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Abstract
Chemokine-driven interactions of immune cells are essential for effective anti-tumor immunity.
Human natural killer (NK) cells can be primed by the IL1-related pro-inflammatory cytokine
IL-18 for unique helper activity, which promotes dendritic cell (DC) activation and DC-mediated
induction of type-1 immune responses against cancer. Here we show that such IL-18-primed
‘helper’ NK cells produce high levels of the immature DC (iDC)-attracting chemokines CCL3 and
CCL4 upon exposure to tumor cells or the additional inflammatory signals IFNα, IL-15, IL-12, or
IL-2. These ‘helper’ NK cells potently attract iDCs in a CCR5-dependent mechanism and induce
high DC production of CXCR3 and CCR5 ligands (CXCL9, CXCL10, and CCL5), facilitating the
subsequent recruitment of type-1 effector CD8+ T (Teff) cells. Using cells isolated from the
malignant ascites of patients with advanced ovarian cancer, we show that ‘helper’ NK cell-
inducing factors can be used to enhance local production of Teff cell-recruiting chemokines. Our
findings reveal the unique chemokine expression profile of ‘helper’ NK cells and highlight the
potential for utilizing two-signal-activated NK cells to promote homing of type-1 immune
effectors to the human tumor environment.
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Introduction
Natural killer (NK) cells are innate sentinel cells recognizing early signs of tissue stress,
infection, or transformation (1, 2). NK cells integrate signals from activating and inhibitory
receptors engaged by pathogen products and/or products released from affected cells, such
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as type I interferons (IFNα/β) (3, 4), and play a critical ‘helper’ role in initiating and
directing dendritic cell (DC)-regulated immune responses (5–8). Constituting an early
source of IFNγ and TNFα, NK cells are capable of promoting DC maturation and DC-
mediated induction of type-1-polarized helper CD4+ T cell (Th1) and cytotoxic CD8+ T cell
(CTL) responses (9–12).

Resting NK cells require activation for the acquisition of different effector functions, and
specific NK cell functions can be preferentially driven by distinct cytokines, including IL-18
(1). IL-18 is an IL-1 family cytokine widely expressed by multiple barrier cell types,
including epithelial cells in the gut and lung and keratinocytes in the skin, and by early-
responding innate cells, such as monocytes and macrophages (13). Expression of the IL-18
pro-cytokine is further enhanced by toll-like receptor signaling, with production of the
mature cytokine controlled by activated caspase-1 (14). Caspase-1 activity in turn depends
on inflammasome activation, which is likewise downstream of pattern receptor recognition
(14). Thus, IL-18 represents an early product of the developing response to tissue damage,
infection, or transformation. We have previously shown that unlike IL-2, which promotes
‘killer’ NK cell differentiation characterized by enhanced cytotoxicity against tumor and DC
targets, IL-18 uniquely primes human NK cells for preferential non-cytotoxic ‘helper’
activity upon subsequent stimulation with multiple distinct secondary factors, including
tumor cells and type I interferons. We demonstrated that these IL-18-primed ‘helper’ NK
cells are capable of inducing DC activation and potentiating DC-mediated induction of
tumor-specific Th1 and CTL adaptive immune responses through an IFNγ- and TNFα-
dependent mechanism (10, 11), including in patients with late-stage cancer (15). Here, we
investigate whether IL-18 may also uniquely regulate human NK cell chemokine production
to enhance interaction with DCs, and subsequently influence productive chemokine-driven
interactions with effector T cells, particularly in the context of the human tumor
environment.

While prior studies have described the ability of activated DCs to attract NK cells, in
mechanisms involving CXCR3 and CXCR1 and their chemokine ligands (16–18), our
current data indicate that human NK cells can initiate chemokine-driven NK-DC interaction
in response to signals associated with infection or neoplastic cell transformation. We show
that IL-18-primed NK cells can act as the inducers of local immune cell accumulation,
promoting the CCR5-dependent attraction of immature DCs and driving subsequent DC
production of the effector CD8+ T (Teff) cell-recruiting chemokines CXCL9, CXCL10, and
CCL5, both in cells isolated from the blood of healthy donors as well as in tumor-associated
cells isolated from the malignant ascites of advanced (stage III–IV) ovarian cancer (OvCa)
patients.

