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ABSTRACT

Background: It is well established that cross talk between natural killer (NK) cells and
myeloid dendritic cells (DC) leads to NK cell activation and DC maturation. In the
present study, we investigated whether type 1-polarized DC (DC1) matured in the
presence of IFN- 7 and type 2-polarized DC (DC2) matured in the presence of PGE2
can differentially activate NK cells. Methods: In order to generate DC, plastic adherent
monocytes were cultured in RPMI 1640 containing GM-CSF and IL-4. At day 6,
maturation was induced by culturing the cells for 2 days with cytokines or PGE2 in
the presence or absence of LPS. Each population of DC was cocultured with NK cells
for 24 h. The antigen expression on DC was analyzed by flow cytometry and cytokine
production in culture supernatant was measured by ELISA or a bioassay for TNE- &
determination. NK cell-mediated lysis was determined using a standard 4 h chromium
release assay. Results: DC2, unlike DCI1, had weak, if any, ability to induce NK cell
activation as measured by IFN-y production and cytolytic activity. DC2 were weakly
stimulated by activated NK cells compared to DC1. In addition, IFN- 7 -primed mature
DC appeared to be most resistant to active NK cell-mediated lysis even at a high NK
cell/DC ratio. On the other hand, PGE2-primed DC were less resistant to feedback
regulation by NK cells than IFN- 7 -primed mature DC. Finally, we showed that the
differential effect of two types of DC population on NK cell activity is not due to
differences in their ability to form conjugates with NK cells. Conclusion: These results
suggest that different combinations of inflammatory mediators differentially affect the
effector function of DC and, as a result, the function of NK cells, eventually leading
to distinct levels of activation in adaptive immunity. (Immune Network 2007;7(3):

133-140)
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ing tumor and virus-infected cells, spontaneously in

the absence of Ag-specific recognition (1). The cyto-

Natural killer (NK) cells and dendritic cells (DC)
represent two distinct components of the innate im-
mune system. NK cells are effector cells of innate re-
sistance that are able to lyse a variety of cells, includ-
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lytic activity of NK cells is augmented by IL-2 and,
to a lesser extent, by other cytokines, including IL-12
and IFN- @. Activated NK cells also acquire the ca-
pacity to lyse target cells that are resistant to lysis by
resting NK cells, and to produce cytokines, partic-
ularly IFN- 7. IFN- 7 -producing NK cells regulate in-
nate resistance by activating phagocytic cells and pri-
ming APC for IL-12 production, thus shaping adap-
tive immunity toward a Thl response (2).
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DC are considered sentinels of the immune system
because of their role as initiators of both innate and
antigen-specific immunity (3,4). Located in the periph-
ery as an immature form, DC take up substrates such
as proteins and dying cells from the surrounding
environment. Upon encounter with microbial antigens
or pro-inflammatory cytokines, the DC mature, proc-
ess, and present the internalized antigens on MHC
molecules. Mature DC then prime naive T cells, se-
lected from the recirculating T cell pool in secondary
lymphoid organs, producing active antigen-specific
MHC class I-restricted CTLs (3,5,6). Although NK
cells are part of innate immunity, they share many
phenotypic and functional features with T cells (7-9).
T cells cooperate with DC in the initiation/amplifica-
tion of antigen-specific responses. Several groups have
reported that the DC-NK interaction can activate each
of the cells (10,11).

In addition, tissue-derived factors, such as IFN- 7Y
and PGE2, present during the activation of human
monocyte-derived sentinel DC promote the generation
of type 1 effector DC (DC1), which produce high
amounts of IL-12 upon subsequent engagement with
naive T cells, or the generation of IL-12-deficient
DC2, which drive the development of Th2 cells
(12,13).

In the present study, we investigated whether DC1
and DC2 can differentially activate NK cells. Mono-
cyte-derived DC were stimulated with TNF- @, IL-1 5,
and IFN- 7 (DC1) or PGE2 (DC2). In order to exam-
ine the interaction between different phenotypes of
DC and NK cells, DC differentiated from monocytes
were cocultured with autologous NK cells. Our results
indicated that DC2, unlike DC1, had a weak, if any,
ability to induce NK cell activation. IFN- 7 -primed
mature DC were resistant to feedback regulation by
NK cells. Therefore, different combinations of in-
flammatory mediators differentially affect the effector
function of DC and, as a result, the function of NK
cells, eventually leading to distinct levels of activation

in adaptive immunity.

