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Natural killer T (NKT) cells are a small population of lymphocytes that possess characteristics of both innate and adaptive immune
cells. They are uniquely poised to respond rapidly to infection and inflammation and produce cytokines that critically shape the
ensuing adaptive cellular response. Therefore, they represent promising therapeutic targets. In cancer, NKT cells are attributed
a role in immunosurveillance. NKT cells also act as potent activators of antitumor immunity when stimulated with a synthetic
agonist in experimental models. However, in some settings, NKT cells seem to act as suppressors and regulators of antitumor
immunity. Here we briefly review current data supporting these paradoxical roles of NKT cells and their regulation. Increased
understanding of the signals that determine the function of NKT cells in cancer will be essential to improve current strategies for
NKT-cell-based immunotherapeutic approaches.

1. Introduction

Natural killer T cells constitute a small population of lym-
phocytes defined by the expression of both αβ T-cell
receptors (TCR) and lineage markers of natural killer (NK)
cells. NKT cells possess unique phenotypic and functional
characteristics that set them apart from conventional T
cells. The TCR repertoire expressed by a major subset of
NKT cells is highly invariant—a canonical α-chain (Vα24-
Jα18 in humans; Vα14-Jα18 in mice) associated with a
limited spectrum of β chains (Vβ11 in humans; Vβ8.2, Vβ2,
Vβ7 in mice), in stark contrast to the highly polymorphic
TCRs expressed by αβ T-cells [1, 2]. Such NKT cells are
referred to as type I or invariant NKT (iNKT) cells. On
the other hand, another population of NKT cells called
nonclassical or noninvariant type II NKT cells displays a
more heterogenous αβ usage [3, 4]. Some studies suggest that
type II NKT cells play an antagonistic role to type I NKT
cells and generally have a regulatory role under conditions
of immune dysregulation such as cancer [5, 6]. However,
the lack of reagents to reliably identify this subset precludes
the unequivocal demonstration of their function. This paper
will focus exclusively on type I invariant NKT cells in solid
tumors.

2. Characteristics of iNKT Cells

Unlike conventional αβ T cells that recognize peptide
antigens presented by major histocompatibility (MHC) class
I and II molecules, iNKT cells exclusively recognize glycolipid
antigens presented on CD1d molecules [7]. MHC-like CD1d
molecules are constitutively expressed by antigen-presenting
cells (APCs) such as dendritic cells (DCs), B cells, and
macrophages capable of internalizing and processing lipid
antigens prior to presentation on their surfaces [8]. CD1d
molecules are also highly expressed in thymic stroma where
they are required for development of iNKT cells [9].

Identifying the exact nature of the lipid antigens rec-
ognized by iNKT cells remains a major challenge. To date,
the most well-characterized glycolipid ligand recognized by
iNKT cells is α-galactosylceramide (α-GalCer) discovered
initially in marine sponges (Agelas) from a screen of natural
products with anticancer properties [10]. α-GalCer shows
a strong affinity for CD1d molecules in both humans
and mice. Recognition of CD1d-bound α-GalCer elicits
a strong cytokine response by iNKT cells [11]. Due to
this strong agonist activity α-GalCer has been used exten-
sively to study the function of iNKT cells. However, since
mammalian cells are incapable of synthesizing alpha-linked
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glycolipids, intense efforts are ongoing to identify natural
ligands in humans and mice. Endogenous glycolipids such
as glycophosphatidylinositol (GPI), ganglioside (GD3), and
glycosphingolipid have been shown to activate iNKT cells
but the physiological role for these ligands remains unclear
[12–15]. The biological relevance of a putative endogenous
glycolipid, isoglobotrihexosylceramide (iGB3), for human
and mouse iNKT cells [12] has been questioned given the
findings that mice deficient in iGB3 synthase develop a
normal iNKT cell repertoire [16]. In 2008, Dhodapkar’s
group reported that plasma-derived lysophosphatidylcholine
(LPC) from myeloma patients could stimulate interleukin
(IL)-13 cytokine production in a small subset of CD1d-
restricted T cells [17]. This was independently confirmed
by the Gumperz lab that showed robust antigenicity of LPC
in human iNKT cell clones [18]. Recently, the naturally
occurring glycosphingolipid β-D-glucopyranosylceramide
(β-GlcCer) has been found to potently stimulate iNKT cells.
Its accumulation in LPS-stimulated bone-marrow-derived
DC is thought to provide the self-antigen to initiate iNKT
cell activation [19]. Interestingly, CD1d-dependent cross-
presentation by DC of GD3 derived from human melanoma
cells was shown to activate cytokine responses in iNKT cells,
suggesting mechanisms whereby CD1d-negative tumors may
influence the antitumor immune response [20]. Among
endogenous CD1d ligands, the glycosphingolipid sulfatide
and its isoforms are highly expressed in many organs
and represent a major component of myelin sheath and
pancreatic beta-cells [21, 22]. Sulfatides are recognized by
type II NKT cells and have been implicated in the regulation
of autoimmunity in multiple sclerosis and diabetes [23].

CD1d ligands with agonistic function for iNKT cells have
also been identified in pathogens. Bacterial glycolipids, that
is, phosphatidylinositol mannoside (PIM4), α-galacturono-
sylceramide (α-GalA-Cer), and α-glucuronosylceramide (α-
GlcA-Cer), have been shown to stimulate cytokine produc-
tion by iNKT cells [24–28]. These bacterial-derived glycol-
ipids explain the critical dual role of iNKT cells in initiating
rapid antibacterial immune responses characteristic of innate
cells while also possessing antigen specificity [24–27].

Activation of iNKT cells is accompanied by the rapid and
robust production of both T-helper 1 (Th1) and T-helper
2 (Th2) cytokines [29–31]. This requires engagement of
costimulatory molecules such as CD40:CD40L and B7:CD28
pathways similar to conventional T cells [10, 32–34]. Both
human and mouse iNKT cells also utilize, and are function-
ally constrained by, the same checkpoint receptors cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and programmed cell
death-1 (PD-1) that regulate conventional T cells [35, 36].

Overall, iNKT cells are uniquely positioned to shape
adaptive immune responses and have been demonstrated to
play a modulatory role in a wide variety of diseases such as
autoimmunity, infection, and cancer [37–39].

3. iNKT Cells as Effectors of Tumor Immunity

Initial evidence supporting an important role for iNKT cells
in tumor immunity was drawn from studies using Jα18 gene-
targeted knockout mice that exclusively lacked iNKT cells

[40]. iNKT-deficient mice exhibited significantly increased
susceptibility to methylcholanthrene- (MCA-) induced sar-
comas and B16F10 melanoma tumors [40], an effect reversed
by the administration of liver-derived iNKT cells during
the early stages of tumor growth [41]. IFN-γ production
by iNKT cells, as well as NK cells and CD8+ effectors,
was subsequently shown to be absolutely critical in tumor
rejection [42].

