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Circulating Myeloid Dendritic Cells of Advanced Cancer
Patients Result in Reduced Activation and a Biased Cytokine
Profile in Invariant NKT Cells1
Hans J. J. van der Vliet,2*† Ruojie Wang,* Simon C. Yue,* Henry B. Koon,* Steven P. Balk,*
and Mark A. Exley*

T

he CD1d-restricted invariant NKT (iNKT)3 cells display a
semi-invariant TCR (V␣24/J␣18 in human and V␣14/
J␣18 in mouse) and are characterized by their capacity to
rapidly produce large amounts of cytokines upon stimulation.
iNKT cells have been shown to promote antitumor immune responses by rapidly producing copious amounts of IFN-␥, resulting
in the activation of NK cells, dendritic cells (DC), and conventional CD4⫹ and CD8⫹ T cells as well as in the inhibition of tumor
angiogenesis (reviewed in Refs. 1– 6). Importantly, the circulating
pool of iNKT cells shows quantitative and qualitative defects in
cancer patients independent of tumor type and tumor load (7–10),
and these defects are clinically relevant as increased numbers of
intratumoral or circulating iNKT cells are associated with improved prognosis in colon cancer, head and neck squamous cell
carcinoma, hematological malignancies, and neuroblastoma (11–

*Cancer Biology Program, Division of Hematology and Oncology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA 02115; and †Department of Medical Oncology, Vrije Universiteit Medisch Centrum, Amsterdam, The
Netherlands
Received for publication July 31, 2007. Accepted for publication April 3, 2008.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1
This work was supported by the Netherlands Organization for Scientific Research
NWO-TALENT Grant and Grant 920-03-142, a Dutch Cancer Society (KWF) Academic Grant, National Institutes of Health Grants R01 DK066917 and R01 AI42955,
and the Dana Farber/Harvard Cancer Center Melanoma Specialized Program of Research Excellence Grant P50 CA93683.
2
Address correspondence and reprint requests to Dr. Hans J. J. van der Vliet, Vrije
Universiteit Medisch Centrum, Department of Medical Oncology, De Boelelaan
1117, 1081 HV, Amsterdam, The Netherlands. E-mail address: jj.vandervliet@
vumc.nl
3

Abbreviations used in this paper: iNKT, CD1d-restricted invariant NKT (cell);
␣-GalCer, ␣-galactosylceramide; DC, dendritic cell; mDC, myeloid DC; moDC,
monocyte-derived DC; pDC, plasmacytoid DC; RCC, renal cell cancer; rh, recombinant human.
Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
www.jimmunol.org

14). Several studies indicate that the residual pool of iNKT cells of
cancer patients is Th2 biased, although this might not be the case
in all types of cancer (8 –10). The cause of the observed defects in
iNKT cells in cancer is incompletely understood, but these defects
do not appear to be intrinsic to iNKT cells as they can be overcome
through repeated stimulation by monocyte-derived DC (moDC) or
IL-12 exposure (7, 9, 10). Insight into the cause of the observed
defects in iNKT cells is important because it might provide clues
as to how to restore iNKT cell levels and function, thereby potentially improving antitumor immune responses.
DC play critical roles in the initiation of immune responses that,
depending on the microenvironment and DC subtype (e.g., myeloid vs lymphoid), can support either Th1- or Th2-type immune
responses (15). A decrease in the proportion of circulating myeloid
DC (mDC) has been observed in patients with head and neck squamous cell carcinoma (16), and in patients with locally advanced
pancreatic cancer the population of circulating mDC1 was not only
found to be reduced in size but also reduced in T cell allostimulatory activity and in the capacity to produce IL-12p70 (17). There
is considerable evidence that iNKT-DC interactions help initiate and regulate immune responses (18 –20). Induction of IFN-␥
from iNKT and IL-12 from DC can act as a “positive feedback
loop” and drive Th1 responses (1, 2, 18 –22). We recently
showed that the circulating human CD1d⫹ DC subset, mDC1,
responds like iNKT to high-dose IL-2 treatment, whereas
CD4⫹CD25⫹ regulatory type T cells behaved reciprocally (23).
We hypothesized that the reported quantitative and/or qualitative differences in the circulating DC of cancer patients could
contribute to the observed defects in iNKT cells and we therefore compared interactions between iNKT cells and CD1d-expressing circulating DC from healthy donors and patients with
advanced cancer.
In this study, we report that circulating mDC1 of patients with
advanced melanoma and renal cell cancer (RCC) result in reduced
activation and a biased cytokine profile in iNKT cells and can
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CD1d-restricted invariant NKT (iNKT) cells play important regulatory roles in various immune responses, including antitumor
immune responses. Previous studies have demonstrated quantitative and qualitative defects in iNKT cells of cancer patients, and
these defects are clinically relevant as they are associated with poor prognosis. In this study we demonstrate that defects in the
iNKT cell population can, at least in part, be attributed to defective interactions between iNKT cells and CD1d-expressing
circulating myeloid dendritic cells (mDC), as mDC of patients with advanced melanoma and renal cell cancer reduced the
activation and Th1 cytokine production of healthy donor-derived iNKT cells. Interestingly, this reduced activation of iNKT cells
was restricted to patients with low circulating iNKT cell numbers and could be reversed by IL-12 and in part by the neutralization
of TGF-␤, but it was further reduced by the neutralization of IL-10 in vitro. Additional experiments revealed discordant roles for
TGF-␤ and IL-10 on human iNKT cells, because TGF-␤ suppressed iNKT cell activation and proliferation and IFN-␥ production
while IL-10 was identified as a cytokine involved in stimulating the activation and expansion of iNKT cells that could subsequently
suppress NK cell and T cell responses. The Journal of Immunology, 2008, 180: 7287–7293.
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therefore be considered to be at least one factor involved in causing the quantitative and qualitative defects in iNKT cells in cancer
patients. Of interest, although the reduced activation of iNKT cells
could be reversed by IL-12 and, in part, by neutralization of
TGF-␤, we found that the neutralization of IL-10 actually resulted
in a further decrease in iNKT cell activation, suggesting a stimulatory role for IL-10 in iNKT cell activation. Indeed, in additional
experiments using healthy donor-derived iNKT cells we found that
IL-10, in contrast to TGF-␤, enhanced iNKT cell activation and
expansion and resulted in a population of iNKT cells that subsequently altered the IFN-␥-producing capacity of NK cells and activated CD4⫹ T cells.