Materials and Methods
Media, cell lines, and reagents

Serum-free CellGenix DC medium (CellGenix Technologie Transfer GmbH) was used for
short-term culture of human NK cells and for DC generation. T cells, ovarian cancer ascites-
derived cells, and K562 cells were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM) containing 10% fetal bovine serum and 1% L-glutamine and penicillin/
streptomycin (all from Gibco, Invitrogen). K562 cells were obtained from American Type
Culture Collection, expanded and cryopreserved after receipt, and used for experiments from
recently thawed stocks. The following factors were used throughout the study: IL-18 (MBL
International); IL-2 (Chiron); IFNα (Intron A, IFN-α-2b; Schering-Plough); IL-12
(PeproTech); IL-15 (Sigma-Aldrich); IL-1β (Miltenyi Biotech); and granulocyte
macrophage colony-stimulating factor (GM-CSF) and IL-4 (Schering-Plough).
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NK cell and CD8+ T cell isolation
Peripheral blood from healthy donors was harvested by venipuncture under IRB-approved
protocols. NK cells (CD56+CD3−) and naïve CD8+ T cells
(CD8+CD45RA+CCR7highCD45RO−CD56−CD57−) were isolated by negative magnetic
selection (>95% pure in both cases) using the EasySep system (StemCell Technologies),
according to the manufacturer’s protocol. When indicated, CD3−CD56brightCD16− and
CD3−CD56dimCD16+ NK cell subsets were flow-sorted using a MoFlo high-speed cell
sorter (DakoCytomation), after labeling with appropriate antibodies.

Blood DC isolation
Human blood DCs, including all three major subsets [CD1c+ (BDCA-1+), CD141+

(BDCA-3+), and CD304+ (BDCA-4+)], were isolated from healthy donor peripheral blood
by magnetic selection using the Blood Dendritic Cell Isolation Kit II (Miltenyi Biotec),
according to the manufacturer’s protocol. Cells were >95% HLA-DR+ and >99%
CD14−CD19−CD3−CD56−.

Generation of DCs
Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of
healthy donors by density gradient separation using Lymphocyte Separation Medium
(Cellgro Mediatech). Monocyte fractions were further isolated by CD14 positive magnetic
selection (Miltenyi Biotech). Immature DCs were generated from monocytes cultured for 6
days in 24-well plates at 4×105 cells/well in GM-CSF and IL-4 (both 1000 IU/ml).

NK cell stimulation and DC co-culture
NK cells were isolated and plated in 48-well plates at 1×106 cells/ml. NK cells were
stimulated with IL-18 (200 ng/ml) or IL-2 (250 IU/ml) together with IFNα (1000 IU/ml),
IL-12 (5 ng/ml), IL-2 (250 IU/ml), IL-15 (100 ng/ml), or K562 cells (1×105 cells/well).
Alternatively, NK cells were pre-treated with IL-18 or IL-2 for 24 h, washed thoroughly,
and re-plated in the presence of IFNα, IL-12, IL-2, IL-15, or K562 cells as a secondary
stimulus. Expression of chemokines was analyzed at 4 h by quantitative real-time PCR or at
24 h by specific ELISA. When indicated, NK cells were pre-treated for 30 min at 37°C with
blocking antibodies to NKG2D (clone 1D11; 10 μg/ml; Biolegend), NKp30 (clone P3015;
10 μg/ml; Biolegend), or DNAM-1 (clone DX11; 10 μg/ml; Abcam) before co-culture with
K562 cells. For NK cell activation of DCs, previously isolated and cryopreserved
autologous NK cells were thawed and added to DC cultures at 1.5×105 cells/well to day 6
DC cultures in the presence of IL-18 (200 ng/ml) and IFNα (1000 IU/ml). When indicated,
soluble decoy receptors to TNFα (sTNFR1; 1 μg/ml; R&D Systems) and IFNγ (sIFNγR1;
10 μg/ml; R&D Systems) were added to cultures at co-culture initiation. Supernatants were
collected at 48 h for chemokine analysis. To assess the stability of DC chemokine
production, NK-DC co-cultures were harvested and washed, and NK cells were removed by
CD56 positive magnetic selection (StemCell Technologies). DCs were then re-plated in 96-
well plates at 2×104 cells/well. To mimic interaction with CD40L-expressing CD4+ T cells,
DCs were co-cultured with CD40L-transfected J558 cells (a gift from Dr. P. Lane,
University of Birmingham, United Kingdom) at 5×104 cells/well, which in previous studies
proved equivalent to activated CD4+ T cells and soluble CD40L (19). Supernatants were
collected after 24 h and analyzed by specific ELISAs for CXCL9, CXCL10, CCL5, and
CCL22 (PeproTech).