Most of the evidence supporting an antitumor function
for iNKT cells is derived from studies in mice demonstrating
the ability of α-GalCer to inhibit tumor metastases [43] or
suppress tumor development in several models, including
sarcomas [44] and carcinomas [45, 46]. Although iNKT cells
can directly recognize and kill CD1d-expressing malignant
cells [47, 48], most solid tumors downregulate or do not
express CD1d and thus remain immunologically invisible
to iNKT-mediated cytotoxicity. The primary contribution of
iNKT cells to tumor immunosurveillance occurs indirectly
via the activation of iNKT cells by DC presenting α-
GalCer. Activated iNKT cells then initiate a series of cytokine
cascades that help boost the priming phase of the antitu-
mor immune response [37]. The underlying mechanism is
well characterized and involves enhancing IL-12p70 while
inhibiting IL-23 cytokine production in DCs [49]. IFN-γ
produced by α-GalCer-activated iNKT cells is widely believed
to provide the initiating signal that skews the IL-12p70/IL-23
balance [49, 50]. The activation of iNKT cells also induces
the upregulation of costimulatory molecules in DCs such
as CD40, CD80, and CD86 [51]. Activated DCs reciprocally
enhance expression of CD40L in iNKT cells, providing a
positive feedback signal that amplifies the IFN-γ response
[52]. Ligation of chemokine receptor CXCR6 on the surface
of iNKT cells by its ligand CXCL16 expressed on APCs
can also provide costimulatory signal resulting in robust
α-GalCer-induced iNKT activation [53, 54]. These events
ultimately lead to downstream activation of critical effectors
of antitumor immunity including NK cells, cytotoxic CD8+
cells, and helper CD4+ cells (Figure 1) [51, 55].

The key role played by IFN-γ in the iNKT-mediated
antitumor response was demonstrated in studies showing
abrogation of the antitumor response induced by α-GalCer
in IFN-γ−/− mice [56, 57]. Interestingly, the antitumor
activity induced by a recently discovered iNKT agonist,
β-mannosyl-ceramide (β-ManCer), in mice bearing the
CT26 colon carcinoma or B16F10 melanomas was mediated
primarily by nitric oxide species (NOS) and tumor necrosis
factor alpha (TNF-α) [58]. Inhibition of either NOS by N-
nitro-L-arginine-methyl ester (L-NAME) or inactivation of
TNF-α by repeated injections of etanercept (TNF-αR-Fc)
completely abrogated the antitumor effect of β-ManCer but
not α-GalCer-treated tumor-bearing mice. Similarly, Van der
Vliet and coworkers have demonstrated that activated iNKT
cells produce significant levels of TNF-α that potentiate the
activation of a subset of γδ T cells (Vγ9Vδ2) with effector
activity against solid tumors [59].

Consistent with the ability of iNKT cells to modulate
downstream effectors, Park and coworkers showed that NKT
cells play a critical role not only in the generation of effectors
during the priming phase but also in the maintenance and
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Figure 1: In cancer, iNKT cells play a dual role that can promote (left) or suppress (right) the antitumor immune response. In the presence
of a strong activator (α-GalCer), iNKT cells promote the ability of DCs to prime effector cells through IL-12 production and upregulation
of costimulatory molecules. Ligation of CD40L on the surface of DCs provides positive feedback enhancing iNKT cell activation. These
events ultimately lead to downstream activation of antitumor effectors such as NK cells, CD8+, and CD4+ T-cells. Other iNKT agonists
(β-ManCer) stimulate TNF-α production, leading to activation of antitumor γδ T-cells. iNKT cells may also promote antitumor immunity
by directly killing protumorigenic macrophages (TAMs). On the other hand, IL-13 production by iNKT cells can trigger TGF-β production
by suppressive MDSCs. TGF-β directly inhibits effector CD8+ activity and can induce FoxP3 expression in iNKT cells. iNKT cells can also
induce DCs to acquire a tolerogenic phenotype, including expression of DC-LAMP, PD-L, and CD33. Data suggest that type II NKT cells
perform always immunosuppressive functions in cancer.

augmentation of secondary antitumor immune responses
[60]. Effector CD8+ T cells were obtained from mice immu-
nized with α-GalCer-loaded tumor extracts and adoptively
transferred into recipient CD1d+/− mice. The proliferation
of the adoptively transferred cells correlated with the ability
to reject a tumor challenge. No protection was seen in
CD1d−/− recipients that lacked all NKT cells or in Jα18−/−

recipients that lack only iNKT cells, implicating iNKT cells
in mediating protective antitumor responses [60]. Similarly,
iNKT cells were shown to support secondary antitumor
responses by adoptively transferred CD4+ T cells [61].

Intriguingly, iNKT cells have also been shown to specif-
ically target the killing of CD1d-positive tumor-associated
macrophages (TAMs), a highly plastic subset of inflamma-
tory cells derived from circulating monocytes that perform
immunosuppressive functions [62]. TAMs are known to be
the major producers of IL-6 that promotes proliferation of
many solid tumors, including neuroblastomas and breast
and prostate carcinomas [63, 64]. Direct CD1d-dependent
cytotoxic activity of iNKT cells against TAMs suggests the

importance of an alternative indirect pathway by which iNKT
cells can mediate antitumor immunity, especially against
solid tumors that do not express CD1d.

4. Regulatory Functions of iNKT Cells

Accumulated data from murine autoimmune disease models
have provided compelling evidence that iNKT cells can also
exert regulatory effects on inflammatory immune responses.
In mouse models of type I diabetes [65, 66], rheumatoid
arthritis [67, 68], and experimental autoimmune encephali-
tis (EAE) [69–71], iNKT cells played key roles in establishing
tolerance and preventing autoimmune pathology. Likewise,
iNKT cells have been attributed a suppressor role in
cell-mediated antitumor immunity in some mouse tumor
models [72, 73]. Interestingly, in patients with primary
hepatocellular or metastatic cancer, one study found that
CD4+ iNKT cells that produced high levels of Th2 cytokines
and had low cytolytic activity were enriched within the
tumor, suggesting that these cells may contribute to generate
an immunosuppressive microenvironment [74].
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Data suggesting that polarization towards Th2 cytokines
secretion is an important mechanism of immunoregulation
by iNKT cells are derived from studies that investigated
the protective effects of α-GalCer in autoimmune diseases.
In a model of experimental autoimmune encephalomyelitis,
tolerance induction by α-GalCer required both IL-4 and IL-
10 [70]. Singh and coworkers showed that production of IL-
4 by iNKT cells was crucial while IL-10 was dispensable for
disease protection in a mouse model of type 1 diabetes [75].

