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NK cells express different TLRs, such as TLR3, TLR7, and TLR9, but little is known about their role in NK cell stimulation. In
this study, we used specific agonists (poly(I:C), loxoribine, and synthetic oligonucleotides containing unmethylated CpG sequences
to stimulate human NK cells without or with suboptimal doses of IL-12, IL-15, or IFN-�, and investigated the secretion of IFN-�,
cytotoxicity, and expression of the activating receptor NKG2D. Poly(I:C) and loxoribine, in conjunction with IL-12, but not IL-15,
triggered secretion of IFN-�. Inhibition of IFN-� secretion by chloroquine suggested that internalization of the TLR agonists was
necessary. Also, secretion of IFN-� was dependent on MEK1/ERK, p38 MAPK, p70S6 kinase, and NF-�B, but not on calcineurin.
IFN-� induced a similar effect, but promoted lesser IFN-� secretion. However, cytotoxicity (51Cr release assays) against MHC class
I-chain related A (MICA)� and MICA� tumor targets remained unchanged, as well as the expression of the NKG2D receptor.
Excitingly, IFN-� secretion was significantly increased when NK cells were stimulated with poly(I:C) or loxoribine and IL-12, and
NKG2D engagement was induced by coculture with MICA� tumor cells in a PI3K-dependent manner. We conclude that resting
NK cells secrete high levels of IFN-� in response to agonists of TLR3 or TLR7 and IL-12, and this effect can be further enhanced
by costimulation through NKG2D. Hence, integration of the signaling cascades that involve TLR3, TLR7, IL-12, and NKG2D
emerges as a critical step to promote IFN-�-dependent NK cell-mediated effector functions, which could be a strategy to promote
Th1-biased immune responses in pathological situations such as cancer. The Journal of Immunology, 2007, 179: 3472–3479.

N atural killer cells are the third largest lymphoid popula-
tion, and they provide protection against viral infections
and tumors. These functions are exerted by their ability

to mediate cytotoxicity against susceptible target cells and by
secretion of cytokines such as IFN-�. These effector functions
are regulated by receptors such as NKG2D, a molecule ex-
pressed by NK cells, �� T lymphocytes, and TCR�� CD8� T
lymphocytes (1–5).

Different NKG2D ligands (NKG2DLs)3 have been described
(1–6). One of them is MHC class I-chain related A (MICA), a
stress-regulated polymorphic, non-Ag-presenting molecule not as-

sociated with �2-microglobulin (2, 7) that is almost not expressed
by normal cells, but is up-regulated by neotransformation (8–10),
cell activation (11, 12), or during the DNA damage response (13).
Such expression has been shown to provide protection against tumor
initiation and progression (14–18), highlighting the importance of
stimulating NK cells to elicit an appropriate antitumor response.

However, besides expressing different NKG2DLs, most tumors
grow in healthy individuals due to complex tumor immune escape
mechanisms that promote immunosuppression (2, 18–20). There-
fore, novel strategies to trigger NK cell effector functions may
result in the promotion of a better immunosurveillance.

TLRs are germline-encoded molecules that recognize pathogen-
associated molecular patterns (21). Specific ligands for most TLRs
have been identified. TLR3, TLR7, TLR8, and TLR9 have been
identified on NK cells (22, 23). They recognize dsRNA produced
during viral replication (24), ssRNA and imidazoquinolines (25),
and unmethylated CpG motifs (26), respectively. However, their
role in NK cell immunobiology has been poorly investigated. Most
studies were performed using NK cells cocultured with dendritic
cells (DCs) stimulated in vitro or after in vivo administration of
different pathogen-associated molecular patterns (22, 27, 28).
Some TLR agonists have the capacity to trigger NK cell-mediated
effector functions through indirect mechanisms that involve mat-
uration of DCs or monocytes (22, 29, 30). In other cases, a direct
effect also was demonstrated (22, 30, 31). However, the underlying
mechanisms involved in TLR-mediated NK cell stimulation and
whether NKG2D has the ability to cooperate in the activation of
NK cells in response to these agonists are not known. Information
in this field may lead to the development of novel strategies to
improve the immunosurveillance and promote a sustained tumori-
cidal capacity of NK cells. Therefore, the aim of the present work
was to investigate the role of agonists of TLRs expressed by NK
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cells as direct stimulators of NK cell-mediated IFN-� secretion and
cytotoxicity, and the existence of cooperative effects between
TLRs and NKG2D in human NK cells to enhance their effector
functions. We observed that NK cells can be directly stimulated to
secrete IFN-� by a combination of IL-12 and agonists of TLR3 or
TLR7, and this effect can be further strengthened by engagement
of NKG2D by MICA expressed on tumor cells.