Generation of effector CD8+ T cells by in vitro sensitization
Naive CD8+ T cells were activated with staphylococcal enterotoxin B-pulsed DCs matured
from day 6 immature DCs by 36 h treatment with TNFα (50 ng/ml), IL-1β (25 ng/ml), IFNγ
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(1000 IU/ml), poly-I:C (20 μg/ml), and IFNα (3000 IU/ml), as previously described (19).
DCs matured in this manner have been extensively demonstrated to be efficient inducers of
CD45RO+granzymeBhigh effector-type CD8+ T cells (Teff cells) expressing high levels of
the peripheral homing chemokine receptors CXCR3 and CCR5 (19, 20). On days 5–6,
expanded CD8+ T cells were analyzed to confirm CTL phenotype and expression of
chemokine receptors, and were subsequently used for chemotaxis assays.

Chemotaxis
Chemotaxis assays were performed using 24-(Trans)well plates with 5 μm pore size
polycarbonate membranes (Corning), as previously described (21). For DC chemotaxis, the
lower chamber was filled with supernatants from 36 h cultures of NK cells treated with
IL-18 (200 ng/ml) or IL-2 (250 IU/ml) together with IFNα (1000 IU/ml) in CellGenix
medium, and the upper chamber was loaded with blood-isolated DCs or day 6 monocyte-
derived immature DCs (2×105). When indicated, DCs were treated for 30 min with an anti-
CCR5 blocking antibody (Clone 2D7, 20 μg/ml; BD Biosciences) before chemotaxis to
block CCR5-dependent chemotaxis. Alternatively, DCs were treated for 30 min with
recombinant CCL3, CXCL8, XCL1, CCL20, or CXCL12 (all at 200 ng/ml; all from
PeproTech) before chemotaxis, previously shown to be effective for desensitizing specific
chemokine receptor responsiveness (16, 21). For effector CD8+ T cell chemotaxis, the lower
chamber was filled with supernatants from 42 h co-cultures of NK cells and DCs, and the
upper chamber was loaded with effector CD8+ T cells (2×105) generated as described above.
Cell numbers in the bottom chambers were assessed after 3 h by flow cytometry, and
specific chemotaxis for each condition was calculated as the number of migrated cells
subtracted by the number of migrated cells toward media-only controls.

Isolation of OvCa ascites cells
Human OvCa ascites were obtained intraoperatively from previously-untreated patients with
advanced (stage III or IV) epithelial ovarian cancer undergoing primary surgical debulking
for clinical staging. Written informed consent was obtained prior to any specimen collection,
and the nature and possible consequences of the studies were explained. All specimens were
provided under a protocol approved by the University of Pittsburgh Institutional Review
Board (IRB0406147). Primary OvCa ascites cells were harvested by centrifugation. NK cell-
enriched and NK cell-depleted fractions were generated from bulk OvCa ascites cells by
CD56 positive magnetic selection (StemCell Technologies).

Flow cytometry
Cell surface and intracellular immunostaining analyses were performed using an Accuri C6
Flow Cytometer. NK cells and T cells were stained with the dye-conjugated anti-human
mouse monoclonal antibodies CD56-PE-Cy5 (Beckman Coulter), CD3-PE (eBioscience),
Granzyme B-PE (Invitrogen), and CD16-FITC, CD8-PE-Cy5, CD45RA-FITC, CD45RO-
PE, and CD57-FITC (BD Biosciences). Chemokine receptors on DCs and T cells were
stained with the dye-conjugated anti-human mouse monoclonal antibodies CCR1-PE and
CCR7-FITC (R&D Systems) and CCR5-FITC, CCR6-PE, CXCR1-FITC, CXCR3-PE, and
CXCR4-PE (BD Biosciences), and the dye-conjugated anti-human goat polyclonal antibody
XCR1-PE (R&D Systems). The corresponding mouse antibody isotype controls IgG1-FITC,
IgG2a-FITC, IgG2b-FITC, IgG1-PE, IgG2a-PE, IgG2b-PE, and IgG1-PE-Cy5 (BD
Biosciences) and normal goat antibody control IgG-PE (R&D Systems) were used, as
appropriate. Before staining, the cells were treated for 20 min at 4°C in PBS buffer
containing 2% human serum, 0.5% BSA, 0.1% NaN3, and 1 μg/ml of mouse IgG (Sigma-
Aldrich) to block non-specific binding. Cell permeabilization for intracellular staining was
performed using 0.1% Triton X-100 (Sigma) in PBS for 15 min. Cells were stained for 40
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min at 4°C followed by washing with PBS buffer containing 0.5% BSA and 0.1% NaN3,
then fixed and stored in 4% paraformaldehyde until analysis.

