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Toll-like receptors (TLRs) are pattern-recognition receptors respon-
sible for triggering cells of innate immunity. In this study we
investigated the expression and function of TLRs 3 and 9 in human
natural killer (NK) cells. In the presence of IL-12, freshly isolated NK
cells responded to double-stranded RNA or unmethylated CpG
DNA and expressed CD69 and CD25 activation markers. Because
both markers were expressed by virtually all NK cells, this would
suggest that most of them can be triggered by TLRs. Remarkably,
NK cell stimulation also resulted in the induction of their functional
program as revealed by IFN-� and tumor necrosis factor-� release
and by up-regulation of cytolytic activity against tumor cells. IL-8
could efficiently substitute IL-12 in supporting NK cell responses to
TLR-mediated stimulation. Importantly, freshly isolated NK cells
acquired the ability to lyse immature dendritic cells after stimula-
tion with double-stranded RNA and IL-12. However, responses to
these stimuli were not restricted to fresh NK cells, because signif-
icant responses were also detected in polyclonal NK cells cultured
in the presence of exogenous IL-2 for several weeks. The analysis
of NK cell clones revealed some degree of heterogeneity in the
ability to respond to TLR stimulation also among NK clones derived
from a single donor. These data suggest that stimuli acting on TLR
not only activate immature dendritic cells to release IL-12 but also
render NK cells capable of receiving triggering signals from patho-
gen-associated molecules, thus exerting a regulatory control on
the early steps of innate immune responses against infectious
agents.

Toll-like receptors (TLRs) are pattern-recognition receptors
that trigger innate immune responses providing both imme-

diate protection against various pathogens and instructing the
adaptive immune system by the induction of dendritic cell (DC)
recruitment and maturation (1–4).

Ten TLRs have been described in humans, and for most of
them specific ligands have been identified (5). Thus, TLR1,
TLR2, and TLR6 mediate cell triggering after interaction with
peptidoglycan and other microbial products (6, 7), TLR3 with
double-stranded RNA (dsRNA) (8), TLR4 with lipopolysaccha-
ride (9), TLR5 with flagellin (10), TLR7 and TLR8 with
imidazoquinolines (5, 11), and TLR9 with unmethylated CpG
DNA (12–15). TLRs are differentially expressed in DCs of
different origin and monocytes (16–18). Thus, monocytes and
myeloid DCs express all TLRs except TLR7 and TLR9, whereas
these receptors are selectively expressed by plasmacytoid DCs.
The expression of TLRs can be regulated by cytokines. For
example, IFN-� up-regulates TLR4 expression in human phago-
cytes�immature DCs (iDCs), thus enhancing their ability to
respond to lipopolysaccharide (19). The induction of DC mat-
uration by TLRs represents an important functional link be-
tween innate and adaptive immune responses (1, 20), rendering
DCs capable of efficiently interacting with T cells.

NK cells have been shown to interact with DCs and provide
a possible mechanism by which DCs are selected on the basis of

their ability to express optimal amounts of MHC class I mole-
cules required for efficient antigen (Ag) presentation to T cells
(21). Indeed, NK cells, recruited together with DCs at the site of
inflammation, are capable of potent cytolytic activity against
iDCs that express low levels of HLA-E at the cell surface (22).
In this context, we showed recently that responsible for this effect
are primarily the NKG2A� NK cells, whereas little or no
cytotoxicity is mediated by killer Ig-like receptor (KIR)� NK
cells (22). The final result of this selection would be the quality
control of DCs that, after Ag encountering, undergo maturation
(23). On the other hand, DCs that have captured the Ag are able
to promote NK cell proliferation and increase their cytotoxic
activity. A soluble factor that may play a role in this process is
IL-12, released by iDCs after stimulation with pathogens. In
turn, NK cells can provide iDCs with signals favoring their
progression toward mature DCs (23–25). Notably the ability to
kill iDCs and promote their maturation seems to be confined to
NK cells preactivated in vitro by cytokines such as IL-2 (21, 22).
However, the physiological signals required for NK cell activa-
tion in inflamed tissues in the absence of cytokines released by
cells of the adaptive immunity are still undefined.

