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Abstract: Human plasmacytoid dendritic cells secrete high levels of IFNa and are thus
implicated in the activation of NK cells. Activated NK cells are characterised by the up-
regulation of CD69 and MHC class II DR expression, secretion of IFN y and enhanced
cytotoxicity. We show that pDC mediate these processes by different mechanisms, some of
which overlap. Human NK cells were analysed after co-culture with immature or CpG-
matured blood pDC or with supernatant from these cells. Maximal CD69 expression by
NK cells was mediated by supernatant from mature pDC and did not require pDC contact.
Up-regulation was due in part to IFNa but also to factors in IFNa negative supernatant
from immature DC. HLA-DR expression was independent of secreted molecules but
required contact with immature or mature DC. Enhanced NK cytotoxicity, measured by
killing of K562 targets and expression of CD107a, was mediated by multiple factors
including type I IFN, supernatant from immature pDC cultures and contact with immature
or mature pDC. These factors act cumulatively to enhance cytotoxcity. Thus different
parameters of pDC mediated NK cell activation are regulated by distinct pathways.
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1. Introduction

Dendritic cells (DC) and natural killer (NK) cells represent two specialised cell types of the innate
immune system [1, 2]. DC are a distinct population of bone marrow derived leukocytes that act as
biological sensors able to detect inflammatory cytokines and invading pathogens through a broad
range of receptors and then mature and migrate to secondary lymphoid tissue, where they induce
antigen-specific naive T cell activation and proliferation [1, 3]. It is well established that DC in-vivo
are a heterogeneous population based on phenotype, morphology, and function [4]. In humans, at least
two different blood DC populations have been described, based on their phenotype and cytokine
secretion profiles [5]. One population, referred to as myeloid DC (mDC), expresses myeloid markers
including CD11c, CD13 and CD33 and secretes IL-12 on stimulation by CD40 ligand. The second
population lacks myeloid markers, but expresses the receptor for IL-3, CD123, and are potent
producers of I[FNa on stimulation by viruses [4, 6] or bacterially derived CpG DNA through TLR9Y [7].
This latter population differentiate into cells with a plasma cell-like morphology, and hence are termed
plasmacytoid DC (pDC) [8]. In addition to their role in innate immune responses pDC can also process
and present virus antigen to CD4 and CD8 T cells [9]. The development of the monoclonal antibodies
BDCA-1 and BDCA-4, that label mDC and pDC respectively, has greatly facilitated their purification
from blood [10].

Natural killer cells were first described as a result of their ability to kill tumour cells without prior
sensitisation [2, 11]. Later studies demonstrated that NK cells recognise and kill potentially harmful
cells that have lost their MHC class I molecules, including virally-infected and tumour cells, and led to
the proposal of the missing-self hypothesis [12-14].

Recent studies have demonstrated interactions between DC and NK cells which result in the
maturation of DC and activation of the lytic function of NK cells enabling them to kill immature but
not mature DC [15-18]. Due to the low numbers of blood DC (less than 1% of total PBMC) most
studies have used in-vitro generated monocyte-derived DC (mdDC) [15-17] to study this DC/NK
cross-talk. However, care must be taken in extrapolating these findings to the naturally occurring
heterogeneous DC populations. This is further emphasised by early studies where Chehimi et al. [19]
demonstrated that only IFNa producing cells (pDC) provide accessory function required for NK cell
mediated lysis of cytomegalovirus-infected target cells, whereas plastic adherent blood DC (myeloid
DC) lack this capacity to induce NK lytic activity [19]. Although two independent groups [20, 21]
have recently addressed the involvement of pDC in NK cell activation, we have further characterised
the extent of pDC-mediated stimulation of several NK cell functions and analysed the mechanisms
involved with particular emphasis on the effects of type I IFN and the differential ability of immature
versus mature pDC to stimulate NK cells.

2. Materials and Methods

2.1 Cell isolation ( pDC and NK cells)

PBMC from single-donor buffy coat blood packs (National Blood Transfusion Service, UK) were
isolated by Histopaque (Sigma-Aldrich, UK) density centrifugation then separated through a 50%
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percoll (Sigma-Aldrich, UK) gradient (30 min at 300 g). pDC were magnetically isolated from the
interface of the percoll gradient using BDCA-4 microbeads (Miltenyi Biotec, Germany) in accordance
with the manufacturer’s protocol. Autologous NK cells were purified from the lymphocyte fraction at
the bottom of the gradient by positive magnetic separation using CD56 microbeads (Miltenyi Biotec,
Germany) followed by depletion of NKT cells using anti-CD3 conjugated Dynal beads, and were
frozen in FCS containing 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, UK) for later use.

2.2 Co-cultures

Immature and mature pDC populations were used for co-culture with autologous NK cells. Freshly
isolated blood pDC cultured in the presence of IL-3 for 24 hours were used as immature DC. Mature
pDC were generated by stimulating freshly isolated blood pDC with 6 pug/mL CpG ODN
(G*G*GGGACGATCGTCG*G*G*G*G*@G, Oswel, UK) [7] for 24 hours in the presence of IL-3.
Previous studies have shown that, compared to pDC maintained in IL-3 alone, pDC stimulated with
CpG show a more dendritic morphology and express higher levels of co-stimulatory molecules [22].
pDC were washed before co-culture with autologous NK cells (at a ratio of 1:5) for a further 24 hours.
DC-NK cell culture supernatants were removed and stored at -20°C for cytokine assay by ELISA. In
some experiments NK cells were incubated with a type I IFN receptor blocking antibody (10 pg/mL,
or otherwise indicated) (R&D Systems, UK) for 20 minutes on ice, prior to co-culture with DC. In
other experiments, NK cells were incubated for 24 hours with rhIFNa (1 pg/mL, Sigma-Aldrich, UK),
or with supernatants from pDC that were cultured in the presence of IL-3, or IL-3 and CpG DNA for
24 hours. As a positive control of activation, NK cells were cultured in the presence of IL-2 (50
units/mL, R&D Systems, Abingdon, UK), influenza virus ( H3N2 strain X-31), or with PMA (50
ng/mL) and Ionomycin (1 pM) (both from Sigma-Aldrich, UK).