Quantitative real-time PCR
Analysis of mRNA expression was performed using the StepOne Plus System (Applied
Biosystems), as previously described (21), using inventoried primer/probe sets. Preliminary
kinetic analysis (data not shown) determined optimal expression of NK cell-expressed IFNγ,
TNFα, CCL3, CCL4, CXCL8, and XCL1 at 4 h following cytokine stimulation of both
purified NK cells and bulk OvCa ascites cells, and optimal expression of CXCL9 and
CXCL10 in bulk OvCa ascites cells at 24 h following IL-18/IFNα stimulation. The
expression of each gene was normalized to HPRT1 and expressed as fold increase (2−ΔCT),
where ΔCT = CT (target gene) − CT (HPRT1).

ELISA
Supernatants from 48 h co-cultures of NK cells and DCs were analyzed for CXCL9,
CXCL10, CCL5, and CCL22 by indirect sandwich ELISA using specific matched primary
and biotinylated-secondary antibody pairs (PeproTech), as previously described (21). When
indicated, DCs were harvested, washed, and re-plated in the presence of CD40L-transfected
J558 cells (for rationale, see above), and 24 h culture supernatants were analyzed for levels
of CXCL9, CXCL10, CCL5, and CCL22.

Statistical analysis
Data was analyzed using unpaired and paired t tests (two-tailed) and one-way and two-way
ANOVA, where appropriate. Significance was judged at an α of 0.05.

Results
Unique role of IL-18 in priming human NK cell attraction of DCs

While activated DCs have been previously reported to attract and activate NK cells (16–18),
we observed that the ‘helper’ pathway of NK cell activation, induced by IL-18 and
secondary signals like tumor cells or IFNα (10, 22), strongly promoted NK cell attraction of
autologous DCs, either directly isolated from peripheral blood or generated in vitro from
monocyte precursors (Fig. 1A). In contrast, IL-2-induced ‘killer’ effector NK cells,
characterized by enhanced cytotoxicity and ability to kill DCs (10), were not similarly
effective in attracting DCs. Prompted by the essential role of the chemokine system in
governing cellular interactions during immune responses (23, 24), we investigated the role
of ‘helper’ NK cell-produced chemokines in their superior ability to attract DCs. Immature
monocyte-derived DCs (iDCs) expressed similarly high levels of CCR5 and CXCR1 as
blood-isolated DCs, as well as distinct but lower levels of CXCR4, with XCR1 expression
limited to monocyte-derived iDCs (Fig. 1B and Supplementary Fig. S1). Analysis of the
expression of the known ligands for these DC chemokine receptors in NK cells revealed that
the NK cells treated with either IL-2 or IL-18 alone expressed only limited levels of CCL3,
CCL4, and CXCL8 (Fig. 1C), ligands for the chemokine receptors CCR1/5 and CXCR1,
respectively, which are known to mediate migration of iDCs in peripheral tissues (25).
Similarly, NK cells treated with IL-2 or IL-18 alone showed minimal to modest
enhancement, respectively, in the expression of XCL1, the ligand for the receptor XCR1 and
a chemokine implicated in the attraction of DCs highly efficient in antigen cross-
presentation (26, 27). In contrast, combined stimulation of NK cells with IL-18 and IFNα, a
factor recently shown to be important for initiating spontaneous anti-tumor immune
responses in vivo (28, 29) and a secondary signal known to co-activate cytokine secretion in
human ‘helper’ NK cells (10, 11), induced a strong synergistic enhancement in the

Wong et al. Page 5

Cancer Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression of CCL3, CCL4, CXCL8, and XCL1 (Fig. 1C). Such two-signal induction of
DC-attracting chemokines parallels the mode of induction of the DC-activating cytokines
IFNγ and TNFα in human NK cells (10, 11). Expression of the additional chemokines
CCL20 and CXCL12, ligands for the receptors CCR6 and CXCR4, were not observed in
NK cells under any mode of stimulation (data not shown).

