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Abstract
NKT cells are a heterogeneous subset of specialized, self-reactive T cells, with innate and adaptive
immune properties, which allow them to bridge innate and adaptive immunity and profoundly
influence autoimmune and malignant disease outcomes. NKT cells mediate these activities
through their ability to rapidly express pro- and anti-inflammatory cytokines that influence the
type and magnitude of the immune response. Not only do NKT cells regulate the functions of
other cell types, but experimental evidence has found NKT cell subsets can modulate the functions
of other NKT subsets. Depending on underlying mechanisms, NKT cells can inhibit or exacerbate
autoimmunity and malignancy, making them potential targets for disease intervention. NKT cells
can respond to foreign and endogenous antigenic glycolipid signals that are expressed during
pathogenic invasion or ongoing inflammation, respectively, allowing them to rapidly react to and
influence a broad array of diseases. In this article we review the unique development and
activation pathways of NKT cells and focus on how these attributes augment or exacerbate
autoimmune disorders and malignancy. We also examine the growing evidence that NKT cells are
involved in liver inflammatory conditions that can contribute to the development of malignancy.
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NKT cells are unconventional T cells that have been implicated in the regulation of a broad
range of diseases, including those associated with inflammation [1]. Unlike conventional T
cells, NKT cells are capable of orienting the immune system toward either inflammation or
tolerance, by rapidly producing Th1, Th2, Th3 and/or Th17 cytokines, without the need for
prior priming or polarization [2–6]. In addition, NKT cells can modify early inflammatory
mediators, such as macrophages and neutrophils, as well as late stage T cell responses [7–
10], thereby affecting all stages of the inflammatory response. Collectively, these results
define NKT cells as critical cells in regulatory events that direct the magnitude and type of
inflammatory responses. In this article we will briefly discuss the functional attributes of
NKT cells, the underlying mechanisms by which they naturally regulate cancer and
autoimmunity, and the inflammatory conditions that contribute to these disease processes.
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NKT cell phenotype & distribution
Two subsets of NKT cells have been described, type I and type II. Unlike conventional T
cells that recognize peptide antigens bound to MHC molecules, both subsets of NKT cells
recognize lipid antigens bound to CD1d molecules [2,11,12]. CD1d is MHC-related
molecule that has a deep hydrophobic groove capable of binding lipids with long alkyl
chains [2,11,12]. NKT cells can recognize lipid antigens from pathogens, as well as
endogenous antigens expressed during inflammatory responses [13–18]. The divergent
recognition of distinct classes of antigens by T cells and NKT cells increases the ability of
the host immune system to recognize a wide variety of pathogens and mediate
immunosurveillance of diverse inflammatory conditions.

Type I NKT cells express an invariant T cell receptor (TCR; Vα14Jα18 in mice and
Vα24Jα18 in humans), while type II NKT cells express variable TCRs [2,19–21]. The
restricted TCR of type I NKT cells allows the recognition of foreign [15,16,22,23] and
endogenous [14,24–27] glycolipid antigens that have structural similarities [28]. Taking
advantage of the conserved TCR of type I NKT cells, antigen-specific tetramers were
developed that allow for a more accurate phenotypic and functional characterization of these
cells [29]. α-galactosyl ceramide (αGalCer) was the first antigen discovered that could bind
to the CD1d molecule and activate NKT cells [30], and was also the first antigen used to
load CD1d tetramers for the detection of NKT cells [29]. αGalCer was isolated from a
marine sponge as part of a screen for antimetastatic compounds [29].

In both mice and humans, type I NKT cells can be CD4+CD8− or CD4−CD8−, and humans
have an additional CD4−CD8+ subset [31]. The distribution of type I NKT cells between
humans and mice appears to be similar. Type I NKT cells are found in tissues where
lymphocytes normally reside, including the spleen, blood, bone marrow, lymph node,
thymus and liver. However, the frequency of type I NKT cells is much lower in humans
compared with mice. The frequency of type I NKT cells in humans is variable among
individuals, ranging from 0.001 to 3% of total leukocytes in the blood, bone marrow and
spleen [32], with the highest concentration of approximately 0.5% [33] found in the liver.
By contrast, the frequency of these cells among leukocytes in mice ranges between 0.2 and
0.5% in the blood, bone marrow and spleen, and between 15 and 35% in the liver.

In contrast to type I NKT cells, type II NKT cells are less studied because reagents that
specifically detect these cells are not currently available [19–21]. Type II NKT cells are
either CD4+CD8− or CD4−CD8+, with no report of a CD4−CD8− population [34]. While a
majority of NKT cells in mice are type I, in humans the majority of NKT cells are type II
[34]. Type II NKT cells reside in the same tissues as type I NKT cells.

In this review we will denote NKT cells as NKT cells when describing studies that did not
differentiate between type I and type II NKT cells and type I invariant NKT cells will be
annotated as invariant NKT (iNKT) cells and type II variant NKT cells will be annotated as
variant NKT (vNKT) cells.

NKT-cell development
The diverse immune attributes between T-cell lineages are acquired during development.
NKT cells and conventional T cells develop in the thymus from a common precursor
[35,36]. However, distinct intrathymic TCR interactions occuring during development
activate cell-specific transcriptional programs that instruct the unique functions of each cell
type. NKT cells are selected by TCR interactions with CD4/CD8 double positive
thymocytes expressing endogenous glycolipids in the context of CD1 molecules [37–39].
The interaction of NKT cell precursors with double positive thymocytes triggers Src kinase
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Fyn and Sap signaling, mediated through Slamf1 and Slamf6 receptors, which is necessary
for iNKT cell differentiation and proliferation [40–44]. By contrast, conventional T cells are
selected by TCR interactions with thymic epithelial cells expressing peptides in the context
of MHC molecules [45], and do not require Fyn or Sap for development. The difference in
the nature of selecting cells and selecting antigens between NKT and conventional T cells
allows for diverse cell programming, which broadens peripheral immune coverage and
allows more complex cell–cell interactions.