We report here that human NK cells express functional TLR3
and TLR9 that allow responses to microbial products such as
dsRNA (virus-derived) and CpG (of bacterial origin). After
culture in the presence of synthetic form of these products,
peripheral blood NK cells became capable of producing IFN-�
and tumor necrosis factor � (TNF-�) and acquired cytolytic
activity against iDCs. Our data suggest that, during the early
steps of cell recruitment at inflammatory sites, NK cells are
triggered by the same stimuli that act on iDCs. TLR-induced
stimulation of both DCs and NK cells would also play a crucial
role in inducing NK cells to select the best-fit iDCs and to
facilitate their maturation.

Methods
mAbs. The following mAbs were used in this study: JT3A (IgG2a
anti-CD3), c218 (IgG1 anti-CD56), Z199 (IgG2b anti-NKG2A),
XA141 (IgM anti-KIR2DL1�S1), Y249 (IgM anti-KIR2DL2�
L3�S2), FS172 (IgG2a anti-KIR2DS4), AZ158 (IgG2a anti-
KIR3D), c227 (IgG1 anti-CD69), and MAR93 (IgG1 anti-
CD25) (all produced in our laboratory); and CD14 mAb (IgG2a)
[purchased from Immunotech (Beckman Coulter, Marseille,
France)].

Abbreviations: TLR, Toll-like receptor; DC, dendritic cell; dsRNA, double-stranded RNA; iDC,
immature DC; Ag, antigen; KIR, killer Ig-like receptor; TNF-�, tumor necrosis factor �; PBMC,
peripheral blood mononuclear cell; rh, recombinant human; ODN, oligodeoxynucleotide;
GM-CSF, granulocyte�macrophage colony-stimulating factor; E�T, effector-to-target cell;
poly(I�C), polyinosinic-polycytidylic acid.
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D1.12 (IgG2a anti-HLA-DR) and HP2.6 (IgG2a anti-CD4)
mAbs were kindly provided by R. S. Accolla (Università di Pavia,
Pavia, Italy) and P. Sanchez-Madrid (Hospital de la Princesa,
Madrid), respectively.

Purification of Peripheral Blood NK Cells and Generation of Polyclonal
or Clonal NK Cell Populations. Peripheral blood mononuclear cells
(PBMCs) were derived from healthy donors by Ficoll�Hypaque
gradients. PBMCs were depleted of plastic-adherent cells and
incubated with anti-CD3, anti-CD4, anti-CD14, and anti-
HLA-DR mAbs (30 min at 4°C) followed by goat anti-mouse-
coated Dynabeads (Dynal, Oslo) (30 min at 4°C) and immuno-
magnetic depletion.

CD3�4�14�DR� cells were cultured on irradiated feeder cells
in the presence of 100 units�ml recombinant human (rh) IL-2
(Proleukin, Chiron) and 1.5 ng�ml phytohemagglutinin
(GIBCO) to obtain activated polyclonal NK cell populations or,
after limiting dilution, NK cell clones as described (26).

TLR-Mediated Stimulation of NK Cells. CD3�4�14�DR� PBMC-
derived NK cells or in vitro-activated NK cells were cultured for
20 h in 24-well plates at a concentration of 1 � 106 in 1 ml of
RPMI medium 1640 supplemented with 10% FCS, 2 mM
L-glutamine, 1% penicillin-streptomycin-neomycin, and the in-
dicated cytokines in the absence or presence of one or another
stimulus acting on TLRs. Purified rhIL-2 (Proleukin, Chiron),
rhIL-12 (PeproTech, London), or rhIL-8 (PeproTech) were used
at the final concentration of 10 units�ml, 1–2 ng�ml, and 10
ng�ml, respectively.