2.3 Phenotypic characterisation

Surface antigen expression was analysed by three or four-colour direct immuno-fluorescence using
a fluorescent-activated cell sorter (FACS) (FACS-calibur, BD). The following monoclonal antibodies
were used: phycoerythrin (PE) conjugated anti-(CD3-PE); Peridium Chlorophyll-a protein (PerCP)
conjugated anti-CD3; anti-CD14-PE; anti-CD19-PE; anti-CD56-PE; fluorescein isothiocyanate (FITC)
conjugated anti-CD69; anti-CD11c¢-FITC; anti-CD69-PerCP; anti-HLA-DR-FITC; anti-HLA-DR-
PerCP; Allophyocyanin (APC) conjugated anti-HLA-DR-APC; anti-CD3-APC; and anti-CD56-APC
(Becton Dickinson/Pharmingen, Oxford, UK). Cells were pelleted then resuspended in 200 uL of
FACS buffer (PBS containing 2% FCS, 2 mM EDTA, and 0.05% NaN3), stained on ice with
fluorescent antibodies for 30 minutes, washed with FACS buffer and then fixed with 4%
parafomaldehyde in PBS. Appropriate isotype control antibodies were used to assess the level of
specific labelling.
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2.4 Intracellular detection of IFNy

NK cells alone or with DC were incubated for 24 hours at 37°C. Brefeldin-A (10 pg/mL, Sigma-
Aldrich, Poole, UK) was added for the last 5 hours of culture. Cells were then fixed with 2%
paraformaldehyde in PBS for 15 minutes at room temperature, washed and stained for 20 minutes at
room temperature with anti-CD56-PE, anti-CD69-PerCP, anti-HLA-DR-PerCP or anti-CD3-PerCP,
and anti-hIFNy-FITC (BD Pharmingen, Oxford, UK) antibodies in the presence of 0.5% saponin. The
cells were washed and fixed in 4% paraformaldehyde before being analysed by FACS.

2.5 Detection of CD107a on NK cells

The percentage of degranulating NK cells was measured as previously described by Alter et al. [23].
Briefly, NK cells were incubated alone, or with immature or mature DC either cultured together or
separated by 4 um transwells (R&D Systems), or treated with immature or mature pDC supernatants
for 24 hours. Cells were then harvested and incubated with K562 cells for 4 hours at an E:T ratio of
5:1 in the presence of monensin (6 pg/mL, Sigma-Aldrich, UK) and anti-human CD107a-FITC
antibody (BD Pharmingen, Oxford, UK). Cells were then surface labelled with anti-CD3-PerCP and
anti-CD56-APC antibodies (BD Pharmingen). The cells were washed and fixed in 4%
paraformaldehyde before being analysed by FACS.

2.6 ELISA assays

The levels of IFNa, IFNy, and IL12,70 in DC/NK cell co-culture supernatants were quantified by
sandwich ELISA. IFNa was detected using monoclonal mouse-anti-human IFNa antibody (R&D
Systems, UK), polyclonal sheep anti human IFNa antibody (R&D systems, UK), and rabbit-anti-sheep
antibody-HRP (Dako, Ely, UK). IFNy was measured using IFNy matched antibodies (R&D systems,
UK) in accordance with the manufacturer’s protocol. IL-12,70 was detected using rat anti-human IL-
12,70 antibody (BD Pharmingen), biotinylated-mouse-anti-human IL-12,4070 antibody (BD
Pharmingen), and horseradish peroxidase avidin D (Vector Laboratories, Peterborough, UK). The
optical absorbance of the ELISA plates was read at 405nm and cytokine levels were calculated from
values obtained using standard curves determined from recombinant cytokines (rhIFNa, Sigma-
Aldrich, UK; rhIFNy, R&D systems, UK; IL-12,79, Beckton Dickinson, UK).

2.7 Cell mediated cytotoxicity assay

NK specific lysis of K562 cells was measured by non-radioactive cytotox96 assay (Promega,
Southampton, UK) according to the manufacturer’s protocol. In brief, NK cells were incubated alone,
or with immature or mature DC either cultured together or separated by 4um cell culture inserts (R&D
Systems), or treated with immature or mature pDC supernatants for 24 hours. Cells were then
harvested and incubated with K562 cells at an E:T ratio of 5:1 for 4 hours. Lactate dehydrogenase
(LDH) levels were then quantified. The percentage of specific cytotoxicity was then calculated
according to the manufacturer’s protocol.
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3. Results
3.1 Purity of the pDC and NK populations:

NK cells were magnetically isolated based on CD56 expression followed by magnetic depletion of
NKT cells using anti-CD3 conjugated Dynal beads (Figure 1A). The isolation process did not induce
NK activation as determined by the low expression of the early activation marker CD69 and flow
cytometric detection of intracellular IFNy (Figure 2) after 24 hours of culture. The isolated NK cells
were frozen for later use in co-culture experiments with pDC. The functional viability of stored NK
cells was confirmed by stimulating with IL-2 [24, 25] (Figure 2) and influenza virus [26] (data not
shown) and demonstrating upregulation of CD69 expression and production of IFNy. pDC were
isolated using BDCA-4 magnetic beads. Their purity was evaluated by fluorescent-activated cell sorter
(FACS) based on their lack expression of lineage-specific markers (CD3, CD14, CD16, CD19, CD56),
high expression of HLA-DR molecules, and absence of CDllc expression. The purity of the
preparations varied from 87-99%. A representative phenotypic profile of pDC is depicted in Figure 1B.