Autoimmune reactions are controlled in part by the depletion of T cells bearing a high
affinity TCR for endogenous self-antigens, a process termed negative selection [46].
Experiments examining iNKT cells found the processing and presentation of endogenous
lipid antigens was required for iNKT cell development [47–49], and that they receive
stronger TCR signals during development than conventional T cells [50], demonstrating that
iNKT cells are positively selected by self-lipid antigens. However, it remains unclear if
iNKT cells avoid negative selection, or if they have a greater capacity to survive negative
selection compared with conventional T cells. Immediately after positive selection iNKT
cells, but not conventional T cells, express high levels of promyelocytic leukemia zinc finger
transcription factor (PLZF) transcription factor [51,52] and become functionally responsive
to TCR ligation by expressing high levels of IL-4 but low levels of IFN-γ. As iNKT cells
move through the selection process and mature, the PLZF levels decrease, but remain high
compared with conventional T cells, and a shift in cytokine expression profile occurs in
which iNKT cells become high expressors of IFN-γ and reduced expressors of IL-4.

During the postselection stage of development, conventional T cells egress from the thymus
as naive cells, while thymic iNKT cells immediately upregulate IL-2/IL-15R β-chain
(CD122) [53] and undergo multiple rounds of cell division, whereupon they begin to express
innate markers of the NK cell lineage, including NK1.1, Ly49s and CD94. PLZF-deficient
iNKT cells do not undergo multiple rounds of cell division or express NK cell lineage
markers and lose the ability to coexpress IL-4 and IFN-γ [51,52]. The thymic iNKT cell
expansion and innate marker acquisition phase requires IL-15 signaling and the transcription
factors T-box expressed in T-cells (T-bet) [54] and GATA-binding protein-3 (GATA-3)
[55]. iNKT cell developmental dependence on T-bet and IL-15 may be related because T-bet
promotes the expression of CD122 necessary for IL-15 signaling [56,57]. Intriguingly, T-bet
and GATA-3 have been shown to induce chromatin remodeling of the IFN-γ and IL-4 gene
loci, respectively, in conventional T cells [58,59], which could be the mechanism allowing
early iNKT cell progenitors to rapidly express IFN-γ and IL-4. Consistent with this
hypothesis is the discovery that iNKT cells undergo chromatin remodeling of the IFN-γ and
IL-4 gene loci and acquire constitutive expression of IL-4 and IFN-γ transcripts, a hallmark
of innate cell function [60]. By contrast to conventional T cells that need to acquire an
effector phenotype for chromatin remodeling, iNKT cells undergo chromatin remodeling
early in development [60]. Furthermore, induction and maintenance of antigen-educated
effector CD8+ T cells requires T-bet [61] and IL-15 [62,63]. Taken together these findings
suggest that iNKT cells develop as antigen-instructed effector cells. Consistent with an
effector phenotype, mature iNKT cells upregulate CD44, a marker of antigen experience,
and the early activation marker CD69. Unlike T cells, iNKT cells naturally acquire their
effector phenotype even in germ-free mice, demonstrating that iNKT cell function is shaped
by endogenous antigens [64]. Taken together these findings demonstrating that iNKT cells
develop a unique functional phenotype with attributes of both innate and effector T cells.

Owing to a lack of specific phenotypic markers, the development of vNKT cells has not
been well characterized and it is not clear how closely these cells follow the development of
iNKT cells. Both types of NKT cells are selected by CD1d molecules expressing
endogenous antigens. However, it was recently reported that mice deficient in suppressor of
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cytokine signaling (SOCS1) have fewer iNKT cells in the periphery and do not respond to
the iNKT cell antigen, αGalCer [65]. By contrast, the authors found SOCS1-deficient mice
responded normally to the vNKT cell antigen, sulfatide, suggesting that peripheral numbers
of vNKT cells were unaffected by SOCS1 deficiency. This difference in the requirements
for the selection of NKT cell subsets suggests that distinct functional directives for iNKT
versus vNKT cells.

NKT-cell activation
NKT cells occupy a niche bridging innate and adaptive immune components. Although
iNKT cells have been shown to express perforin, granzyme B and FasL; the major immune
role of NKT cells is the coordination of adaptive and innate cells, through the expression of
cell surface costimulatory molecules and secretion of cytokines, rather than acting directly
as effector cells [66–69]. NKT cells sense changes in their local microenvironment through
multiple means that function individually or in conjunction with each other, to influence the
type and magnitude of response. These pathways of activation are mediated primarily by
cytokines, pathogen-associated molecular patterns and glycolipid antigens.

Invariant NKT cells express receptors to a variety of chemokines and cytokines, which
regulate their movement and activation [70,71]. iNKT cells express chemokine receptors
that direct them to sites of inflammation [72]. Once at the inflammatory site, iNKT cells are
primarily activated by antigens and cytokines such as IL-12 and IL-18, which are expressed
early by macrophages in response to microbes. These attributes taken together enable NKT
cells to dramatically affect the early orientation of an inflammatory response.

Antigenic activation of NKT cells can occur directly or indirectly. Direct activation involves
the endocytosis of glycolipid antigens such as αGalCer (iNKT) or sulfatide (vNKT) by
antigen-presenting cells (APCs) and their presentation to NKT cells in CD1d-antigen
complexes. This pathway results in the rapid expression of regulatory/Th2 (e.g., IL-13,
IL-10 and IL-4) and proinflammatory (IFN-γ and TNF) cytokines by iNKT cells [2,54]. The
reciprocal cross-talk between dendritic cells (DCs) and iNKT cells involves the upregulation
of CD154 (CD40L) that, in turn, triggers CD40 signaling in DCs, inducing their maturation
and secretion of IL-12 [73]. DC-derived IL-12 then activates NK and NKT cells for IFN-γ
production that in turn modulates bystander activity of innate NK cells and adaptive CD8+ T
cells (Figure 1A) [66,68]. During this cross-talk process, mature DCs can antigen prime T
helper cells and they, along with activated NKT cells, can enhance antibody responses by
providing B-cell help [74]. iNKT cells can also directly provide B-cell help that is mediated
through cognate antigenic interactions between CD1d-expressing B cells and iNKT cells
[75–77]. Thus, antigenic activation of iNKT cells can help mediate both cell mediated and
humoral responses.