In initial studies using a mouse model of transformed
recurrent fibrosarcoma, suppression of antitumor CD8+
cytolytic T cells was mediated primarily by NKT cells
that produced IL-13 through an IL-4Rα-STAT6-dependent
pathway [72]. IL-13 was subsequently shown to stimulate
myeloid-derived suppressor cells (MDSCs) to produce trans-
forming growth factor (TGF)-β, a pleiotropic cytokine with
powerful immunosuppressive functions [76]. On the other
hand, other immunoregulatory pathways independent of the
IL-4/STAT6/TGF-β axis could be exploited by NKT cells in
other solid tumors to downregulate antitumor response [77].
To resolve this paradoxical dual pro- and antitumor function
of NKT cells, Terabe and coworkers proposed that type II
noninvariant NKT cells were responsible for the regulatory
role while iNKT cells were responsible for promoting tumor
rejection. This concept was based on experiments that
compared the antitumor response in CD1d−/− mice, which
lack all NKT cells, and Jα18−/− mice, which lack only iNKT
cells. In wild-type mice, the implantation of the 15-12RM
fibrosarcoma typically results in initial growth followed by a
period of spontaneous regression but tumors subsequently
recur [72]. This tumor growth pattern was recapitulated in
Jα18−/− mice but in CD1d−/− mice tumors were unable to
regrow, implicating type II NKT cells in suppressing the
spontaneous antitumor response [78]. Based on a similar
comparison of CD1d−/− and Jα18−/− mice, type II NKT
cells were also implicated in the suppression of antitumor
response responsible for controlling the growth of implanted
CT26 colon carcinoma and inhibiting the development of
pulmonary metastases following intravenous injection of
tumor cells [78–80]. Furthermore, selective stimulation of
type II NKT cells by sulfatide was sufficient to override
the protective effects of α-GalCer-stimulated type I NKT
cells in the 15-12RM model [5]. Based on these collective
data, Terabe and coworkers proposed a functional dichotomy
between the two major subsets of NKT cells in which
the iNKT (type I) cells activate antitumor responses while
type II cells negatively regulate them. However, definitive
conclusions on the regulatory nature of type II NKT cells
can only be derived from tumor studies in knockout mice
specific for type II NKT cells. The absence of such strain, the
lack of reliable reagents that exclusively identify and stimulate
type II NKT cells, and contradictory data from autoimmune
disease models showing induction of peripheral tolerance
from α-GalCer-activated iNKT cells continue to challenge
the paradigm of a strict functional compartmentalization of
NKT subsets.

Studies done in other tumor models strongly suggest that
more complex mechanisms may be at play in the downreg-
ulation of immunity by iNKT cells, which cannot be fully

explained by subset compartmentalization. For example,
the poorly immunogenic and spontaneously metastatic 4T1
carcinoma showed comparable growth of the primary tumor
in syngeneic wild-type, CD1d−/−, and Jα18−/− mice [78, 81].
However, in Jα18−/− mice there were significantly fewer lung
metastases [81] and improved survival after surgical removal
of the primary tumor [78], suggesting that in the absence of
iNKT cells mice develop a spontaneous effector response, a
conclusion supported by CD8 depletion experiments [81].
In addition, we showed that the lack of iNKT cells in Jα18−/−

mice significantly enhanced the antitumor CD8+ response
elicited by treatment with local radiation and CTLA-4
checkpoint blockade, further supporting a regulatory role
of iNKT cells [81]. On the other hand, Terabe and co-
workers reported that, while Jα18−/− mice showed better
tumor control than wild-type mice, almost all of tumor-
bearing CD1d−/− mice survived beyond 80 days [78]. This
is especially impressive in the 4T1 model since the poorly
immunogenic and highly invasive tumors are particularly
hard to cure and, in the absence of any intervention, mice
rarely survive beyond 40 days [82, 83]. They subsequently
concluded from the 4T1 data that only type II NKT cells
were critical for immunosuppression while type I ones
were dispensable [78]. However, reinterpretation of this data
may be necessary in light of the recent findings of CD1d
transcripts in 4T1 tumors [81] that could potentially act as
a rejection neoantigen in CD1d−/− mice. Although surface
CD1d expression of 4T1 tumor cells in vitro was negligible
[78], in vivo tumors can express CD1d albeit at low levels (K.
A. Pilones and S. Demaria unpublished data.)

Compelling data from Jenny Gumperz’s lab has indi-
cated that the interaction between iNKT cells and CD1d-
expressing APCs, such as DCs and macrophages, is a key
determinant of later differentiation into suppressor APCs
[84–87]. Soluble factors secreted by iNKT cells induced
regulatory licensing during monocyte differentiation into
myeloid DCs. Such tolerogenic DCs were able to suppress
in vitro proliferation and IFN-γ production of stimulated
peripheral blood mononuclear cells (PBMCs), supporting
the hypothesis that iNKT cells suppress adaptive immunity
via induction of tolerogenic DCs [86]. Phenotypically, iNKT-
licensed DCs expressed conventional differentiation markers
CD11c, CD11b, and HLA-DR but also expressed intracellular
DC-LAMP (myeloid DC marker) and CD33 (also found
in immunosuppressive MDSC). Upregulated expression of
programmed cell death ligands (PD-Ls) on myeloid APCs
hinted at possible shared mechanisms of tolerance induction
by regulatory T cells (Tregs) and iNKT cells [84, 86].
Interestingly, iNKT cells have recently been shown to acquire
FoxP3 expression following exposure to TGF-β, a process
known to generate inducible Tregs [88].

5. Manipulating iNKT Cells for
Cancer Treatment

Based on the initial successes in preclinical studies that
demonstrate the potent antitumor activity of iNKT cells,
intense efforts have been made in the last decade to
initiate iNKT-based immunotherapeutic approaches for the
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Figure 2: Multiple opportunities exist for innovations in iNKT-based cancer immunotherapy. Development of synthetic glycolipids that
promote Th1 cytokine production by iNKT cells and the use of these agonists, including α-GalCer, as powerful adjuvants in cancer vaccines.
Combinatorial approaches of iNKT stimulation with standard chemo-/radiotherapy or novel therapies that target other immune cells may
result in synergistic effects. Blocking the activation of regulatory iNKT cells will be beneficial in tumors where regulatory iNKT cells play
a key suppressor role. Optimization of protocols for ex vivo loading and maturation of autologous DCs will ensure consistent and reliable
stimulation of iNKT cells in vivo. CD1d-expressing tumor cells can also be used as source of iNKT-stimulating APCs.

treatment of cancer. Currently, these can be classified under
three broad strategies that involve (a) direct injection of α-
GalCer, (b) reinfusion of autologous DC loaded ex vivo with
α-GalCer, or (c) autologous transplant of ex vivo expanded
iNKT cells (summarized in Table 1).

Early clinical trials of direct α-GalCer injection in cancer
patients were met with little success. In a phase I study
in patients with solid tumors, the intravenous infusion of
soluble α-GalCer was well tolerated over a wide range of
doses; however, induction of cytokine secretion (TNF-α and
GM-CSF) was seen only in patients with relatively high iNKT
frequencies before treatment [89]. More importantly, none
of the patients showed signs of any clinical improvement.

The idea that autologous dendritic cells preloaded with
α-GalCer would make better iNKT stimulators was born
out of animal studies showing a more robust activation of
iNKT cells in vivo that resulted in improved tumor control
[96, 97]. The feasibility of this approach has been studied in
several phase I clinical trials employing α-GalCer-pulsed DCs
delivered either intravenously or injected directly into the
nasal submucosa [91–93]. Both routes were well tolerated by
patients. However, no definitive conclusions could be derived
on the extent of iNKT stimulation since iNKT numbers were
highly variable between patients.