Materials and Methods

Generation of immature DC and maturation induction by
different stimuli. For DC generation, the method used
by Sallusto ez @/. (14) was slightly modified. Briefly,
PBMC from healthy donors (Red Cross Blood Center,

Daejeon, South Korea and volunteers) were isolated by
density centrifugation on Histopaque 1077 (Sigma, St.
Louis, MO). After lysis of erythrocytes, the pop-
ulations were resuspended in RPMI 1640 (Sigma) me-
dium supplemented with 109% heat-inactivated fetal
bovine serum (FBS; HyClone, Logan, UT). Plastic ad-
herent cells (2 h, 37°C) that are usually CD14-positive
monocytes (data not shown) were cultured in RPMI
1640 containing GM-CSF (provided by LG Biotech,
Iksan, South Korea) and IL-4 (Endogen Pierce,
Woburn, MA). At day 6, maturation was induced by
culturing the cells for 2 days with the following factors
alone or with in combinations as indicated in the text:
IL-1 5 (10 ng/ml; Endogen Pierce), TNF-a (50 ng/
ml; PeproTec Inc., Rocky Hill, NJ), IFN- 7 (1000 u/
ml; LG Biotech), PGE2 (1076 M; Sigma), or LPS (100
ng/ml or 1 s£g/ml; Sigma). All subsequent tests were
performed after harvesting and extensive washing of
the cells to remove all factors.

Determination of expression level of cell surface molecules. At
day 8, the effector DC obtained were analyzed for the
expression of cell surface molecules with a FACSCali-
bur (Becton Dickinson, Mountain View, CA). Mouse
anti-human mAbs were used against the following
molecules: CD80, CD86, CD83, and HLA-DR (Phar-
mingen, San Diego, CA). FITC/PE-conjugated IgG
(Pharmingen) was used as an isotype control.
NK-DC coculture. PBMC were allowed to adhere to
plastic, and nonadherent lymphocytes were then ex-
tensively washed, then subjected to NK Cell Isolation
Kit (Miltenyi Biotec., Bergisch Gladbach, Germany).
The percentage of NK cells in the population was
evaluated by using PE- @CD56 mAb (Pharmingen)
staining followed by flow cytometric analysis. In gen-
eral, the various numbers of purified NK cells were
added to 1X10° autologous DCs (DC1 or DC2) at ra-
tios indicated in the text. After coculture of DC and
NK cells, the supernatants were saved for cytokine de-
termination, and the cells were harvested and used as
effector cells against target cells (K562 cells).
Cytokine assay. To detect the production of IL-12 and
IFN- 7 by NK/DC cocultures, ELISA were carried out
with commercially available kits (Endogen Pierce) for
detecting the cytokines according to the manufactur-
er's instruction. TNF- @ production was measured by
bioassay based on a cell lysis assay where WEHI-164
cells are lysed by TNF- @ treatment.
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Cell-mediated cytotoxic assay. NK cell killing of K562
cells or DC was determined using a standard 4 h chro-
mium release assay (15). Briefly, K562 cells or DC
were labeled with 100 £Ci (NEN-Dupont) of sodium
chromate for 1.5 h at 37°C in a CO, incubator. A
total 1x10" cells in 100 /I complete culture medium
were distributed into each well of U-bottomed micro-
titer plates in triplicate. After incubation for either 4
h or 24 h in the case of DC at 37°C, 100 /I of super-
natant was collected and the >'Cr release was counted
in a gamma counter (Wallac, Gaithersburg, MD). The
percentage of specific lysis was calculated as follows:
100X [(cpm of test sample — cpm of spontaneous ly-
sis)/(cpm of maximum control — cpm of spontaneous
lysis)], where cpm denotes counts per minute.