Indirect NKT-cell activation by antigens occurs when APCs are activated through Toll-like
receptors that trigger the loading of CD1d molecules with endogenous glycolipid antigens
that are then presented to NKT cells [13,78]. Whether other inflammatory signals that
activate APCs can also induce the indirect antigen activation of NKT cells remains to be
determined. Furthermore, pharmacokinetic studies of endogenous antigen(s) need to be
determined, because the quality of iNKT cell activation is influenced by the binding affinity,
concentration and stability of glycolipid –CD1d complexes [79–82]. Low antigen
concentration or binding affinity of human iNKT cells induces granulocyte-macrophage
colony stimulating (GM-CSF) and IL-13, while a higher antigen concentration or binding
affinity induces IL-4 and IFN-γ, along with increased expression of GM-CSF and IL-13,
demonstrating a hierarchy in cytokine expression [82]. However, antigen concentration and
binding affinity are only part of the properties that determine the type of cytokines NKT
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cells express. Antigen–CD1d complex stability also determines the type of cytokines NKT
cells produce and the subsequent quality of the bystander activity. Localization of CD1d in
lipid rafts help to stabilize the CD1d–antigen complex [83–85]. The lipid, C-glycoside, an
analog of αGalCer, has a weak binding affinity to the iNKT cell TCR but is still able to
induce IFN-γ production because it was found to form a stable complex with CD1d and thus
survives longer in vivo [81].

How antigens are loaded onto CD1d molecules determines whether the CD1d–antigen
complex forms in the presence of lipid rafts [86]. CD1d rapidly loads less hydrophobic
antigens onto the cell surface, to the exclusion of lipid rafts, resulting in iNKT cell cytokine
expression with a Th2 bias. By contrast, hydrophobic antigens are intracellularly loaded
onto CD1d molecules, leading to organized transport of the CD1d–antigen complex into
lipid raft regions on the cell surface, resulting in iNKT cells expressing IFN-γ. Thus, NKT-
cell responses are fine-tuned by the pharmacokinetics of both endogenous and pathogen-
derived antigens. This layer of complexity, along with the other activation pathways, allows
NKT cells to proactively regulate a broad array of inflammatory responses.

Protective/pathogenic roles of NKT cells in autoimmune & allergic
disorders

Autoimmune diseases derive from protracted immune response(s) targeting self-tissues,
causing prolonged inflammation and subsequent tissue destruction. The aberrant frequency
and/or function of NKT cells in the peripheral blood of patients with autoimmune and
allergic inflammation diseases suggest the involvement of these cells in disease pathology
[87,88]. Clinical and animal studies found NKT cells have a profound and diverse role in
this subset of diseases, with the remarkable capacity for both protective and pathogenic
activities (Figure 2).

The immunological role for NKT cells in the pathogenesis of Type 1 diabetes and
rheumatoid arthritis is complicated by the fact that seemingly conflicting results have been
observed in animal studies, dependent upon the genetic background of the host, animal
model used or, in some cases, the stage of the disease studied. Thus, in the discussion below
we will highlight the principal mechanisms that underlie the contradictory roles of NKT
cells in autoimmune diseases.

Type 1 diabetes
Clinical studies examining human NKT-cell frequencies and function from Type 1 diabetes
patients have revealed conflicting results. Wilson et al. reported that Type 1 diabetes
patients had a lower frequency of peripheral blood iNKT cells that were anergic for the
production of cytokines [89], while other studies found normal levels of peripheral blood
iNKT cells in Type 1 diabetes patients compared with normal subjects [90]. In nonobese
diabetic (NOD) mice that are classically used for diabetes studies, iNKT cells exhibit
remarkable defects in both their frequency and cytokine production [90]. Adoptive transfer
of iNKT cells from wild-type mice or, alternatively, the restoration of their function by
αGalCer treatment or TCR or CD1d overexpression can prevent the development of diabetes
in NOD mice [90–92]. From these studies, it was concluded that iNKT cells have a
protective role during diabetes development. The studies in the past decade showed the
protective mechanism of NKT cells during the development of Type 1 diabetes can be
complex. First, NKT cells can impair the differentiation of anti-islet reactive T cells into
Th1 effector cells in a cell–cell contact dependent manner, which did not require Th2
cytokine production or CD1d recognition (Figure 2A) [93–95]. Second, NKT cells
accumulating in the pancreas can indirectly suppress diabetogenic CD4+ T cells via IFN-γ
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production [96]. Last, anergic iNKT cells induced by protracted αGalCer stimulation can
induce the production of noninflammatory DCs, which inhibit diabetes development in an
Ag-specific fashion (Figure 2B) [97]. These findings point to an important protective role
for NKT cells during autoimmune pathogenesis in the pancreas.

On the other hand, a considerable amount of evidence has also highlighted the pathogenic
role of NKT cells in Type 1 diabetes. Using a mouse diabetes model established by the
adoptive transfer of diabetogenic CD8 T cells, Griseri et al. demonstrated that iNKT cells
could exacerbate diabetes by enhancing the activation, expansion and IFN-γ production of
these CD8 T cells (Figure 2C) [98]. These contrasting results suggest that NKT cells might
have a dual role in the modulation of diabetogenic CD8+ and CD4+ T cells. It also implies
that the protective roles of NKT cells in diabetes might vary depending on stage of disease
development. specifically, NKT cells may inhibit the development and progression of
diabetes, but once CD8+ T cells become diabetogenic, NKT cells may promote their
pathogenesis. However, results from experimental diabetes studies need to be carefully
analyzed. specifically, a recent study showed that the transfer of iNKT-conditioned DCs that
were of a C57BL/6 genetic background resulted in an immune response that enhances rather
than suppresses Type 1 diabetes development, whereas the transfer of iNKT-conditioned
DCs from NOD mice prevents Type 1 diabetes [99]. This finding suggests that the genetic
background could influence the roles of iNKT cells in the development of Type 1 diabetes
and may also explain why diabetic patients exhibit high variability in their iNKT frequency
and function in peripheral blood compared with normal human subjects [89,100–102].