Several data indicate an impairment of iNKT cell number
and function in cancer patients [98, 99]. Functional defects
have been reported in malignant lymphoma patients whose
iNKT cells failed to proliferate in response to ex vivo stimula-
tion [100]. Furthermore, cytokine production by iNKT cells
from patients with advanced prostate cancer were skewed
towards Th2 cytokines production [99]. Development of
protocols to expand iNKT cells from patients in vitro has
allowed testing the notion that reconstitution of iNKT cells
in cancer patients could be therapeutically beneficial [101,
102]. Indeed, the adoptive transfer of ex vivo expanded
autologous iNKT cells was tolerated well in a small cohort of
nonsmall cell lung cancer patients [90]. Although subsequent
expansion of iNKT cells was observed in a few patients, none
showed partial or complete remission [90].

6. Future Directions for iNKT-Based
Cancer Immunotherapy (Figure 2)

6.1. Th1-Inducing iNKT Ligands. Since the discovery of α-
GalCer as a potent activator of iNKT cells, several other syn-
thetic CD1d-binding lipid antigens modified from α-GalCer
have been identified. More importantly, these have been
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found to differentially activate cytokine response in iNKT
cells. For instance, truncation of the acyl and sphingosine
chain of α-GalCer has been shown to favor IL-4 production
[71] while modification of a carbon glycoside analogue (α-
C-GalCer) drove predominantly an IFN-γ response [103].
Therefore, it may be possible to fine-tune the function of
iNKT cells to elicit predominantly Th1 or Th2 responses.

6.2. Combination Therapy. Preclinical studies in mouse
tumor models have provided the proof of principle that
iNKT-based immunotherapy can be rationally combined
with other treatments [104–106]. In two independent
studies, the immunomodulatory property of a thalidomide
derivative (lenalidomide) was demonstrated to enhance
expansion and Th1 polarization of iNKT cells in healthy
volunteers and in patients with multiple myeloma [107,
108]. These combinatorial strategies suggest that targeting
multiple immune components is a promising approach to
attain maximal antitumor effects.

6.3. More Efficient Licensing of DC. Phase I studies demon-
strate the feasibility of autologous adoptive transfer of α-
GalCer-loaded DCs as a novel approach to augment iNKT
numbers in some cancer patients (Table 1). Additional stud-
ies are needed to fine-tune this approach to further improve
maturation and cross-priming ability of DCs that reliably
and predictably result in sustained iNKT cell proliferation in
vivo.

6.4. Strategies to Inhibit NKT Cells with Regulatory Func-
tion. Data in mice suggest that, at least in some settings,
iNKT cells perform regulatory functions and dampen the
antitumor immune response induced by the combination
of immunotherapy and local radiotherapy [81]. Although
the mechanisms of this effect remain to be identified, some
tumors have been shown to condition iNKT cells by releasing
CD1d ligands that impair iNKT cell antitumor activity [109].
Strategies to block the regulatory functions of iNKT cells,
or interfere with their tumor-mediated conditioning, for
example by blocking CD1d, could be beneficial to improve
the effects of immunotherapy and other treatments.

6.5. CD1d-Expressing Tumor Cells as Vehicle. DCs loaded
with α-GalCer have proven to be more effective in eliciting
sustained effector IFN-γ responses in iNKT cells without
inducing anergy that usually follows the rapid cytokine
response induced by free α-GalCer [96]. Thus far, several
phase I clinical trials have demonstrated the feasibility and
safety profile of this approach in mitigating iNKT antitumor
responses (Table 1). Alternatively, iNKT cells are also able
to recognize α-GalCer loaded on CD1d-expressing tumor
cells and mount an antitumor response that inhibited exper-
imental metastases and rejected subcutaneous challenge of
tumor cells [110, 111]. Interestingly, iNKT activation by α-
GalCer-loaded tumor cells obviated the need for additional
costimulation [110]. Potentially, this approach could be
clinically relevant especially for patients with hematologic
cancers where tumor cells can easily be harvested as APCs.

It will be necessary to screen tumors for CD1d expression
which may require additional transfection before these can
be loaded ex vivo and eventually reinfused back to the
patient.

6.6. iNKT Cell Agonists as Vaccine Adjuvants. The adjuvant
properties of α-GalCer have been exploited to enhance
protective immunity elicited by vaccines directed largely
against infectious diseases [112–115]. Proof-of-principle
studies have further shown that the immunogenicity of a
model vaccine antigen can be enhanced by α-GalCer and
improve priming of antigen-specific T-cell responses capable
of delivering protective antitumor immunity [51, 116].
Future applications of this technology will involve not only
adjuvant studies with other vaccine delivery systems but also
design of glycolipids with superior immune adjuvant effects.

7. Conclusion

It is becoming increasingly clear that iNKT cells perform
complex functions in cancer. Although functional hetero-
geneity of NKT cell subsets may explain some of their
opposite roles in tumor immunity, additional studies are
needed to clarify the nature of regulatory NKT cells. The
tumor microenvironment is likely to play an important
role in conditioning iNKT to acquire regulatory functions.
There is relatively little information about the expression
of glycolipids and other CD1d ligands by cancer cells.
Characterization of the CD1d ligand repertoire of tumors
may identify novel ligands with important effects on the
antitumor immune response.

While results of clinical trials based on iNKT cell stim-
ulation with α-GalCer have not matched the expectations,
renewed efforts to understand the fine regulation of this
critical T-cell subset are warranted. A thorough under-
standing of the balance between stimulatory and regulatory
functions of iNKT cells is essential for the development
of strategies that overcome regulatory mechanisms while
promoting antitumor effects. iNKT-based immunothera-
peutic approaches hold great potential for the treatment of
cancer and promise to become an integral part of future
immunotherapy strategies.
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Platt, and H. J. Gröne, “Normal development and function
of invariant natural killer T cells in mice with isoglobotrihex-
osylceramide (iGb3) deficiency,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 104,
no. 14, pp. 5977–5982, 2007.

[17] D. H. Chang, H. Deng, P. Matthews et al., “Inflammation-
associated lysophospholipids as ligands for CDld-restricted T
cells in human cancer,” Blood, vol. 112, no. 4, pp. 1308–1316,
2008.

[18] L. M. Fox, D. G. Cox, J. L. Lockridge et al., “Recognition of
lyso-phospholipids by human natural killer T lymphocytes,”
PLoS Biology, vol. 7, no. 10, Article ID e1000228, 2009.

[19] P. J. Brennan, R. V. V. Tatituri, M. Brigl et al., “Invariant
natural killer T cells recognize lipid self antigen induced by
microbial danger signals,” Nature Immunology, vol. 12, no.
12, pp. 1202–1211, 2011.

[20] D. Y. Wu, N. H. Segal, S. Sidobre, M. Kronenberg, and P. B.
Chapman, “Cross-presentation of disialoganglioside GD3 to
natural killer T cells,” Journal of Experimental Medicine, vol.
198, no. 1, pp. 173–181, 2003.