Figure 1. Purity of the different isolated cell populations. A) NK cells were isolated as
described in materials and methods then stained for CD56 and CD3. B) autologous pDC
were magnetically isolated then stained with anti-human CD11¢, a cocktail of anti-human
CD3, CD14, CDl16, CDI19, and CD56 and HLA-DR antibodies. Contour plots are
expressed with a threshold value of 0.2; percentages of purity were obtained using
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Figure 2. NK activation after a single freeze/thaw cycle. Isolated NK cells were
cryopreserved and re-thawed for use in later experiments. A) NK cells cultured for 24
hours in the absence (filled histogram) or presence of IL-2 (clear histogram) were labelled
with anti-CD56, CD3 and CD69 antibodies. Histograms show CD69 expression on CD56"
CD3" cells. B) NK cultured alone for 24 hours (left dot-plot) or with IL-2, 50 units/mL,
(Right dot-plot) and stained for intracellular IFNy. Dotplots show 50,000 acquired events
gated on live CD56" CD3" cells.
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3.2 pDC induce CD69 up-regulation on NK cells in a cell-contact independent, type I interferon

dependent mechanism

We first assessed the capacity of pDC to activate autologous NK cells by flow cytometry. Prior to
co-culture with NK cells pDC were cultured for 24 hours with IL-3 or with IL-3 and CpG DNA to
induce maturation [22]. Co-culture of NK cells with pDC at a ratio of 5:1 resulted in up-regulation of
CD69 on NK cells. Activation of NK cells was mediated by both immature and mature pDC with a
more pronounced induction by mature DC (Figure 3).

We next investigated whether pDC-mediated up-regulation of CD69 on NK cells was mediated by
secreted factors, such as type I interferons, or whether direct cell-cell contact was essential for such
effect. NK cells were either directly co-cultured with immature or mature pDC for 24 hours, or treated
with supernatants from immature or mature pDC for the same duration of time. (Note that CpG
stimulated pDC continue to secrete IFNa after 24h as shown in Figure 5). Cultures were performed in
the presence or absence of anti-human IFN type 1 receptor (IFNAR1) antibody. No significant
differences were found in the levels of CD69 up-regulation by NK cells in response to either pDC or
their supernatants, indicating that this effect is solely mediated by secreted factors. Pre-treatment of
NK cells with anti-IFNR1 antibody significantly reduced but did not ablate CD69 expression on NK
cells (Figure 3). Culture of NK cells with recombinant [IFNa induced CD69 up-regulation but the level
of expression was less than that observed with supernatant from immature or mature pDC. Taken
together, these results indicate that pDC mediate CD69 up-regulation on NK cells via signalling
through the type I interferon receptor, by a non type I IFN component released by immature and
probably by mature pDC, and is cell contact independent.
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Figure 3. NK cells up-regulate CD69 in response to pDC sensitisation through secreted
type I interferons. NK cells were cultured for 24 hours in the presence or absence of anti-
IFNRI1 antibody. Cells were cultured alone or treated with PMA/Ionomycin, rIFNa,
untreated (ipDC) or CPG-treated pDC (mpDC), or their supernatants. Cells were then
stained with anti-CD3, CD56, CD69 and HLA-DR antibodies and CD69 expression shown
on the CD3” CD56" cells (clear histograms). Results from a typical experiment (total of 3)
are presented with M1 region based on the isotype control (filled histograms).
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3.3 pDC induce upregulation of HLA-DR on NK cells through cellular contact:

We further investigated the extent of NK cell activation by measuring the levels of CDI18, a [3,-
integrin [27, 28], and HLA-DR [29, 30] up-regulation upon pDC sensitisation. Again, pDC were
incubated with IL-3, or IL-3 and CPG for 24 hours prior to being co-cultured with autologous NK cells
at a ratio of 1:5 respectively. Co-culture of NK cells with pDC resulted in no changes in the levels of
CD18 expression on NK cells (data not shown). Interestingly, we observed up-regulation of HLA-DR
on NK cells in response to pDC stimulation (Figure 4). The levels of HLA-DR upregulation on NK
cells were similar in response to either immature or mature pDC. We next examined whether this
activation is driven by pDC-secreted factors or by direct cell-cell contact. Mature or immature pDC
were cultured with NK cells or separated by transwells and anti-IFNRI antibody was added to some
cultures. NK cells were also treated for 24 hours with supernatant from immature or mature pDC in the
presence or absence of anti-IFNRI antibody. Unlike CD69 expression, HLA-DR up-regulation was
restricted to NK cells that were allowed cell contact with pDC (Figure 4) and was not inhibited by anti-
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IFNRI antibody. Furthermore, NK cells treated with rIFNa for 24 hours failed to up-regulate HLA-
DR. Thus pDC-mediated HLA-DR up-regulation on NK cells is type I interferon independent, cell
contact dependent.

Figure 4. pDC induce HLA-DR up-regulation on NK cells through cellular contact. NK
cells up-regulate HLA-DR in response to pDC sensitisation in a cell-contact dependent,
type I interferon independent manner. NK cells were cultured for 24 hours in the presence
or absence of anti-IFNRI antibody. Cells were cultured alone or treated with
PMA/Ionomycin, rIFNa, untreated (ipDC) or CPG-treated pDC (mpDC), or their
supernatants. NK cells were cultured with pDC either together, or separated by transwells.
Cells were then stained with anti-CD3, CD56, CD69 and HLA-DR antibodies. HLA-DR
expression on the CD3” CD56" cells is shown. Results from a typical experiment (total of 3)
are presented with quadrants based on the isotype control.
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3.4 Mature pDC induce IFNy secretion by NK cells via signalling through the type I interferon

receptor

NK activation was further analysed by measuring IFNy release in co-culture supernatants. Unlike
CD69 or HLA-DR induction, only mature pDC were found to induce high levels of IFNy secretion by
NK cells (Figure 5). As expected in cultures of pDC induced to mature with CpG DNA, we also
observed secretion of high levels of [FNa. [6, 31].