Polyinosinic-polycytidylic acid [poly(I�C)] (Amersham Phar-
macia Biotech) was used at 50 �g�ml. The following modified
CpG oligodeoxynucleotides (ODNs) were synthesized and pu-
rified by TIB MOLBIOL (CBA, Genova, Italy) and used at a
final concentration of 5 �g�ml: ODN 2216 (ODN A), 5�-
GGGGGACGATCGTCGGGGGG (27), and ODN 2006 (ODN
B), 5�-TCGTCGTTTTGTCGTTTTGTCGTT (27, 28).

Cytokine Analysis. Supernatants collected from resting and stim-
ulated NK cells were analyzed for the IFN-�, TNF-�, and
granulocyte�macrophage colony-stimulating factor (GM-CSF)
content by using ELISA kits from BioSource International
(Camarillo, CA) according to manufacturer instructions.

Phenotypic Analysis and Cytolytic Activity of NK Cells. After TLR
stimulation, the phenotype of NK cells was analyzed by a
FACScan (Becton Dickinson) one- or two-color fluorescence
cytofluorimetric analysis (26), whereas the NK-mediated cyto-
toxicity was assessed as described (22, 26).

TLR3 and TLR9 RT-PCR Analysis. Total RNA was extracted from NK
bulk populations and the NK92 cell line by using an RNeasy
minikit (Qiagen, Valencia, CA). To exclude the chance that PCR
amplifications were caused by DNA contaminations, RNA was
treated with RNase-free DNase (Qiagen) and further amplified
with or without retrotranscription. The two sets of primers used
in this study are (i) TLR3up (5�-CAAGCAGAAGAATTTA-
ATCAC) and TLR3down (5�-TTATTCAATCCTAAATC-
GATG) and (ii) TLR9up (5�-CAGCCATACCAACATCCTG)
and TLR9down (5�-AAAGGACACCCTCTTTTGG). Amplifi-
cations were performed for 30 cycles: 30 sec at 95°C; 30 sec at
58°C; and 30 sec at 72°C. The amplification products were
resolved in a 0.8% agarose gel, subcloned into pcDNA3.1�V5�
His TOPO vector by using the eukaryotic TOPO TA cloning
kit (Invitrogen), and sequenced. DNA sequencing was per-
formed by using d-Rhodamine terminator cycle sequencing kit
and a 3100 ABI automatic sequencer (PerkinElmer�Applied
Biosystems).

Results
Peripheral Blood NK Cells Express Activation Markers After Triggering
with poly(I�C) or ODN A�B. Previous studies (28, 29) suggested that
human NK cells express mRNA for a series of TLRs including
TLR3 and TLR9. Here, we investigated the functional respon-
siveness of resting NK cells (purified from PBMCs by depletion
of cells expressing CD3, CD4, CD14, and HLA-DR surface Ags)
to poly(I�C), which represents a synthetic form of dsRNA) and
ODN A�B (synthetic ODNs containing unmethylated CpG
motifs) acting on TLR3 and TLR9, respectively. Although
treatment of resting NK cells with poly(I�C) or ODN A�B alone
did not result in any detectable cell activation (data not shown),
stimulation in the presence of suboptimal doses of IL-12 or IL-8
induced surface expression of activation markers including
CD69 and CD25 (as assessed by cytofluorimetric analysis after
20 h of culture). These data indicate that NK cells can be
triggered by poly(I�C) and ODN A�B in the simultaneous
presence of proinflammatory cytokines IL-12 or IL-8.

It is of note that treatment of freshly derived peripheral blood
NK cells with suboptimal doses of IL-12 alone can induce CD69
expression; however, this is limited to only a fraction of NK cells.
In contrast, when IL-12 is used in association with poly(I�C),
CD69 was expressed by all NK cells (Fig. 1a). Similar results were
obtained when NK cells were stimulated with IL-12 plus ODN
A or ODN B. Surface expression of CD25 was primarily detected
in NK cells cultured in the presence of IL-12 and poly(I�C) (Fig.
1a). An effect similar to IL-12, although lower in magnitude, was
also detected by the use of the proinflammatory cytokine IL-8.
Thus, when used in association with poly(I�C) (Fig. 1b), IL-8
induced the surface expression of CD69 and CD25 in most fresh
NK cells (95% and 49%, respectively). On the other hand, IL-8
alone induced only low levels of CD69 (19%) or CD25 (4%).
When combined with ODN A or ODN B, IL-8 also induced NK
cell activation; however, the proportion of cells expressing CD69
or CD25 was lower (data not shown). NK cells that expressed
CD69 or CD25 in response to poly(I�C) or ODN A�B stimulation
were not restricted to NKG2A� or KIR� cells, as revealed by
double fluorescence and fluorescence-activated cell-sorter anal-
ysis (Fig. 1b).