Materials and Methods
Patients

Flow cytometry
PBMC were obtained by Ficoll-Paque (Amersham Biosciences) density
gradient centrifugation of heparinized peripheral blood. PBMC were
stained using combinations of the following reagents after an initial incubation with 10% human pooled serum to reduce nonspecific binding:
FITC-labeled CD3, FITC-labeled CD25, PE-labeled CD1d, PE-labeled
CD40, PE-labeled CD80, PE-labeled CD86, PE-Cy5-labeled CD19, and
PE-Cy7-labeled CD14 (BD Pharmingen); PE-labeled V␣24 and FITC-labeled V␤11 (Immunotech); FITC-labeled BDCA-1, BDCA-2, and
BDCA-3 (Miltenyi Biotec); and PE-labeled anti-human IL-10R␣ (R&D
Systems). Flow cytometry was performed on a Cytomics FC500 (Beckman
Coulter).

Generation of iNKT cell lines
iNKT cells were enriched from PBMC of healthy adult volunteers by positive selection using biotinylated anti-invariant TCR mAb (clone 6B11) in
combination with anti-biotin microbeads (Miltenyi Biotec) and subsequently expanded using 100 U/ml recombinant human (rh)IL-2 (National
Biological Response Modifiers Program, National Cancer Institute, Frederick, MD) and ␣-galactosylceramide (␣-GalCer (KRN7000); provided by
the Pharmaceutical Research Laboratory, Kirin Brewery)-loaded, LPS-matured moDC, which were irradiated before use. In some cases iNKT cell
lines were further purified using high speed sorting (Modular Flow FACS;
Cytomation). The purity of iNKT cell lines used for the experiments was
⬎95%. In total, seven different healthy donor-derived iNKT cell lines (both
CD4⫹ and CD4⫺) were used with similar results.

Cocultures of iNKT cells and circulating mDC1
Circulating mDC1 were isolated from cancer patients and healthy adult
volunteers by high speed flow cytometric sorting of PBMC that were depleted of T cells using anti-CD3 microbeads (Miltenyi Biotec). Purified
mDC1 (⬎90%) of both healthy volunteers and cancer patients were then
cocultured with healthy donor-derived iNKT cells for 48 h in RPMI 1640
medium (Mediatech) containing L-glutamine, 2-ME, HEPES buffer, 0.02
mg/ml gentamicin (all from Invitrogen), 10% FBS (Gemini Bio-Products),
MEM amino acids, and nonessential amino acid solution for MEM (Mediatech) in the presence of 100 ng/ml ␣-GalCer and 20 U/ml rhIL-2 and the
presence or absence of the following reagents: 10 g/ml anti-human CD40
mAb, 10 g/ml anti-human B7-2 mAb, 10 g/ml anti-human TGF-␤1–3,
10 ng/ml rhIL-12p70 (all R&D Systems), 10 g/ml anti-human CD1d mAb
(clone 51.1), 10 g/ml anti-human and viral IL-10 (BD Pharmingen), and
the appropriate isotype controls (10 g/ml). After 48 h supernatants were
harvested for the detection of IFN-␥ and IL-4 by standard capture ELISA
with matched Ab pairs in relation to cytokine standards (Endogen) and
iNKT cells were harvested for the detection of CD25 expression by flow
cytometry.