Rheumatoid arthritis
A reduced frequency and a Th1 bias in iNKT cells have been reported in the peripheral
blood of rheumatoid arthritis patients [103–105]. TGF-β, which suppresses pathogenic Th1
cells in arthritis, was elevated in CD1d–knockout mice [106]. Adoptive transfer experiments
demonstrated that IL-4 and IFN-γ produced by iNKT cells within the joints suppressed
TGF-β production, allowing pathogenic Th1 cells to cause joint injury (Figure 2D) [106].
Using IL-12p35−/− mice, Park et al. recently demonstrated that the IL-12p35/IFN-γ axis
promotes antibody-induced joint inflammation, by activating iNKT cells through the
IL-12β2 receptor and suppressing TGF-β production [107]. Stimulation of iNKT cells with
αGalCer or OCH (an αGalCer analog with a truncated sphingosine chain) resulted in the
protection of certain mouse strains against arthritis in the collagen-induced arthritis model
[108], which correlated with the induction of IL-4 and IL-10 expression and a Th2 shift in
collagen-specific T-cell responses (Figure 2e). However, in the antibody-induced arthritis
model, αGalCer treatment moderately increased joint inflammation [106],indicating that
iNKT cells are capable of functioning as suppressors of pathogenic T cells during the
induction phase of disease, as well as inflammation promoters during the effector phase,
when antibody-mediated destruction is prominent. Additional studies revealed that iNKT
cells in the joint can be activated by engagement of IgG antibodies via FcγRIII receptors
expressed on NKT cells [109]. Using CD1d- and Jα18-knockout mice, which lack all NKT
cells, or only iNKT cells, respectively, several studies demonstrated that iNKT cells had a
pathogenic role in both collagen-induced arthritis and antibody-mediated arthritis mouse
models that was mediated by IFN-γ (Figure 2F) [106,108,110,111].

By contrast, Teige et al. found that NKT cells suppressed arthritis development [112]. The
authors found induction of acute and chronic arthritis, along with inflammation, was more
severe in CD1d-knockout mice, when compared with wild-type mice, with the proposed
mechanism in both models being the inhibition of pathogenic Th1 cells (Figure 2g) [112].
This contradiction in the role of iNKT cells in arthritis is most likely due to functional
differences between iNKT and vNKT cells, since the study that showed a protective role
used CD1d-knockout mice that lack both types of NKT cells, while the other studies that
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found a pathogenic role for NKT cells focused only on the iNKT-cell subset. Taken together
these studies suggest that vNKT cells suppress arthritis while iNK cells have a pathogenic
role in these disease models.

Systemic lupus erythematosus
A classic hallmark of systemic lupus erythematosus (SLE) is the activation of autoreactive B
cells, which produce autoantibodies against nuclear antigens, a process controlled by
autoreactive T helper cells and Tregs. Many patients with SLE have a reduced frequency of
CD1d-restricted NKT cells [113]. Similar to their roles in diabetes and rheumatoid arthritis,
NKT cells can be pathogenic and/or protective in SLE animal studies [114–116]. The
mechanisms underlying the protective versus promoting roles for NKT cells in the
pathogenesis of SLE is likely to be related to their interactions with disease promoting,
autoreactive B cells. Takahashi et al. reported that iNKT cells from Lupus-prone NZB/W F1
mice increased the spontaneous secretion of IgM and IgG anti-dsDNA by B cells that was
dependent on CD1d antigen presentation and CD40 ligation [115]. However, two recent
reports found that iNKT cells could also suppress SLE. The first report found that iNKT
cells could limit activation of autoreactive CD1d-positive B cells in a contact- and CD1d-
dependent manner (Figure 2H) [117]. However, another study examining SLE triggered by
an increased load of circulating apoptotic cells, found that the absence or reduction of iNKT
cells and the absence of CD1d expression on B cells led to increased autoreactive B-cell
activation and disease severity (Figure 2i) [118]. All three studies required CD1d
interactions for disease modulation, suggesting that the regulatory effects of NKT cells are
dependent on antigenic signals. Given the contradictory results in these animal studies, it is
proposed that iNKT cells may play distinct roles in the different stages of SLE progression
[88]. Alternatively, it is possible that NKT-cell subsets may have disparate effects in SLE.

Primary biliary cirrhosis
Primary biliary cirrhosis (PBC) is an autoimmune cholangitis characterized by the
destruction of intrahepatic bile ducts and the appearance of highly specific autoantibodies
against the mitochondrial enzyme, pyruvate dehydrogenase complex-E2 component (PDC-
E2). In the liver, iNKT cells comprise a major cell leukocyte population that patrols the
sinusoids in a random pattern [119]. At present, the pathogenic role for hepatic NKT cells
has been more readily apparent in patients with PBC than in the other autoimmune disorders
previously described. PBC patients exhibit an increased frequency of hepatic iNKT cells
compared with normal donors [120], and a pathogenic role for iNKT cells has been
supported by studies in different experimental models of PBC [121]. Recently, Mattner et al.
demonstrated that infection of mice with the gram-negative bacterium, Novosphingobium
aromaticivorans, produces glycolipids that are recognized by NKT cells in the sinusoids,
causing the production of PDC-E2-specific antibodies that trigger chronic T-cell-mediated
autoimmunity against small bile ducts [122]. The livers from these mice were enlarged
owing to inflammation and had bile duct damage, biliary lesions and granuloma formation.
Infection of CD1d-knockout mice, that lack NKT cells, did not result in enlargement of the
liver or development of biliary lesions. Conversely, infection of B6.Vα14 transgenic mice,
which overexpress iNKT cells resulted in more severe portal inflammation, bile duct
damage and granuloma formation. Subsequently, in another model of PBC, induced by
immunizing mice with 2-octynoic acid coupled with bovine serum albumin, exposure to
αGalCer resulted in a dramatic exacerbation of autoimmune cholangitis [123]. Collectively,
these findings point to disease-promoting potential for hepatic iNKT cells for autoimmune
biliary diseases, however, the precise mechanisms underlying this process remain to be
determined.
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Allergic asthma
Asthma is a complicated and heterogeneous disease characterized by airway hyper-reactivity
(AHR) and inflammation. Allergic asthma is the most common form of asthma. Since Th2
cells play crucial roles in the development of allergic asthma, it has been hypothesized that
NKT cells can promote AHR [124]. Evidence that iNKT cells are required for the
development of allergic asthma in humans was first hypothesized when a study found that
iNKT cells were the predominant T cell in the lungs and bronchoalveolar lavage fluid of
patients suffering from this disease [125]. In that study, iNKT cells were found to
exclusively produce Th2 cytokines. Several recent studies confirmed that the number of
iNKT cells is increased in patients with asthma [87,126]. However, two competing studies
found iNKT cells were not the predominant T cell in patients suffering from asthma and
suggested iNKT cells modulate instead of cause asthma [127,128]. As asthma is a
multifactorial disease with varying severity, it is possible that the causative agent and
disease severity determine the role, if any, of iNKT cells. Indeed, one study found that iNKT
cells were increased in patients with severe asthma compared with controls and those with
mild asthma [129].