[21] M. Blomqvist, S. Rhost, S. Teneberg et al., “Multiple tissue-
specific isoforms of sulfatide activate CD1d-restricted type II
NKT cells,” European Journal of Immunology, vol. 39, no. 7,
pp. 1726–1735, 2009.

[22] A. Jahng, I. Maricic, C. Aguilera, S. Cardell, R. C. Halder, and
V. Kumar, “Prevention of autoimmunity by targeting a dis-
tinct, noninvariant CD1d-reactive T cell population reactive
to sulfatide,” Journal of Experimental Medicine, vol. 199, no.
7, pp. 947–957, 2004.

[23] K. Buschard, M. Blomqvist, T. Osterbye, and P. Fredman,
“Involvement of sulfatide in beta cells and type 1 and type 2
diabetes,” Diabetologia, vol. 48, no. 10, pp. 1957–1962, 2005.

[24] D. Wu, G. W. Xing, M. A. Poles et al., “Bacterial glycolipids
and analogs as antigens for CD1d-restricted NKT cells,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 102, no. 5, pp. 1351–1356, 2005.

[25] Y. Kinjo, D. Wu, G. Kim et al., “Recognition of bacterial gly-
cosphingolipids by natural killer T cells,” Nature, vol. 434, no.
7032, pp. 520–525, 2005.

[26] J. Mattner, K. L. DeBord, N. Ismail et al., “Exogenous and
endogenous glycolipid antigens activate NKT cells during
microbial infections,” Nature, vol. 434, pp. 525–529, 2005.

[27] V. Sriram, W. Du, J. Gervay-Hague, and R. R. Brutkiewicz,
“Cell wall glycosphingolipids of Sphingomonas paucimobilis
are CD1d-specific ligands for NKT cells,” European Journal of
Immunology, vol. 35, no. 6, pp. 1692–1701, 2005.

[28] Y. Kinjo, P. Illarionov, J. L. Vela et al., “Invariant natural killer
T cells recognize glycolipids from pathogenic gram-positive
bacteria,” Nature Immunology, vol. 12, no. 10, pp. 966–974,
2011.

[29] T. Yoshimoto, A. Bendelac, C. Watson, J. Hu-Li, and W. E.
Paul, “Role of NK1.1+ T cells in a TH2 response and in
immunoglobulin E production,” Science, vol. 270, no. 5243,
pp. 1845–1847, 1995.

[30] K. J. L. Hammond, S. B. Pelikan, N. Y. Crowe et al., “NKT
cells are phenotypically and functionally diverse,” European
Journal of Immunology, vol. 29, no. 11, pp. 3768–3781, 1999.

[31] P. T. Lee, K. Benlagha, L. Teyton, and A. Bendelac, “Distinct
functional lineages of human Vα24 natural killer T cells,”
Journal of Experimental Medicine, vol. 195, no. 5, pp. 637–
641, 2002.

[32] A. P. Uldrich, N. Y. Crowe, K. Kyparissoudis et al., “NKT cell
stimulation with glycolipid antigen in vivo: costimulation-
dependent expansion, bim-dependent contraction, and hy-
poresponsiveness to further antigenic challenge,” Journal of
Immunology, vol. 175, no. 5, pp. 3092–3101, 2005.

[33] Y. Hayakawa, K. Takeda, H. Yagita, L. Van Kaer, I. Saiki,
and K. Okumura, “Differential regulation of Th1 and Th2
functions of NKT cells by CD28 and CD40 costimulatory
pathways,” Journal of Immunology, vol. 166, no. 10, pp. 6012–
6018, 2001.

[34] S. I. Fujii, K. Liu, C. Smith, A. J. Bonito, and R. M. Steinman,
“The linkage of innate to adaptive immunity via maturing
dendritic cells in vivo requires CD40 ligation in addition to
antigen presentation and CD80/86 costimulation,” Journal of
Experimental Medicine, vol. 199, no. 12, pp. 1607–1618, 2004.



Clinical and Developmental Immunology 9

[35] K. Durgan, M. Ali, P. Warner, and Y. E. Latchman, “Targeting
NKT cells and PD-L1 pathway results in augmented anti-
tumor responses in a melanoma model,” Cancer Immunology,
Immunotherapy, vol. 60, no. 4, pp. 547–558, 2011.

[36] W. S. Chang, J. Y. Kim, Y. J. Kim et al., “Cutting edge: pro-
grammed death-1/programmed death ligand 1 interaction
regulates the induction and maintenance of invariant NKT
cell anergy,” Journal of Immunology, vol. 181, no. 10, pp.
6707–6710, 2008.

[37] M. Terabe and J. A. Berzofsky, “Chapter 8 the role of NKT
cells in tumor immunity,” Advances in Cancer Research, vol.
101, pp. 277–348, 2008.

[38] L. Wu and L. van Kaer, “Natural killer T cells and autoim-
mune disease,” Current Molecular Medicine, vol. 9, no. 1, pp.
4–14, 2009.

[39] M. S. Tessmer, A. Fatima, C. Paget, F. Trottein, and L.
Brossay, “NKT cell immune responses to viral infection,”
Expert Opinion on Therapeutic Targets, vol. 13, no. 2, pp. 153–
162, 2009.

[40] M. J. Smyth, K. Y. T. Thia, S. E. A. Street et al., “Differential
tumor surveillance by natural killer (NK) and NKT cells,”
Journal of Experimental Medicine, vol. 191, no. 4, pp. 661–
668, 2000.

[41] N. Y. Crowe, M. J. Smyth, and D. I. Godfrey, “A critical role
for natural killer T cells in immunosurveillance of meth-
ylcholanthrene-induced sarcomas,” Journal of Experimental
Medicine, vol. 196, no. 1, pp. 119–127, 2002.

[42] M. J. Smyth, N. Y. Crowe, D. G. Pellicci et al., “Sequential
production of interferon-γ by NK1.1+ T cells and natural
killer cells is essential for the antimetastatic effect of α-galac-
tosylceramide,” Blood, vol. 99, no. 4, pp. 1259–1266, 2002.

[43] T. Kawano, J. Cui, Y. Koezuka et al., “Natural killer-like non-
specific tumor cell lysis mediated by specific ligand-activated
Vα14 NKT cells,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 95, no. 10, pp.
5690–5693, 1998.

[44] Y. Hayakawa, S. Rovero, G. Forni, and M. J. Smyth, “α-
galactosylceramide (KRN7000) suppression of chemical-
and oncogene-dependent carcinogenesis,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 100, no. 16, pp. 9464–9469, 2003.

[45] K. Motoki, R. Nakagawa, H. Nakamura et al., “Antitumor
activities of KRN7000 in liver metastases models,” Annals of
Oncology, vol. 9, supplement 2, pp. 80–89, 1998.

[46] R. Nakagawa, K. Motoki, H. Nakamura et al., “Antitumor
activity of α-galactosylceramide, KRN7000, in mice with EL-
4 hepatic metastasis and its cytokine production,” Oncology
Research, vol. 10, no. 11-12, pp. 561–568, 1998.