iNKT cell lines were cocultured with ␣-GalCer-loaded mature moDC (1 ⫻
105 iNKT cells and 5 ⫻ 104 moDC) for 24 h in the presence or absence of
100 ng/ml rhIL-10, 10 ng/ml rhIL-12p70, and 10 ng/ml rhTGF-␤1 as indicated (BioVision). Supernatants were harvested for the detection of
IFN-␥ and IL-4 by ELISA, and iNKT cells were harvested for the detection
of CD25 expression by flow cytometry as well as for the detection of
cytokine secretion. For the latter purpose, iNKT cells were washed and
coated with Ab-Ab conjugates directed against CD45 and IFN-␥ (catch
reagent; Miltenyi Biotech) and subsequently cultured for an additional 3 h
in plain medium. After washing, cells were incubated with PE-labeled
anti-IFN-␥ Ab (detection reagent; Miltenyi Biotech) and analyzed by flow
cytometry. To evaluate the effects of IL-10, IL-12, and TGF-␤1 on the
expansion of iNKT cells, iNKT cell lines were cocultured with ␣-GalCerloaded mature moDC in the presence or absence of 100 ng/ml rhIL-10, 10
ng/ml rhIL-12, or 10 ng/ml rhTGF-␤1 for 5 days, and 50 U/ml rhIL-2 was
added on day 2.

Effects of IL-10-treated iNKT cells on CD4⫹ T cell and
NK cell responses
After a 24 h coculture of iNKT cells and ␣-GalCer-loaded mature moDC
in the presence or absence of 100 ng/ml rhIL-10, iNKT cells were harvested, washed 4 times by centrifugation in medium, and subsequently
cultured in plain medium. After an additional 24 h these iNKT cell supernatants were harvested and used as the culture medium for either purified
CD4⫹ T cells (isolated from PBMC using positive magnetic bead selection; Miltenyi Biotech) or purified NK cells (isolated from PBMC using
negative magnetic depletion of CD14⫹, CD19⫹, and CD3⫹ cells; Miltenyi
Biotech). In these iNKT cell supernatants, purified CD4⫹ T cells were
activated by 1 g/ml soluble anti-CD3 mAb for 3 days and then washed
and coated with Ab-Ab conjugates directed against CD45 and IFN-␥ (cytokine catch reagent) for a final 3 h culture in plates containing plate-bound
anti-CD3 and anti-CD28 mAb (BD Pharmingen). Purified NK cells were
cultured in iNKT cell supernatants without further stimulation for 24 h and
then washed and coated with Ab-Ab conjugates directed against CD45 and
IFN-␥ (cytokine catch reagent) for a final 3-h culture in plain medium.
Secretion of IFN-␥ by CD4⫹ T cells and NK cells was analyzed by flow
cytometry.

Statistical analysis
Statistical analyses were performed using paired and unpaired Student t
tests as indicated. p ⬍ 0.05 was considered significant.

Results
Frequency and expression of CD1d on circulating DC subsets
In peripheral blood, several subsets of DC can be identified based
on the expression of BDCA-1 (mDC1), BDCA-2 (plasmacytoid
DC (pDC)), and BDCA-3 (mDC2) (24). We compared the frequency and CD1d expression of each subset among PBMC of
healthy volunteers (n ⫽ 7) and cancer patients (n ⫽ 17). As Fig.
1A demonstrates, the frequency of mDC1 and pDC was comparable in patients with melanoma or RCC and healthy controls ( p ⫽
0.35 and p ⫽ 0.72, unpaired t test). Although the frequency of
mDC2 was low in both healthy controls and cancer patients, it was
significantly lower in cancer patients ( p ⫽ 0.02). Importantly,
CD1d was predominantly expressed by mDC1 (Fig. 1B), confirming earlier reports (23, 25), and expression levels were found to be
comparable in healthy controls and cancer patients ( p ⫽ 0.65). As
the CD1d Ag-presenting molecule is required for the presentation
of glycolipid Ag to iNKT cells, mDC1 were selected for additional
experiments.
Circulating mDC1 of cancer patients result in reduced
activation and a biased cytokine profile in iNKT cell lines
The Ag-presenting functions of the circulating mDC1 of cancer
patients and healthy controls were compared by analyzing their
capacity to activate healthy donor-derived ␣-GalCer-reactive
iNKT cell lines (purity ⬎ 95%). Circulating mDC1 of both healthy
volunteers and cancer patients were purified (purity ⬎ 90%) by
high-speed flow cytometric sorting and cocultured with healthy
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Patients (mean age 53 years, range 30 – 68 years; 15 males and 10 females)
in this study had been diagnosed with either advanced melanoma (n ⫽ 15)
or RCC (n ⫽ 10). Several patients with metastatic melanoma were previously treated with dacarbazine or temozolomide; several patients with metastatic RCC previously received experimental treatment with a tyrosine
kinase inhibitor. Peripheral blood of all patients was drawn before the
institution of high-dose IL-2 therapy. Informed consent was obtained from
all patients and the study was approved by the Committee for Clinical
Investigation of Beth Israel Deaconess Medical Center, Boston, MA.