Additional NK cell subset analysis revealed that the CD56dim population was particularly
responsive to IL-18-driven chemokine induction (Fig. 1D), while the CD56bright NK cell
subset responded to IL-18 to a significantly lesser degree. This is consistent with prior work
implicating the CD56dim subset as the predominant target of IL-18 in driving NK cell
acquisition of lymph node-homing CCR7 and the early secretion of DC-polarizing IFNγ
(10), as well as recent findings implicating the CD56dim subset as a major producer of
cytokines and chemokines, particularly at early activation time-points (30, 31).

The ability to induce NK cell expression of DC-attracting chemokines was a specific feature
of IL-18, since it could not be reproduced by IL-2 or IFNα (both known NK cell activating
factors (2)) alone or in combination (Fig. 1C), nor by IL-1β, a member of the same family of
cytokines as IL-18 (data not shown). The unique character of IL-18-induced ‘helper’ NK
cells was further supported by the observation that only NK cells primed with IL-18
responded with enhanced expression of DC-attracting chemokines when exposed to such
secondary stimuli as IFNα, IL-15, IL-12, and IL-2 (Fig. 2A). In contrast, providing these
stimuli in reverse order (primary IL-2 followed by secondary stimulation with IL-18) was
ineffective in inducing NK cell expression of DC-attracting chemokines, demonstrating that
enhanced DC-recruiting function is a specific feature of IL-18-induced helper NK cells,
rather than a general outcome of NK cell activation. IL-18 further primed NK cells for the
expression of DC-attracting chemokines in response to multiple secondary pro-inflammatory
cytokines (Fig. 2A) or in response to K562 tumor cells (Fig. 2B and Supplementary Fig. S2),
with the latter effect involving NKG2D-mediated recognition of tumor targets. These results
indicate the role of IL-18 in priming NK cells for the attraction of DCs following subsequent
NK cell exposure to such diverse signals as inflammatory cytokines and tumor cell
recognition.

Key role of CCR5 in the recruitment of immature DCs by IL-18-primed NK cells
Desensitization of specific chemokine receptors on iDCs with a large panel of DC and NK
cell-relevant chemokines (Fig. 3A; see Materials and Methods for discussion of the
technique) revealed a highly selective role for CCR5, but not CCR6, XCR1, CXCR1, or
CXCR4, in the recruitment of autologous iDCs by IL-18-primed NK cells. Specific antibody
blockade of the CCR5 receptor (Fig. 3B) confirmed the key role of this receptor in helper
NK cell-mediated iDC attraction.

IL-18-primed NK cells collaborate with DCs in the recruitment of effector CD8+ T cells
Co-culture of IL-18-primed NK cells with autologous iDCs resulted in highly elevated
levels of CXCL9, CXCL10, and CCL5 (Fig. 4A, top), the chemokines that have been
implicated in the attraction of type-1 Teff cell subsets central to efficient anti-tumor
responses (32–34). This effect was not accompanied by an increase in the secretion of
CCL22, a regulatory T cell-attracting chemokine (35). The induction of these Teff cell-
recruiting chemokines in NK-DC co-cultures was dependent on TNFα and IFNγ, since the
enhanced chemokine secretion was abrogated upon addition of soluble TNF and IFNγ decoy
receptors to the co-cultures (Fig. 4A, top). Elevated production of Teff cell-recruiting
chemokines by NK cell-activated DCs was maintained even after subsequent harvesting,
washing, removal of NK cells, and re-stimulation of the DCs with CD40L (Fig. 4A, bottom),
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demonstrating the long-term impact of IL-18-primed NK cells on DC chemokine
production.

Supernatants from NK cell-activated DCs were highly efficient at recruiting Teff cells (Fig.
4B). Importantly, although supernatants from two-signal-activated NK cells alone or IL-18/
IFNα-activated DCs alone were capable of mild Teff cell attraction over baseline, the
supernatants generated from NK-DC interaction had a greatly- and synergistically-enhanced
capacity for Teff cell recruitment, demonstrating the key role of DCs in NK cell-initiated Teff
cell attraction.

NK cell-mediated enhancement of Teff cell-recruiting chemokines can be induced in the
human ovarian cancer environment

In order to assess the potential for utilizing NK ‘helper’ cell paradigms in the therapy of
cancer patients, we evaluated the ability of IL-18 and NK cells to regulate chemokine
production in the malignant ascites of patients with stage III–IV epithelial ovarian cancer.
Similar to what has been previously reported (36), significant populations of CD3−CD56+

NK cells were found within the ascites cells (NK cells as percentage of tumor-associated
lymphocytes: median=15.42%; range=2.1–30.5%; n=4). Although tumor-associated NK
cells can demonstrate reduced functionality (37, 38), we observed that NK cells freshly
isolated from malignant ovarian ascites could be effectively activated by IL-18/IFNα to
express the NK helper-associated DC-attracting and DC-activating factors CCL3, CCL4,
IFNγ, and TNFα (Fig. 5A).