Induction of Cytokine Production in Peripheral Blood NK Cells After
Stimulation by TLR. The same NK cell populations that had been
cultured in the presence of either IL-12 or IL-8, either alone or
in combination with either poly(I�C) or ODN A�B, were assessed
next for the production of cytokines including GM-CSF, IFN-�,
and TNF-�.

As shown in Fig. 2a, high levels of IFN-� and TNF-� were
released by NK cells stimulated with IL-12 and poly(I�C). IL-12
could induce IFN-� and TNF-� production also when used in
combination with ODN A but at lower levels. Finally, stimulation
with IL-12 and ODN B did not result in production of IFN-� and
TNF-�.

On the contrary, no cytokine production could be detected
when the same NK cells were cultured in the presence of IL-8
(data not shown). No GM-CSF production could be detected in
any of the various culture conditions analyzed.

Up-Regulation of NK Cell Cytotoxicity in Response to Stimuli Acting on
TLRs. We next evaluated whether the NK cell triggering induced
by IL-12 or IL-8 in combination with poly(I�C) or ODN A�B
had any effect on the NK-mediated cytotoxicity against tumor
target cells. To this end, NK cells freshly purified from PBMCs
were stimulated as described above. After 20 h of culture, NK
cells were analyzed for their ability to lyse K562 and FO-1 target
cells. K562 is the typical target for fresh, unstimulated NK cells,
whereas FO-1 melanoma is relatively resistant to fresh NK
cells but is efficiently killed by IL-2-cultured NK cell lines (30).
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Although the NK cell-mediated killing of K562 and FO-1 target
cells was partially enhanced by IL-12 alone, this effect was
amplified significantly by the addition of stimuli acting on TLR
(Fig. 2b). Thus, poly(I�C) stimulation resulted in relevant incre-
ments of cytotoxicity, whereas ODN A and ODN B were slightly
less efficient. Unlike NK cells cultured in the presence of IL-12
alone, those cultured with IL-8 alone did not display any
up-regulation of cytotoxicity. However, NK cells cultured in the
presence of combinations of IL-8 and poly(I�C) significantly
increased their cytolytic activity. A less marked effect was
detected in cells cultured with IL-8 plus ODN A, whereas IL-8
plus ODN B had no effect.

poly(I�C)-Stimulated NK Cells Acquire the Ability to Kill iDCs. The
induction of antitumor cytotoxicity in TLR-stimulated NK cells
prompted us to analyze whether the same stimuli could render
NK cells capable of killing iDCs. To this end, NK cells that had
been stimulated for 20 h as described above were assessed for
cytotoxicity against monocyte-derived iDCs. As shown in Fig. 2c,
NK cells cultured in the presence of IL-12- and poly(I�C)-lysed
iDCs. This effect was strictly IL-12-dependent, because no lysis
could be detected in NK cells cultured with IL-8 and poly(I�C)
(data not shown). On the contrary, NK cells cultured with ODN
A�B did not acquire the ability to kill iDCs in either the presence
of IL-12 or IL-8. These data support the concept that the degree
of NK cell activation required to kill iDCs can be reached in the
presence of poly(I�C), i.e., of dsRNA released in tissues infected
by certain viruses. Thus, viral dsRNA can directly prime NK cells
in the presence of IL-12 released by DCs in response to the same
stimulus. In turn, activated NK cells become capable of selecting
DCs on the basis of their susceptibility�resistance to killing. The
latter has been shown to reflect the degree of maturation and,
in particular, the amounts of HLA class I molecules expressed at
the DC surface (21, 22, 31).