Effects of IL-10, IL-12, and TGF-␤ on iNKT cell lines
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FIGURE 1. Frequency and CD1d
expression of circulating DC subsets.
Frequency (A) and CD1d expression
(B) of circulating mDC1, pDC, and
mDC2 in healthy controls (open bars,
n ⫽ 7) and patients with advanced
melanoma or renal cell cancer (closed
bars, n ⫽ 17) are shown. Data represent mean and SD.
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of anti-CD1d mAb (not shown), indicating the specificity of the
interaction between iNKT cells and mDC1.
The role of costimulatory molecules, IL-10, TGF-␤, and IL-12
on iNKT cell activation by circulating mDC1
As Th1 and Th2 functions of iNKT cells have been shown to be
differentially regulated by the CD28/CD80 –CD86 and CD40/
CD40L costimulatory pathways (26), we assessed the expression
of CD40, CD80, and CD86 on circulating mDC1 of cancer patients
and healthy controls. CD86 was found to be expressed by 8.9 ⫾
8.4% of the mDC1 of healthy controls (n ⫽ 5) and 23.1 ⫾ 27.0%
of the mDC1 of cancer patients (n ⫽ 11, p ⫽ 0.27, unpaired t test),
while CD40 and CD80 were not expressed by circulating mDC1 of
either healthy controls or cancer patients (not shown). Although
there were no significant differences in CD86 expression between
the mDC1 of cancer patients and healthy controls ex vivo, we
additionally evaluated whether blocking CD86-CD28 interactions
would bias the cytokine profile of responding iNKT cells because
activation might up-regulate them, and we found that the IFN-␥/
IL-4 ratio of responding iNKT cells was not affected by blocking
CD86-CD28 interactions in either healthy controls (n ⫽ 6, p ⫽
0.68, paired t test) or cancer patients (n ⫽ 7, p ⫽ 0.09) (data not
shown).
Other factors that could potentially be involved in causing the
reduced activation and biased cytokine profile of iNKT cells by
mDC1 of cancer patients include the overproduction of Th2-polarizing or -suppressive cytokines such as IL-10 and TGF-␤ or the
lack of the production of Th1-polarizing cytokines such as IL-12.
B
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FIGURE 2. Activation and cytokine profile of iNKT cells activated by circulating mDC1. Relative CD25 expression (A) and IFN-␥/IL-4 ratio (B) of
healthy donor-derived iNKT cells by mDC1 of healthy donors (n ⫽ 6) and advanced cancer patients with low (n ⫽ 6) and normal (n ⫽ 4) circulating iNKT
cell levels after a 2-day coculture in the presence of ␣-GalCer, 20 U/ml IL-2, and the presence of isotype control mAb (open bars) or blocking anti-CD1d
mAb (closed bars) are shown. CD25 expression and IFN-␥/IL-4 ratio induced by mDC1 of healthy controls were standardized to 100% and 1, respectively.
Data represent mean and SD.
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donor-derived iNKT cells in the presence of 100 ng/ml ␣-GalCer.
The proportion of iNKT cells induced to express CD25 using
healthy donor-derived mDC1 was standardized to 100%. Interestingly, we found that circulating mDC1 isolated from cancer patients with a low frequency of circulating iNKT cells (peripheral
blood iNKT frequency of 0.003 ⫾ 0.002% (mean ⫾ SD); n ⫽ 6)
resulted in reduced activation of healthy donor-derived iNKT cells,
whereas circulating mDC1 isolated from cancer patients with a
normal frequency of circulating iNKT cells (peripheral blood
iNKT frequency of 0.05 ⫾ 0.05%; n ⫽ 4) induced normal activation of healthy donor-derived iNKT cells. Compared with
mDC1 of healthy volunteers, the relative proportion of iNKT cells
expressing CD25 was found to be 64.5 ⫾ 20.6% when mDC1 of
iNKT-low cancer patients were used (Fig. 2A; p ⫽ 0.008, paired t
test), which corresponded with an absolute decrease of 10.5 ⫾
4.9% ( p ⫽ 0.003), and 153.8 ⫾ 26.6% when mDC1 of iNKTnormal cancer patients were used ( p ⫽ 0.01, paired t test). Importantly, in all cases the activation of iNKT cells was restricted by
CD1d as indicated by the significant reduction in iNKT cell activation in the presence of blocking anti-CD1d mAb (Fig. 2A;
healthy controls, p ⫽ 0.001; iNKT-low cancer patients, p ⫽ 0.003;
and iNKT-normal cancer patient, n ⫽ 1). Consistent with these
observations, the cytokine profiles of responding iNKT cells as
determined by ELISA were comparable when using mDC1 of
healthy controls or iNKT-normal cancer patients (Fig. 2B; n ⫽ 3,
p ⫽ 0.24, paired t test) but significantly biased toward Th2 cytokine production in iNKT-low cancer patients (Fig. 2B; n ⫽ 5, p ⫽
0.002). Again, cytokine production was inhibited in the presence
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FIGURE 3. Effects of the neutralization of IL-10 and TGF-␤ in mDC1-iNKT cell interactions. Activation and cytokine profiles of healthy donor-derived
iNKT cells cocultured with mDC1 of iNKT-low advanced cancer patients (ca) for 2 days in the presence of ␣-GalCer (n ⫽ 6) and neutralizing Abs to IL-10
(n ⫽ 4), neutralizing Abs to TGF-␤1–3 (n ⫽ 5), or exogenous rhIL-12 (n ⫽ 6) as indicated are shown. CD25 expression (A) and IFN-␥/IL-4 ratio (B)
induced by mDC1 were standardized to 100% and 1, respectively. Data indicate mean ⫾ SD.