Furthermore, IL-18/IFNα treatment of bulk ascites cells induced the production of high
levels of the DC activators IFNγ and TNFα and the Teff cell-recruiting chemokines CXCL9
and CXCL10 (Fig. 5B), demonstrating the ability of IL-18/IFNα–activated NK cells to
function even in the suppressive environment of OvCa. Depletion of NK cells from the bulk
ascites cell population suppressed the production of these chemokines and cytokines
mediated by IL-18/IFNα treatment, indicating that the activation of tumor-associated NK
cells by the NK ‘helper’-driving stimuli plays the key role in the induction of DC-attracting,
DC-activating, and Teff cell-recruiting factors within the human cancer environment.

Discussion
While IL-18-induced NK cells can promote antitumor immunity by elevating the production
of Th1- and CTL-driving IL-12 by local DCs, our current data indicate their additional role
in promoting DC attraction and the conditioning of tumor sites for the chemokine-driven
infiltration of desirable effector-type T cells. We demonstrate that chemokine production is
not a general consequence of NK cell activation, but is strictly regulated and selectively
associated with a ‘helper’ NK cell phenotype driven by IL-18. Although IL-18 and IL-2 are
both known to be potent NK cell activating factors, these data indicate that only IL-18 is
efficient in enhancing NK cell expression of the DC-attracting chemokines CCL3, CCL4,
CXCL8, and XCL1, resulting in the attraction of immature DCs. Such IL-18-driven
enhancement in the expression of DC-attracting chemokines corresponds closely to the
previously-reported regulation of IFNγ and TNFα, factors essential for NK cell-mediated
activation of DCs, in IL-18-primed human NK cells (10). This suggests that NK cell
recruitment of DCs and NK cell-mediated activation of DCs are closely related phenomena
governed by similar mechanisms, supporting the role of NK cells as important modulators of
DC-mediated immune responses.

Interestingly, the unique ‘priming’ effects of IL-18 in promoting ‘helper’ NK cell-driven
chemokine interactions with DCs requires secondary stimulation with other pro-
inflammatory factors (see Fig. 2A) or recognition of target cells (see Fig. 2B and
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Supplementary Fig. S2). These secondary signals, described in this study and others (10,
39), can include direct interaction with tumor cells or type I interferons likely to be
elaborated early in viral infection. This two-signal requirement for IL-18-primed NK cell
function is likely to represent a critical checkpoint in NK cell activation, preventing
inappropriate development of potent downstream immune responses, including those
initiated through NK cell interaction with DCs. Although IL-18 has been reported to favor
protective anti-tumor immunity (40, 41), IL-18 has also been recently implicated in tumor-
associated immunosuppression through its promotion of a Kit+ subset of regulatory NK cells
overexpressing PD-L1 (42, 43). Therefore, it is possible that in some situations, IL-18-
primed NK cells may mediate different functions depending on the availability and/or
character of associated secondary signals. Indeed, the activity of IL-18 has been shown to be
highly context-dependent, and demonstrates the capacity to co-induce either the type-1
cytokine IFNγ or the type-2 cytokine IL-13 when combined with different secondary signals
(44). The differential impact of distinct secondary signals specifically on IL-18-primed NK
cell activity is the subject of our current ongoing investigations.

The quantity and quality of immune cell infiltration into the tumor environment, including
the critical balance between effector and regulatory T cells, have been increasingly
recognized as vital components of both spontaneous and therapy-induced anti-tumor
immune control (45, 46). Importantly, the chemokines CXCL9, CXCL10, and CCL5 have
been implicated in the attraction of type-1 Teff cell subsets central to effective anti-tumor
responses (32–34), providing key targets for therapeutic ‘conditioning’ of the tumor
chemokine environment for efficient anti-tumor effector cell entry. Although this study
demonstrates that IL-18-primed NK cells can directly express CCR5 ligands, their role in
generating a chemokine environment conducive to type-1 Teff cell recruitment is most likely
to occur through their activity on DCs, given the apparent strong synergy between IL-18-
driven NK cells and DCs in promoting Teff cell attraction that was significantly more
efficient than NK cells or DCs alone (see Fig. 4B).