Conjugate formation assay. NK cell-DC conjugates were
detected by flow cytometry after activated NK cells
and DC were labeled with PKH26 red or PKHG67
green fluorescent dyes (Sigma), respectively. After la-
beling, the cells were washed and incubated together
(NK-DC) at a 1 : 1 ratio for 1 h at 37°C in the pres-
ence or absence of EGTA. The percentage of con-
jugates formed was calculated with a FACSCalibur.
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Results

Activating intevaction between NK cells and DC is depend-
ent on cell-cell contact. We began our study by inves-
tigating the interaction between autologous DC and
resting NK cells. These initial experiments demon-
strated that both cell types become activated after co-
culture for 24 h. The immature DC before coculture
with NK cells showed evidence of maturation as de-
termined by their increased expression of both
HLA-DR and CD83 antigens (Fig. 1A), and cytokine
production (Fig. 1B), which were augmented by both
increasing the number of NK cells and the addition
of LPS. However, IFN- 7 production by NK cells was
only detected in the group of DC-NK cells cocultured
in the presence of LPS (Fig. 1C). Of note, this pro-
duction was dependent on cell-cell contact, because
NK cells did not produce IFN-7 in a transwell plate
system where DC and NK cells were located in upper
and lower wells, respectively (Fig. 1D).

A combination of inflammatory stimuli induces either effector
DCI or DC2. To study the direct effect of different
stimuli (IFN-7 or PGE2) on the maturation of senti-
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Figure 1. Reciprocal and cell contact-dependent activating interaction between NK cells and DC. (A) DC were cultured for 24 h in
the absence or presence of LPS (100 ng/ml). After cells (1x10°) were washed and cocultured for 24 h with purified autologous NK
cells at different ratios of DC to NK cells, the expression of HLA-DR and CD83 antigen on DC was analyzed by flow cytometry.
(B, C, D) TNF-a production in culture supernatant was measured with a bioassay based on WEHI-164 lysis (B, upper). IL-12 (B,
low) and IFN-7 (C) were measured by ELISA. Cell-cell contact-dependent IFN- 7 production (D) was tested in a transwell plate that

allows separate cultures of each population.



136 Kwang Dong Kim, et al.

nel DC into effector DC, uncommitted monocyte-de-
rived DC were cultured with the combination of IL-
18 and TNF- @ (maturation factor: MF) and/or IFN-
Y or PGE2. All stimuli induced final maturation
within 48h, as evident from the induction of HLA-
DR, CD80, CD86, and CD83 expression (Fig. 2). The
level of surface antigens was not significantly different
between the DC1 (MF+IFN-7) and DC2 (MF+

HLA-DR CcD80

Staining
control

CD86

PGE2) groups. In these conditions, DC1 could pro-
duce bioactive IL-12p70, whereas DC2 produced
IL-10 (Fig. 3A). We used these cells as activators of
NK cells after extensive washing to remove soluble
factors. After extensive washing, IL-12 and IL-10 were
not detectable (data not shown).

DCI function as a potent activator of NK cells. After final
maturation of DC, we investigated which type of DC,
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Figure 3. Cytokine production of
dendritic cells matured by MF and
IFN-7 or PGE2. (A) Immature
dendritic cells at day 6 were
cultured for 48 h with MF (TNEF-
a and IL-183) or MF in com-
bination with IFN-7y or PGE2.
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DC1 or DC2, could activate NK cells through cell-cell
interaction. Mature DC were cocultured with purified
peripheral NK cells at a 1:1 ratio for 24 h. The super-
natants were harvested and used for the determination
of cytokine levels by ELISA, and the cells were used
as effector cells for the determination of cytolytic ac-
tivity against K562 cells. Interestingly, NK cells
(1X10°) cocultured with DC showed a marked en-

o
80 -
o
© 1
0
X 60
—
[}
Q
2 40
ES
20 H ’_‘r_‘
0
NKalone ImDC - INF-y PGE2 LPs-DC IL-2NK
MF-DC

+ NK (DC: NK = 1:1, co-cultured for 24 h)