Materials and Methods
Reagents

The following Ab and reagents were used: anti-NKG2D (1D11), PE-la-
beled anti-TLR3, and anti-TLR9 from eBioscience; anti-IL-12R�1 and anti-
IL-12R�2 from BD Biosciences; anti-IFN-�R (64G12, mouse IgG1; pro-
vided by P. Eid, Villejuif, France); isotype-matched negative control (IC)
mAb from Southern Biotech; anti-TLR7 from Imgenex; agonist of TLR3
(poly(I:C)) from Amersham Biosciences; agonists of TLR7 (loxoribine)
and TLR9 (synthetic oligonucleotides containing unmethylated CpG se-
quences (ODNs), type A or B) from InvivoGen; human rIL-12, rIL-15, and
rIL-18 from PeproTech; human rIFN-� from Biosidus; U0126, SB202190,
and rapamycin from Calbiochem; cyclosporine (CsA) provided by Novar-
tis Argentina; and sulfasalazine (Sz), chloroquine, and Ly294002 from Sig-
ma-Aldrich. ODN type A (ODN2216 or ODN-A) and ODN type B
(ODN2006 or ODN-B), as well as the negative control ODNs (ODN-Ac
and ODN-Bc) were used.

NK cell isolation and stimulation

Human peripheral blood NK cells were isolated from healthy volunteers
using the RosetteSep NK cell enrichment mixture (StemCell Technologies)
and Ficoll-Paque Plus (Amersham) centrifugation. Studies have been ap-
proved by the institutional review committee. NK cells were washed with
RPMI 1640 (Sigma-Aldrich) and resuspended in RPMI 1640 supplemented
with 10% FCS, sodium pyruvate, glutamine, and penicillin-streptomycin.
CD3� cells represented 0.19 � 1.70%, and CD3� cells represented
96.52 � 2.26% of the isolated cells. In some experiments, monocytes were
further depleted by passage through nylon wool columns. In these cases,
contaminating CD14� cells represented 1.72 � 0.12% of the cells. NK
cells (106 cells/ml) were used unstimulated or were stimulated with 1 ng/ml
IL-12, IL-15, or IL-18; 1000 U/ml IFN-�; and TLRs agonists (50 �g/ml
poly(I:C), 1 mM loxoribine, or 10 �g/ml ODN-A, ODN-B, ODN-Ac, or
ODN-Bc) for 24 h. Thereafter, expression of NKG2D, TLRs, IL-12R�1,
IL-12R�2, and IFN-�R; IFN-� secretion; and cytotoxicity against MICA�

and MICA� melanoma target cells were assessed. In other experiments,
NK cells were stimulated with IL-12 alone or with IL-12 and loxoribine or
poly(I:C) in the absence or in the presence of chloroquine (20 �g/ml), or
inhibitors of MEK1/ERK (U0126), p38MAPK (SB202190), NF-�B (Sz),
calcineurin (CsA), or the p70S6 kinase (rapamycin). To assess the contri-
bution of the simultaneous engagement of NKG2D, NK cells (5 � 105

cells/ml) were stimulated as described in the presence of a clone of the
IIB-MEL-LES human melanoma (32) transfected with MICA (clone 1) or
a clone of the same melanoma transfected with empty plasmid (clone C),

FIGURE 1. IL-12 and IFN-�, in combination with agonists of TLR3 or TLR7, promote a strengthened IFN-� secretion by isolated human NK cells.
IFN-� production was assessed by ELISA in culture supernatants of NK cells stimulated without (A) or with IL-12 (B), IL-15 (C), or IFN-� (D) and agonists
of TLR3 (poly(I:C)), TLR7 (loxoribine), TLR9 (ODN-A or ODN-B), or their respective control ODNs (ODN-Ac and ODN-Bc) for 24 h. Results are
representative of three independent experiments. Also, IFN-� secretion by NK cells from 14 different donors stimulated with loxoribine, poly(I:C), IL-12,
IL-12 and loxoribine, or IL-12 and poly(I:C) was assessed, as described (E). -, Unstimulated NK cells. A–E, �, p � 0.05; ��, p � 0.01. When not indicated,
differences were NS. Also, individual behavior of NK cells of 12 different donors in response to IL-12, IL-12 and loxoribine (F), or IL-12 and poly(I:C)
(G), and reproducibility of the response (IFN-� secretion) to IL-12 and loxoribine (F), IL-12, and poly(I:C) (E) or IL-12 alone (�) assessed in NK cells
of three different donors (H) is shown. f, NK cells without stimulation. Also, cooperation of IL-18 with IL-12 or IFN-� (I), with IL-12 and loxoribine (J,
left panel) or poly(I:C) (J, right panel), or with IFN-� and loxoribine (K, left panel) or poly(I:C) (K, right panel) for IFN-� secretion by NK cells from
different donors was assessed, as well as the effect of increasing doses of IL-12 (F), IL-15 (f), or IFN-� (E) on IFN-� secretion by NK cells (L). In I–K,
each dot or line represents the result obtained with NK cells from a different donor.
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at a ratio of 10:1 (IIB-MEL-LES is a human melanoma cell line that ex-
presses very low levels of NKG2DLs; Fuertes, M. B., M. V. Girart, and
N. W. Zwirner, unpublished observations), either in the absence or in the
presence of 50 �M PI3K inhibitor Ly294002.