Effects of TGF-␤ on iNKT cells
As the data obtained with neutralizing TGF-␤ Abs indicated a suppressive role of TGF-␤ on iNKT cells, we further studied the effects
of this cytokine on iNKT cell lines. For this reason, ␣-GalCer-loaded
mature moDC were cocultured with iNKT cells in the presence or
absence of 10 ng/ml rhTGF-␤1 and/or 10 ng/ml rhIL-12 for 24 h. As
expected, coculture of iNKT cells with ␣-GalCer-loaded moDC induced iNKT cell activation. Although this activation was enhanced by

FIGURE 4. TGF-␤ down-regulates iNKT cell CD25 expression and
IFN-␥ secretion. CD25 expression (left column) and IFN-␥ secretion (right
column) by healthy donor-derived iNKT cells before and after a 2-day
coculture with ␣-GalCer-pulsed (␣GC) moDC in the presence of
rhTGF-␤1 and rhIL-12 as indicated are shown. Percentages indicate the
percentage of positive iNKT cells. Positive gate for IFN-␥ secretion was
determined using an isotype control Ab. Data of one representative donor
(of seven) are shown.
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Although a recent study indicated that mDC1 of patients with pancreatic cancer produced significantly lower amounts of IL-12 upon
triggering compared with healthy controls (17), we could detect
neither IL-12 nor IL-10 production by either mDC1 of cancer patients or healthy controls by using a wide range of stimuli (e.g.,
LPS, OK432, anti-CD1d mAb, and IFN-␥). However, we did find
that stimulation with both LPS and anti-CD1d mAb induced
TGF-␤ production by mDC1 of a healthy volunteer (n ⫽ 1) and,
more pronounced, of an iNKT-low cancer patient (n ⫽ 1; 60 g/ml
vs 129 g/ml (LPS) and 71 g/ml vs 336 g/ml (anti-CD1d
mAb)).
To evaluate the potential role of IL-10 and TGF-␤ in the defective activation and Th2 polarization of iNKT cells by mDC1 of
iNKT-low cancer patients, we analyzed the activation and cytokine
profiles of healthy donor-derived iNKT cells in the presence and
absence of neutralizing Abs to IL-10 and TGF-␤. Fig. 3A demonstrates that the addition of a neutralizing TGF-␤ (TGF-␤1, 2, and
3) Ab to cocultures of iNKT cells and mDC1 of iNKT-low cancer
patients results in a 25.2 ⫾ 15.7% ( p ⫽ 0.02, paired t test) increase
in the expression of CD25 by iNKT cells. In sharp contrast, neutralizing the effect of IL-10 secretion resulted in a 46.4 ⫾ 8.1%
( p ⫽ 0.001) decrease in iNKT cell activation, indicating a role for
IL-10 in iNKT cell activation instead of inhibition. As a previous
paper indicated that exogenous IL-12 could restore defective iNKT
cell IFN-␥ production in iNKT cells of cancer patients (9), we also
tested the effects of rhIL-12 in the current culture system and found
that it resulted in a 93.5 ⫾ 47.9% ( p ⫽ 0.005) increase in iNKT
cell CD25 expression. rhIL-12 also resulted in a significant increase in the IFN-␥/IL-4 ratio of responding healthy donor-derived
iNKT cells as determined by ELISA (fold change in IFN-␥/IL-4
ratio of 7.69 ⫾ 3.35; n ⫽ 6, p ⫽ 0.005); in contrast, neutralizing
Abs to IL-10 or TGF-␤ did not significantly alter the cytokine
profile of responding iNKT cells (Fig. 3B; fold change in IFN-␥/
IL-4 ratio 0.92 ⫾ 0.07 (n ⫽ 3, p ⫽ 0.16) and 1.42 ⫾ 0.68 (n ⫽ 4,
p ⫽ 0.31) in the presence of neutralizing Abs to IL-10 and
TGF␤1–3, respectively).
Because TGF-␤ was also detected in the supernatants of LPSand anti-CD1d mAb-stimulated mDC1 of healthy volunteers, we
additionally evaluated the effects of neutralizing TGF-␤ Abs on
iNKT cell activation induced by healthy donor-derived mDC1 and
found a trend toward an enhancement of iNKT cell activation by
TGF-␤ neutralization; however, this was not statistically significant (increase in CD25 expression of 12 ⫾ 7% (n ⫽ 3, p ⫽ 0.08,
paired t test). In line, neutralization of TGF-␤ did not change the
cytokine profile of iNKT cells activated by healthy donor-derived
mDC1 (n ⫽ 3, p ⫽ 0.29) (not shown).
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duced by iNKT cells in the various culture conditions. Overall,
these data indicate that TGF-␤ suppresses iNKT cell responses
and biases their cytokine production toward a Th2 profile.
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FIGURE 5. TGF-␤ reduces the IFN-␥/IL-4 ratio of ␣-GalCer-activated
iNKT cells. TGF-␤ reduces the IFN-␥/IL-4 ratio ( p ⫽ 0.03) of ␣-GalCeractivated iNKT cells and reduces the increase in the IFN-␥/IL-4 ratio of
iNKT cells induced by IL-12 ( p ⫽ 0.05). The IFN-␥/IL-4 ratio of controls
was standardized to 1. Data represent mean and SD (n ⫽ 5).