poly(I�C) and ODN A�B Induce Up-Regulation of NK Cell Cytotoxicity in
IL-2-Cultured NK Cell Lines. To evaluate whether the ability to
respond to stimuli acting on TLRs was a unique feature of fresh
NK cells, we analyzed whether these stimuli could also act on
polyclonal NK cell lines cultured in the presence of IL-2. Thus,
we first verified the presence of TLR3 and TLR9 transcripts in
activated NK cells by RT-PCR analysis. In agreement with the
results obtained with freshly isolated NK cells (28, 29), cultured

NK cell populations expressed mRNA for both TLRs analyzed
(Fig. 3a). These NK cells were cultured in the presence of
suboptimal concentrations of IL-12 or IL-2 and stimulated for
20 h with poly(I�C) or ODN A�B. Cells then were assessed for
their cytolytic activity against two target cells (FO-1 melanoma
and LCL 721.221 EBV cells) characterized by the lack of
expression of HLA class I molecules and the susceptibility to
lysis by IL-2-activated NK cells. As shown in Fig. 3b, a strong
increment of cytotoxicity against LCL 721.221 EBV cells was
observed in NK cells cultured with IL-12 plus poly(I�C). Mar-
ginal or no increments were detected in NK cells cultured with
IL-12 plus ODN A or IL-12 plus ODN B. Moreover, LCL
721.221 EBV cell killing was incremented in NK cells cultured
with IL-2 plus poly(I�C). Similar results were obtained when
FO-1 melanoma cells were used as the source of target cells.
Indeed, in the presence of either IL-12 or IL-2, the poly(I�C)-
dependent NK cell stimulation resulted in higher levels of
cytotoxicity as compared with ODN A or B.

Cytokine Production by Cultured NK Cells in Response to poly(I�C) or
ODN A�B. In these experiments the production of IFN-�, TNF-�,
and GM-CSF by polyclonal NK cell lines was assessed in NK cells
stimulated with poly(I�C) or ODN A�B in the presence of IL-12
or IL-2. After 20 h of culture, supernatants were harvested and
assessed for cytokine content by specific ELISA. As shown in
Fig. 3c, TNF-� production was detectable in NK cells cultured
with IL-12. Higher levels were detected in cultures also contain-
ing poly(I�C) or ODN A�B. On the other hand, IFN-� produc-
tion was significantly up-regulated by poly(I�C) in the presence
of either IL-12 or IL-2. Finally, at variance with freshly purified
NK cells, GM-CSF production was increased by all different
stimuli, although maximal responses were detected in the pres-
ence of IL-2.

Effect of poly(I�C), ODN A, or ODN B in NK Cell Clones. In view of the
phenotypic and functional heterogeneity of NK cells, we ana-
lyzed whether phenotypically distinct NK cell clones would
respond differently to stimuli acting on TLR3 and TLR9. To this
end, after culture (20 h) in the presence of the stimuli described
above, NK clones, characterized by either the NKG2A�KIR� or
NKG2A�KIR� surface phenotype, were first assessed for sur-
face expression of informative NK markers including the various
activating receptors. Although not shown, TLR stimulation in

Fig. 1. ODN A, ODN B, or poly(I�C) induces the expression of CD69 and CD25 by peripheral blood NK cells. (a) Freshly isolated NK cells were cultured for 20 h
in medium supplemented with suboptimal doses of IL-12 (1 ng�ml) in the absence or presence of ODN A (5 �g�ml), ODN B (5 �g�ml), or poly(I�C) (50 �g�ml), and
were then analyzed by one-color immunofluorescence for the expression of CD69 and CD25. (b) Freshly isolated NK cells were cultured for 20 h in medium
supplemented with suboptimal doses of IL-12 (1 ng�ml) or IL-8 (10 ng�ml) in the absence or presence of poly(I�C) (50 �g�ml), and were then analyzed by two-color
immunofluorescence for the expression of CD69 and CD25 in combination with NKG2A or KIR molecules. This experiment is representative of �15 that gave
similar results.
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the presence of IL-2 or IL-12 did not significantly modify the
surface phenotype of the NK cell clones analyzed. On the
contrary, their cytolytic activity was significantly up-regulated by
the engagement of TLR in the presence of suboptimal doses of
IL-2. Indeed, when the NKG2A�KIR� NK cell clone 50D was