Flow cytometry

Expression of NKG2D and IFN-�R was analyzed by flow cytometry with
unlabeled mAbs and PE-labeled anti-mouse IgG (DakoCytomation). Ex-
pression of IL-12R�1, IL-12R�2, TLR3, and TLR9 was performed with
the PE-labeled mAbs. IC mAbs were used as negative control. Expression
of TLR7 was analyzed with rabbit polyclonal Ab and FITC-labeled goat
anti-rabbit IgG (MP Biomedicals). Normal rabbit polyclonal IgG was used
and negative control. For TLR3, TLR7, and TLR9, nonpermeabilized and
permeabilized NK cells were used. For permeabilization, NK cells were
treated with the Cytofix/Cytoperm reagent (BD Biosciences), following
the instructions provided by the manufacturer. Cells were analyzed in a

FACSCalibur (BD Biosciences) flow cytometer, and data were pro-
cessed with Winmdi software.

ELISA

Secretion of IFN-� by NK cells was analyzed by ELISA using a paired set
of anti-IFN-� mAbs and HRP-labeled streptavidin (all from Pierce). Stan-
dard curve was obtained using rIFN-�. Results are presented as mean � SD
and analyzed by one-way ANOVA with Dunnett�s comparison test.

Cytotoxicity

Five-hour standard 51Cr release assays were performed using 5000 target
cells/well and human NK cells as effector cells, using different E:T ratios.
The percentage of cytotoxicity was calculated as follows: 100 � ((exper-
imental release – spontaneous release)/(maximum release � spontaneous
release)). Maximum release was obtained from target cells lysed with 2%
Triton X-100 (Sigma-Aldrich). Spontaneous release was always below
15% of maximum release. As target cells, clone 1 and clone C of IIB-
MEL-LES were used.

Results
Agonists of TLR3, TLR7, and TLR9 promote IFN-� secretion by
NK cells stimulated with IL-12 and IFN-�

To address the biological function of TLRs expressed by NK cells,
we first evaluated their capacity to modulate IFN-� secretion in
unstimulated NK cells and in NK cells stimulated for short periods
(24 h) with suboptimal doses of IL-12, IL-15, or IFN-� (Fig. 1).
We observed that the TLR3 agonist poly(I:C), the TLR7 agonist
loxoribine, or the TLR9 agonist ODN-A, in the absence of cyto-
kines, induced negligible IFN-� secretion (�20 pg/ml; Fig. 1A). In
contrast, stimulation of NK cells with suboptimal doses of IL-12
resulted in a moderate IFN-� secretion (300–400 pg/ml on aver-
age for different donors); an effect that was strongly enhanced to
values above 500 pg/ml by poly(I:C) and loxoribine (Fig. 1B).
Although some IFN-� secretion was observed with control ODNs,
only ODN-A promoted TLR9-mediated IFN-� secretion above the
values produced by its control ODN. Conversely, stimulation of
NK cells with suboptimal doses of IL-15 hardly induced IFN-�
secretion (Fig. 1C). Because poly(I:C) and loxoribine exhibited the
strongest ability to promote IFN-� secretion in the presence of
IL-12, we investigated whether IFN-� could elicit a similar re-
sponse (Fig. 1D). We observed that this cytokine promoted IFN-�
secretion (100–200 pg/ml), and that loxoribine and poly(I:C) fur-
ther enhanced this effect. However, the amount of IFN-� detected
in these culture supernatants remained always below the amount
detected in supernatants of NK cells stimulated with the same ago-
nists and IL-12. Conversely, ODN-A and ODN-B did not enhance
IFN-� secretion by NK cells stimulated with IFN-� (data not
shown). To discard the possibility of an indirect effect mediated by
contaminating monocytes (we used NK cell preparations with
1.2 � 0.95% of CD14� cells, with a maximum of 3% of CD14�

cells), we performed additional experiments depleting monocytes
by passage through nylon wool columns. After that, CD14� cells
represented 1.40 � 0.38% of the cells (starting values for these

FIGURE 2. Expression of TLRs, IL-12R�1, IL-12R�2, and IFN-�R is
not reciprocally regulated by stimulation with IL-12, IFN-�, or agonists of
TLR3 or TLR7. Expression of TLR3, TLR7, and TLR9 in human NK cells
(A, nonpermeabilized; B, permeabilized) assessed by flow cytometry after
a culture of 24 h without (thick continuous line) or with IL-12 (dotted line)
or IFN-� (dashed line). C, Expression of IL-12R�1, IL-12R�2, and
IFN-�R on isolated human NK cells assessed by flow cytometry after a
culture of 24 h without (thick continuous line) or with loxorinine (dotted
line), poly(I:C) (dashed line), or ODN-A (dashed-dotted line). D, Expres-
sion of IL-12R�2 on activated CD3� T lymphocytes (thick line). Filled
histogram: IC mAb. Results are representative of three independent
experiments.