Figure 5. Mature pDC induce IFNy secretion by NK cells.
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To determine whether the activation of NK cells by pDC is mediated by type 1 interferon the co-
culture experiments were repeated in the presence of increasing amounts of anti- IFNARI1 antibody.
Although both the antibody (Figure 6) and its isotype control (data not shown) induced IFNy secretion
by NK cells cultured alone, probably by sensitisation through CD16 Fc receptor [32], the levels of
IFNy released by NK cells cultured with CpG-matured pDC were three-fold higher. Addition of the
anti-[IFNR1 antibody to co-cultures of mature pDC and NK cells inhibited production of IFNy by NK
cells in a dose-dependent manner (Figure 6).

Figure 6. pDC stimulate NK secretion of IFNy and is dependent on signalling through the
type 1 interferon receptor.
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3.5 NK cell degranulation is induced by type I interferons and enhanced by cellular contact with pDC

Recently, lysosomal-associated membrane protein-1 (LAMP-1 or CD107a) was shown to be a
marker for NK cytolytic activity [23] Therefore, we assessed whether CD107a expression was up-
regulated on NK cells following stimulation with pDC. NK cells were co-cultured with immature or
mature pDC for 24 hours then incubated with K562 tumour cells for 4 hours in the presence of
monensin and anti-human CD107a antibody. Stimulation of NK cells with either immature or mature
pDC increased the percentage of CD107a” NK cells compared to basal CD107a expression on NK
cells cultured with K562 cells (Figure 7). The induction of CD107a expression was more pronounced
when NK cells were stimulated by mature pDC.

Figure 7. NK degranulation is slightly induced by type I interferons but augmented
through cellular contact with pDC.
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To determine whether the increased degranulation by NK cells is mediated through cellular contact
or through soluble factors, NK cells were treated with supernatants from immature or mature pDC in
the presence or absence of anti-IFNR1 antibody, or separated from pDC by transwells. NK cells that
were separated from pDC or treated with pDC supernatants showed a slight increase in the levels of
CD107a expression (Figure 7). This increase, however, was less than what was observed in NK cells
that were allowed direct contact with pDC. Furthermore, blocking the IFNR1 receptor on NK cells
only resulted in a small decrease in the percentage of CD56" CD107a" cells. This reduction was
consistent with the difference between the effect of immature and mature pDC. Moreover, treatment of
NK cells with rIFNa resulted in a small increase in the percentage of CD107a expressing NK cells that
was also consistent with the difference between the effect of immature and mature pDC on NK cell
degranulation. Thus pDC mediate degranulation of NK cells in response to K562 cells by two
mechanisms. First by secreting type I interferons and second, and more predominantly, through a cell-
contact dependent mechanism.

3.6 Activation of Iytic function by NK cells is enhanced by IFNo, but mainly driven by direct contact
with pDC.

We next determined whether NK cells directly co-cultured with pDC could mediate lysis of the
tumour cell line K562. The cytotoxicity of NK cells was measured by LDH release from K562 target
cells over a 4h period. Both immature and mature pDC were able to prime NK cells to kill K562
tumour cells with high efficiency (Figure 8).

Figure 8. NK specific cytotoxicity is induced by pDC in a contact dependent manner.
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We then asked whether priming for killing required direct cell-cell contact between DC and NK
cells. To investigate the requirement for contact and the role of type I interferons, NK cells were
treated with immature or mature pDC supernatants in the presence or absence of anti-IFNR1 antibody.
Lysis of target cells was enhanced by NK cells treated with pDC supernatants but was substantially
less that observed by co-culture with pDC. Furthermore, treatment of NK cells with r[FNo augments
NK specific lysis of K562 to a similar extent as that observed in NK cells that were treated with
mature pDC supernatant. Treatment of NK cells with anti-IFNR1 antibody slightly activated their lytic
activity, probably by non-specific sensitisation through CD16 Fc receptor. Nevertheless, blocking the
type I interferon receptor on NK cells causes some reduction in killing. Although we and others [33-35]
have established the effect of type I interferon on augmenting NK cytotoxicity, a much greater effect
was observed by co-culture of NK cells with pDC. Indeed, contact with either immature or mature
pDC led to between 2-3-fold increase in NK-mediated killing whilst blocking the IFNR1 receptor
reduced killing to a much lesser extent. These results indicate that pDC enhance the cytotoxic activity
of NK cells partly through secretion of type I interferons, but is mainly driven by direct NK-pDC
contact.

4. Discussion

Multiple changes are seen in NK cells as they are activated to mediate innate immune responses and
include the up-regulation of CD69, HLA-DR, secretion of IFNy and enhanced cytotoxicity. Here we
confirm recent findings that human pDC induce NK cell activation [20, 21] but show that the different
parameters by which activation is assessed are mediated by different pathways. Type I interferons have
long been known to play a role in NK cell activation, but their contribution to all the changes seen on
activated NK is unclear. Although pDC produce large amounts of IFNa., this only accounts for some
of the changes seen during NK cell activation. Up-regulation of CD69 is an early marker of NK cell
activation and does not require contact with the pDC but is due to secreted products although not only
IFNo. Three lines of evidence implicate type I interferon. First IFN o secretion was detected in
supernatant from mature but not immature pDC correlating with higher CD69 expression induced by
mature pDC. Second antibody against the type I interferon receptor reduced CD69 expression induced
by mature pDC. Third recombinant [IFNa induced expression of CD69 on NK cells but the levels were
not as high as that observed with supernatants from immature or mature pDC. The observation that
supernatant from immature pDC up-regulates CD69 and the fact that substantial expression remains
after blocking the IFN type I receptor suggests that other secreted factors contribute to the up-
regulation of CD69. TNFa has been implicated in the upregulation of CD69 by mature pDC [20;21].
Although supernatants from immature pDC were not analysed for this cytokine, co-culture of pDC
with NK cells in the presence of a neutralising antibody against TNFa had no effect on the ability of
immature pDC to induce CD69 upregulation by NK cells (data not shown).