assessed for cytotoxicity against FO-1 target cells, a significant
increment of lysis was detected after culture with IL-2 plus ODN
A and, to a lower extent, in the presence of IL-2 and ODN B or
poly(I�C) (Fig. 4a).

Fig. 2. ODN A, ODN B, or poly(I�C) induces functional responses by freshly
isolated human peripheral blood NK cells. (a) Peripheral blood NK cells were
cultured in the presence of suboptimal doses of IL-12 (1 ng�ml) in either the
absence (black boxes) or presence of the following stimuli: ODN A (white
boxes), ODN B (dark-gray boxes), or poly(I�C) (light gray boxes). After 20 h of
culture, supernatants were harvested and assessed for IFN-� and TNF-� con-
tent by specific ELISA (n � 3, mean � SD). (b) Freshly isolated peripheral blood
NK cells were cultured for 20 h in the presence of suboptimal doses of IL-12 (1
ng�ml) or IL-8 (10 ng�ml) in either the absence (black boxes), or presence of the
following stimuli: ODN A (black circles), ODN B (black triangles), or poly(I�C) (�)
and were then analyzed for cytotoxicity against the K562 target or FO-1
melanoma cell line at two different E�T ratios. As a control, the cytolytic
activity of cells cultured in medium without cytokines is shown (white boxes).
(c) Peripheral blood NK cells were cultured for 20 h with the stimuli discussed
above in the presence of IL-12 (2 ng�ml) and were then analyzed for cytotox-
icity against iDCs at various E�T ratios. Each value represents the mean of
triplicate experiments. The SD did not exceed 4% in the cytotoxicity assays.
Results are representative of at least 10 different experiments.

Fig. 3. Stimuli acting on TLRs promote functional responses by cultured NK
cell populations. (a) RT-PCR analysis of TLR3 and TLR9 transcripts was per-
formed on total RNA isolated from a representative NK bulk population and
NK92 cell line. Molecular weights of �x HaeIII principal bands are indicated on
the left. CTR-, negative control. (b) A representative polyclonal NK cell pop-
ulation was cultured for 20 h with medium (black boxes), ODN A (black circles),
ODN B (black triangles), or poly(I�C) (�) in the presence of IL-12 (1 ng�ml) or IL-2
(10 units�ml) and was then analyzed for cytotoxicity against two human HLA
class I� target cell lines (LCL 721.221 EBV and FO-1 melanoma) at different E�T
ratios. Each value represents the mean of triplicate experiments. The SD did
not exceed 4% in the cytotoxicity assays. (c) A representative polyclonal NK cell
population was cultured with medium (black boxes), ODN A (white boxes),
ODN B (dark-gray boxes), or poly(I�C) (light-gray boxes) in the presence of IL-12
(1 ng�ml) or IL-2 (10 units�ml). After 20 h of culture, supernatants were
harvested and assessed for IFN-�, TNF-�, and GM-CSF content by specific ELISA
(n � 3, mean � SD). These data are representative of at least five different
experiments.
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On the other hand, the cytolytic activity of the NKG2A�KIR�

NK cell clone 10D against the same target was up-regulated
primarily after culture in the presence of IL-2 and poly(I�C) from
32% to 67% at an effector-to-target cell (E�T) ratio of 2:1.
Lower increments could be detected when this clone was cul-
tured with IL-2 and ODN B (53%) or ODN A (39%). The same
stimuli were less efficient in up-regulating the cytolytic activity
of NK cell clones stimulated in the presence of IL-12.