FIGURE 3. IFN-� secretion by human NK cells stimulated with IL-12 and agonists of TLR3 or TLR7 depends on internalization and recognition of their
ligands in a chloroquine-sensitive compartment. IFN-� production by NK cells stimulated with IL-12 and loxoribine (A), with IL-12 and poly(I:C) (B), or
with IL-12 alone (C) was assessed by ELISA in the absence (�) or in the presence (�) of 20 �g/ml chloroquine. Results are representative of three
independent experiments. ��, p � 0.01; ���, p � 0.001.
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new experiments as follows: 1.93 � 1.64% of CD14� cells). Of
note, when the original cell preparation contained �1.5% of
monocytes, the passage through the column did not lead to a fur-
ther enrichment in NK cells. When these purified NK cells were
used for the stimulations with IL-12 or IFN-� and loxoribine or
poly(I:C), we observed that they produced similar amounts of
IFN-� than NK cells from the same donor not passed through the
nylon wool columns (data not shown).

The IFN-� secretion triggered by IL-12 and agonists of TLR3 or
TLR7, and the heterogeneity in the response of human NK cells to
different stimuli reported by different authors encouraged us to
investigate the behavior of NK cells from more healthy donors.
NK cells from 14 different donors systematically secreted signif-
icant IFN-� upon stimulation with IL-12 and loxoribine or
poly(I:C) (Fig. 1E). Individual analysis of NK cells from 12 of
these donors confirmed these observations for IL-12 and loxorib-
ine (Fig. 1F) and for IL-12 and poly(I:C) (Fig. 1G). Such response
was reproducible along time (Fig. 1H), as follows: a donor that
responded to IL-12 plus loxoribine and IL-12 plus poly(I:C) did so
regardless of the time of blood drawing; a donor that responded
only to IL-12 plus loxoribine, too; and a donor that did not respond
to any of these stimuli remained unresponsive over time. Because
similar cooperative effects were described for IL-12, IFN-�, and
IL-18 (33, 34), we addressed the effect of IL-18 in our experimen-
tal setting. First, we observed that IL-18 alone or in combination
with agonists of TLR3, TLR7, or TLR9 did not promote IFN-�
secretion by human NK cells (data not shown). However, IL-18
enhanced IFN-� secretion by NK cells stimulated with IL-12 or
IFN-�, although the effect of IFN-� was weaker that the effect of
IL-12 (Fig. 1I). Also, IL-18 further enhanced the secretion of
IFN-� by NK cells stimulated with IL-12 and poly(I:C), but not
with IL-12 and loxoribine (Fig. 1J), or with IFN-� and loxoribine

or poly(I:C) (Fig. 1K). In addition, increasing concentrations of
IL-12, IL-15, or IFN-� alone only elicited low amounts of IFN-�
secretion (Fig. 1L). These results support the idea that resting hu-
man NK cells become strong IFN-�-secreting cells upon coacti-
vation with some cytokines (IL-12 or IFN-�) and agonists of
specific TLRs.

Next, we investigated whether stimulation of NK cells with
IL-12 or IFN-� affects the expression of TLR3, TLR7, and TLR9,
and vice versa, whether stimulation of NK cells with agonists of
TLR3, TLR7, or TLR9 affects the expression of IL-12R�1, IL-
12R�2, or IFN-�R. Although expression of TLRs was detected
only using permeabilized NK cells (Fig. 2, A and B), we ob-
served that unstimulated NK cells expressed similar amounts of
these three TLRs as NK cells stimulated with IL-12 or IFN-�.
In addition, unstimulated NK cells expressed similar amounts
of IL-12R�1 as NK cells stimulated with agonists of TLR3,
TLR7, or TLR9 (Fig. 2C, left panel). However, we were unable
to detect expression of IL-12R�2 on resting and on stimulated
NK cells (Fig. 2C, middle panel). As control, we assessed the
expression of IL-12R�2 on activated T cells (Fig. 2D), in which
we observed that this receptor was expressed at low levels, as
has been reported (35). For IFN-�R, both unstimulated and
stimulated NK cells expressed very little amounts of this re-
ceptor (Fig. 2C, right panel).