Studies using animal models have begun to elucidate the complex mechanisms used by NKT
cells to develop and regulate asthma. Challenging mice with ovalbumin (OVA) antigen
induces Th2 cytokines IL-13 and IL-4 and severe AHR. OVA challenged Jα18(−/−) mice,
that lack iNKT cells, did not have elevated IL-13 or IL-4 expression, nor did they develop
AHR [130]. Adoptive transfer of iNKT cells from wild-type, but not IL-4- or IL-13-deficient
mice, into Jα18(−/−) mice reconstituted AHR. A pathogenic Th2 cytokine storm in AHR is
known to be mediated by IL-25 (IL-17E) [131]. A recent study identified a subset of iNKT
cells that express the IL-25 receptor IL-17Rb as the target for IL-25-induced Th2 cytokine
storm in AHR-initiated mice (Figure 2H) [132]. In addition, NKT cells can be activated
directly through TIM-1, an apoptotic sensor pathogen-associated molecular pattern [133].
Furthermore, AHR induced by apoptotic cells can be prevented by blocking TIM-1 or in
CD1d-knockout mice.

Manipulations that skew NKT cells towards a Th1 bias have efficiently prevented asthma in
many animal studies. For example, the activation of iNKT cells with αGalCer during the
sensitization phase suppressed allergic airway inflammation and Th2 responses, via the
production of IFN-γ [134]. Moreover, a single dose of the CD1d-binding lipid antagonist,
di-palmitoyl-phosphatidyl-ethanolamine polyethylene glycol (DPPE-PEG), could prevent
the development of AHR and pulmonary infiltration of lymphocytes upon OVA challenge
[135]. In addition, the transfer of αGalCer-loaded bone marrow-derived DCs prevented the
development of lung allergic responses in a manner that was dependent on IFN-γ production
by host iNKT cells [136]. Th1 skewing was further verified in a study where infection of
suckling mice with influenza A virus could protect adult mice from AHR, through
preferential expansion of CD4−CD8− iNKT cells that had skewed IFN-γ production, and
required T-bet, TLR7 and CD1d ligation [137]. These findings suggest that novel
therapeutic strategies that eliminate or skew iNKT cells toward Th1 functions may hold
promise for the therapy of asthma.

Multiple sclerosis
Multiple sclerosis (MS) patients exhibit a reduction in the frequency of iNKT cells in the
peripheral blood and their ability to produce IL-4 [105,138]. Myelin oligodendrocyte
glycoprotein (MOG35–55)-immunized NOD mice develop experimental autoimmune
encephalomyelitis (EAE) and serve as an animal model of MS. MOG35–55-immunized NOD
mice that overexpress iNKT cells (Va14- Jα18 transgenic NOD) developed less severe EAE
that depended on iNKT cell derived IL-4 inhibition of IFN-γ-producing splenocytes (Figure
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2g) [139]. This Th2 skewing was independent of CD1d antigenic signaling; suggesting
alternative cognate and/or soluble factors are involved [140]. OCH, a sphingosine-truncated
analog of αGalCer, was shown to induce Th2 cytokines in iNKT cells [141]. Treating
MOG35–55 mice with OCH attenuated EAE development in an IL-4-dependent manner
[142]. Thus, one mechanism used by iNKT cells for alleviating EAE may be by inhibition of
pathogenic Th1 cells via Th2 skewing of the immune response.

NKT cells can also inhibit EAE severity through interactions of semi-matured DCs and
CD1d antigenic signaling. NKT cells activated by TNF-treated semi-mature DCs induce
high serum levels of IL-4 and IL-13, and protection from EAE [143]. This protection was
dependent on endogenous glycolipid antigen presentation to NKT cells and CD4+ T-cell
activation by the same DC. A subsequent study found semi-mature-DC-induced protection
from EAE was mediated through interactions with vNKT cells and independent of iNKT
cells [144]. Deficiencies in B7-H1 (PDL-1) enhance EAE protection induced by semi-
mature DCs and vNKT cell interactions. Together, these studies suggest both iNKT and
vNKT cell subsets can protect from EAE, but while vNKT cells require antigenic signals for
protection, iNKT protection is antigen independent. A recent addition to the NKT cell
family is NKT cells expressing the regulatory T-cell-associated transcriptional factor
(FoxP3), termed ‘NKTreg’ cells. NKT regulatory cells develop in a TGF-β rich
environment, and are found in the cervical lymph nodes of mice that are protected from
EAE following αGalCer treatment [145]. These authors also found human iNKT cells can be
induced to express FoxP3 with TGF-β in vitro. However, their role in autoimmunity is still
unclear and these observations are ripe for further investigation.

Role of NKT cells in inflammation & cancer
Cancer therapies targeting NKT cells

Numerous studies have examined the antitumor effects of iNKT cells following exogenous
IL-12 or αGalCer activation (exceptionally covered in these reviews [1,2,146]). Antitumor
activity following iNKT-cell activation is dependent on secondary responses that trigger
IL-12 expression by myeloid cells causing bystander IFN-γ production and the downstream
activation of NK- and CD8+ T-cell effector functions [66–68]. The iNKT-cell antigen
αGalCer was first discovered as part of a screen for antimetastatic compounds [29]. Clinical
trials studying the efficacy of αGalCer monotherapy in patients with solid tumors, hepatitis
B virus and hepatitis C virus infection have had limited success [147–149]. Peripheral levels
of iNKT cells dropped precipitously in all patients treated with αGalCer, which is consistent
with studies in mice [150]. The clinical response to αGalCer therapy was directly attributed
to the patient’s baseline frequency of iNKT cells. Only patients with high baseline levels of
iNKT had immune activation of NK and CD8+ T cells and an increase in serum IFN-γ,
TNFα and IL-6. This is a problem for broad applicability of this therapeutic approach, since
iNKT-cell frequencies vary widely between individuals. Furthermore, studies found
peripheral frequencies of iNKT cells are decreased in patients with melanoma [151,152],
primary lung cancer [153], breast cancer [151] and prostate cancer [154]. These findings
may limit the value of using αGalCer as a monotherapy in treating cancer, since the target
cell population of the therapy may be absent or limiting in number. By contrast to αGalCer
given alone, αGalCer-pulsed DCs induced significant resistance to B16 melanoma with
prolonged expansion of IFN-γ-producing iNKT cells [155]. Subsequent clinical trials
evaluating the effectiveness of αGalCer-pulsed DCs in treating patients with solid tumors in
the liver or lung, as well as unresectable head and neck cancers, have shown some promise
[156–158]. Cancer patients that received αGalCer-pulsed DCs had enhanced NK and CD8+