The ability of pDC to sense NK cells and induce up-regulation of HLA-DR was solely mediated by
a cell contact dependent mechanism. Up-regulation was not observed when NK cells were separated
from pDC by transwells or when treated with supernatant from mature or immature pDC and
expression was not reduced by IFN type I receptor blocking antibody. The observation that both
immature and mature pDC stimulated HLA-DR expression suggests the mechanism does not involve
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interactions between NK cells and co-stimulatory molecules. The possibility that the signal for HLA-
DR may have come from pDC/NK clusters was ruled out by lymphocyte gating and exclusion of the
pDC population based on expression of high levels of HLA-DR. However, it is plausible that up-
regulation of HLA-DR by NK cells in response to direct co-culture with pDC may have been due to a
cell-contact dependent transfer of HLA-DR molecules from DC to NK cells. This phenomenon has
been previously described in DC-T cell cultures in mice [36, 37]. Nonetheless, it was previously
shown that a sub-population of NK cells can function as professional APC presenting conventional
antigen [30] and superantigen [29] to T lymphocytes. We propose a model by which pDC stimulate T
cell responses, first by direct presentation of antigen to T cells [9], second by augmenting IFNy
secretion by NK cells, which will feed back on T cell responses, and third by increasing the proportion
of HLA-DR bearing NK cells which will in-turn stimulate antigen specific T cells.

The capacity of NK cells to secrete IFNy, an antiviral cytokine [38, 39], in response to pDC
sensitisation was found to be dependent on type I interferon. The evidence for this is that only CpG
matured but not immature pDC were able to induce NK cell production of IFNy and was inhibited by
antibody to the type I interferon receptor. It has been previously suggested that IFNa enhances NK
cytotoxicity but inhibits early NK cell IFNy production in the presence of functional signal transducer
and activators of transcription (STAT) 1 [40]. Here we observe activation of NK cell lytic and IFNy
secreting pathways by CpG-treated pDC that produce IFNa. A possible reason for such discrepancy
may be the involvement of other factors, soluble or cell bound, that over-ride the inhibiting capacity of
IFNa, or promote IFNa-dependent IFNy production. In this system we were able to rule out the
involvement of IL-12 in mediating NK secretion of IFNy, in contrast to previous data [41].

To evaluate induction of NK cytotoxic capacity by pDC two different methods were employed,
degranulation and killing of the K562 the tumour cell line. In agreement with other investigations, we
have found that IFNa can enhance both NK up-regulation of CD107a, a degranulation marker, and
NK-specific lysis of K562 cells [7, 42, 43]. Surprisingly, unstimulated immature pDC were found to
significantly enhance both degranulation and the lytic function of NK cells against K562 cells. Thus
there is a dichotomy between activation of NK cells for lytic activity and secretion of IFNy. We found
that multiple factors act additively to enhance killing. Recombinant IFNa and supernatant from mature
pDC enhanced killing but this was less than that observed by co-culture with mature pDC. Killing was
reduced by type I IFN receptor blocking antibody but was still substantial. Supernatant from immature
pDC also enhanced lytic activity but again this was less than by co-culture with immature pDC. As
with the up-regulation of CD69 these findings implicate a secreted product that is not IFNoa. Thus
pDC enhancement of NK killing is mediated by type I interferon, contact with either immature or
mature pDC and a secreted factor that is not [IFNa. Preliminary data suggest that this secreted factor is
not TNFa, as NK cells co-cultured with immature pDC in the presence of a neutralising antibody
against TNFa did not abolish the ability of immature pDC to induce NK cell degranulation (data not
shown). In a different system CpG-treated PBMC but not untreated cells mediated lytic activity against
K526 targets [7], findings that appear to contradict the activation of NK cell lytic activity that we
observed on co-culture with immature pDC. CpG has been shown to enhance the dendritic
morphology and co-stimulatory molecule expression by pDC [22] compared with cells cultured with
IL-3 alone. However, there is nevertheless some increase in these maturation markers during culture
with IL-3 in the absence of CpG [44] and this may explain the differences between our findings and
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those of Krug ef al. [7]. IFNa treatment of mdDC has been shown to up-regulate expression of
MICA/B, the ligand for NKG2D, the NK cell activating receptor [45]. Since we observed activation of
NK cell lytic activity in the absence of IFNa it is not clear whether signalling through these molecules
plays a role in stimulation of NK cells by pDC.

