4 and sCD40L for 12 days. Neutralizing anti-IFN-g, anti-IL-4 and anti-IL-

13 monoclonal antibodies (mAbs) were added to cultures from the start. IgE and IgG4 levels were determined by enzyme-linked immunosorbent assay 

(ELISA) (a). Mean ± s.d. of triplicate cultures is shown. The same results were obtained in two other experiments. Purified B cells were co-cultured 

with in vitro differentiated NK2 cells in the presence of interleukin (IL)-4 and sCD40L for 12 days. Neutralizing anti-IFN-g, anti-IL-4 and anti-IL-

13 mAbs were added to cultures from the start. IgE and IgG4 levels were determined by ELISA (b). Mean ± s.d. of triplicate cultures is shown. The 

same results were obtained in two other experiments. *P < 0·001 or P < 0·02.
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important role of this cytokine on inhibition of IgE
synthesis. IFN-g was demonstrated previously as an
inhibitor of IgE in several studies. IFN-g down-regulates IgE
synthesis by human B cells [21,46,47] and IFN-g treatment
decreases serum IgE levels in hyper-IgE syndrome [47].

In conclusion, the present study demonstrates that human
NK cells comprise distinct receptor-expressing and cytokine-
producing subsets similar to Th1 and Th2 cells. These sub-
sets of NK cells show differences in surface KIR receptors and
co-stimulatory receptors and interfere with immunoglobu-
lin regulation.
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