The same NK cell clones were also evaluated for cytokine
release (Fig. 4b). The NKG2A�KIR� NK clone 50D produced
large amounts of both TNF-� and GM-CSF after triggering with
suboptimal doses of IL-2 and ODN A or ODN B. On the other
hand, with suboptimal doses of IL-12, the same NK clone
released also IFN-� in response to the same stimuli. This NK
clone displayed little IFN-� release in response to poly(I�C) (in
the presence of both IL-2 and IL-12). Thus, in response to
poly(I�C), only a marginal increment of TNF-� production could
be detected.

The KIR�NKG2A� NK clone 10D displayed marked differ-
ences in terms of cytokine release as compared with the
KIR�NKG2A� 50D clone. Thus, it was essentially characterized
by a high release of TNF-� and GM-CSF when stimulated by
IL-2 plus ODN B, whereas it produced a remarkable amount of
IFN-� when stimulated by IL-12 plus poly(I�C).

Altogether, these data provide direct evidence for the exis-
tence of clonal heterogeneity among human NK cells in the
ability to respond to stimuli acting on TLR3 or TLR9. Moreover,
the type of cytokine released in response to these stimuli was
influenced by the cytokine environment existing during NK cell
stimulation.

Discussion
Our present study provides experimental evidence that patho-
gen-associated products known to strongly activate DCs can also
act on NK cells. This effect is made possible by the release of
proinflammatory cytokines and chemokines by DCs or other cell
types during the early events of an inflammatory response to
infection.

Evidence has been provided for the existence of a remarkable
crosstalk between NK cells and DCs that may serve as a control
switch between innate and adaptive immune responses (23–25).
It has also been suggested that NK cells may be capable of
selecting the most appropriate DCs for subsequent T cell
priming within secondary lymphoid compartments (23, 32). This
process of ‘‘quality control’’ mediated by NK cells would be
based on their ability to eliminate some DCs and favor matu-
ration of other DCs after Ag capture. However, both of these
functional effects require NK cell activation, because freshly
isolated peripheral blood NK cells were unable to kill autologous
iDCs or favor their maturation.

As shown here, human NK cells are able to respond to stimuli
acting on different TLRs expressed by myeloid DCs. Thus,
dsRNA as well as CpG, in the presence of IL-12, induce NK cell
activation characterized by (i) de novo expression of activation
markers such as CD69 and CD25, (ii) release of various cyto-
kines including IFN-� and TNF-�, (iii) up-regulation of antitu-
mor cytotoxicity, and (iv) acquisition of cytotoxicity against iDCs
[only in the presence of IL-12 plus poly(I�C)]. However, the
ability to respond to dsRNA or CpG is not confined to fresh NK
cells, because significant responses were also elicited by activated
NK cell populations or NK cell clones. Thus, pathogens that
induce maturation of DCs may simultaneously act on NK cells
that become activated and can effectively interact with DCs. For
example, viral infections, characterized by the release of dsRNA,
are likely to act simultaneously on monocyte-derived iDCs and
NK cells. Remarkably, both of these cell types can be recruited
by chemokine gradients to inflammatory sites. As a conse-
quence, NK cells, in the presence of IL-12 released by DCs soon
after Ag uptake, would acquire the ability to eliminate those DCs
that are susceptible to NK-mediated killing. These cells are likely
represented by iDCs that have failed to take up Ag but would
also include those DCs that after Ag uptake do not up-regulate
HLA class I molecules to levels required to acquire resistance to
killing mediated by KIR�NKG2A� NK cells (22). The NK-
mediated process of quality control would then positively select
only those DCs that, during the process of maturation, reach a
threshold of HLA-E expression sufficient to ensure resistance to
NKG2A� NK cells (22). On the other hand, the ability of NK
cells to exert a regulatory control on DCs would not be based
exclusively on this cytolytic mechanism but would be primarily
consequent to the production of IFN-� and TNF-� in response
to dsRNA and IL-12 (released by monocyte-derived DCs after
Ag uptake). In turn, IFN-� produced by NK cells is likely to
induce up-regulation of TLR expression by monocyte-derived
iDCs. As a consequence, there will be an increase in the number
of DCs equipped with high surface density of receptors involved