Notably, this study demonstrates that IL-18-primed human NK cells, including from directly
within the human cancer environment, can enhance type-1 immune responses by selectively
inducing high DC expression of Teff cell-recruiting chemokines, including CXCL9,
CXCL10, and CCL5, without inducing the Treg cell-attracting chemokine CCL22. However,
intratumoral NK cells have also been shown to be capable of secreting CCL22 and
mediating the recruitment of CD4+CD25+FoxP3+ regulatory T cells, a process which can be
driven by NK cell activation with IL-2 (47). This highlights the importance of carefully
defining the relevant NK cell stimulatory factors for the therapeutic augmentation of
intratumoral immune control.

In addition to their expression by Teff cells, resting NK cells have also been shown to
express the chemokine receptors CCR5 and CXCR3, and can respond to their respective
ligands produced by the interaction between IL-18-primed NK cells and DCs (48). Since
DCs can be an important source of IL-18 during developing immune responses (14), and
mature DCs can play a significant role in activating resting NK cells (49), this presents the
possibility of a reciprocal, chemokine-driven feed-forward interaction between NK cells and
DCs, in which NK cell-activated DCs can subsequently attract and activate additional
resting NK cells, further promoting an amplifying cycle of immune activation. Indeed,
reciprocal positive feedback has been demonstrated between NK cells and myeloid cells,
including DCs (49), and spatial innate cell clustering has been shown to be important to
developing protective immune responses in vivo (50). Our current data suggests that the
suppressive nature of the human tumor environment may not, at least, represent an absolute,
irreversible barrier to NK cell activation toward DC-stimulating helper function, and may be
amendable to therapeutic modulation, for instance through the local application of IL-18 and
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IFNα. Thus, the ‘helper’ interaction between IL-18-primed NK cells and DCs may represent
a powerful feed-forward loop amplifying endogenous immune responses, and may present
an attractive target for cancer therapy in which modest initiation of the helper response may
result in a much larger induction of effector activity.

In summary, these data identify the unique chemokine expression of ‘helper’ versus ‘killer’
pathways of NK cell differentiation, and demonstrates that human NK cells can serve
important helper functions in facilitating the chemokine-driven attraction and activation of
DCs and the accumulation of effector cells in the tumor environment. This study further
demonstrates that NK cells in cancer patients, including NK cells infiltrating the tumor
environment itself, are competent to undergo helper differentiation, and thus may serve as
therapeutic targets for the modulation of the human tumor chemokine environment to
facilitate type-1 immune responses against cancer.
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Figure 1.
Unique role of IL-18 in priming human NK cell attraction of DCs. (A) Chemotaxis of
peripheral blood-isolated DCs (left) or day 6 monocyte-derived immature DCs (iDCs; right)
toward culture supernatants from autologous NK cells stimulated for 36 h with IL-2 and
IFNα or IL-18 and IFNα. Data shown represent the mean (± SD) number of specific
migrated DCs from independent donors across independent experiments (3 donors for blood
DCs; 5 donors for monocyte-derived DCs). (B) Surface expression (open histograms) of
CCR1, CCR5, CCR6, CXCR1, CXCR4, and XCR1 on monocyte-derived iDCs. Gray filled
histograms represent isotype controls. (C) NK cells were incubated for 4 h in the presence of
IL-2, IL-18, and/or IFNα, and subsequently analyzed for expression of the chemokines
CCL3, CCL4, CXCL8, and XCL1. Data are expressed as ratios between the expression of
individual chemokine genes and HPRT1, and represent the mean (± SD) of 5 independent
donors. (D) Sorted CD56bright and CD56dim NK cells were incubated for 4 h in the absence
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or presence of IL-18/IFNα, and subsequently analyzed for expression of CCL3, CCL4,
CXCL8, and XCL1. Data are expressed as ratios between the expression of individual
chemokine genes and HPRT1, and shown as the mean expression (± SD) of triplicate
cultures. Data represent one of two independent experiments, which both yielded similar
results. ***p<0.001, **p<0.01, *p<0.05, ns: p>0.05 compared to indicated groups.
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Figure 2.
IL-18 synergizes with multiple secondary stimuli in inducing NK cell expression of DC-
attracting chemokines. (A) NK cells were pre-treated for 24 h in the absence or presence of
IL-2 or IL-18, washed, and re-plated in the absence or presence of IFNα, IL-15, IL-12, IL-2,
or IL-18. The expression of CCL3 (top) and CCL4 (bottom) were analyzed after 4 h
incubation with the secondary stimulus. Data are expressed as ratios between the expression
of individual chemokine genes and HPRT1, and recorded as the mean expression (± SD)
assayed in triplicate cultures. Data represent one of three independent experiments, which all
yielded similar results. (B) NK cells were pre-treated for 24 h in the absence or presence of
IL-18, washed, and re-plated in the absence or presence of K562 cells (5:1 NK:K562 ratio).
When indicated, NK cells were pre-treated for 30 min with blocking antibodies to NKG2D,
NKp30, or DNAM-1 before co-culture with K562 cells. The expression of CCL3 (left) and
CCL4 (right) were analyzed after 4 h activation with the secondary stimulus. Data are
expressed as ratios between the expression of individual chemokine genes and HPRT1, and
recorded as the mean expression (± SD) assayed in triplicate cultures. Data represent one of
three independent experiments, which all yielded similar results. ***p<0.001 compared to
indicated groups or compared to all groups when not specifically indicated.