Figure 4. Enhancement of cytolytic activity by NK cells
cocultured with mature DC. The NK cells were cocultured with
each population of DC for 24 h as described in Fig. 3B. K562
cells used as NK target cells were labeled with >'Cr. The labeled
K562 cells were co-incubated with stimulated NK cells in a 96
well U-bottom plate for 4 h. The supernatants were harvested
and the *'Cr release into the supernatant was counted in a gamma

hancement of IL-12 and IFN- 7 production (Fig. 3B)
as well as cytolytic activity (Fig. 4) in the DC1 group
only. We used LPS-stimulated DC or IL-2 stimulated
NK cells as positive controls. Although DC are known
as effector cells capable of inducing NK cell activation,
in vitro interactions of NK cells with DC2, which can
induce a Th2 immune response, could not activate
NK cells, and DC2 were not activated by NK cells.
On the contrary, we observed that DC2 inhibit NK
cytolytic activity and do not induce increased levels of
IL-12 and IFN- 7 after interaction with NK cells (Fig.
4 and 3B).

Mature DC escape from feedback regulation by NK cells. It
was reported that activated NK cells could inhibit DC
development through NK-mediated killing (Piccioli ez
al., 2002). Thus, we tested whether mature DC such
as DC1 and DC2 could escape NK-mediated killing.
After stimulation of NK cells with or without IL-2,
the effector NK cells were cocultured with *'Cr-la-
beled immature DC, DC1, or DC2 at different NK
: DC ratios (3 : 1 or 10 : 1) for 4 h (Fig. 5A) or
24 h (Fig. 5B). Although DC1 were most resistant to
NK cytolytic activity, mature DC generally became
much more resistant to NK cell cytolytic activity than
immature DC.

Conjugate formation with NK cells is increased for both DC
1 and DC2. As mentioned earlier, cell-cell contact is

Figure 5. Mature DC, especially

DC1, were remarkably resistant to
NK cell-mediated lysis. DC were
labeled with *'Cr and then co-in-
cubated with freshly isolated resting
or IL-2 stimulated autologous NK
cells at two ratios. After incubation

for 4 h (A) or 24 h (B), the culture

supernatants were harvested and the
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Figure 6. Conjugate formation of
mature DC with NK cells. DC were
stained with PKHG67 green fluores-
cent dye, whereas IL-2-activated NK
cells were stained with PKH26 red

Without EGTA

fluorescent dye. DC were co-incu-

PKH26 (red fluorescent NK)

bated with NK cells in the absence
or presence of 10 mM EGTA at a 1
: 1 ratio for 1 h. Whole -cells,
including DC and NK cells, were
analyzed by flow cytometry. Num-
bers represent the relative ratio of the

With EGTA

double positive population, indicating
a conjugate formation of DC and NK

PKH67 (green fluorescent DC)

required for efficient communication between DC and
NK cells (Fig. 1D). Therefore, we tested whether DC2
have a poor conjugate-forming capacity with NK cells.
After differentiation of DC, the cells were labeled with
PKHG67 green fluorescent dye and co-incubated with
IL-2-treated NK cells, which were labeled with
PKH26 red fluorescent dye, at 37°C for 1 h. The con-
jugation between DC and NK cells was enhanced after
the induction of DC maturation (Fig. 6). However,
contrary to our expectation, we observed that con-
jugate formations by DC1 and DC2 were not sig-
nificantly different from each other. This conjugate
formation was inhibited by treatment with a calcium
chelator, EGTA, indicating that this interaction is
Ca’" dependent.

Discussion

Cognate interactions are a common feature of the
antigen-specific immune response, where cell-cell con-
tact regulates such critical events as antigen pre-
sentation and the delivery of T cell help to CTLs and
B cells (16-18). In contrast, coordinated control of in-
nate immunity is thought to be mediated almost ex-
clusively by cytokine feedback loops (19-21). Recently,
one exception to this general rule was proposed for the
innate immune system and, importantly, it involves
contact-dependent activation of murine or human NK
cells by immature DC or mature DC (11,22).