Effect of IL-10-treated iNKT cells on cross-talk with NK cells
and T cells
We next evaluated the effects of the IL-10 treatment of iNKT cells
on their capacity to cross-talk with both T cells and NK cells. For
this purpose, iNKT cells were cultured for 24 h with ␣-GalCerloaded moDC in the presence or absence of 100 ng/ml rhIL-10 and
(after extensive washing) subsequently transferred to plain medium for an additional 24 h. At this point, supernatants were harvested and used as culture media for both NK cells and CD4⫹ T
cells that were purified from peripheral blood. Importantly, we
found that the supernatant derived from iNKT cells activated in the
presence of IL-10 reduced NK cell IFN-␥ secretion in three of three
donors (reduction in NK cell IFN-␥ secretion of 36.2 ⫾ 18.7%; p ⫽

Table I. Effect of TGF-␤ and IL-12 on iNKT cell IFN-␥ and IL-4 production

IFN-␥ (pg/ml)
IL-4 (pg/ml)

Control

rhTGF-␤1

rhIL-12

rhTGF-␤1 and rhIL-12

1701 ⫾ 1341
903 ⫾ 547

1093 ⫾ 1035
675 ⫾ 435

5430 ⫾ 2450
1019 ⫾ 493

2929 ⫾ 1844
825 ⫾ 544

iNKT cell lines (1 ⫻ 105 iNKT) were co-cultured with ␣-GalCer-loaded mature moDC (5 ⫻ 104 moDC; total volume
of 500l) for 24 h in the presence or absence of 10 ng/ml rhIL-12p70 and 10 ng/ml rhTGF-␤1 as indicated. Supernatants
were harvested and analyzed for the production of IFN-␥ and IL-4. Data represent mean ⫾ SD of five donors. IFN-␥
production was significantly increased by rhIL-12 ( p ⫽ 0.01) and significantly decreased by the addition of rhTGF-␤1 to
control ( p ⫽ 0.03) and IL-12 ( p ⫽ 0.03). IL-4 production was not significantly changed by rhIL-12 ( p ⫽ 0.26). IL-4
production was significantly decreased when rhTGF-␤1 was added to control ( p ⫽ 0.03) but not when rhTGF-␤1 was
added to rhIL-12 ( p ⫽ 0.17).
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rhIL-12 (n ⫽ 6, p ⫽ 0.03, paired t test), it was suppressed by
rhTGF-␤1 ( p ⫽ 0.01). Consistent with these results, rhTGF-␤1 inhibited the enhancement of CD25 expression induced by rhIL-12
(Fig. 4, left column). Because down-regulation of CD25 expression
can be expected to down-regulate iNKT cell sensitivity toward the
effects of its growth factor IL-2, we assessed iNKT cell proliferation
after a 4-day coculture of iNKT and ␣-GalCer-loaded moDC in the
presence or absence of 10 ng/ml rhTGF-␤1 and found that iNKT cell
proliferation was indeed reduced by 29.8 ⫾ 16.4% (n ⫽ 7, p ⫽ 0.003)
in the presence of TGF-␤.
The effects of TGF-␤ on iNKT cell cytokine production were
also studied. After a 24-h coculture of ␣-GalCer-loaded mature
moDC and iNKT cells in the presence or absence of 10 ng/ml
rhTGF-␤1 and rhIL-12, iNKT cells were washed, coated with hybrid Ab-Ab conjugates directed against CD45 and IFN-␥, and
subsequently allowed to secrete cytokines. We found that
TGF-␤ resulted in a significant reduction in iNKT cell IFN-␥
production (n ⫽ 7, p ⫽ 0.004, paired t test). In contrast, IL-12
resulted in a strong enhancement of IFN-␥ production ( p ⬍
0.0001), but again the effect of IL-12 was significantly suppressed in the presence of TGF-␤ ( p ⬍ 0.0001, Fig. 4, right
column). In supernatants of 24-h cocultures of ␣-GalCer-loaded
moDC and iNKT cells the effects of rhTGF-␤ and rhIL-12 on
iNKT cell IFN-␥/IL-4 ratios were also determined. Consistently, the presence of TGF-␤ resulted in a 0.77 ⫾ 0.16-fold
change in the IFN-␥/IL-4 ratio of ␣-GalCer-activated iNKT
cells (Fig. 5, p ⫽ 0.03, paired t test), and although the addition
of IL-12 to the cultures resulted in a 3.94 ⫾ 2.59-fold change in
the IFN-␥/IL-4 ratio ( p ⫽ 0.06), this was significantly reduced
(0.67 ⫾ 0.26-fold, p ⫽ 0.05) by the addition of TGF-␤. Table
I shows changes in the absolute levels of IFN-␥ and IL-4 pro-