Therefore, TLR3, TLR7, and, in less extent, TLR9 engagement
promoted IFN-� secretion by NK cells in the presence of subop-
timal doses of IL-12 or IFN-�, but not IL-15 or IL-18, in a process
that did not involve a reciprocal up-regulation of IL-12R�1, IL-
12R�2, or IFN-�R by agonists of TLRs, and of TLRs by IL-12 or
IFN-�. Moreover, IL-18 further cooperated with IL-12 or IFN-�
and the agonist of TLR3 or TLR7 (except in the case of IL-12 plus
loxoribine) for IFN-� secretion in our experimental setting.

FIGURE 4. Signaling routes involved in IFN-� production by human NK cells stimulated with IL-12 and loxoribine or poly(I:C). A, NK cells were
stimulated with IL-12 and loxoribine (left panel), IL-12 and poly(I:C) (middle panel), or IL-12 alone (right panel) in the absence (�) or in the presence
of 20 �M U0126, 10 �M SB202190, 5 �M rapamycin, 1 �M CsA, or 1 �M Sz. U0126, SB202190, rapamycin, and Sz vs -, p � 0.01; CsA vs -, NS. B,
Dose-dependent inhibition of IFN-� secretion by NK cells stimulated with IL-12 and loxoribine in the presence of different doses of U0126, SB202190
(SB), rapamycin (Rapa), or Sz. C, Dose-dependent inhibition of IFN-� secretion by NK cells stimulated with IL-12 and poly(I:C) in the presence of different
doses of U0126, SB202190 (SB), rapamycin (Rapa), or Sz. Results are representative of three independent experiments.
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The effect of agonists of TLR3 and TLR7 depends on
internalization and MEK1/ERK, p38 MAPK, p70S6 kinase,
and NF-�B

Signaling through TLR3 and TLR7 in DCs involves TLR recog-
nition in endosomes. To investigate whether this also occurs in NK
cells, we stimulated human NK cells with IL-12 and loxoribine or
poly(I:C) in the absence or in the presence of chloroquine (Fig. 3).
In these experiments, we observed a strong inhibition of the IFN-�
secretion induced by the drug in cells stimulated with IL-12 and
the agonists of TLRs (Fig. 3, A and B). Conversely, the low
amount of IFN-� secretion promoted by IL-12 alone was not pre-
vented by chloroquine (Fig. 3C). These results indicate that sig-
naling through TLR3 and TLR7 in NK cells depends on recogni-
tion of their putative ligands in a chloroquine-sensitive
intracellular compartment.

To gain insight into the intracellular mediators involved in the
IFN-� secretion, we stimulated NK cells with IL-12 and loxoribine
or poly(I:C) in the absence or in the presence of pharmacologic
inhibitors of different signaling routes (Fig. 4). Inhibition of

MEK1/ERK with U0126, p38 MAPK with SB202190, p70S6 ki-
nase with rapamycin, and NF-�B with Sz strongly prevented
IFN-� secretion, but inhibition of calcineurin with CsA had no
effect (Fig. 4A). The effects of U0126, SB202190, rapamycin, and
Sz were dose dependent on NK cells stimulated with IL-12 and
loxoribine (Fig. 4B) or with IL-12 and poly(I:C) (Fig. 4C).

Agonists of TLR3, TLR7, and TLR9 in combination with IL-12,
IL-15, or IFN-� do not enhance NKG2D-dependent NK
cell-mediated cytotoxicity

Next, we investigated whether these agonists also modulate
NKG2D-dependent NK cell-mediated cytotoxicity using a clone of
the IIB-MEL-LES human melanoma cell line transfected with full-
length MICA (clone 1) or a clone transfected with empty plasmid
(clone C) as target cells. Unstimulated NK cells were not cytotoxic
against MICA� clone C (Fig. 5A, left panel), but slightly killed
MICA� clone 1 (Fig. 5A, right panel, clone C vs clone 1: p �
0.001). However, we were unable to detect higher cytotoxicity
against these target cells by NK cells stimulated with poly(I:C),
loxoribine, or ODN-A. When NK cells were stimulated with cy-
tokines, a slightly higher cytotoxic response was detected against
clone C if NK cells were stimulated with IL-12 (Fig. 5B, left
panel), but not if NK cells were stimulated with IL-15 (Fig. 5C, left
panel). However, both cytokines promoted a good cytotoxicity
against clone 1 (Fig. 5, B and C, right panels, clone C vs clone 1:
p � 0.01 for IL-12 and p � 0.0001 for IL-15), suggesting that
IL-12 and IL-15 enhance NKG2D-dependent NK cell-mediated
cytotoxicity. When NK cells were stimulated with IFN-�, both
target cells were strongly lysed (Fig. 5D, clone C vs clone 1: NS),
but, as in the absence of cytokines, we did not observe higher
cytotoxicity of NK cells stimulated with IL-12, IL-15, or IFN-�
and loxoribine, poly(I:C), or ODN-A (Fig. 5, B–D). Therefore, we
conclude that agonists of TLR3, TLR7, or TLR9 do not regulate
NKG2D-dependent cytotoxic response of NK cells against target
cells that express low or high amounts of MICA.