A study similar to ours was reported by Gerosa et al. [20], but in contrast to our findings, they
found that activation of NK cytotoxic activity was contact independent and type I interferon dependent.
Several possible factors may explain this discrepancy. First, the type of target cell line used to assess
NK cytolytic activity. We used K562 as target cells which are highly sensitive to NK cell killing
whereas Gerosa et al. utilised the more NK-insensitive Daudi cell line [46]. Furthermore, several
reports [47, 48] have indicated that Daudi cells are highly susceptible to IFNa-induced apoptosis,
which makes them a less favourable target to use when studying the effect of pDC on NK cells. K562
cells, on the other hand, are more resistant to IFN-a induced apoptosis [49]. The studies also differ in
the type of stimulus used to mature the pDC. In the present study, we have avoided the use of
influenza virus to induce pDC maturation as we and others [26] have found that the virus directly
activates NK functions. Moreover, we have found that stimulation of pDC with influenza virus results
in much higher IFNa secretion as compared with CpG DNA (data not shown). Gerosa et al. [20],
demonstrated that neutralizing IFNo/p in NK/ FLU-virus-activated pDC co-cultures inhibited the pDC
mediated NK lysis of Daudi cells by almost half, whereas NK cells that were treated with virus-
activated pDC supernatant completely lost their ability to kill Daudi cells upon neutralisation of type I
interferons. This indicates that although pDC may activate the lytic function of NK cells through type I
interferons, they can also induce NK cytotoxicity through an IFNa independent mechanism as
demonstrated by our work. This is in agreement with earlier work conducted by Feldman et al. [50]
where accessory cells (blood DC) were found to mediate NK lysis of herpes simplex virus-type 1
(HSV-1)-infected cells in both an IFNa-dependent and IFNa-independent mechanisms.

Although there is still controversy regarding the requirement for maturation of mdDC in the
activation of NK cells, previous studies [15, 17] have shown that NK cells are able to kill immature but
not mature mdDC. This has been proposed as a mechanism to regulate an ongoing immune response.
As yet there is no data available regarding the sensitivity of pDC to lysis by NK cells.

In conclusion, we show that NK cell upregulation of CD69, HLA-DR, IFNy secretion and lytic
activity stimulated by pDC is mediated by different pathways some of which are overlapping. Of note,
we show, for the first time, that immature pDC are capable of regulating several NK functions
including expression of CD69 and HLA-DR and mediating NK cytolytic machinery. However, future
challenges include identification of the pDC membrane molecules involved in NK cell activation and
characterisation of the activating products secreted by immature pDC. In line with the identification of
pDC membrane receptors involved in NK cell activation, it was found in a recent study [51] that
culture of immature pDC in the presence of IL-3 resulted in up-regulation of surface expression of
glucocorticoid-induced tumour necrosis factor receptor-ligand (GITRL), which in turn resulted in
stimulation of NK cell lytic function in a GITRL/GITR dependent fashion. As for the secreted factors
by immature pDC that were responsible for stimulating NK cell functions, we were able to rule out in
the current investigation the involvement of IL-12,79, IFNa, and TNFo in immature pDC-mediated
activation of NK cells. However, future studies should perform detailed analysis of the cytokine
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secretion profile of immature pDC cultured in IL-3, possibly by the means of microarrays, in order to
shed light on any potential factors by which these cells can stimulate NK cell functions.

Acknowledgements

We thank Dhayanethie Perumal for her valuable input and Dr Rod Daniels NIMR for the influenza
virus. This work was supported by the Algerian Embassy and the Medical Research Council.

References and Notes

1. Banchereau, J.; Briere, F.; Caux, C.; Davoust, J.; Lebecque, S.; Liu, Y.J.; Pulendran, B.; Palucka,
K. Immunobiology of dendritic cells. Annu. Rev. Immunol. 2000, 767-811.

Trinchieri, G. Biology of natural killer cells. Adv. Immunol. 1989, 187-376.

3. Banchereau, J.; Steinman, R.M. Dendritic cells and the control of immunity. Nature 1998, 6673,
245-252.

4. Rissoan, M.C.; Soumelis, V.; Kadowaki, N.; Grouard, G.; Briere, F.; de Waal, M.R.; Liu, Y.J.
Reciprocal control of T helper cell and dendritic cell differentiation. Science 1999, 5405, 1183-
1186.

5. Liu, Y.J.; Kanzler, H.; Soumelis, V.; Gilliet, M. Dendritic cell lineage, plasticity and cross-
regulation. Nat. Immunol. 2001, 7, 585-589.

6. Siegal, F.P.; Kadowaki, N.; Shodell, M.; Fitzgerald-Bocarsly, P.A.; Shah, K.; Ho, S.; Antonenko,
S.; Liu, Y.J. The nature of the principal type 1 interferon-producing cells in human blood. Science
1999, 5421, 1835-1837.

7. Krug, A.; Rothenfusser, S.; Hornung, V.; Jahrsdorfer, B.; Blackwell, S.; Ballas, Z.K.; Endres, S.;
Krieg, A.M.; Hartmann, G. Identification of CpG oligonucleotide sequences with high induction
of IFN-alpha/beta in plasmacytoid dendritic cells. Eur. J. Immunol. 2001, 7, 2154-2163.

8. Grouard, G.; Rissoan, M.C.; Filgueira, L.; Durand, 1.; Banchereau, J.; Liu, Y.J. The enigmatic
plasmacytoid T cells develop into dendritic cells with interleukin (IL)-3 and CD40-ligand. J. Exp.
Med. 1997, 6, 1101-1111.

9. Fonteneau, J.F.; Gilliet, M.; Larsson, M.; Dasilva, I.; Munz, C.; Liu, Y.J.; Bhardwaj, N.
Activation of influenza virus-specific CD4+ and CD8+ T cells: a new role for plasmacytoid
dendritic cells in adaptive immunity. Blood 2003, 9, 3520-3526.

10. Dzionek, A.; Fuchs, A.; Schmidt, P.; Cremer, S.; Zysk, M.; Miltenyi, S.; Buck, D.W.; Schmitz, J.
BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic cells in human
peripheral blood. J. Immunol. 2000, 1, 6037-6046.

11. Talmadge, J.E.; Meyers, K.M.; Prieur, D.J.; Starkey, J.R. Role of NK cells in tumour growth and
metastasis in beige mice. Nature 1980, 5757, 622-624.

12. Karre, K.; Ljunggren, H.G.; Piontek, G.; Kiessling, R. Selective rejection of H-2-deficient
lymphoma variants suggests alternative immune defence strategy. Nature 1986, 6055, 675-678.