As the data obtained with neutralizing IL-10 Abs indicated a stimulatory rather than inhibitory role of IL-10 on iNKT cells, we
further studied the effects of this cytokine on iNKT cell lines. First,
we analyzed IL-10 receptor expression on iNKT cell lines and
found IL-10R␣ to be expressed by all (n ⫽ 6) tested iNKT cell
lines (Fig. 6A). Furthermore, we found that the expression of IL10R␣ was most prominent on resting iNKT cells and decreased
upon activation (not shown).
Next, we evaluated the effects of IL-10 on iNKT cell CD25
expression and cytokine production during cocultures of ␣-GalCer-loaded moDC and iNKT cell lines. Consistent with the data
obtained using neutralizing IL-10 Abs, we found that rhIL-10 (100
ng/ml) resulted in an enhanced up-regulation of the expression
of CD25 on iNKT cells activated by ␣-GalCer-loaded moDC
(Fig. 6B; n ⫽ 8, p ⫽ 0.002, paired t test). Of note, the increased
expression of CD25 (IL-2R␣) on iNKT cells resulted in an increase in their susceptibility to the proliferative effects of IL-2,
as iNKT cell proliferation increased 32.7 ⫾ 13.6% in the presence of 10 ng/ml rhIL-10 (n ⫽ 3, p ⫽ 0.05) and 13.6 ⫾ 17.9%
in the presence of 100 ng/ml rhIL-10 (n ⫽ 7, p ⫽ 0.09) during
a 4-day culture of iNKT cells and ␣-GalCer-loaded moDC.
However, in contrast to the stimulating effects of IL-10 on both
iNKT cell CD25 expression and proliferation, we found that the
percentage of IFN-␥-secreting iNKT cells was reduced by an
average of 49.4 ⫾ 24.3% (n ⫽ 7, p ⫽ 0.002) when cells were
cocultured with ␣-GalCer-loaded moDC in the presence of 100
ng/ml rhIL-10 (Fig. 6B). This decrease in IFN-␥ production was
not accompanied by a shift in the cytokine balance of iNKT
cells, as the IFN-␥/IL-4 ratio in supernatants 1 day after coculture of ␣-GalCer-loaded moDC and iNKT cells was 2.61 ⫾ 2.15
in the medium control and 2.36 ⫾ 2.06 in the presence of 100
ng/ml IL-10 (n ⫽ 5, p ⫽ 0.44).
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Discussion

0.08, paired t test). Furthermore, the iNKT cell supernatant derived
from iNKT cells activated in the presence of IL-10 resulted in a reduction of IFN-␥ secretion by anti-CD3/anti-CD28 mAb-activated
CD4⫹ T cells in the same three of three donors (reduction in CD4⫹
T cell IFN-␥ secretion 44.4 ⫾ 34%; p ⫽ 0.15). Representative data
from one donor are shown in Fig. 7.

FIGURE 7. IL-10 modulates cross-talk between iNKT cells and CD4⫹
T cells. Dot plots show IFN-␥ secretion by CD4⫹ T cells activated using
anti-CD3 and anti-CD28 mAbs after an initial 72 h culture in the iNKT cell
supernatant derived from iNKT cells that were activated in the presence
(right) or absence (left) of 100 ng/ml IL-10 and 1 g/ml anti-CD3 mAb.
Flow cytometric dot plots demonstrate representative results from one of
three experiments.
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FIGURE 6. iNKT cell IL-10R␣ expression and effects of IL-10 on
iNKT cell activation and IFN-␥ secretion. A, Histogram showing the expression of IL-10R␣ (bold line) on iNKT cells. The thin line represents
isotype control. Representative histogram of one donor (of six) is shown.
B, IL-10 enhances iNKT cell CD25 expression ( p ⫽ 0.002; top panels) and
reduces iNKT cell IFN-␥ secretion ( p ⫽ 0.002; bottom panels) upon coculture of iNKT cells and ␣-GalCer-pulsed moDC. Representative data
from one of eight experiments are shown.