T-cell responses with the expansion of iNKT cells even in those patients with initial low
baseline frequency. In addition, partial responders were reported in patients who received
the vaccine, even in the challenging Phase I trial setting.
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Next generation preclinical studies found αGalCer-pulsed DCs loaded with tumor antigen or
tumor tissue had even better antitumor activity against established B16 melanoma
(subcutaneous) or CMS4 sarcomas (intra-hepatic) compared with αGalCer-pulsed DCs
alone [159,160]. These results suggest the nature of APCs that activate iNKT cells is
important for the therapeutic outcome. Free αGalCer can be endocytosed and presented to
iNKT cells by a number of APCs, including DCs, monocytes, macrophages, B cells and
even some epithelial and mesenchymal cells, such as hepatocytes [161]. Each type of
presenting cell can express different levels of CD1d and costimulatory molecules that
influence NKT cell activation status [69,162]. Consistent with the scope and bias of NKT-
cell activation being determined by the functional phenotype of APCs, one study found
mature DCs were superior to immature DCs for the activation of iNKT cells [163] and
mature DCs pulsed with αGalCer showed long-term expansion of iNKT cells and an
increase in memory CD8+ T cells in patients with cancer [164].

Physiological role of NKT cells in tumor immunity
A paradox exists in the natural ability of NKT cells to both promote and suppress immune
responses. An early study that laid the ground-work for examining the endogenous role of
iNKT cells in tumor immunity found methycholanthrene (MCA)-induced fibrosarcomas
grew faster in mice deficient in iNKT cells, suggesting iNKT cells provide protection
through immunosurveillance [165]. The authors subsequently found that iNKT-cell
mediated protection against MCA-induced sarcomas required NK cells, CD8+ T cells and
perforin (Figure 1A) [166]. However, protection was maintained even when perforin-
deficient NKT cells were transferred into MCA-initiated mice, suggesting that iNKT-cell
protection was not mediated directly through perforin but rather through the downstream
induction of other perforin expressing cells.

In apparent contrast to the MCA-initiated tumor model, two separate studies found NKT
cells inhibited tumor surveillance. Our laboratory, using a metastatic model of renal cell
carcinoma, found that CD1d-deficient mice (which lack both iNKT and vNKT cells) had
significantly reduced numbers of hepatic tumor nodules, compared with NKT-cell
competent mice [167]. Furthermore, we demonstrated that IL-18 plus IL-12 therapeutic
intervention against liver tumor nodules was enhanced in CD1d-deficient mice [167].
Another study showed that subcutaneous 15–12RM fbrosarcoma, which naturally regresses
and relapses, failed to relapse in CD1d-deficient mice [168]. These authors found IL-13
released by NKT cells induced TGF-β expression by myeloid cells that inhibited CD8+ T-
cell effector function (Figure 1B). Two subsequent studies by this group partially resolved
the apparent contradictory role that NKT cells play in immunosurveillance. The first study
demonstrated that vNKT cells were sufficient for the downregulation of tumor
immunosurveillance and relapse growth of 15–12RM fibrosarcoma in an antigen-dependent
manner [169], while the second study found that activation of vNKT cells with sulfatide
antigen could suppress the activation of iNKT cells [170]. These two studies collectively
demonstrate vNKT cells can inhibit iNKT-cells functions, establishing a regulatory axis
between tumor immunosurveillance and escape (Figure 1B).

However, this immunregulatory axis is not universally active in all tumor settings. iNKT
cells were found to slow the onset of sarcomas and hematopoietic cancers that develop in
p53+/− mice, while vNKT cells played no role in this model [171]. It remains unclear
whether iNKT cells always mediate antitumor immunity, since in transplantation and
autoimmunity, iNKT cells suppress rather than promote cell-mediated immunity. Consistent
with these immunoregulatory functions, iNKT cells are able to produce IL-13 that can drive
the TGF-β-mediated suppressive cascade used by vNKT cells (Figure 1B). Furthermore,
iNKT cells can promote suppression through the expression of IL-2, which is essential for
Treg maintenance, as well as TNF-α that activates and expands functionally suppressive
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Tregs [172,173]. More work is needed to determine the mechanisms that promote NKT cells
to suppress or promote cell-mediated immunity to more accurately determine their immune
contributions to the outcomes of different tumor types. These studies, along with the
findings that antitumor activity varied among iNKT-cell subsets from different tissues
[31,174,175] and tumor-shed glycolipids could inhibit iNKT-cell responses [176,177],
suggest that tumor etiology and location may determine the natural role of each NKT-cell
subset in tumor surveillance.

Role of NKT cells in inflammatory conditions that lead to cancer
In the 19th century, Rudolf Virchow found that tumors frequently developed at sites of
chronic inflammation and that they often contained inflammatory infiltrates, implicating
inflammation as a key underlying mechanism for the development of malignancy [178].
Recent studies have provided cellular and molecular evidence for this link between
inflammation and cancer [179]. Better understanding of the inflammatory milieu involved in
the promotion and regulation of inflammatory conditions could reveal important
intervention points for the improved therapy of inflammation-related cancers. In this regard,
recent studies reveal NKT cells as important mediators of inflammatory responses. NKT
cells express chemokine receptors that focus their homing to inflammatory sites [72] and
during inflammatory responses, activated APCs upregulate CD1d molecules, which sensitize
them to antigen activation [162]. Lysophosphatidylcholine, a phospholipid associated with
inflammation [180], was found to compete with endogenous glycolipids for the binding of
CD1d molecules, causing human iNKT cell activation [14]. Furthermore, inflammatory
conditions are often associated with increased levels of acute phase protein serum amyloid
(SA)-A1. SAA-1 promotes CD40- and CD1d-dependent iNKT-cell interaction with
neutrophils [7]. This interaction reverses the suppressive phenotype of neutrophils by
decreasing their ability to produce IL-10. These data taken together suggest that NKT cells
can monitor and react to host inflammatory conditions. A central question then is whether
NKT cells play a pathogenic or beneficial role in the outcome of inflammation-associated
disease conditions, including development of cancer.