13. Lanier, L.L. Follow the leader: NK cell receptors for classical and nonclassical MHC class 1. Cel/
1998, 6, 705-707.



Sensors 2009, 9 401

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ljunggren, H.G.; Karre, K. In search of the 'missing self: MHC molecules and NK cell
recognition. Immunol. Today 1990, 7, 237-244.

Ferlazzo, G.; Tsang, M.L.; Moretta, L.; Melioli, G.; Steinman, R.M.; Munz, C. Human dendritic
cells activate resting natural killer (NK) cells and are recognized via the NKp30 receptor by
activated NK cells. J. Exp. Med. 2002, 3, 343-351.

Fernandez, N.C.; Lozier, A.; Flament, C.; Ricciardi-Castagnoli, P.; Bellet, D.; Suter, M.;
Perricaudet, M.; Tursz, T.; Maraskovsky, E.; Zitvogel, L. Dendritic cells directly trigger NK cell
functions: cross-talk relevant in innate anti-tumor immune responses in vivo. Nat. Med. 1999, 4,
405-411.

Piccioli, D.; Sbrana, S.; Melandri, E.; Valiante, N.M. Contact-dependent stimulation and
inhibition of dendritic cells by natural killer cells. J. Exp. Med. 2002, 3, 335-341.

Wilson, J.L.; Heffler, L.C.; Charo, J.; Scheynius, A.; Bejarano, M.T.; Ljunggren, H.G. Targeting
of human dendritic cells by autologous NK cells. J. Immunol. 1999, 12, 6365-6370.

Chehimi, J.; Starr, S.E.; Kawashima, H.; Miller, D.S.; Trinchieri, G.; Perussia, B.;
Bandyopadhyay, S. Dendritic cells and IFN-alpha-producing cells are two functionally distinct
non-B, non-monocytic HLA-DR+ cell subsets in human peripheral blood. Immunology 1989, 4,
486-490.

Gerosa, F.; Gobbi, A.; Zorzi, P.; Burg, S.; Briere, F.; Carra, G.; Trinchieri, G. The reciprocal
interaction of NK cells with plasmacytoid or myeloid dendritic cells profoundly affects innate
resistance functions. J. Immunol. 2005, 2, 727-734.

Romagnani, C.; Della, C.M.; Kohler, S.; Moewes, B.; Radbruch, A.; Moretta, L.; Moretta, A.;
Thiel, A. Activation of human NK cells by plasmacytoid dendritic cells and its modulation by
CD4+ T helper cells and CD4+ CD25hi T regulatory cells. Eur. J. Immunol. 2005, 8, 2452-2458.
Bauer, M.; Redecke, V.; Ellwart, J.W.; Scherer, B.; Kremer, J.P.; Wagner, H.; Lipford, G.B.
Bacterial CpG-DNA triggers activation and maturation of human CD11c-, CD123+ dendritic cells.
J. Immunol. 2001, 8, 5000-5007.

Alter, G.; Malenfant, J.M.; Altfeld, M. CD107a as a functional marker for the identification of
natural killer cell activity. J. Immunol. Methods 2004, 1-2, 15-22.

Caligiuri, M.A.; Zmuidzinas, A.; Manley, T.J.; Levine, H.; Smith, K.A.; Ritz, J. Functional
consequences of interleukin 2 receptor expression on resting human lymphocytes. Identification
of a novel natural killer cell subset with high affinity receptors. J. Exp. Med. 1990, 5, 1509-1526.
Caligiuri, M.A.; Murray, C.; Robertson, M.J.; Wang, E.; Cochran, K.; Cameron, C.; Schow, P_;
Ross, MLE.; Klumpp, T.R.; Soiffer, R.J.; . Selective modulation of human natural killer cells in
vivo after prolonged infusion of low dose recombinant interleukin 2. J. Clin. Invest 1993, 1, 123-
132.

Mandelboim, O.; Lieberman, N.; Lev, M.; Paul, L.; Arnon, T.I.; Bushkin, Y.; Davis, D.M.;
Strominger, J.L.; Yewdell, J.W.; Porgador, A. Recognition of haemagglutinins on virus-infected
cells by NKp46 activates lysis by human NK cells. Nature 2001, 6823, 1055-1060.

Barao, I.; Hudig, D.; Ascensao, J.L. IL-15-mediated induction of LFA-1 is a late step required for
cytotoxic differentiation of human NK cells from CD34+Lin- bone marrow cells. J. Immunol.
2003, 2, 683-690.



Sensors 2009, 9 402

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Robertson, M.J.; Caligiuri, M.A.; Manley, T.J.; Levine, H.; Ritz J. Human natural killer cell
adhesion molecules. Differential expression after activation and participation in cytolysis. J.
Immunol. 1990, 10, 3194-3201.

D'Orazio, J.A.; Stein-Streilein, J. Human natural killer (NK) cells present staphylococcal
enterotoxin B (SEB) to T lymphocytes. Clin. Exp. Immunol. 1996, 2, 366-373.

Hanna, J.; Gonen-Gross, T.; Fitchett, J.; Rowe, T.; Daniels, M.; Arnon, T.I.; Gazit, R.; Joseph, A.;
Schjetne, K.W.; Steinle, A.; Porgador, A.; Mevorach, D.; Goldman-Wohl, D.; Yagel, S.; LaBarre,
M.J.; Buckner, J.H.; Mandelboim, O. Novel APC-like properties of human NK cells directly
regulate T cell activation. J. Clin. Invest 2004, 11, 1612-1623.

Cella, M.; Jarrossay, D.; Facchetti, F.; Alebardi, O.; Nakajima, H.; Lanzavecchia, A.; Colonna, M.
Plasmacytoid monocytes migrate to inflamed lymph nodes and produce large amounts of type I
interferon. Nat. Med. 1999, 8, 919-923.