Wong et al. Page 15

Cancer Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
IL-18-primed NK cells attract immature DCs through a CCR5-dependent mechanism. (A–B)
iDCs were pre-treated for 30 min with the chemokines CCL3, CCL20, XCL1, CXCL8, or
CXCL12 (A) to block the DC chemokine receptors CCR1/5, CCR6, XCR1, CXCR1, or
CXCR4, respectively, or treated with a blocking anti-CCR5 monoclonal antibody (B) before
migration toward 36 h supernatants collected from IL-18/IFNα-stimulated autologous NK
cells. Data is shown as mean (± SD) number of specific migrated iDCs in triplicate cultures.
Data shown was obtained from one representative experiment of three performed, all
yielding similar results. ***p<0.001 compared to all groups.
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Figure 4.
IL-18-primed NK cells induce DC production of Teff cell-recruiting chemokines, promoting
Teff cell attraction. NK cells were added to autologous day 6 DCs (1:2 NK:DC ratio) in the
presence of IL-18 and IFNα. After 48 h, co-culture supernatants were harvested for analysis
and chemotaxis experiments, and DCs were harvested, washed, depleted of NK cells, and re-
stimulated with CD40L for 24 h. (A) CXCL9, CXCL10, CCL5, and CCL22 levels in
supernatants of untreated immature DCs (iDCs) or DCs exposed to IL-18/IFNα with or
without autologous NK cells, in the additional presence or absence of soluble TNF
(sTNFR1) or IFNγ (sIFNγR1) decoy receptors, after 48 h co-culture (top) or following
harvesting, washing, NK cell depletion, and 24 h CD40L stimulation (bottom). (B)
Migration of effector CD8+ T cells (see Materials and Methods for generation) toward
supernatants collected from 48 h cultures of IL-18/IFNα alone, NK cells treated with IL-18/
IFNα, or DCs exposed to IL-18/IFNα with or without autologous NK cells. Data recorded as
mean (± SD) in triplicate cultures from one representative experiment of three performed, all
yielding similar results. ***p<0.001, *p<0.05, ns: p>0.05 compared to indicated groups or
compared to all groups when not specifically indicated. < indicates levels were below the
limit of detection of the assay.
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Figure 5.
NK cell-driven production of Teff cell-recruiting chemokines in the human ovarian cancer
environment. (A) CD56+ NK cells were enriched from human ovarian cancer (OvCa) ascites
cells (left), cultured for 4 h in the absence or presence of IL-18/IFNα, and analyzed for
expression of the chemokines CCL3 and CCL4 and the cytokines IFNγ and TNFα (right).
(B) Bulk OvCa ascites cells or ascites cells depleted of CD56+ NK cells (left) were cultured
for 4 or 24 h in the absence or presence of IL-18/IFNα, and analyzed for expression of the
chemokines CCL3, CCL4, CXCL9, and CXCL10 and the cytokines IFNγ and TNFα (right).
Flow cytometric analyses of NK cell enrichment and depletion are representative of one of
four patients. Gene expression data are expressed as ratios between the expression of
individual chemokine or cytokine genes and HPRT1, and represent the mean (± SD) across
four independent experiments using ascites cells from four different patients. ***p<0.001,
**p<0.01, ns: p>0.05.
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