Multiple myeloma, a malignancy associated with inflammation [181,182], is associated with
an increased frequency of vNKT cells and elevated levels of several
lysophosphatidylcholine species bound to CD1d molecules [181,183]. A pathogenic role has
been suggested for vNKT cells in myeloma patients since vNKT cells can exhibit a skewed
IL-13 cytokine secretion profile, and IL-13 is a growth factor for myeloma, as well as a
promoter of some inflammatory conditions [184,185]. In addition, as previously described in
mice, IL-13 expressed by vNKT cells can modulate the immunoregulatory axis and
contribute to the suppression of iNKT responses (Figure 1B) [146,184]. Indeed, myeloma
disease progression has been associated with dysfunction in iNKT-cell activation [186].

The liver represents a potentially important organ site for NKT-cell-mediated modulation of
inflammatory diseases that lead to cancer. It is noteworthy that NKT cells are enriched in the
liver. NKT cells respond to lipid antigens, and most endogenous lipids and lipoproteins are
synthesized by the liver, with their production and metabolism altered during liver
inflammation or cancer progression [187–189]. Nonalcoholic fatty liver disease (NAFLD) is
the most common inflammatory liver disease in western countries [190]. NAFLD is initiated
with fatty liver deposits (steatosis) and, with the help of chronic inflammation, can progress
to steatohepatitis (NASH) followed by cirrhosis and finally hepatocellular carcinoma
[191,192]. An overall increase in hepatocellular carcinoma, initiated by NAFLD, is
expected, based on the epidemic of obesity now seen in many nations [193].

Monounsaturated fatty acid-induced NAFLD reduces hepatic iNKT-cell numbers and
impairs the ability of hepatocytes to present endogenous antigens to iNKT cells [194]. Diet-
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induced and leptin-deficient ob/ob murine models of NAFLD also have decreased NK1.1+

CD3+ or NK1.1+ CD4+ NKT cells [195–197], further implicating a role for these cells in the
pathogenesis of this disease. Factors that might contribute to changes in iNKT cells relevant
to these effects could include IL-12, which causes the loss of iNKT cells, and IL-15, which
is a prosurvival factor for iNKT cells [53,167,198]. Specifically, the loss of iNKT and
NK1.1+ CD4+ NKT cells in diet-induced and leptin-deficient ob/ob mice were found to be
dependent on Kupffer cell-induced IL-12 expression [199,200]. Furthermore, leptin-
deficient mice had increased IL-12 expression by Kupffer cells, concurrent with a loss in
IL-15 expression, which might further contribute to iNKT cell loss in this model. Further
analysis found decreased NK1.1+ CD3+ cell numbers correlated with increased Th1
proinflammatory cytokines in mouse models of NAFLD and, because Th1 proinflammatory
cytokines are frequently found in obese mice with steatotic livers [196,197], this suggests
that iNKT cells may play an important regulatory role in NAFLD. Indeed, the adoptive
transfer of NK1.1+ CD3+ cells into ob/ob mice decreased hepatic fat content and
ameliorated NAFLD pathology [201]. However, because NK1.1+ CD3+ or NK1.1+ CD4+

cells encompass both iNKT cells and vNKT cells further studies using CD1d−/− and Ja18−/−

knockout mice are needed to determine the beneficial as well as pathological roles of each
subset in NAFLD. By contrast to the liver, examination of adipose tissue from mice with
diet-induced NAFLD had an increase in iNKT cells [202]. Using β2-micro-globulin
knockout mice that lack NKT cells, the authors found a reduced frequency in infiltrating
macrophages and an amelioration of glucose intolerance, suggesting that iNKT cells can
exacerbate the inflammatory response in NAFLD via macrophage recruitment. However,
β2-microglobulin knockout mice also lack CD8+ T cells and vNKT cells, which could be
playing a pathogenic role, suggesting additional studies are needed to d etermine the
implications of this finding.

In humans, the role for NKT cells in NAFLD is less clear. Two reports found NKT cell
levels decreased in patients with NAFLD [199,203], while two other reports demonstrated
an increase in these cells [204,205]. The first report found that iNKT cells were decreased in
the peripheral blood of patients with NAFLD [203]. However, peripheral changes in
immune cells do not always correlate with disease status [206] and this study did not report
hepatic iNKT cell levels. Moreover, we found activated iNKT cells are recruited to the liver,
suggesting a loss of peripheral iNKT cells in patients with NAFLD could be the result of
iNKT cells migrating from the peripheral blood to the inflamed liver [207]. Further studies
examining the hepatic NKT cell levels in NAFLD patients could help reveal the role of NKT
cells in this disease and determine the relative contributions at various stages of the disease
process. specifically, NAFLD severity ranges from steatosis to NASH and cirrhosis, and
thus, NKT cell levels could change in relation to, or influence, disease severity at different
points in the inflammatory progression. In fact, disease severity is generally reflected by an
accumulation of hepatic inflammatory cells. Kremer et al. found a decrease in hepatic iNKT
cells in patients with NAFLD. However, interpretation of these results is complicated by the
exclusion of samples from those patients who presented with fibrosis, cirrhosis and
significant inflammation, which are the more severe cases of NAFLD [199]. Tajiri et al.
found levels of hepatic iNKT cells increased as NAFLD severity score increased [205]. By
examining the more severe cases of NAFLD, Syn et al. found accumulation of hepatic iNKT
cells in patients with NASH cirrhosis [204]. Using a mouse NASH model (patch-deficient
mice fed a methionine choline-deficient diet), this group found an increase in hepatic iNKT
cells directly correlated to fibrosis and increased IL-15 expression. Knocking out NKT cells
in these mice protected them from fibrosis. Interestingly, the NAFLD mouse models
previously described more closely resemble steatosis and had a loss in hepatic iNKT cells,
whereas the NASH mouse model described here had increased hepatic iNKT cells.
Consistent with an increase in iNKT cells proportional to disease severity, patients with liver
cancer, which can be considered the culmination of inflammatory liver disease, have an

Subleski et al. Page 12

Immunotherapy. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enrichment of iNKT cells [208]. Overall, these results suggest that the roles of iNKT cells
may vary as a f unction of increasing severity of NAFLD.