Trinchieri, G.; Valiante, N. Receptors for the Fc fragment of IgG on natural killer cells. Nat.
Immun. 1993, 4-5, 218-234.

Biron, C.A. Activation and function of natural killer cell responses during viral infections.
Curr.Opin.Immunol. 1997, 1, 24-34.

Biron, C.A. Interferons alpha and beta as immune regulators--a new look. Immunity 2001, 6, 661-
664.

Santoli, D.; Trinchieri, G.; Koprowski, H. Cell-mediated cytotoxicity against virus-infected target
cells in humans. II. Interferon induction and activation of natural killer cells. J. Immunol. 1978, 2,
532-538.

Xiang, J.; Huang, H.; Liu, Y. A new dynamic model of CD8+ T effector cell responses via CD4+
T helper-antigen-presenting cells. J. Immunol. 2005, 12, 7497-7505.

Hwang, 1.; Huang, J.F.; Kishimoto, H.; Brunmark, A.; Peterson, P.A.; Jackson, M.R.; Surh, C.D.;
Cai, Z.; Sprent, J. T cells can use either T cell receptor or CD28 receptors to absorb and
internalize cell surface molecules derived from antigen-presenting cells. J. Exp. Med. 2000, 7,
1137-1148.

Ruby, J.; Ramshaw, 1. The antiviral activity of immune CD8+ T cells is dependent on interferon-
gamma. Lymphokine Cytokine Res. 1991, 5, 353-358.

Young, H.A.; Hardy, K.J. Role of interferon-gamma in immune cell regulation. J. Leukoc. Biol.
1995, 4, 373-381.

Nguyen, K.B.; Cousens, L.P.; Doughty, L.A.; Pien, G.C.; Durbin, J.E.; Biron, C.A. Interferon
alpha/beta-mediated inhibition and promotion of interferon gamma: STAT]1 resolves a paradox.
Nat. Immunol. 2000, 1, 70-76.

Orange, J.S.; Biron, C.A. An absolute and restricted requirement for IL-12 in natural killer cell
IFN-gamma production and antiviral defense. Studies of natural killer and T cell responses in
contrasting viral infections. J. Immunol. 1996, 3, 1138-1142.

Trinchieri, G.; Santoli, D.; Koprowski, H. Spontaneous cell-mediated cytotoxicity in humans: role
of interferon and immunoglobulins. J. Immunol. 1978, 6, 1849-1855.

Platsoucas, C.D.; Fox, F.E.; Oleszak, E.; Fong, K.; Nanno, M.; loannides, C.G.; Trotta, P.P.
Regulation of natural killer cytotoxicity by recombinant alpha interferons. Augmentation by IFN-
alpha 7, an interferon similar to IFN-alpha. J. Anticancer Res. 1989, 4, 849-858.



Sensors 2009, 9 403

44,

45.

46.

47.

48.

49.

50.

51

Kohrgruber, N.; Halanek, N.; Groger, M.; Winter, D.; Rappersberger, K.; Schmitt-Egenolf, M.;
Stingl, G.; Maurer, D. Survival, maturation, and function of CDI1c- and CD11c+ peripheral
blood dendritic cells are differentially regulated by cytokines. J. Immunol. 1999, 6, 3250-3259.
Jinushi, M.; Takehara, T.; Kanto, T.; Tatsumi, T.; Groh, V.; Spies, T.; Miyagi, T.; Suzuki, T.;
Sasaki, Y.; Hayashi, N. Critical role of MHC class I-related chain A and B expression on IFN-
alpha-stimulated dendritic cells in NK cell activation: impairment in chronic hepatitis C virus
infection. J. Immunol. 2003, 3, 1249-1256.

Masucci, M.G.; Masucci, G.; Klein, E.; Berthold, W. Target selectivity of interferon-induced
human killer lymphocytes related to their Fc receptor expression. Proc. Natl. Acad.Sci. U.S.A
1980, 6, 3620-3624.

Gisslinger, H.; Kurzrock, R.; Gisslinger, B.; Jiang, S.; Li, S.; Virgolini, 1.; Woloszczuk, W.;
Andreeff, M.; Talpaz, M. Autocrine cell suicide in a Burkitt lymphoma cell line (Daudi) induced
by interferon alpha: involvement of tumor necrosis factor as ligand for the CD95 receptor. Blood
2001, 9,2791-2797.

Oshima, K.; Yanase, N.; Ibukiyama, C.; Yamashina, A.; Kayagaki, N.; Yagita, H.; Mizuguchi, J.
Involvement of TRAIL/TRAIL-R interaction in IFN-alpha-induced apoptosis of Daudi B
lymphoma cells. Cytokine 2001, 4, 193-201.

Grebenova, D.; Kuzelova, K.; Fuchs, O.; Halada, P.; Havlicek, V.; Marinov, 1.; Hrkal, Z.
Interferon-alpha suppresses proliferation of chronic myelogenous leukemia cells K562 by
extending cell cycle S-phase without inducing apoptosis. Blood Cells Mol. Dis. 2004, 1, 262-269.
Feldman, M.; Howell, D.; Fitzgerald-Bocarsly, P. Interferon-alpha-dependent and -independent
participation of accessory cells in natural killer cell-mediated lysis of HSV-1-infected fibroblasts.
J. Leukoc. Biol. 1992, 5, 473-482.

. Hanabuchi, S.; Watanabe, N.; Wang, Y.H.; Wang, Y .H.; Ito, T.; Shaw, J.; Cao, W.; Qin, F.X.; Liu,

Y.J. Human plasmacytoid predendritic cells activate NK cells through glucocorticoid-induced
tumor necrosis factor receptor-ligand (GITRL). Blood 2006, 9, 3617-3623.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