NKG2D engagement on NK cells stimulated with agonists of
TLR3 or TLR7 and IL-12 enhances IFN-� secretion

The dissociation between the IFN-� secretion and cytotoxicity ob-
served with NK cells stimulated with IL-12 and TLR agonists

FIGURE 5. Cytokines alone, but not agonists of TLRs, regulate
NKG2D-dependent NK cell-mediated cytotoxicity. NK cell-mediated cy-
totoxicity against MICA� clone C (left graphs) and against MICA� clone
1 (right graphs) at different E:T ratios (x-axis) was assessed. Human NK
cells were used unstimulated (A) or were stimulated with IL-12 (B), IL-15
(C), or IFN-� (D) in the absence of TLR agonists and cytokine (E) or in
the presence of loxoribine (F), poly(I:C) (f), or ODN-A (�). x, Repre-
sents the cytotoxicity obtained with cytokines alone (IL-12 for B; IL-15 for
C; and IFN-� for D). ODN-Ac (data not shown) produced cytotoxicity
values identical than those produced by unstimulated NK cells (A) or by
NK cells stimulated with cytokine alone (B–D). Results are representative
of three independent experiments.

FIGURE 6. NKG2D expression on NK cells is not regulated by cyto-
kines or agonists of TLRs. Expression of NKG2D on isolated human NK
cells assessed by flow cytometry after a culture of 24 h without cytokines
or with IL-12, IL-15, or IFN-� in the absence or presence of loxoribine
(dotted line) or poly(I:C) (dashed line). The continuous line represents the
basal staining for NKG2D (NK cells cultured in the absence of these ago-
nists in each case). ODN-A and ODN-Ac produced similar histograms as
NK cells cultured in the absence of these stimuli in each case (data not
shown). Filled histogram: IC mAb. Results are representative of three in-
dependent experiments.
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prompted us to investigate whether such stimuli regulate the ex-
pression of NKG2D. By flow cytometry, we observed that loxor-
ibine and poly(I:C) induced a slight down-regulation of this re-
ceptor that was not detected on NK cells stimulated with the same
agonists in the presence of IL-12, IL-15, or IFN-� (Fig. 6).

To investigate whether NKG2D engagement contributes to
IFN-� secretion triggered by agonists of TLR7 or TLR3 and IL-12,
NK cells were stimulated with loxoribine or poly(I:C) and subop-
timal doses of IL-12 in the presence of clone C or clone 1 of
IIB-MEL-LES. We observed a significantly enhanced IFN-� se-
cretion if NKG2D engagement was induced by coculture with
clone 1 vs clone C (Fig. 7A). This response involved the activation
of the PI3K because it was abrogated by the PI3K inhibitor
Ly294002 (Fig. 7B for IL-12 and loxoribine, and Fig. 7C for IL-12
and poly(I:C)).

Hence, our results indicate that selected agonists of TLRs ex-
pressed by NK cells (in particular, TLR7 and TLR3), in the pres-
ence of IL-12 or IFN-� can directly promote IFN-� secretion in a
process that involves internalization of the agonists and activation
of ERK, p38 MAPK, p70S6 kinase, and NF-�B. Moreover, al-
though the NKG2D-dependent cytotoxicity of these NK cells and
the expression of NKG2D remained unaffected, IFN-� secretion
was additionally enhanced by engagement of NKG2D in a PI3K-
dependent manner.

Discussion
Expression of TLRs on NK cells has been known for some time,
but their functional relevance is still not completely elucidated (22,
23, 29–31). Also, there is no information about possible cooper-
ative effects between these receptors and NK cell receptors such as
NKG2D, a molecule that plays a pivotal role in their tumoricidal
effects. In this work, we demonstrated that NK cells rapidly secrete
high amounts of IFN-� when stimulated simultaneously with sub-
optimal doses of IL-12 and agonists of TLR3, TLR7, or TLR9. In
addition, IFN-� and loxoribine or poly(I:C) also promoted some
IFN-� secretion, but such response was barely induced by the ago-
nists in the absence of these cytokines or in the presence of IL-15
or IL-18. IL-12 and loxoribine or poly(I:C) were stronger inducers
of IFN-� secretion than IL-12 and IL-18. Hence, it is possible that
NK cells stimulated with IL-12 and agonists of TLR3 or TLR7
may acquire an immunoregulatory potential to skew the immune
response toward a Th1 phenotype, as has been described for IL-12
and IL-18 (33, 34). The cooperative effects observed with IL-12 or
IFN-� and agonists of TLR3, TLR7, or TLR9 did not involve a
reciprocal up-regulation of TLRs, IL-12R�1, IL-12R�2, or IFN-
�R. Even though we observed expression of IL-12R�1 (a compo-