[47] L. S. Metelitsa, K. I. Weinberg, P. D. Emanuel, and R. C.
Seeger, “Expression of CD1d by myelomonocytic leukemias
provides a target for cytotoxic NKT cells,” Leukemia, vol. 17,
no. 6, pp. 1068–1077, 2003.

[48] G. J. Renukaradhya, M. A. Khan, M. Vieira, W. Du, J. Gervay-
Hague, and R. R. Brutkiewicz, “Type I NKT cells protect
(and type II NKT cells suppress) the host’s innate antitumor
immune response to a B-cell lymphoma,” Blood, vol. 111, no.
12, pp. 5637–5645, 2008.

[49] Y. Uemura, T. Y. Liu, Y. Narita et al., “Cytokine-dependent
modification of IL-12p70 and IL-23 balance in dendritic cells
by ligand activation of Vα24 invariant NKT cells,” Journal of
Immunology, vol. 183, no. 1, pp. 201–208, 2009.

[50] Y. F. Yang, M. Tomura, S. Ono, T. Hamaoka, and H. Fujiwara,
“Requirement for IFN-γ in IL-12 production induced by col-
laboration between Vα14+ NKT cells and antigen-presenting

cells,” International Immunology, vol. 12, no. 12, pp. 1669–
1675, 2000.

[51] S. I. Fujii, K. Shimizu, C. Smith, L. Bonifaz, and R. M.
Steinman, “Activation of natural killer T cells by α-galacto-
sylceramide rapidly induces the full maturation of dendritic
cells in vivo and thereby acts as an adjuvant for combined
CD4 and CD8 T cell immunity to a coadministered protein,”
Journal of Experimental Medicine, vol. 198, no. 2, pp. 267–
279, 2003.

[52] H. Kitamura, K. Iwakabe, T. Yahata et al., “The natural killer
T (NKT) cell ligand α-galactosylceramide demonstrates its
immunopotentiating effect by inducing interleukin (IL)-12
production by dendritic cells and IL-12 receptor expression
on NKT cells,” Journal of Experimental Medicine, vol. 189, no.
7, pp. 1121–1128, 1999.

[53] T. Shimaoka, K. I. Seino, N. Kume et al., “Critical role for
CXC chemokine ligand 16 (SR-PSOX) in Th1 response medi-
ated by NKT cells,” Journal of Immunology, vol. 179, no. 12,
pp. 8172–8179, 2007.

[54] E. Germanov, L. Veinotte, R. Cullen, E. Chamberlain, E. C.
Butcher, and B. Johnston, “Critical role for the chemokine
receptor CXCR6 in homeostasis and activation of CD1d-
restricted NKT cells,” Journal of Immunology, vol. 181, no. 1,
pp. 81–91, 2008.

[55] L. S. Metelitsa, O. V. Naidenko, A. Kant et al., “Human NKT
cells mediate antitumor cytotoxicity directly by recognizing
target cell CD1d with bound ligand or indirectly by produc-
ing IL-2 to activate NK cells,” Journal of Immunology, vol. 167,
no. 6, pp. 3114–3122, 2001.

[56] M. Taniguchi, M. Harada, S. Kojo, T. Nakayama, and H.
Wakao, “The regulatory role of Vα14 NKT cells in innate and
acquired immune response,” Annual Review of Immunology,
vol. 21, pp. 483–513, 2003.

[57] M. J. Smyth and D. I. Godfrey, “NKT cells and tumor immu-
nity—a double-edged sword,” Nature Immunology, vol. 1, no.
6, pp. 459–460, 2000.

[58] J. J. O’Konek, P. Illarionov, D. S. Khursigara et al., “Mouse
and human iNKT cell agonist β-mannosylceramide reveals a
distinct mechanism of tumor immunity,” Journal of Clinical
Investigation, vol. 121, no. 2, pp. 683–694, 2011.

[59] F. L. Schneiders, R. C. G. de Bruin, S. J. A. M. Santegoets et al.,
“Activated iNKT cells promote Vγ9Vδ2-T cell anti-tumor
effector functions through the production of TNF-α,” Clin-
ical Immunology, vol. 142, no. 2, pp. 194–200, 2012.

[60] C. Hong, H. Lee, Y. K. Park et al., “Regulation of secondary
antigen-specific CD8+ T-cell responses by natural killer T
cells,” Cancer Research, vol. 69, no. 10, pp. 4301–4308, 2009.

[61] Y. Shin, C. Hong, H. Lee, J. H. Shin, S. Hong, and S. H.
Park, “NKT cell-dependent regulation of secondary antigen-
specific, conventional CD4+ T cell immune responses,” Jour-
nal of Immunology, vol. 184, no. 10, pp. 5589–5594, 2010.

[62] A. Sica and V. Bronte, “Altered macrophage differentiation
and immune dysfunction in tumor development,” Journal of
Clinical Investigation, vol. 117, no. 5, pp. 1155–1166, 2007.

[63] L. Song, S. Asgharzadeh, J. Salo et al., “Vα24-invariant NKT
cells mediate antitumor activity via killing of tumor-associ-
ated macrophages,” Journal of Clinical Investigation, vol. 119,
no. 6, pp. 1524–1536, 2009.

[64] D. S. Hong, L. S. Angelo, and R. Kurzrock, “Interleukin-
6 and its receptor in cancer: implications for translational
therapeutics,” Cancer, vol. 110, no. 9, pp. 1911–1928, 2007.

[65] M. Falcone, F. Facciotti, N. Ghidoli et al., “Up-regulation of
CD1d expression restores the immunoregulatory function of
NKT cells and prevents autoimmune diabetes in nonobese



10 Clinical and Developmental Immunology

diabetic mice,” Journal of Immunology, vol. 172, no. 10, pp.
5908–5916, 2004.

[66] M. Mizuno, M. Masumura, C. Tomi et al., “Synthetic gly-
colipid OCH prevents insulitis and diabetes in NOD mice,”
Journal of Autoimmunity, vol. 23, no. 4, pp. 293–300, 2004.

[67] S. Kaieda, C. Tomi, S. Oki, T. Yamamura, and S. Miyake,
“Activation of invariant natural killer T cells by synthetic
glycolipid ligands suppresses autoantibody-induced arthri-
tis,” Arthritis and Rheumatism, vol. 56, no. 6, pp. 1836–1845,
2007.

[68] A. Miellot-Gafsou, J. Biton, E. Bourgeois, A. Herbelin, M. C.
Boissier, and N. Bessis, “Early activation of invariant natural
killer T cells in a rheumatoid arthritis model and application
to disease treatment,” Immunology, vol. 130, no. 2, pp. 296–
306, 2010.

[69] F. van de Keere and S. Tonegawa, “CD4+ T cells prevent
spontaneous experimental autoimmune encephalomyelitis
in anti-myelin basic protein T cell receptor transgenic mice,”
Journal of Experimental Medicine, vol. 188, no. 10, pp. 1875–
1882, 1998.

[70] A. K. Singh, M. T. Wilson, S. Hong et al., “Natural killer T cell
activation protects mice against experimental autoimmune
encephalomyelitis,” Journal of Experimental Medicine, vol.
194, no. 12, pp. 1801–1811, 2001.