A role for DC in the process of NK cell activation
has been clearly demonstrated in many different ex-
perimental systems (23,24). In most instances, DC-

cells.

mediated NK cell activation is dependent on IL-12
and other DC-derived cytokines/molecules. IL-12 ap-
pears to be a crucial cytokine for the induction of
IEN-7 by NK cells (25,26). In our study, although
the IL-12 necessary for NK cell activation was released
even after non-stimulated DC and NK cell contact,
LPS-activated DC that produce large amount of IL-12
most efficiently induced NK cells to produce IFN- 7
(Fig. 1B, C), suggesting the presence of other LPS-in-
ducible soluble factors in the activation process of NK
cells. NK cell activation through NK cell-DC inter-
action also required cell-cell contact for effective cross
talk between the two cell types (Fig. 1D). We inves-
tigated whether the cytokine environment and the
mode of activation affect maturation of DC derived
from monocytes and corresponding NK cell-DC
interactions. DC were matured with a set of pro-in-
flammatory mediators or in combination with IFN- ¥
or PGE2. PGE2, which was used for activation of DC
in our short-term protocol, has also been shown to
prevent secretion of bioactive IL-12 (27). These find-
ings were also confirmed by our results showing that
PGE2 has a suppressive effect on IL-12 production by
DC matured with inflammatory mediators. In con-
trast, an elevated level of IL-10 expression by mature
DC was induced by the addition of PGE2, suggesting
suppressive activity of PGE2 upon Thl-type immune
responses. It has been shown previously that PGE2
has different and sometimes opposite effects on DC
function depending on the nature of the maturation
signals (28-30). It was noteworthy that IFN- ¥ -pri-
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med mature DC in NK cell-DC cocultures were fully
capable of inducing IL-12 as well as NK cell activa-
tion, characterized by increased production of IFN- Y
and cytolytic activities of NK cells. However, PGE2
did not elevate IFN-7 production by NK cells and
exerted a suppressive effect on NK cell cytotoxicity.

The relative contributions of different states of DC
maturation to the NK cell-mediated killing process of
DC appeared to correlate with the ability to induce
NK cell activity. IFN-7-primed mature DC were
most resistant to killing by IL-2-activated NK cells.
In contrast, PGE2 did not provide mature DC with
any significant protection from NK cell-mediated kill-
ing, although the percentage of conjugate formation
between the two cell types was not different for IFN-
7-primed and PGE2-treated mature DC. These re-
sults suggest that the differential effects of two types
of DC population on NK cell activity are not due to
a difference in their ability to form conjugates with
NK cells. In our experimental setting, NK cells were
less efficient in killing mature DC capable of inducing
Thl type immunity, irrespective of conjugate for-
mation between DC and NK cells. It has been shown
previously that whereas low NK cell/DC ratios lead
to NK cell-mediated DC activation, higher ratios re-
sult in NK cell-mediated DC killing (11,24). In our
IFN- 7 -primed mature DC showed
strong resistance to active NK cell-mediated lysis even

experiments,

at high NK cell/DC ratios. It has been proposed that
one of the signals required for NK cell-mediated DC
killing may be mediated by the NKp30 receptor that,
by recognizing its ligands on immature DC, appears
to be crucial for this killing process iz wvitro (24).
Subsequent studies showed that monoclonal anti-
body-mediated blocking of NKp30 strongly inhibited
NK cell-dependent DC maturation mediated by TNF-
@ and IFN-7 (31). Thus, it is necessary to further
examine whether the NK cell subsets expressing spe-
cific receptors, like the NKp30 receptor, are differ-
entially modulated by mature DC stimulated with dif-
ferent combinations of inflammatory cytokines and
soluble factors.

In conclusion, we show evidence of NK cell activa-
tion that is dependent on DC maturation condition,
although we have not investigated the key molecules
of this NK cell activation in detail. The process of NK
cell activation by NK cell/DC interaction might be

important for not only upregulating antitumor NK
cell activity, but also complementing the NK cell-
mediated editing of DC imposed by the positive se-
lection of mature DC, favoring an enrichment of fully
activated DC. Therefore, it is necessary to fully under-
stand DC-mediated mechanisms of NK cell priming
to elicit their potent function against infected and tu-

mor cells.
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