nent shared by receptors for other cytokines of the IL-12 family
such as IL-23) (36) and the fact that low levels of IL-12R�2 were
detected previously by others on NK cells stimulated with IL-2
(35), we were unable to detect expression of IL-12R�2 on resting
and on NK cells stimulated with agonists of TLR3, TLR7, or
TLR9. Thus, it remains intriguing why NK cells from a minority
of the donors secreted IFN-� in response to suboptimal doses of
IL-12 alone, although stimulation through IL-12R�1 in the ab-
sence of IL-12R�2 has been associated with partial activation in T
cells (37, 38). According to our results, the cooperative effects
triggered by IL-12 or IFN-�, and the agonists of TLR3, TLR7, or
TLR9 might occur due to a better coupling or integration of the
intracellular routes triggered by both stimuli. It is not clear why
ODN-A, but not ODN-B, triggered IFN-� secretion, but similar
results were obtained elsewhere (22). Mostly, NK cells from dif-
ferent donors responded better to loxoribine than to poly(I:C), al-
though heterogeneity was observed in the amount of IFN-� de-
tected. Similar heterogeneity in cytokine secretion by NK cells was
reported by others (22). The secretion of IFN-� induced by control
ODNs can be explained considering a nonspecific effect exerted
through other (non-TLR9) receptors. It is unlikely that the effects
observed in our study could be due to contaminating monocytes
because we worked with NK cell preparations that contained 1.2 �
0.95% of monocytes, and even when monocytes were further de-
pleted, NK cells secreted high amounts of IFN-� upon stimulation
with IL-12 or IFN-� and loxoribine or poly(I:C). Conversely, if
such monocytes or minute numbers of DCs would mediate the
phenomena described in this work, we should have detected IFN-�
secretion induced by agonists of TLRs alone (without the addition
of exogenous cytokines) because such cytokines would have been
provided by the contaminating monocytes or DCs. Conversely, we
observed a strict requirement of IL-12 (or, in less degree, IFN-�)
for IFN-� secretion, supporting our suggestion that the stimulatory
effect was due to a direct stimulation of the NK cells. Two major
populations of NK cells have been described (39, 40). Although
the major population (�90%) of CD56dim NK cells has been
mostly associated with natural cytotoxicity, in our NK cell
preparations we detected that CD56dim cells constituted more
that 95% of the cells recovered after the isolation procedure
(data not shown). Therefore, this population of NK cells is
likely to be responsible for the IFN-� secretion detected in our
experimental setting.

Signaling of the agonists of TLR7 and TLR3 most likely re-
quired internalization because secretion of IFN-� was inhibited by
chloroquine. Conversely, the effect of IL-12 was not sensitive to
this drug, as expected for a cell surface receptor that recognizes an

FIGURE 7. Enhancement of IFN-� secretion by human NK cells stimulated with IL-12 and loxoribine or poly(I:C) upon engagement of NKG2D, and
involvement of PI3K. A, NK cells were stimulated for 24 h with IL-12 (continuous line) or cultured without cytokine (dashed line) in the absence (f) or
in the presence of loxoribine (F) or poly(I:C) (E) and in the presence of MICA� clone C or in the presence of MICA� clone 1. ���, p � 0.001 (clone
1 vs clone C for IL-12 and loxoribine); ��, p � 0.01 (clone 1 vs clone C for IL-12 and poly(I:C)). B and C, IFN-� secretion by NK cells stimulated with
IL-12 and loxoribine (B) or poly(I:C) (C) and cocultured with clone C or clone 1 in the absence or in the presence of the PI3K inhibitor Ly294002 (Ly).
-, Corresponds to the IFN-� secreted by NK cells stimulated with IL-12 and loxoribine (B) or poly(I:C) (C) cultured in the absence of any clone. Results
are representative of three independent experiments. ���, p � 0.001.
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extracellular ligand. Because TLR3, TLR7, and TLR9 were de-
tected only using permeabilized NK cells, we conclude that in NK
cells, as in DCs, the agonists of TLR3, TLR7, and TLR9 exert their
effect upon binding to its specific receptor in an intracellular, chlo-
roquine-sensitive compartment that most likely would be the en-
dosome. Hart et al. (23) using agonists of TLR7/8 reported that
signaling of poly(I:C) in NK cells was independent of endocytosis.
The discrepancy with our results could be due to the fact that they
used the NKL cell line and that they evaluated the effect of chlo-
roquine assessing the degradation of I�B�. Also, Pisegna et al.
(41) observed that poly(I:C), together with IL-2, stimulated human
NK cells to secrete IFN-� in a p38 MAPK- and IFN regulatory
factor-3-dependent way, whereas Schmidt et al. (31) observed that
NK cells were stimulated by poly(I:C) in an APC-independent
manner that required NF-�B (assessed as degradation of I�B�).
However, there is no additional information about the signaling
routes triggered by agonists of TLRs in NK cells and their func-
tional outcome. In this study, we observed that IFN-� secretion
triggered by TLR3 or TLR7 in the presence of suboptimal IL-12
strictly depended on activation of MEK1/ERK, p38 MAPK, p70S6