[71] K. Miyamoto, S. Miyake, and T. Yamamura, “A synthetic gly-
colipid prevents autoimmune encephalomyelitis by inducing
TH2 bias of natural killer T cells,” Nature, vol. 413, no. 6855,
pp. 531–534, 2001.

[72] M. Terabe, S. Matsui, N. Noben-Trauth et al., “NKT cell-
mediated repression of tumor immunosurveillance by IL-13
and the IL-4R-STAT6 pathway,” Nature Immunology, vol. 1,
no. 6, pp. 515–520, 2000.

[73] G. J. Renukaradhya, V. Sriram, W. Du, J. Gervay-Hague, L.
van Kaer, and R. R. Brutkiewicz, “Inhibition of antitumor
immunity by invariant natural killer T cells in a T-cell lym-
phoma model in vivo,” International Journal of Cancer, vol.
118, no. 12, pp. 3045–3053, 2006.

[74] G. Bricard, V. Cesson, E. Devevre et al., “Enrichment of
human CD4+ Vα24/Vβ11 invariant NKT cells in intrahep-
atic malignant tumors,” Journal of Immunology, vol. 182, no.
8, pp. 5140–5151, 2009.

[75] Q. S. Mi, D. Ly, P. Zucker, M. McGarry, and T. L. Delovitch,
“Interleukin-4 but not interleukin-10 protects against spon-
taneous and recurrent type 1 diabetes by activated CD1d-
restricted invariant natural killer T-cells,” Diabetes, vol. 53,
no. 5, pp. 1303–1310, 2004.

[76] M. Terabe, S. Matsui, J. M. Park et al., “Transforming growth
factor-β production and myeloid cells are an effector mecha-
nism through which CD1d-restricted T cells block cytotoxic
T lymphocyte-mediated tumor immunosurveillance: abro-
gation prevents tumor recurrence,” Journal of Experimental
Medicine, vol. 198, no. 11, pp. 1741–1752, 2003.

[77] M. Terabe, C. Khanna, S. Bose et al., “CD1d-restricted nat-
ural killer T cells can down-regulate tumor immunosur-
veillance independent of interleukin-4 receptor-signal trans-
ducer and activator of transcription 6 or transforming
growth factor-β,” Cancer Research, vol. 66, no. 7, pp. 3869–
3875, 2006.

[78] M. Terabe, J. Swann, E. Ambrosino et al., “A nonclassical
non-Vα14Jα18 CD1d-restricted (type II) NKT cell is suf-
ficient for down-regulation of tumor immunosurveillance,”
Journal of Experimental Medicine, vol. 202, no. 12, pp. 1627–
1633, 2005.

[79] J. A. Berzofsky and M. Terabe, “A novel immunoregulatory
axis of NKT cell subsets regulating tumor immunity,” Cancer
Immunology, Immunotherapy, vol. 57, no. 11, pp. 1679–1683,
2008.

[80] J. A. Berzofsky and M. Terabe, “The contrasting roles of NKT
cells in tumor immunity,” Current Molecular Medicine, vol. 9,
no. 6, pp. 667–672, 2009.

[81] K. A. Pilones, N. Kawashima, A. M. Yang, J. S. Babb, S. C.
Formenti, and S. Demaria, “Invariant natural killer T cells
regulate breast cancer response to radiation and CTLA-4
blockade,” Clinical Cancer Research, vol. 15, no. 2, pp. 597–
606, 2009.

[82] C. J. Aslakson and F. R. Miller, “Selective events in the
metastatic process defined by analysis of the sequential dis-
semination of subpopulations of a mouse mammary tumor,”
Cancer Research, vol. 52, no. 6, pp. 1399–1405, 1992.

[83] S. Demaria, N. Kawashima, A. M. Yang et al., “Immune-
mediated inhibition of metastases after treatment with local
radiation and CTLA-4 blockade in a mouse model of breast
cancer,” Clinical Cancer Research, vol. 11, no. 2 I, pp. 728–734,
2005.

[84] S. Hegde, J. L. Lockridge, Y. A. Becker, S. Ma, S. C.
Kenney, and J. E. Gumperz, “Human NKT cells direct the
differentiation of myeloid APCs that regulate T cell responses
via expression of programmed cell death ligands,” Journal of
Autoimmunity, vol. 37, no. 1, pp. 28–38, 2011.

[85] S. Hegde, L. Fox, X. Wang, and J. E. Gumperz, “Autoreactive
natural killer T cells: promoting immune protection and
immune tolerance through varied interactions with myeloid
antigen-presenting cells,” Immunology, vol. 130, no. 4, pp.
471–483, 2010.

[86] S. Hegde, E. Jankowska-Gan, D. A. Roenneburg, J. Torrealba,
W. J. Burlingham, and J. E. Gumperz, “Human NKT cells
promote monocyte differentiation into suppressive myeloid
antigen-presenting cells,” Journal of Leukocyte Biology, vol.
86, no. 4, pp. 757–768, 2009.

[87] S. Hegde, X. Chen, J. M. Keaton, F. Reddington, G. S. Besra,
and J. E. Gumperz, “NKT cells direct monocytes into a DC
differentiation pathway,” Journal of Leukocyte Biology, vol. 81,
no. 5, pp. 1224–1235, 2007.

[88] L. Moreira-Teixeira, M. Resende, O. Devergne et al., “Ra-
pamycin combined with TGF-β converts human invariant
NKT Cells into suppressive Foxp3+ regulatory cells,” Journal
of Immunology, vol. 188, no. 2, pp. 624–631, 2012.

[89] G. Giaccone, C. J. A. Punt, Y. Ando et al., “A phase I study
of the natural killer T-cell ligand α-galactosylceramide
(KRN7000) in patients with solid tumors,” Clinical Cancer
Research, vol. 8, no. 12, pp. 3702–3709, 2002.

[90] S. Motohashi, A. Ishikawa, E. Ishikawa et al., “A phase I study
of in vitro expanded natural killer T cells in patients with
advanced and recurrent non-small cell lung cancer,” Clinical
Cancer Research, vol. 12, no. 20, pp. 6079–6086, 2006.

[91] A. Ishikawa, S. Motohashi, E. Ishikawa et al., “A phase I study
of α-galactosylceramide (KRN7000)-pulsed dendritic cells in
patients with advanced and recurrent non-small cell lung
cancer,” Clinical Cancer Research, vol. 11, no. 5, pp. 1910–
1917, 2005.

[92] T. Uchida, S. Horiguchi, Y. Tanaka et al., “Phase I study of
α-galactosylceramide-pulsed antigen presenting cells admin-
istration to the nasal submucosa in unresectable or recurrent
head and neck cancer,” Cancer Immunology, Immunotherapy,
vol. 57, no. 3, pp. 337–345, 2008.



Clinical and Developmental Immunology 11

[93] S. Motohashi, K. Nagato, N. Kunii et al., “A phase I-II study of
α-galactosylceramide-pulsed IL-2/GM-CSF-cultured periph-
eral blood mononuclear cells in patients with advanced and
recurrent non-small cell lung cancer,” Journal of Immunology,
vol. 182, no. 4, pp. 2492–2501, 2009.