In this study we show that circulating mDC1 of patients with advanced melanoma and renal cell cancer resulted in reduced activation and a biased cytokine profile in healthy donor-derived
iNKT cells, suggesting that this defective interaction contributes to
the previously observed qualitative and quantitative defects in
iNKT cells of cancer patients (7–14). This is underscored by the
observation that only the mDC1 of cancer patients with low circulating iNKT cell numbers, but not the mDC1 of cancer patients
with normal circulating iNKT cell numbers, resulted in this biased
iNKT cell response, indicating that the circulating iNKT cell frequency of cancer patients appears to reflect the Ag-presenting
quality of their circulating mDC1.
As the differences in the costimulatory interactions between
iNKT cells and mDC1 of healthy controls and advanced cancer
patients did not explain the reduced activation of healthy donorderived iNKT cells, we evaluated the potential role of IL-10 and
TGF-␤ because these cytokines are frequently implicated in mediating immunosuppression in cancer (27–29) and have been implicated in compromising DC function in cancer patients (16, 30).
Indeed, in cocultures of circulating mDC1 of cancer patients and
iNKT cell lines, we found that neutralization of TGF-␤ enhanced
iNKT cell activation, although this was not accompanied by a significant shift in their cytokine profile. In additional experiments in
which we evaluated the direct effects of TGF-␤ on iNKT cell lines,
we found that TGF-␤ indeed reduced ␣-GalCer- and IL-12-induced iNKT cell activation and proliferation but also inhibited
IFN-␥ production, resulting in a Th2-biased iNKT cell cytokine
profile. These effects of TGF-␤ on iNKT cells, although in accordance with its effects on conventional T cells (31), expand upon
previous reports on the effects of this cytokine on iNKT cells,
which were limited to the demonstration that TGF-␤ signaling regulated iNKT cell development (32, 33).
Interestingly, neutralizing the effects of IL-10 in cocultures of
iNKT cells and the circulating mDC1 of cancer patients resulted in
a decrease in iNKT cell activation, suggesting that IL-10 enhanced
iNKT cell activation. Because IL-10 has been reported to be able
to enhance CD25 expression and proliferation of T cell clones (34,
35), we additionally evaluated the direct effects of IL-10 on iNKT
cells. Indeed, in experiments in which IL-10 was added to cocultures of iNKT cells and ␣-GalCer-pulsed moDC, an increase in
iNKT cell CD25 expression was accompanied by an increase in
iNKT cell proliferation. Although iNKT cells activated in the presence of IL-10 produced significantly lower amounts of IFN-␥, their
overall cytokine profile was not significantly altered. As IL-10R␣
expression appeared to be most prominent on resting iNKT cells,
one can hypothesize that iNKT cell activation in the presence of
IL-10 will result in their preferential activation and expansion and
thereby result in a less proinflammatory population of iNKT cells.
This is supported by experiments in which we demonstrate that
iNKT cell activation in the presence of IL-10 results in differences
in cross-talk between iNKT cells and both NK cells and conventional CD4⫹ T cells, as characterized by a reduction in IFN-␥
production. Because IL-10 can be produced by, e.g., malignant
tumors, our data might indicate a novel way in which tumors
down-regulate anti-tumor immunity, i.e., by supporting the selective outgrowth of immunoregulatory iNKT cells that subsequently
suppress proinflammatory anti-tumor properties of NK cells and T
cells. The supernatant of non-IL-10 producing iNKT cell lines was
found to similarly reduce NK and T cell IFN-␥ secretion (not
shown), suggesting that the suppressive effect of IL-10-treated
iNKT cells does not require IL-10 production by iNKT cells
themselves.
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Our data indicate that defective interactions between CD1d-expressing mDC1 and iNKT cells cause defects in circulating iNKT
cells in cancer patients. The mechanism is however still incompletely understood, although it may involve the (over)production
of TGF-␤ and perhaps defective IL-12 production by mDC1. Future studies could evaluate the role of, e.g., vascular endothelial
growth factor, prostanoids, and NO, as these have all been reported
to be involved in mediating tumor immune suppression through
effects on DC (36 –39). In light of the accumulating evidence indicating the prognostic significance of iNKT cells in cancer patients, these studies might provide important clues as to how to
restore iNKT cell function.
In conclusion, we report that circulating mDC1 of patients with
advanced melanoma and RCC result in reduced activation and a
biased cytokine profile of iNKT cells and are therefore likely to be
involved in causing the known quantitative and qualitative defects
in iNKT cells in cancer. This reduced activation of iNKT cells
could be reversed by IL-12 and, in part, by neutralization of
TGF-␤ but not IL-10. IL-10 was identified as a cytokine involved
in the activation and expansion of a population of iNKT cells that
can subsequently suppress NK cell and T cell responses.
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