Specifically, iNKT cells appear to inhibit early disease progression with their loss
facilitating disease progression, while at later inflammatory stages, NKT cells promote
disease progression. Clearly, more work needs to be carried out to determine the underlying
mechanisms NKT cells use to switch from protecting the host from NAFLD to promoting
the disease.

Future perspective
Phase I clinical trials, using αGalCer-loaded DCs to target iNKT cells, have shown promise
in treating some patients with cancer. As humans have a low frequency of iNKT cells,
therapies that combine αGalCer-loaded DCs with agents that boost iNKT cells (e.g., IL-15
or IL-18) might be a useful strategy to enhance therapeutic efficacy. While most of the
therapeutic approaches focus on iNKT cell activation, blocking vNKT cells that modulate
the immuneregulatory axis toward suppression may play an equally important role in some
malignancies. Continuing research needs to be carried out to determine which human
malignancies may be regulated by vNKT cells. Based on findings that IL-13 produced by
vNKT cells inhibits iNKT cells and CD8+ T-cell responses in some mouse cancer models
and in myeloma patients, therapies designed to use a push–pull method of blocking IL-13
expressed by vNKT cells in combination with activation of iNKT cells with αGalCer-loaded
DCs may also have merit.

Accumulating evidence demonstrates that NKT cells can play important roles in the
development of autoimmune and allergic diseases in mouse models. Although alterations in
function and frequency suggest the involvement of NKT cells in patients with autoimmune
and allergic inflammation, more research is needed to determine if the observed function of
NKT cells in mouse models translate to humans with autoimmune disorders. Strategies that
specifically manipulate NKT cells, such as the use of αGalCer or its synthetic analogs [209],
the infusion of ex vivo expanded NKT or NKT-induced tolerant DCs, and the use of
antibodies that inhibit activated pathogenic iNKT cells in vivo [210] may also hold promise
for the management of autoimmune diseases. In addition, chronic activation with αGalCer
causes iNKT cell anergy [211] and then long-term loss [207], which could be a useful
strategy for inhibiting iNKT cells, in order to alleviate autoimmune diseases where iNKT
cells are pathogenic. However, owing to the complexity and sometimes inconsistent findings
relating to the roles of NKT cells reported in preclinical studies, additional investigations are
warranted for a more thorough understanding of the intrinsic biology of different NKT-cell
subsets and the roles of NKT cells in different disease stages. The findings from such studies
may allow predictable harnessing and tailoring of NKT functions to appropriate stages of
various autoimmune or neoplastic diseases through rationally designed clinical trials.

Executive summary

NKT cells in autoimmunity

▪ The aberrant frequency and/or function of NKT cells in the peripheral blood
of patients with autoimmune and allergic inflammation diseases suggest that
they are involved in the disease pathology.

▪ The diverse functional roles of NKT cells in autoimmune disease probably
depend on the particular autoimmune disease, the NKT-cell subset being
studied, the stage of disease and the genetic background of the host or animal
model used for study.
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▪ Invariant NKT (iNKT) cells have a dual role in mouse models of diabetes.
They appear to inhibit the development of diabetes, but can also promote
pathogenic CD8+ diabetogenic T cells once they emerge.

▪ Th2 cytokine production by iNKT cells protects mice from rheumatoid
arthritis and multiple sclerosis.

▪ Both iNKT and variant NKT (vNKT) cell subsets can protect mice from
autoimmune encephalomyelitis, however, while vNKT cells require antigenic
signals for protection, iNKT-mediated protection is antigen independent.

▪ Th1 skewing of iNKT cells prevented allergic asthma in mouse models.

NKT cells in cancer

▪ Phase I clinical trials using α-galactosyl ceramide-loaded dendritic cells
expanded iNKT cells and caused bystander activation of CD8+ T cells and
NK cells, and is associated with some positive clinical outcomes.

▪ vNKT cells can inhibit the antitumor activity of iNKT cells and CD8+ T
cells, establishing a regulatory axis between tumor immunosurveillance and
escape. The inhibition of CD8+ T cells by vNKT cells was mediated through
the expression of IL-13 and the downstream induction of TGF-β. This
immunoregulatory axis may be operative in myeloma patients, where vNKT
cells express IL-13 and iNKT cells are dysfunctional for activation.

▪ Depending on disease stage, human iNKT cells appear to differentially
regulate nonalcoholic fatty liver disease. iNKT-cell frequency is reduced in
humans with steatosis, suggesting that these cells inhibit early disease
progression, while at a later inflammatory NASH stage, NKT cell frequency
is increased. This suggests that they may promote disease progression.
Similar findings have been reported in mouse models, and these results are
strikingly similar to the differential roles that iNKT cells appear to play in
development versus promotion of nonobese diabetic-induced diabetes in
mice.
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Figure 1. NKT cell immunoregulatory axis
(A) The reciprocal cross-talk between DCs and iNKT cells involves the upregulation of
CD154 (CD40L) that, in turn, triggers CD40 signaling in DCs, inducing their maturation
and secretion of IL-12 [61]. IL-12 expressed by DCs then activates NK and NKT cells for
IFN-γ production that in turn modulates bystander activity of innate NK cells and adaptive
CD8+ T cells [51,53]. (B) IL-13 released by vNKT cells induces TGF-β expression by
myeloid cells that inhibits CD8+ T cell effector function. Antigen-activated vNKT cells can
suppress the activation of iNKT cells [143].
DC: Dendritic cells; iNKT: Invariant NKT; vNKT: Variant NKT.
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Figure 2. Dual role of NKT cells in autoimmunity and allergic inflammation
The autoimmunity and allergic disease-promoting roles of NKT cells are mainly related to
the balance in their production of Th1 versus Th2 cytokines, as well as their interactions
with DCs, CD4+ and CD8+ T cells ([A-I] are described in detail in the ‘Protective/
pathogenic roles of NKT cells in autoimmune & allergic disorders’ section).
DC: Dendritic cell; EAE: Experimental autoimmune encephalomyelitis; MS: Multiple
sclerosis; RA: Rheumatoid arthritis; SLE: Systemic lupus erythematosus; TCR: T cell
receptor.
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