[94] K. Nagato, S. Motohashi, F. Ishibashi et al., “Accumulation
of activated invariant natural killer T cells in the tumor
microenvironment after alpha−galactosylceramide−pulsed
antigen presenting cells,” Journal of Clinical Immunology, vol.
32, no. 5, pp. 1071–1081, 2012.

[95] N. Kunii, S. Horiguchi, S. Motohashi et al., “Combination
therapy of in vitro−expanded natural killer T cells and
alpha−galactosylceramide−pulsed antigen−presenting cells
in patients with recurrent head and neck carcinoma,” Cancer
Science, vol. 10, no. 6, pp. 1092–1098, 2009.

[96] S. I. Fujii, K. Shimizu, M. Kronenberg, and R. M. Steinman,
“Prolonged IFN-γ-producing NKT response induced with α-
galactosylceramide-loaded DCs,” Nature Immunology, vol. 3,
no. 9, pp. 867–874, 2002.

[97] I. Toura, T. Kawano, Y. Akutsu, T. Nakayama, T. Ochiai,
and M. Taniguchi, “Cutting edge: inhibition of experimental
tumor metastasis by dendritic cells pulsed with α-galactosyl-
ceramide,” Journal of Immunology, vol. 163, no. 5, pp. 2387–
2391, 1999.

[98] J. W. Molling, W. Kolgen, H. J. van der Vliet et al., “Peripheral
blood IFN-γ-secreting Vα24+Vβ11+ NKT cell numbers are
decreased in cancer patients independent of tumor type or
tumor load,” International Journal of Cancer, vol. 116, no. 1,
pp. 87–93, 2005.

[99] S. A. M. Tahir, O. Cheng, A. Shaulov et al., “Loss of IFN-
γ production by invariant NK T cells in advanced cancer,”
Journal of Immunology, vol. 167, no. 7, pp. 4046–4050, 2001.

[100] O. Imataki, Y. Heike, H. Makiyama et al., “Insufficient ex
vivo expansion of Vα24+ natural killer T cells in malignant
lymphoma patients related to the suppressed expression of
CD1d molecules on CD14+ cells,” Cytotherapy, vol. 10, no. 5,
pp. 497–506, 2008.

[101] T. Takahashi, M. Nieda, Y. Koezuka et al., “Analysis of
human Vα24+ CD4+ NKT cells activated by α-glycosylcer-
amide-pulsed monocyte-derived dendritic cells,” Journal of
Immunology, vol. 164, no. 9, pp. 4458–4464, 2000.

[102] P. R. Rogers, A. Matsumoto, O. Naidenko, M. Kronenberg,
T. Mikayama, and S. Kato, “Expansion of human Vα24+
NKT cells by repeated stimulation with KRN7000,” Journal
of Immunological Methods, vol. 285, no. 2, pp. 197–214, 2004.

[103] J. Schmieg, G. Yang, R. W. Franck, and M. Tsuji, “Superior
protection against malaria and melanoma metastases by a
C-glycoside analogue of the natural killer T cell ligand α-
galactosylceramide,” Journal of Experimental Medicine, vol.
198, no. 11, pp. 1631–1641, 2003.

[104] M. W. L. Teng, S. Yue, J. Sharkey, M. A. Exley, and M. J.
Smyth, “CD1d activation and blockade: a new antitumor
strategy,” Journal of Immunology, vol. 182, no. 6, pp. 3366–
3371, 2009.

[105] M. W. L. Teng, J. A. Westwood, P. K. Darcy et al., “Combined
natural killer T-cell-based immunotherapy eradicates estab-
lished tumors in mice,” Cancer Research, vol. 67, no. 15, pp.
7495–7504, 2007.

[106] M. W. L. Teng, J. Sharkey, N. M. McLaughlin, M. A. Exley,
and M. J. Smyth, “CD1d-based combination therapy eradi-
cates established tumors in mice,” Journal of Immunology, vol.
183, no. 3, pp. 1911–1920, 2009.

[107] D. H. Chang, N. Liu, V. Klimek et al., “Enhancement of
ligand-dependent activation of human natural killer T cells

by lenalidomide: therapeutic implications,” Blood, vol. 108,
no. 2, pp. 618–621, 2006.

[108] W. Song, H. J. J. van der Vliet, Y. T. Tai et al., “Generation
of antitumor invariant natural killer T cell lines in multiple
myeloma and promotion of their functions via lenalidomide:
a strategy for immunotherapy,” Clinical Cancer Research, vol.
14, no. 21, pp. 6955–6962, 2008.

[109] T. J. Webb, R. L. Giuntoli II, O. Rogers, J. Schneck, and M.
Oelke, “Ascites specific inhibition of CDId-mediated activa-
tion of natural killer T cells,” Clinical Cancer Research, vol. 14,
no. 23, pp. 7652–7658, 2008.

[110] K. Shimizu, A. Goto, M. Fukui, M. Taniguchi, and S. I.
Fujii, “Tumor cells loaded with α-galactosylceramide induce
innate NKT and NK cell-dependent resistance to tumor
implantation in mice,” Journal of Immunology, vol. 178, no.
5, pp. 2853–2861, 2007.

[111] K. Shimizu, Y. Kurosawa, M. Taniguchi, R. M. Steinman, and
S. I. Fujii, “Cross-presentation of glycolipid from tumor cells
loaded with α-galactosylceramide leads to potent and long-
lived T cell-mediated immunity via dendritic cells,” Journal of
Experimental Medicine, vol. 204, no. 11, pp. 2641–2653, 2007.

[112] G. Gonzalez-Aseguinolaza, L. van Kaer, C. C. Bergmann
et al., “Natural killer T cell ligand α-galactosylceramide
enhances protective immunity induced by malaria vaccines,”
Journal of Experimental Medicine, vol. 195, no. 5, pp. 617–
624, 2002.

[113] V. Cerundolo, J. D. Silk, S. H. Masri, and M. Salio, “Har-
nessing invariant NKT cells in vaccination strategies,” Nature
Reviews Immunology, vol. 9, no. 1, pp. 28–38, 2009.

[114] A. N. Courtney, P. N. Nehete, B. P. Nehete, P. Thapa, D.
Zhou, and K. J. Sastry, “α-Galactosylceramide is an effective
mucosal adjuvant for repeated intranasal or oral delivery of
HIV peptide antigens,” Vaccine, vol. 27, no. 25-26, pp. 3335–
3341, 2009.

[115] C. Guillonneau, J. D. Mintern, F. X. Hubert et al., “Combined
NKT cell activation and influenza virus vaccination boosts
memory CTL generation and protective immunity,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 106, no. 9, pp. 3330–3335, 2009.

[116] S. Y. Ko, H. J. Ko, W. S. Chang, S. H. Park, M. N. Kweon, and
C. Y. Kang, “α-Galactosylceramide can act as a nasal vaccine
adjuvant inducing protective immune responses against viral
infection and tumor,” Journal of Immunology, vol. 175, no. 5,
pp. 3309–3317, 2005.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