Fig. 4. TLR stimulation up-regulates cytotoxicity and cytokine release by
human NK clones. (a) Two representative NK clones, characterized by the
NKG2A�KIR� (50D) or NKG2A�KIR� (10D) phenotype, were cultured in me-
dium supplemented with IL-2 (10 units�ml) or IL-12 (1 ng�ml) in either the
absence (black boxes) or presence of ODN A (black circles), ODN B (black
triangles), or poly(I�C) (�) for 20 h and were then assessed for cytotoxicity
against the FO-1 target cell line at different E�T ratios. Each value represents
the mean of triplicate experiments. The SD did not exceed 4% in the cytotox-
icity assays. (b) The same NK clones were cultured with medium (black boxes),
ODN A (white boxes), ODN B (dark-gray boxes), or poly(I�C) (light-gray boxes)
in the presence of IL-2 (10 units�ml) or IL-12 (1 ng�ml). After 20 h of culture,
supernatants were harvested and assessed for IFN-�, TNF-�, and GM-CSF
content by specific ELISA (n � 3, mean � SD). These data are representative of
at least five different experiments.
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in Ag uptake (19). In the case of responses to CpG, plasmacytoid
rather than monocyte-derived DCs would be involved. Accord-
ingly, the DC-derived soluble factor available for TLR9-
responsive NK cells would be IFN-� instead of IL-12, which will
determine a different effect on the subsequent functional re-
sponses by NK cells (33).

The capability of responding to dsRNA or CpG seems to be
common to most peripheral blood NK cells, which was suggested
by the fact that CD69 was induced on virtually all NK cells
stimulated with dsRNA or CpG in the presence of IL-12.
However, different NK cells may elicit different functional
responses, as revealed by the analysis of NK cell clones. Addi-
tional studies may help to clarify whether the heterogeneity in
functional responses by the two NK clones analyzed in this study
(NKG2A�KIR� and NKG2A�KIR�) may be correlated with
phenotypically defined NK cell subsets. It may be interesting also
to evaluate to what extent different stimuli for TLRs may be
capable to modulate the expression of TLR mRNA in both
freshly isolated and NK cell clones. Our data on the mRNA
expressed by polyclonally activated NK cells are in line with those
reported previously on fresh NK cells. However, this analysis will
be more informative when the same NK cells are tested com-
paratively before and after TLR-dependent stimulation.

Our data also provide evidence that dsRNA- or CpG-
dependent NK cell stimulation can be promoted by IL-8. Al-
though weaker as compared with IL-12, responses to TLR in the
presence of IL-8 were characterized by the up-regulation of

cytolytic activity (Fig. 2b) and expression of activation markers
(Fig. 1b). However, no significant cytokine release occurred. We
show that culture of PBMC-derived NK cells in the presence of
dsRNA and IL-8 promotes potent antitumor cytotoxicity against
‘‘NK-resistant’’ cell lines. Because IL-8 may be produced by
endothelial cells or tissue macrophages during inflammation, it
seems that, in inflamed tissues, NK cells may acquire antitumor
cytolytic activity even in the absence of effective DC stimulation.
If this hypothesis holds true, NK cells that are recruited to tissues
in response to IL-8 gradients could directly acquire effector
function and eliminate tumor cells. Indeed, freshly derived NK
cells were shown previously to express receptors for IL-8
(CXCR1) (23, 34) and to display migratory capability in re-
sponse to this chemokine. A limiting factor in this scenario would
be the availability of virus-derived dsRNA, necessary to induce
cytotoxicity by NK cells responding to IL-8. Notably, however, in
the presence of IL-8 (at variance with IL-12), dsRNA-responsive
NK cells do not acquire the capability of killing iDCs, which
further supports the notion that IL-12 represents a DC-derived
factor, crucial for allowing dsRNA-stimulated NK cells to select
DCs within abused tissues.
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