kinase, and NF-�B, but not on calcineurin. These signaling inter-
mediates also appeared to participate in IFN-� secretion promoted
by IL-12 alone. Because the magnitude of IFN-� secreted was
much higher in the presence of loxoribine or poly(I:C), and the
effect of the pharmacologic inhibitors led to an almost complete
abrogation of IFN-� secretion, we can speculate that activation of
these intracellular mediators also might be triggered by the ago-
nists of TLR3 and TLR7, and then integrate with the signals trig-
gered by IL-12 and lead to the cooperative effects observed in this
study.

To assess the contribution of NKG2D, we investigated the effect
of the cytokines and agonists on the cytotoxicity of NK cells
against target cells that express high or very low amounts of
MICA. Although NK cells were not cytotoxic against the MICA�

melanoma clone, but killed the MICA� melanoma clone, this ef-
fect was enhanced by IL-12, IL-15, and IFN-�. However, agonists
of TLR3, TLR7, or TLR9 did not additionally modulate cytotox-
icity. Accordingly, expression of NKG2D remained unchanged on
NK cells upon stimulation with IL-12, IL-15, or IFN-�, and poly(I:
C), loxoribine, or ODN-A. Therefore, our results indicate that IL-
12, IL-15, and IFN-�, but not the agonists of TLR3, TLR7, or
TLR9, enhance NKG2D-dependent NK cell-mediated cytotoxicity
by inducing a more efficient activation of the signaling cascades
triggered upon NKG2D engagement, perhaps inducing a cellular
relocation or neosynthesis of adaptor proteins or signaling inter-
mediates in NK cells. Other authors observed that agonists of dif-
ferent TLRs promote higher cytotoxicity of NK cells against target
cells such as P815 with anti-CD16 mAb, K562, Daudi, or YAC-1
(22, 23, 29, 31, 41), but the contribution of NKG2D to this re-
sponse was not addressed previously. In this study, we demon-
strated for the first time that the cytotoxicity triggered by this piv-
otal receptor was enhanced by IL-12, IL-15, or IFN-�, but not
further increased by agonists of the TLRs.

Contradicting results have been published about IFN-� secretion
by human NK cells upon engagement of NKG2D (3, 4, 42–45).
Our results suggest that engagement of NKG2D by MICA ex-
pressed on tumor cells enhanced TLR7 or TLR3 plus IL-12-me-
diated IFN-� secretion in a PI3K-dependent way. Although
NKG2D-dependent PI3K pathway has been mainly associated
with cytotoxicity (5), specific signaling routes that couple NKG2D
engagement with IFN-� secretion without inducing cytotoxicity
may also exist (45) and be involved in our experimental
observations.

The dichotomy between the NKG2D-mediated IFN-� secretion
promoted by the MICA� melanoma without stimulation of
NKG2D-dependent cytotoxicity in human NK cells stimulated
with agonists of TLR3 or TLR7 and IL-12 could be due to a rapid
up-regulation of receptor mainly involved in IFN-� secretion, but
not in cytotoxicity such as KIR2DL4 (46), whose engagement by
its putative ligand expressed on the melanoma cells would promote
the observed effect. Alternatively, poly(I:C) and loxoribine in the
presence of IL-12 may induce a better coupling of the signaling
cascade triggered upon engagement of NKG2D by the MICA�

melanoma and lead to augmented IFN-� secretion. Intracellular
relocation or neosynthesis of scaffolding or signaling proteins in-
duced by these stimuli may contribute to this response. In any case,
our results suggest that selected agonists of TLRs expressed by NK
cells (in particular, TLR7 and TLR3), in the presence of IL-12 or,
in less extent, IFN-� directly trigger a strong IFN-� secretion with-
out promoting NKG2D-dependent cytotoxicity, a process that in-
volves internalization of the agonists and activation of MEK1/
ERK, p38 MAPK, p70S6 kinase, and NF-�B. Such IFN-� secretion
can be additionally enhanced by engagement of NKG2D, which in
turn could be crucial to promote Th1-biased immune responses
(33, 34, 47, 48). In light of the increasing experimental evidence
that indicates that the immune response against tumors involving
NKG2D is critical to achieve an efficient immunosurveillance (49),
stimulation provided by agonists of TLR7 or TLR3 (safely admin-
istered exogenously), in conjunction with cytokines such as IL-12
in a tumor microenvironment, may be therapeutically useful as
adjuvants to elicit an improved antitumor immune response me-
diated not only by NK cells, but also by T lymphocytes. Such
strategy would be particularly suitable against tumors that express
NKG2DLs, such as MICA, to promote a vigorous IFN-� secretion
and to provide an enhanced tumoricidal function.
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